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Resume

La cafeiculture represents 7,5% des cultures permanentes mondiales et utilise generalement

de grandes quantites de fertilisants azotes [jusqu'a 350 kg N ha' an"). La cafelculture est

souvent pratiquee sous couvert d'arbres dont certains sont fixateurs d'azote. La contribution

des plantes fixatrices d'azote aux emissions de N20 est un sujet pregnant dans Ie cadre du

developpernent durable , avec des resultats dans la litterature qui peuvent parfois apparaitre

contradictoires. Dans ce contexte, nous avons etudie Ie bilan des gaz aeffet de serre (GES)

dans deux cultures cafeleres fortement fsrtilisees (250 kg N ha' an"), au Costa Rica: une

monoculture et une culture ombraqee par l'espece legumineuse fixatrice de N2 Inga

densiflora. Nous avons rnesure periodlquernent les flux de N20 , CH4 et CO2 a I'interface sol­

atmosphere, leurs determinants edaphlques (hurnidite gravimetrique, espace poral occupe

par I'eau, temperature et teneur en azote mineral) et les taux de mineralisation de I'azote

dans Ie sol. Par ailleurs, nous avons caracterise, au laboratoire, les parametres biologiques

de nitrification-denitrification et leur production associee de N20 et N2 pour simuler en

continu les emissions de N20 avec les rnodeles NGAS et NOE sur une duree d'un an. Enfin,

nous avons evalue la dynamique du C du sol et I'accumulation de C dans les biomasses et

la litiere. Nosmesures ant rnontre une tres forte contribution de la fertilisation azotee aux

emissions de N20, soit une proportion moyenne de 77% des bilans annuels (4,3 ± 0,3 et 5,8

± 0,5 kg N-N20 ha" an", respectivement dans la monoculture et la culture ornbraqee) . Les

fertilisations ant egalement auqrnente temporairement la respiration du sol. Les valeurs

faibles des activites biologiques (notamment des potentiels de denitrification < 1 kg N ha' r1
)

ant expllque les flux toujours inferieurs a 300 9 N ha" r1 observes dans des conditions

environnementales pourtant favorables a la production de N20 (temperature, hurnldlte et

teneur en nitrate du sol elevees). La sirnilarite entre les actlvites biologiques rnesurees sur

les deux cultures de cafe ainsi que celie entre les bilans annuels de N20 etablis a partir de

mesures et de rnodellsatlon permettent de conclure sur un effet de faible ampleur de

l'espece legumineuse fixatrice de N2 sur les emissions de N20. Le bilan des flux de GES

hors CO2 a I'interface sol-atmosphere et du stockage de C de la culture ornbraqee (11,93 ±

2,17 Mg CO2-equivalent ha' an") a ete 4 fois superieur au bilan de la monoculture (2,67 ±

1,94 Mg COTequivalent ha' an"), Nos resultats tendent donc aconfirmer que la culture de

cafe conduite en agroforesterie, sur un Andosol , augmente Ie puits de GES et que, dans Ie

contexte present, I'utilisation d'une legumineuse fixatrice de N2 comme espece ornbraqere

ne contredit pas cette observation.

Mots cles : agroforesterie, changement climatique, CH4, CO2, denitrification, legumineuse

fixatrice d'azote, nitrification, N20.
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Abstract
Coffee plantations represent 7.5% of the world's permanent crops and generally use large

amounts of N fertilizer (up to 350 kg N ha" y-1), Coffee is often grown under the shade ofN

fixing trees. The contribution of N fixing plants to N20 emissions is a growing concern in the

sustainable development framework. To date results in the literature are contradictory. We,

therefore, studied the greenhouse gas (GHG) balance in two highly fertilized (250 kg N ha'

y.1) coffee plantations, in Costa Rica: a monoculture and a plantation shaded by the N2 fixing

legume species Inga densiflora . We periodically measured soil fluxes of N20, CH4 and CO2 ,

their edaphic determinants (gravimetric moisture, water-filled pore space , temperature and

mineral nitrogen content) and soil N mineralization rates. In addition, we characterized, in the

laboratory, the biological parameters of nitrification-denitrification and their related N20 and

N2 production in order to simulate continuous N20 emissions using the models NGAS and

NOE for a one year period. We also assessed soil C dynamic and C accumulation in

biomass and litter. Our measurements showed a very large contribution of fertilizer induced

N20 emissions, on average 77%, to the annual budgets (4.3 ± 0.3 and 5.8 ± 0.5 kg N20-N

ha' y'1 , in the monoculture and the shaded plantation, respectively). The fertilizations also

temporarily increased soil respiration rates . The low values of the biological activities (notably

denitrification potentials < 1 kg N ha" d'1) explained that the observed N20 fluxes were

always smaller than 300 g N ha' d-1 in environmental conditions yet favourable to N20

production (high soil temperature, moisture and nitrate content). The similarity of the

biological activities measured in both coffee plantations and also the similar annual N20

budgets derived through measurements and modelling suggests only a small magnitude

effect of the N2 fixing legume tree species on N20 emissions. The sum of soil non CO2 GHG

fluxes and C storage in the shaded culture (11.93 ± 2.17 Mg CO2-equivalent ha' y.1) was 4

times larger than the total GHG balance in the monoculture (2.67 ± 1.94 Mg CO2-equivalent

ha" y-1). Our results therefore confirm that coffee grown in an agroforestry system , on an

Andosol, increases the GHG sink and that, for the current context, the use of an N2 fixing

legume species as shade tree does not contradict this observation.

Keywords: Agroforestry, climate change, CH4 , CO2 , denitrification, nitrification, nitrogen fixing

legume, N20.
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Introduction

Le changement c1imatique de la planete constitue une menace globale a conjurer

urgemment. Alors qu'aucun «signal» ne semblait encore depasser Ie «bruit de fond» des

variations naturelles au debut des annees 80, les modifications du climat et ses repercutlons

sur les systemes physiques et biologiques semblent s'intensifier. L'augmentation des

temperatures, de la pluviosite et de l'intensite des pluies ainsi que des phenomenes

meteoroloqiques extremes (cyclones, tempstes, secheresse) provoquent chaque jour plus

de catastrophes ecologiques, humaines et econorniques. S'il est vrai qu'une incertitude

scientifique persiste sur certains aspects du changement climatique, Ie principe de

precaution s'impose. La cause anthropoqenique majeure du changement climatique provient

de I'augmentation des emissions de gaz a effet de serre (GES) dans l'atrnosphere. En

dehors de la deforestation, Jes activltes agricoles contribuent pour 15% aux emissions

globales de GES, sous forme principalement d'oxyde nitreux (N20 ) et de methane (CH4 ) . Les

emissions de N20 par les sols agricoles constituent 40% des emissions de I'agriculture et

proviennent principalement de I'utilisation de fertilisants azotes et, dans une certaine mesure,

de la culture de legumineuses fixatrices d'azote atrnospherlque. Attenuer Ie changement

climatique necessite de reduire les emissions de GES, d'une part, et de diminuer les teneurs

de CO2 atrnospherlque via son stockage notamment dans Ja biosphere terrestre, d'autre part.

Les terres agricoles representant un potentiel considerable de puits de carbone si des

pratiques approprlees sont utllisees visant a augmenter les biomasses permanentes et Ie

stock de matiere organique du sol. La pratique de I'agroforesterie consistant a introduire de

facon judicieuse des arbres dans Ie systerne de culture apparait comme une perspective

prometteuse pour favoriser la sequestration du C en agriculture. La cafeiculture represents

7,5% des cultures permanentes mondiales et occupe une place importante dans l'econornie

des pays d'Amerlque centrale . Au Costa Rica, la cafelculture est particulierement intensive

avec 40% des plantations conduites sous forme de monoculture et des apports de fertilisants

azotes allant jusqu'a 350 kg N ha' an" .

Le travail de these presente dans ce document s'inscrit dans Ie cadre d'un projet

d'agroforesterie cafeiere en Amerique Centrale (projet CASCA: Coffee Agroforestry

Systems in Central America), coordonne par Ie CIRAD et realise au CATIE (Centro

Agron6mico Tropical de Investigaci6n y Enzeriansa) en collaboration avec Ie CEH

d'Edimbourg (Centre of Ecology and Hydrology), Ie reseau Prornecafe (association des

instituts du cafe centrarnericalns) et I'UNA (Universidad Nacional Agraria de Nicaragua). Ce
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projet avait pour objectif d'etudier les effets des arbres d'ombrage et des pratiques agricoles

sur la physiologie du cafeier, I'environnement et la viabillte econornique des systernes

cafeiers. Au sein de ce projet, cette these, conduite au Costa Rica, propose par l'etude de

deux cultures cafeieres, une monoculture et une culture ornbraqee par une legumineuse

fixatrice de N2, de preclser :

(i) I'intensite des emissions de GES (N20, CO2, CH4 ) dans ces systernes, leurs

variations saisonnieres en fonction des evimements climatiques et des episodes de

fertilisation azotee,

(ii) I'impact de la presence d'un arbre fixateur d'azote sur ces emissions,

(iii) Les processus microbiologiques (nitrification et denitrification) impllques dans les

emissions de N20 , leur nature et determinisme dans ce contexte ,

(iv) I'impact de I'utilisation de differentes methodologies d'integration des observations

de terrain (mesures directes, simulation) lors de l'etabllssement du bilan annuel des

emissions de N20 dans ces systernes de culture ,

(v) les consequences en terme de stockage de carbone dans Ie sol de la conduite de

la culture cafeii~reen agroforesterie,

(vi) l'irnpact du mode de culture du cafeler (monoculture vs association

agroforestiere) sur Ie bilan des GES a I'echelle de la parcelle, c'sst-a-dire la

difference entre les emissions de GES autres que Ie CO2 et Ie stockage de carbone

dans Ie systerne sol-plante .

D'apres les informations recueillies dans la litterature scientifique, presentees dans Ie

Chapitre I de ce document, nous posons les hypotheses de depart suivantes :

(i) les flux de GES des sols augmentent durant la saison des pluies et I'application de

fertilisant azote augmente fortement les flux de N20 et reduit probablement I'oxydation

du methane ,

(ii) la presence d'une legumineuse fixatrice de N2 induit une augmentation des flux de N20

du sol,

(iii) relativement a la nitrification, la denitrification est Ie processus preponderant dans

l'ernission de N20 par Ie sol et les potentiels de denitrification sont eleves,

(iv) les bilans annuels d'emission de N20 peuvent etre ajustes grace a I'utilisation de

rnodeles orientes-process utilisant des jeux de donnees couramment disponibles et

des parametres biologiques du sol mesures « in vitro »,
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(v) I'introduction d'arbres dans une culture cafeiere contribue a augmenter Ie stock de

carbone du sol grace a un apport plus eleve de matiere organique au sol par la litiere

et les ernondes,

(vi) les emissions de N20 et CH4 potentiellement plus fortes du systems cafeier ombraqe

par une legumineuse fixatrice de N2 par rapport a une monoculture sont largement

cornpensees par un stockage de C plus eleve dans la biomasse des arbres et dans Ie

sol.

l.'etude est basae sur un dispositif experimental au champ permettant la comparaison entre

une cafelere en monoculture (CM) et une cateiere ornbraqee par une legumineuse fixatrice

d'azote Inga densiflora (Cln) , les deux systernes recevant une fertilisation annuelle de 250 kg

N ha' an', Pendant un an (Oct. 04 - Sept. 05), les emissions par Ie sol de GES (N20, CO2 ,

CH4) sont rnesurees au champ a un pas de temps requller (1 mois) avec, en complement, un

suivi plus intensif au cours des periodes suivant les fertilisations azotees. Le deterrnlnlsrne

des emissions de N20 et I'estimation des bilans annuels d'ernlsslon de N20 sont examines

par des mesures « in vitro» des parametres biologiques des sols et I'utilisation de rnodeles

de simulation (PASTIS, NGAS et NOE) . En vue d'evaluer Ie bilan des GES dans les

systernes, c'est-a-dire la difference entre les flux de GES autres que Ie CO2 et Ie stockage de

carbone, les stocks de carbone des sols sont rnesures a deux reprises a 3 ans d'intervalle

(2003 et 2006), ceux de la phytomasse sont evalues en 2004 .

Apres une synthese bibliographique (Chapitre I), nous tenterons, a part ir des mesures

reatisees entre 2003 et 2006 , au Costa Rica, sur Ie terrain et en laboratoire, de repondre aux

points (i) et (ii) dans Ie Chapitre II, (iii) et (iv) dans Ie Chapitre III et (v) et (vi) dans Ie Chapitre

IV. Enfin, Ie chapitre VI realise la synthese des principaux resultats obtenus dans Ie cadre de

cette these. II ouvre egalement des perspectives sur l'arnelioration des methodes

d'evaluation des bilans de C et de N20 dans les systernes agricoles, en particulier les

systernes cafelers.
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Chapitre I Introduction generale et problematique

Chapitre I Introduction generale et
problernatlque

Figure 1.1 : Systeme agroforestier cafe-Eucalyptus au Costa Rica
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Chapitre I Introduction generale et problematigue

A Le changement climatique et I'agricu~ture troplcale

A.1 Definition, causes, historique et controverses du changement
climatique

Le changement climatique fait reference a des fluctuations a long terme des temperatures,

precipitations, vents et autres elements du systerne c1imatique de la Terre. Certains

processus naturels tels les variations de la radiation solaire, des parametres orbitaux de la

Terre ou de l'activlte volcanique peuvent produire des variations du climat. Le systerne

climatique peut aussi etre influence par des changements en concentration de certains gaz

dans l'atrnosphere. les gaz aeffet de serre, qui agissent sur I'absorption de la radiation par la

Terre (US Environmental Protection Agency, 2002). Une grande partie de l'enerqie du

rayonnement solaire qui atteint la terre est reernise vers l'atrnosphere sous forme de

rayonnement infra rouge . Mais , alors que l'atrnosphere est assez largement transparente au

rayonnement solaire direct, une partie du rayonnement infrarouge (de plus grande longueur

d'onde que Ie rayonnement direct) est absorbee par certains constituants mineurs de

l'atrnosphere, qu'on appelle les gaz aeffet de serre (GES) et rechauffe la basse atmosphere

(Lescuyer et Locatelli, 1999). Sans les proprietes naturelles de pieqeaqe de la chaleur de

ces gaz, la temperature moyenne a la surface de la Terre serait environ 33°C inferleure

(lPCC, 2001).

Le phenomena du rechauftement c1imatique par effet de serre est decrit pour la premiere fois

par Ie physicien Fourier en 1824. En 1895, Ie chimiste suedols S. Arrhenius calcule que si le

dioxyde de carbone disparaissait en entier de notre atmosphere la temperature du sol

diminuerait de 21°C. II en conclut que l'actlvite industrielle de l'humantte civilisee pourrait etre

une solution technique pour repousser la prochaine ere glaciaire ! II lie en fait deflnitivernent

la .derive anthropoqenlque de I'effet de serre et I'utilisation industrielle des combustibles

fossiles (charbon et hydrocarbures) (Grinevald, 1992). A partir de l'annee de la geophysique

internationale, en 1957-1958, des etudes sur les paleoclimate sont lancees. t.'etude de

carottage des glaces de l'Antarctique et la mesure systematique de la teneur en CO2 dans

l'atrnosphere commencent alors . A !'observatoire de Mauna Loa dans l'lle d'Hawa'i, au centre

du Pacifique Nord, Ie geochimiste Charles David Keeling observe d'une rnaniere exemplaire

les variations saisonnieres et I'augmentation annuelle moyenne du CO2 dans l'atmosphere

(Figure 1.2). Ces donnees permettent de mettre en evidence la correlation entre la

temperature de I'air (Figure 1.3) et la teneur en dioxyde de carbone (Grinevald, 1992). On

s'interroge alors sur I'impact du developpernent industriel sur la composition en constituants

radiativement actifs de l'atrnosphere et sur les mutations du climat que les recherches

geologiques ont revelees. En 1979 est orpanisee la premiere conference mondiale sur Ie
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Chapitre I Introduction generale et problematigue

c1imat et donne lieu en 1988 a la creation du groupe intergouvernemental sur l'evolution du

climat (GIEC). Apres une seconde conference mondiale sur Ie c1imat en 1989, la convention­

cadre sur Ie changement climatique (UNFCCC : United Nations Framework Convention on

Climate Change) est signee a Rio de Janeiro en juin 1992 dans Ie cadre du sommet de la

Terre et constitue la piece maitresse de la lutte mondiale contre Ie changement climatique.

Son objectif est de stabiliser les concentrations de GES dans l'atrnosphere a un niveau qui

ernpeche toute perturbation anthropique dangereuse du systems c1imatique.

Le rapport scientifique du GIEC (2001) est univoque sur I'affirmation d'une planets qui se

rechauffe et sur la confirmation que la majeure partie du rechauffsment observes ces 50

demieres annees est imputable aux actlvites humaines. Les graphiques presentant

l'evolution dans la composition atrnospherique en CO2 , CH4 et N20 au cours des 1000

dernleres annees (Figure 1.4) montrent clairement une nette augmentation des

concentrations a partir du debut de t'ere industrielle. Pourtant, du fait de I'ampleur

considerable des enjeux politiques et socio-economiques, Ie changement climatique et

I'influence de I'homme sur celui-ci sont souvent controverses depuis la fin des annees

quatre-vingt. Certains ouvrages (Gelbspan, 2004) et rapports (Scientists, 2007) ont

recernrnent denonce Ie financement par des compagnies petrolleres de campagnes de

deslnformatlon sur Ie changement c1imatique. S'il est vrai que des doutes persistent sur

I'analyse scientifique du changement c1imatique, notamment sur I'ampleur du phenomena de

rechauffernent c1imatique, la plupart des pays affirment aujourd'hui que « Ie doute entretenu

par certains a I'endroit du changement c1imatique ne justitie plus I'inaction et qu'au contraire,

il faut enclencher irnmedlaternent un plan d'action planetalre pour conjurer cette menace

globale)} (declaration commune des Academies des sciences sur la reponse globale au

changement c1imatique). Cette declaration rejoint Ie concept de « principe de precaution )}

qui stipule qu' « en presence d'un risque avera, on ne saurait s'abriter derriere I'absence de

certitude scientifique pour ne pas decider » (Weber, 2002).
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Figure 1.2 : Evolution de la teneur atmospherique en gaz carbonique (exprimee en ppmv: parties par million
en volume) mesuree Ii l'observatoire de Mauna Loa sur l'ile d'Hawaii depuis 1958 (d'apres les donnees de
CD.Keeling, 1986. Atmospheric CO2 concentrations - Mauna Loa Observatory, Hawaii 1958-1986. NDP­
0011R1, Carbon Dioxide Information Center, Oak Ridge National Laboratory, Tennessee, USA)
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Figure 1.3 : Evolution de la temperature moyenne annuelle en surface observee sur l'Hemisphere Nord
depuis 1861. Les valeurs indiquees representent l'anomaiie par rapport ala moyenne de la periode 1950-1979
prise comme reference (source des donnees: Jones, T.M.L. Wigley, P.B. Wright, T.A. Boden, 1990, NDP­
0221R1, Carbon Dioxide Information Center, Oak Ridge National Laboratory, Tennessee, USA)
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Figure 1.4 : Reteves des changements dans la composition atmospherique de la teneur en COb CH4 et N20

(exprimee en ppmv et ppbv: parties par million et billion en volume) au cours des 1000 dernieres annees. Les
donnees tirees des carottes glaciaires et des neves aplusieurs emplacements en Antarctique et au Groenland
(indiquees par difJerents symboles) sont completees par les donnees d'echantillons atmospheriques preleves
directement depuis des dizaines d'annees (indiquees par la ligne CO2 et incorporees dans la courbe
representant la moyenne mondiale pour Ie CHJ. Le forcage radiatif, c'est-a-dire (( l'ejJet de serre renforce »,
prevu de ces gaz est indique sur l'echelle de droite

A.2 Les gaz aeffet de serre (GES) emis par I'agriculture

Les principaux GES presents dans l'atrnosphere sont la vapeur d'eau (H20), Ie dioxyde de

carbone (C02) , I'oxyde nitreux (N20), Ie methane (CH4) et I'ozone (03) (GIEC 2001). Les

emissions de GES en agriculture representent environ 15% des emissions globales (Figure

1.5) et se font principalement sous forme de N20 et CH4 (45% des emissions globales pour

chacun). Les activites agricoles irnpliquees sont, par ordre croissant de contribution aux

emissions, la gestion des sols (labour et utilisation de fertilisants), l'elevaqe (processus de

digestion du betail), la riziculture, Ie defrichaqe, la combustion de biomasse et I'utilisation de

fumier (Baumert et aI., 2005).

La part prise par les GES au foryage radiatif du changement climatique, c'est-a-dire a I'effet

de serre additionnel, depend de I'ampleur de J'augmentation de leur concentration dans

II' ·
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l'atmosphere, de leur temps de sejour dans l'atrnosphere apres emission et des proprietes

radiatives des molecules de ces gaz (GIEC, 2001). Les deux principaux GES ernls par

I'agriculture, Ie N20 et CH4, avec un taux de changement de concentration dans l'atrnosphere

faible par rapport a celui du CO2 (Tableau 1.1), presentent neanrnoins un potentiel de

rechautfernent global respectivement 296 et 23 fois superieur a celui du CO2 (GIEC, 2001).

Les emissions de N20 sont d'autant plus lnquietantes que ce gaz persiste dans l'atrnosphere

durant 114 ans,
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Figure 1.5 : Emissions de GES en agriculture d'apres Baumert et al. (2005)

Tab/eau 1.1 : Caracteristiques des trois principaux gaz a effet de serre emis par l 'agriculture,

d'apres le GIEC (2001)

Changement du taux de concentration 1,5 ppm an" 7 ppb an" 0,8 ppb an"

Temps de sejour atrnospherique (ans) * 12 114

Potentiel de rechauttement global (PRG)

pour un horizon temporel de 100 ans

1 23 296

• Aucun temps de sejour unique ne peut etre determine pour Ie CO2 en raison des differents taux d'absorpt ion

des divers processus d'elirnination.

A.3 Mecanismes aI'origine des emissions de GES par les sols

A.3.1 L'oxyde nitreux (N20)

La nitrification et la denitrification sont les deux principaux mecanisrnes a I'origine des

emissions de N20 par les sols (Webster et Hopkins, 1996). Afin de resituer ces processus au

sein du cycle de I'azote , presentons celui-ci dans un premier temps (Figure 1.6). Au cours de
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ce cycle, orchestre principalement par les organismes du sol, I'azote organique est

rninerallse, assirnile par les plantes puis retourne au sol, en tant que resldus de plante sous

une forme organique (Brady et Weil, 2002). L'ammonium (NH4+) est sujet a cinq types de

transformation: immobilisation par les microorganismes, assimilation par les plantes, fixation

dans certains rnineraux argileux, adsorption sur les collo"ides du sol, transformation puis

volatilisation sous forme d'ammoniac (NH3) et, finalement, oxydation en nitrite (N02-) puis en

nitrate (N03-) par Ie processus microbien de la nitrification. L'azote sous forme de nitrate est

tres mobile dans Ie sol et dans I'environnement. Introduit par I'apport de fertilisant ou produit

dans Ie sol par nitrification, Ie nitrate peut suivre quatre voies: immobilisation par les

microorganismes, assimilation par les plantes, lixiviation dans les eaux de drainage,

reduction en oxyde nitrique (NO), oxyde nitreux (N20) ou diazote (N2 ) par Ie processus de la

denitrification.

Almospheric nllrogen !lases.
mainly N1 (N - N). with traces

of NO. N02 • ~O. and NH]

HNO]
MIne add

e
.2
i e
R. ~..
" '"...,.

~-c
" "E
e ...
~ 0

~

~t" .

gas

Symbiotic ~ologicar

Nlinlion

lTC.ion
and
~II

losses

Figure 1.6: Le cycle de l'azote, l'accent etant mis sur Ie cycle primaire (fleches grises larges), Les
compartiments representent les differentes formes de l'azote, les flitches les processus. Les organismes du sol
sont symbolises par des boites marquees « SO" (Brady et Weil, 2002)
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La nitrification se deroule en deux etapes successives : l'oxydation de I'ammonium (plus

preclsement de I'ammoniac) en nitrite et I'oxydation du nitrite en nitrate selon Ie schema

suivant:

NH + AMO )NH OH HAO )NO- NOR >NO-
4 2 2 3

La premiere etape, appelee nitritation, est principalement realisee par les bacteries du genre

Nitrosomas et est catalyses par les enzymes ammoniac rnonooxyqenase (AMO) et

hydroxylamine oxydoreductase (HAO). La seconde etape, nornrnee nitratation, est effectuee

par les Nitrobacter et est catalysee par I'enzyme nitrite oxydoreductase (NOR). Les

Nitrosomas et les Nitrobacter sont des organismes autotrophes, aerobies, qui utilisent Ie CO2

comme source de carbone et obtiennent leur enerqle a partir de l'oxydation respectivement

de I'hydroxylamine (NH20H) et du nitrite N02- (Colliver et Stephenson, 2000). Certains

organismes heterotrophes, qui utilisent les composes organiques au lieu du CO2, peuvent

aussi participer au processus de nitrification rnerne s'ils sont consideres comme

quantitativement moins importants que les bacteries autotrophes (Bremner et Blackmer,

1981).

En conditions sub-optimales d'oxyqene, I'oxydation est incomplete et une partie du NH/

contribue a la formation de NO et N20 (Poth et Focht, 1985). Certains resultats

experlrnentaux (Bremner et Blackmer, 1981) montrent pourtant, que rnerne dans des sols

sous conditions nitrifiantes (sols bien aeres), la production d'une quantlte importante de N20

peut avoir lieu, Independarnrnent de la concentration en nitrate et de facon croissante avec

I'augmentation de NH/. La nitrification peut donc etre responsable de la production et de la

liberation dans l'atmosphere de quantites importantes de N20 (Jaffe, 1992).

Les principaux facteurs affectant la nitrification dans Ie sol sont la population bacterienne

nitrifiante, la temperature, l'hurnldite, Ie pH et les substrats NH/-N, O2 et CO2 (Montagnini et

aI., 1989). Les conditions de nitrification sont optimales a des temperatures comprises entre

25 et 35°C, a pH legerement acide et en conditions d'hurnldite du sol intermedlalres

(Bertsch, 1998).

La denitrification est une reduction anaerobie du nitrate en N20 et N2, realisee par

l'intermediaire de bacteries anaerobles facultatives qui transforment la matiere organique,

selon les etapes suivantes :
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Nitrite reductase
(2familles d'enzymes)

Nitrate reductase
(1fami/le d'enzymes)

NO i
N20 reductase

(1famille d'enzymes)

Figure L 7: Etapes de La denitrification (Henault et Germon, 1995)

Les trois enzymes responsables de la denitrification sont la N03- reductase, la N02­

reductase et la N20 reductase. La capacite de denitrification concerne une large variate de

groupes physiologiques et taxonomiques. Les sources d'enerqie des denltriflants incluent

trois classes connues : organique (organotrophes), inorganique (lithotrophes) et lumineuse

(phototrophes). Le substrat organique est la source d'enerqle Ja plus commune. Outre les

denitriflants, certaines bacteries heterotrophes, les N03- reducteurs d'apres Tiedje (1988)

sont capables de realiser la premiere etape de denitrification, a savoir la reduction de N03­

en NO£.

Le taux de denitrification est determine par 5 principaux facteurs :

la presence de micro-organismes denltriflants,

Ie taux d'02 du sol. II a d'ailleurs ete rnontre que la denitrification, longtemps

consideree comme exclusivement anaerobie, pouvait avoir lieu en condition aerobie

(Bell et aI., 1990),

la presence de nitrate comme accepteur d'electrons meme si certaines bacteries

denitrifiantes ont aussi la capaclte d'utiliser N02- etlou N20 comme accepteurs

d'electrons en absence de 02,

la quantlte de carbone assimilable (qui est Ie donneur d'electrons),

Ie pH qui serait favorable aux actlvites microbiennes denitrifiantes a une valeur neutre

et pourrait inhiber la N20 reductase a pH lnferleur a5 (Knowles, 1982).

La quantite de N20 liberee par denitrification depend non seulement du taux de

denitrification, mais aussi du rapport entre les volumes de N20 et de N2 produits. La

proportion de N2 produit par rapport a celie de N20 depend dans Ie sol des especes de

bacteries denitriflantes lrnpliquees, du deqre d'anaeroblose, de la quantite de carbone, du

contenu en nitrates et du pH (Skiba et Smith, 2000).
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Les emissions elevees de N20 tendent aetre associees au mecanisme de la denitrification,

pourtant, Ie processus de nitrification est trss repandu dans les sols. La contribution de

chacun de ces processus a l'emission de N20 va dspendre du climat, des caracteristiques

pedoloqiques et des pratiques culturales. Des pluies elevees, un faible drainage, une texture

fine et un taux eleve de matiere organique favorisent la denitrification et sa production

associee de N20 tandis que de faibles pluies, un bon drainage, un sol aere de texture

grossiere favorisent la nitrification et sa production associee de N20 (Skiba et Smith, 2000).

La proportion de N20 comme produit terminal de la denitrification augmente au fur et a
mesure que Ie sol devient plus aere. Par contre Ie N20 est produit par la nitrification a de

faibles concentrations d'oxyqene (Ies Nitrosomas europaea deviendraient denltriflants en

conditions limitantes d'oxyqene selon Poth et Focht (1985). Les plus hautes concentrations

de production de N20 devraient avoir lieu sous conditions microaerophlles quand la

reduction du N20 durant Ie processus de la denitrification est inhibee par l'oxyqene et quand

les nitrificateurs en conditions suboptimales d'oxyqene forment egalement du N20

(Klemedtsson et aI., 1988). Davidson (1991) propose un modale de prediction des flux de

N20, NO et N2 selon la teneur en eau du sol, exprimee par I'espace poral occupe par I'eau

(WFPS) (Figure 1.8). Celui-ci indique une importance accrue de la denitrification au-dela de

60% du WFPS tandis que des teneurs en eau entre 30 et 70% du WFPS seraient optimales

pour la production de N20 par la nitrification. A partir de 80% du WFPS, Ie N20 serait

consomme et Ie N2 deviendrait le majeur produit final. La production de NO et de N20 par

nitrification et par des reactions abiotiques dominerait en sol sec. A une teneur en eau

lntermedlaire, NO et N20 seraient tous deux produits par la nitrification et par la

denitrification . Sous conditions d'hurnidite moderee , Ie NO produit serait consomme avant de

s'echspper du sol. A tres haute teneur en eau, seul Ie N2 serait produit. L'auteur specifie que

les taux relatifs des flux et les teneurs en eau auxquels les points d'inflexion de ces courbes

se produisent sont tres speculatifs et qu'un developpement futur de ce modele permettra de

predire les variations salsonnieres des flux de NO et N20.
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Figure 1.8: Modele de la relation entre le WFPS (water-filled pore space) du sol et les flux de gaz azotes
relatifs (Davidson, 1991)

A.3.2 Le methane (CH4)

Le rnetabollsme microbien du methane dans les sols est complexe etant donne que les sols

peuvent produire et consommer du methane, parfois rnerne, sirnultanernent. La production

de methane (Methanogenese) est realisee par un groupe d'Archaea anaerobies connues

sous Ie nom de rnethanopenes et peut se produire soit par reduction de

CO2 : CO2 +H 2 ~ CH4 , soit par fermentation d'acetate : CH3COOH ~ CH4 + CO2 ,

L'oxydation du methane (Methanotrophie) est realises par un groupe de bacteries aerobles

appelees rnethanotrophes qui utilisent Ie methane comme source exclusive de carbone et

d'enerqle : CH4 + 202 ~ CO2 + 2H20 (Schimel et Holland, 2005).

Plusieurs etudes (Knowles, 1993; Mosier et aI., 1991; Schnell et King, 1994) ont dernontre

un lien entre la rnethanotrophie et Ie cycle de I'azote. Etant donnees les slmllarites, en taille

et en forme, de I'ammoniac (NH3 ) et du CH4 , les nitrificateurs autotrophes sont capables

d'oxyder Ie methane et les rnethanotrophes peuvent oxyder I'ammoniac (NH3) . Par

consequent, I'oxydation du methane peut etre lnhlbee par de fortes concentrations du sol en

ammonium, suite a une fertilisation, par exemple. Ceci peut porter a croire que I'utilisation

croissante de fertilisants azotes aurait tendance a diminuer la consommation globale de CH4

aboutissant a de plus fortes concentrations atrnospheriques en CH4 mais, il n'en est pas

toujours ainsi (Schimel et Holland, 2005). En eftet, dans un sol presentant une capaclte

d'echanqe cationique (CEC) elevee, Ie NH4+ resultant de la fertilisation aura plutot tendance

37

iJ'.



Chapitre I Introduction generale at problematigue

aetre adsorbs sur Ie complexe argilo-humique du sol qu'a inhiber la rnethanotrophle (Mosier

et aI., 1991).

Le taux de consommation total du CH4 est controle d'une part par la demande biologique

potentielle, d'autre part, par la diffusion du CH4 dans Ie profil du sol, notamment par Ie WFPS

(Mosier et aI., 2004). Del Grosso et al. (2000) ont observe un optimum d'oxydation du CH4 a
des WFPS de 7,5% pour une texture grossiere du sol, de 13% pour une texture fine.

Les sols agricoles non immerges ont plutat tendance a consommer du CH4 atmospherlque

qu'a ien produire mais Ie flux net de CH4 c'est-a-dire Ie bilan entre production et

consommation depend du sol, de ses proprietes et aussi de la vegetation. En effet, celle-ci

peut influencer Ie taux de production de CH4 en contribuant a I'apport de carbone facilement

decomposable par ses exsudats racinaires ou la mort recente de ses racines (Schimel et

Holland, 2005). t.'emlsslon de ce CH4 vers l'atrnosphere depend a son tour des proprietes du

sol et de la demande biologique.

A.3.3 Le dioxyde de carbone (C02)

Le CO2 produit dans les sols, c'est-a-dire la respiration du sol, provient a 50% de la

respiration des racines des plantes et mycorhizes associes (processus autotrophique), a
environ 40% de la decomposition de la matiere organique recente par les microorganismes

heterotrophes (respiration microbienne) et la faune du sol, et a faible echelle (10%) de

I'oxydation chimique de rnateriaux carbones plus anciens et plus recalcitrants (Raich et

Schlesinger, 1992; Ryan et Law, 2005).

La respiration du sol est souvent deterrninee par la mesure des flux de CO2 du sol vers

l'atrnosphere. Sur une base annuelle, ces flux sont approximativement egaux au taux de

respiration a moins que des pertes significatives de C inorganique se produisent , pertes

generalement negligeables (Raich et Schlesinger, 1992). Par consequent, les flux de CO2 du

sol vers l'atrnosphere sont cornmunernent nornmes « respiration du sol» et c'est a ces flux

que nous ferons reference, dans la suite de cette etude, lorsque nous utiliserons Ie terme

« respiration du sol ».

La respiration du sol est fortement controlee par la dlsponibillte en substrat (Figure 1.9) mais

d'autres facteurs environnementaux tels l'hurnldlte et la temperature du sol, la dlsponiblllte

en oxygene affectent les cornmunautes microbiennes du sous-sol. L'approvisionnement en

substrat pour la respiration autotrophique (respiration racinaire, rhizospherique et

rnycorhizlene) est largement controle par la photosynthese et I'allocation de carbone dans la

plante. La respiration microbienne heterotrophlque depend de la disponibilite en substrat
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labile, tel la litiere de feuilles et -de racines tines, et de sa composition chimique. Entin,

I'oxydation du carbone plus ancien et plus recalcitrant depend de sa composition chimique,

de sa protection physique dans les aqreqats du sol et de la disponibilite en carbone labile

dans Ie systerne (Ryan et Law, 2005).

Recent and
Older CO2•

Labile Soil
Carbon

Heterotrophic
Respiration
Depends on:
Allocation
Temperature
Soil Moisture
Quality

" Photosynthesis
,Dependson:
Nutrient supply
TemperatliJre
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Recalcitrant
Soil Carbon

Organic Soil
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Figure 1.9: Modele conceptuet des composants de la respiration du sol; Les composants autotrophiques et
heterotrophiques sont taus deux fortement controlis par la disponibilite en substrat - carbohydrate,
transporte dans Ie phloeme, pour la respiration racinaire et mycorhiziene, materiel organique mort pour la
respiration microblenne (Ryan et Law, 2005)

Malgre la complexite qui lie la respiration du sol et ses determinants, de nombreuses etudes

ont developpe des modeles tres simples, souvent uniquement climatiques, pour predlre la

respiration du sol a de grandes echelles spatiales. Par exemple, Raich et Schlesinger (1992)

ont developpe un modele qui predit la respiration du sol (RS) en fonction de la production

primaire nette annuelle au-dessus du sol (PPN) : RS =1,24 (PPN) + 24,5, ou RS et PPN

sont exprirnes en g C m-2 an" . Cette relation a ete construite sur la base d'etudes effectuees

dans differents types de climat et de vegetation (Tableau 1.2). A partir de ces memes

donnees, Raich et Schlesinger (1992) ont montre une correlation positive entre la respiration

annuelle des sols et la temperature et la precipitation moyennes annuelles.

Sous couvert forestier, Raich et Nadelhoffer (1989) et Schlesinger (1977) ont estlme la

respiration du sol a2,5-2,9 fois I'apport de carbone par la chute de lltiere.

fI'-
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Tableau L1 : Taux moyens de respiration du sol dans differents type de vegetation et pour differents climats,
adapte de Raich et Schlesinger (1991)

Type de vegetation

Toundra

Tourbieres et bourbiers nordiques

Forets et terres bolsees boreales

Prairies temperees

Forets de coniferes ternperees

Forets de feuillus ternperees

Terres boisees et Iandes

rneonerraneennes

Terres arables

Garrigues desertiques

Prairies et savanes tropicales

Forets seches tropicales

Forets humides tropicales

Marais

Respiration du sol (t C ha" an")

.(moyenne ±erreur type)

0,60 ± 0,06

0,94 ± 0,16

3,22 ± 0,31

4,42 ± 0,78

6,81 ± 0,95

6,47 ± 0,51

7,13 ± 0,88

5,44 ± 0,80

2,24 ± 0,38

6,29 ± 0,53

6,73 ± 1,34

12,60 ± 0,57

4,13 ± 0,76

n

11

12

16

9

23

29

13

26

3

9

4

10

6

Le taux de respiration du sol peut etre evalue, de facon plus precise, en tenant compte de

deux parametres clefs du sol: sa temperature et sa teneur en eau. L'effet de la temperature

du sol est qeneralernent decrit par une fonction exponentielle tandis que celui de la teneur en

eau du sol I'est par une large gamme d'equation, comme on peut Ie voir dans Ie Tableau 1.3

(Davidson et aI., 2000).

L'influence de I'apport de fertilisantsur Ie taux de respiration du sol n'a jamais ete c1airement

mise en evidence. Meme si la fertilisation peut augmenter la decomposition de matiere

organique et la productivite de la plante, elle peut aussi diminuer I'allocation de carbone aux

racines; par consequent il n'est pas certain que la fertilisation contribue a I'augmentation de

la respiration du sol. Cela n'a d'ailleurs jamais ete dernontre ni in vitro ni au champ (Chen et

aI., 2002; Simek et aI., 1999; Raich et Schlesinger, 1992).

40



Chapitre I Introduction generale et problemaligue

Tableau 1.3 : Fonction s mettant en relation la respiration du sol et sa teneur en eau (adapte de Davidson et
al., 2000). Pour les unites et les valeurs des parametres de validite des equations, priere de se rapporter aux
publications originates

Orchard et Cook (1983) CO2= -0,167 Ln(-'P) + 0,95

Incubations en laboratoire

Sols sous paturaqes et cultures

Wildung et al. (1975)

Flux au champ, sols sous prairie

Howard et Howard (1993)

Incubations en laboratoire,

Differents usages du sol

Doran et al. (1991)

Incubations en laboratoire

Raich et Potter (1995)

Analyse de mesures publiees de

flux au champ pour dlfferents

usages du sol

Hanson et al. (1993)

Flux au champ, sols sous foret

Oberbauer et al. (1992)

Flux au champ, sols sous Toundra

Schlentner et Van Cleve (1985)

Flux au champ, sols sous foret

'¥ : Potentiel hydrique

CO2= 0,88 ± 0,013wt

w : teneur en eau gravimetrique, t : temperature du sol

Ln CO2=a +~1 (T-T*) + ~2(T-T*)2 + 11(M-M*) + 12(M-M*)2

M : % de la capacite de retention en eau, M* : moyenne de M,

T : temperature de I'air, T* : moyenne de T; a, Pi,Yi : cstes

CO2 =aWFPS + bWFPS2 + c

WFPS : taux de remplissage en eau des pores et a, b, c ; estes

CO2 =Fx exp(Q1o T) x (P + P/K)

F : flux de CO2 a temperature de I'air nulle et en conditions non

limitantes d'hurnidite

Q lO : reponse du taux de respiration lars d'une augmentation de la

temperature de l'a lr de 10°C

T, P : temperature de I'air et precipitation moyennes mensue lies

K : coefficient de precipitation ami-saturation

CO2=Rb q[T1101(1-C,J100)

R, =(kWsRmax) I (kWs + Rmax) : effet de la teneur en eau

Ws : teneur en eau volurnetrique et Rmax : flux maximal a Ws =

100%

T : temperature du sol et Cr : % de la fraction grossiere du sol

q, k : con stantes

CO 2 = C x exp(-E/RTk) x exp(Swt)

E : energie d'activation apparente

R : constante des gaz parfait; T, : temperature du sol

Swt= a x WtI(Wt +b) au Wt: profondeurde retention de I'eau

a, b, c ; estes

CO2=[M/(a1+M)]x[a2/(a2+M)) xa3xa.[(T-10)/10]

M : teneur en eau gravimetrique; T : temperature du sol; ai : estes
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A.4 Methodes d'evaluation des emissions de GES par les sols et
des processus lrnpliques

Les emissions de GES par Ie sol peuvent etre evaluees par des mesures « in situ» ou « in

vitro» mais aussi par des rnodeles de simulation.

Deux approches generales sont utlllsees pour mesurer les flux de GES «in situ », La

premiere utilise des enceintes fermees (Figure 1.10, A) ou ouvertes placees en surface du

sol, a l'interleur desquelles (enceintes fermees) ou en entree et sortie desquelles (ence intes

ouvertes), des echantillons de gaz sont preleves, manuellement ou automatiquement, a
differents intervalles de temps. Le flux de gaz est calcule a partir du changement en

concentration pendant Ie temps de la mesure et du volume et de I'aire de I'enceinte. Dans Ie

cas d'un prelevement manuel, les echantillons de gaz sont iniectes a I'aide d'une seringue

dans des tubes hermetiquement fermes, prealablement mis sous vide , scelles (Figure 1.10, B

et C) puis transportee jusqu'au laboratoire ou ils sont generalement analyses par

chromatographie en phase gazeuse (CPG). Le chromatographe requiert un detecteur a
capture d'electron (ECD) pour I'analyse de la concentration en N20 , un detecteur a ionisation

de f1amme (FlO) pour celie du CH4; un FlO ou un detecteur a conductlvite thermique (TCO)

ou catharornetre pour celie du CO2• Les echantillons de gaz peuvent egalement etre

analyses par un detecteur photo-acoustique a infrarouge, technique moins repandue que Ie

CPG (Van Cleemput et Boeckx, 2006). Un systeme de rnesure «in situ» automatique

comprend au minimum des enceintes soit fermees (equipees de couvercles qui se ferment et

s'ouvrent automatiquement) soit ouvertes, un systerne de circulation du gaz (pompe et

tubes) , une unite d'echanttllonnaqe, une unite analytique (detecteur), un controleur de temps

et un systeme d'acquisition des donnees (Van Cleemput et Boeckx, 2006).

La mesure de GES par la technique des enceintes (ou chambres) est sensible (Germon et

aI., 1999), simple, relativement peu coOteuse mais ne peut couvrir que de faibles surfaces.

Figure 1.10 Enceinte fermee placee au champ (A), injection d'un echantillon de gaz dans un tube (B) et tubes
contenant les echantillonsde gaz scelles pour transport au laboratoire
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La deuxlerne approche estime les flux grace ades techniques rneteoroloplques qui mesurent

des concentrations, des gradients de concentrations et des phenomenes de transport de I'air

aproxirnite de la surface (Crill et aI., 1991). Dans Ie cas des mesures de CO2 , cette seconde

approche ne concerne pas uniquement la respiration du sol mais celie de l'aqroecosysteme

dans sa globalite(voir paragraphe 8.2 de ce Chapitre). Les methodes rnlcrometeoroloqlques

utilisant des tours se divisent en deux categories generales: Eddy correlation et techniques

de gradient de concentration. Les methodes mlcrometeoroloqlques permettent de

fonctionner en continu et d'lnteqrer des fluctuations moyennes sur des surfaces de I'ordre de

I'hectare. La methodoloqie mise en oeuvre est cependant tres lourde et les seuils de

detection sont plus eleves que ceux obtenus avec Ie couplage enceintes-CPG (Germon et

al., 1999).

Ces deux principales techniques peuvent utiliser, en complement, des traceurs isotopiques

C5N et 13C) qui permettent de calculer les vitesses d'emission des gaz a partir des vitesses

d'enrichissements ou d'appauvrissement isotopique des composes gazeux (Matthieu, 2005).

Les echantlllons de gaz preleves au champ sont analyses a I'aide d'un spectrornetre de

masse a secteur isotopique. Cette technique, bien qu'ayant I'avantage d'etre a double emploi

puisqu'elle permet egalement de discriminer les processus microbiens en jeu, est delicate,

onereuse et dolt etre precautlonneusernent utilises dans les ecosysternes naturels soumis a
une faible fertilisation azotee (Matthieu, 2005).

Au laboratoire, les dispositifs experlrnentaux sont constitues de cylindres de sol remanies ou

non (Figure 1.11), mis en incubation dans des enceintes (fioles, tubes) herrnetlquernent

ferrnees. Le sol est place dans des conditions de temperature, d'hurnidite et de substrats

bien definls puis l'atrnosphere de I'enceinte est requlierement prelevee pour analyse de sa

teneur en gaz, par CPG ou pieqeaqe dans NaOH dans Ie cas du CO2 s'il n'y a pas acces a
un chromatographe. Les flux de gaz sont calcules a partir du changement en concentration

pendant Ie temps de la mesure, du volume d'air au-dessus du sol et de la quantlte de sol sec

lncube. La technique de l'acetylene (C2H2 ) est souvent utilisee pour discriminer par exemple

Ie N20 produit par nitrification de celui produit par denitrification, Ie C2H 2 a une pression

partielle d'environ 10 Pa inhibant la nitrification autotrophe (Yoshinari, 1993); ou bien pour

quantifier Ie N2 produit par denitrification, Ie C2H 2 a une pression partielle d'environ 10 kPa

inhibant la reduction du N20 en N2 (Yoshinari, 1993). Les traceurs isotopiques discriminent

avec plus d'exactitude les processus microbiens que des methodes comme celie du C2H2 et

sont de plus en plus utilises a cette fin mais ne sont pas toujours envisageables notamment

dans des pays en voie de developpernent, par manque de moyens.
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Figure Lll : Cylindres de sol non remanies places dans des tubes hermetiquementfermes (A), echantillons de
sol remanies place dans des flacons hermetiquement fermes, pras a eire echantillonnis (B) et mis en
incubation aune temperature determinee, dans Pobscurite (C)

La rnodelisatlon constitue une autre voie d'evaluation des emissions de GES par Ie sol.

Differentes approches ont ete utilisees pour developper des rnodeles, chacune d'entre elle

plus ou moins influences par des donnees mesurees « in situ» et « in vitro ». De maniere

generale, il existe trois types de rnodeles (Parton et al ., 1996) :

- les rnodeles de croissance microbienne.

115 simulent la dynamique du N et du C en representant explicitement la dynamique

des microbes et des autres organismes responsables des processus irnpliques

(nitrification, denitrification, mineralisation, etc.)

ex. : ONDC (DeNitrificationDeComposition) (Li, 2000)

- les rnodeles « orienMs-process ».

115 representent la dynamique du N et du C en supposant que les differents

processus peuvent etre representee comme une fonction de l'hurnidlte du sol, de sa

temperature, de son pH, etc.

ex. : NGAS (Parton et aI., 1996), NOE (Henault et aI., 2004), CENTURY (Parton,

1996)

- les modeles mecanlstes faisant intervenir la structure du sol.

115 representent des processus physiques du sol tels la diffusion des gaz et des

solutes dans les agregats du sol et font figurer de facon explicite la distribution des

agregats du sol. Certains d'entre eux sont utilises notamment pour simuler la

denitrification dans Ie sol (Parton et aI., 1996)

ex. : PASTIS (Lafolie, 1991)

De nombreux modeles, de complexite dtfferente ont ete developpes ces dernleres annees.

Certains d'entre eux se concentrent exclusivement sur un algorithme permettant d'evaluer

les flux du sol de N20 (NGAS, NOE), de CO2 (Del Grosso et aI., 2005) (Tableau 1.3) ou de
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CH4 (Del Grosso et aI., 2000). Le Tableau V.1 (Heinen, 2006), en annexe, Iiste une

cinquantaine de rnodeles orientes-process qui permettent de simuler les emissions gazeuses

azotees par denitrification. D'autres rnodeles, nornrnes « sol-plante» sont construits sur la

base des principes des cycles de I'eau, du C, du N et sur la facon dont les plantes

interagissent avec ces cycles et entre eux (ONDC, CENTURY). Pour ces derniers qui

doivent prendre en consideration les cycles du N et du C en detail (mineralisation ,

assimilation par les plantes et les microbes, lessivage, transformations microbiennes,

interactions entre les cycles du N et du C et pilotes biophysiques de I'ecosysteme), les

emissions de GES ne constituent qu'une faible composante (Frokling et aI., 1998). Les

dlfterents rnodeles sol-plants existants dans la litterature presentent des differences entre

eux: ils ont emerge de projets ayant des objectifs speciflques et ont effectue des choix

differents lorsqu'ils ont ete confrontes a un compromis entre Ie detail et la slrnpllcite, la

specificite du site et la portabillte generale (Frokling et aI., 1998). Par exemple, aussi bien

DNOC qu'ExpertN (Stenger et aI., 1999) ont ete specifiquement developpes pour examiner

la bloqeochlrnle du N dans les aqroecosysternes. Ces deux rnodeles ont donc consacre

beaucoup d'efforts (et de codes informat iques) pour etre capables d'incorporer facilement

une divsrsite d'actlvltes agricoles (epandaqs de fumier , plantation , recolte, semis , labour,

irrigation , etc.). CENTURY a ete developpe pour rnodeliser la bioqeochirnie d'un sol sous

paturaqe mais dispose d'algorithmes pour traiter diverses pratiques agricoles. Entin, certains

rnodeles simulent les processus a l'echelle de la parcelle (Century , DNDC and ExpertN),

tandis que d'autres ont ete concus pour tes simuler a une echelle regionale (NASA CASA)

(Potter et aI., 1994; Potter et aI., 1996).

A.5 GES emis par les sols agricoles tropicaux

II est courant d'entendre que les sols tropicaux ernettent plus de N20 que les sols ternperes

pourtant , sur la base de 1008 etudes, Stehfest et Bouwman (2006) montrent que les

emissions de N20 des sols agricoles en zone tropicale (2,93 kg N ha' pendant la perlode

d'etude) et en zone ternperee (2,17 et 2,80 kg N ha' respectivement en zones ternperees

continentale et oceanique) sont similaires . Par contre , leur etude montre que les sols

agricoles subtropicaux ernettent plus de N20 (4,27 kg N ha") que les trois autres types.

Bouwman et Boumans (2002), sur la base de 846 etudes, concluent que les emissions de

N20 sont beaucoup lnfluencees par I'application de fertilisant azote, Ie type de fertilisant

azote, la teneur en C organique, la texture , Ie pH des sols et Ie type de culture que par la

zone geographique.

Par rapport a d'autres zones tropicales moins etudiees, Ie Costa Rica a ete I'objet de

plusieurs etudes portant sur les emissions de N20, sous dlfferents types d'usage du sol.
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Quelques unes d'entre elles sont presentees dans Ie Tableau 1.4 (emissions moyennes de

N20 sur une periods d'environ un mois apres application de fertilisant azote), Ie Tableau 1.5

(emissions moyennes journalieres de N20) et Ie Tableau 1.6 (emissions annuelles de N20).

II a clairement ete etabf (Raich et Schlesinger , 1992) que, pour un rnerne type

d'ecosysterne, les taux de respiration les plus bas appartiennent aux zones climatiques les

plus froides et seches tandis que les plus hauts se mesurent en zones chaudes et humides

(Tableau 1.1). En effet, en climat tropical , la decomposition de la matiere organique et

l'emission consequents de dioxyde de carbone sont rapides (Schimel et Holland, 2005).

Mais ces etudes, aussi bien en zone ternperee qu'en zone tropicale se basent

principalement sur des rnesures de respiration du sol sous foret, prairie et paturaqe. Peu de

rnesures de respiration des sols agricoles ont ete publiees. Le Tableau 1.7 recapitule

quelques etudes de mesures de respiration du sol en Amerique Latine pour dlfferents

usages du sol.

Les sols tropicaux sont d'importants putts et sources de methane atrnospherique, Durant les

dernieres decennies les echanges de CH4 ont ete intensivement etudles dans les systemes

de production rizicoles mais relativement peu dans les systernes de culture non lrnmerqee

(Mosier et aI., 2004). Les emissions de CH4 en agriculture tropicale proviennent des rlzleres,

des termites, du brOlage de la biomasse et de la fermentation entertque au cours de la

digestion du betail (Mosier et aI., 2004). Environ 15% des emissions grobales de CH4

proviennent de la riziculture et 15% de la fermentation enterique (Robertson et Grace, 2004).

Les sols agricoles non immerges sont generalement des puits de CH4 . L'oxydation du CH4

dans les sols represents environ 10% du puits global de CH4 (Del Grosso et aI., 2000) et les

sols tropicaux constituent environ 10-20% du CH4 atrnospherlque consomme annuellement

par les sols (Verchot et aI., 2000). Le Tableau 1.8 recapltule quelques etudes ayant mesure

les flux de CH4 en Amerique Latine pour differents usages du sol.
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Tableau 1.4: Flux moyens de NzO sur une periode d 'environ un mois apres application de fertilisant azote pour differents usages du sol, au Costa Rica. Les doses de
fertilisant applique sont exprimees soit en kg N ha-] dans Ie cas d 'une etude ponctuelle, soit en kg N ha-] an" dans Ie cas d'une etude regroupant l 'en semble des periodes
de post fertilisation annuelles

N20 Ecart Erreur Usage du sol
Post Fertilisation type type

(g N ha" r1
)

Type de
sol

Reference

3,4
5,6
7,2

7,9
4,2
11,9

Cateiere en monoculture non fertillsee
Cafelere en monoculture fertillsee (90 kg N ha", NH4N03)

Cafeiere ornbraqee (Eucalyptus deglupta) fertillsee (90 kg N ha", NH4N03)

Acrisol Harmand et al. (2007a)

6,1
11,0
17,3

45,2
8,4

Cafeiere en monoculture fertil isee (154 kg N ha' formula complete)
Cafeiere en monoculture fertilisee (88 kg N ha', Nutran)
Cafeiere ornbraqee (Erythrina poeppigiana) fertllisee + (83 kg N ha' formule
complete)
Cafeiere ornbraqee (Erythrina poeppigiana) fert ilisee (1 17 kg N ha', Nutran)
Bananeraie fertilisee (30 kg N ha' an")

Andosol Montenegro et Abarca (2001)

Inceptisol

Inceptisol

4,8
2,9
2,6
12,1
3,6
2,7
4,6
34,2

2,4
1,7
2,3
12,9
2,7
2,8
3,1

40,4

0,2 Cultures annuelles (Mars, Taro) non Iertilisees sur sol argileux Inceptisol Weitz et al. (2001)
0,1 Cult. Ann. (Ma"is, Taro) non fertilisees sur sollimoneux
0,2 Cult. Ann . (Ma"is, Taro) fertlllsees (167 kg N ha" an", NH4N03) , sol argileux
1,0 Cult. Ann. (MaTs, Taro) fertlllsees (167 kg N ha" an", NH4N03) , sol limoneux
0,2 Cult. perennes (Papaye, Balsa) non fertllisees sur sol argileux
0,2 Cult. Per. (Papaye, Balsa) non fertilisees sur sollimoneux
0,2 Cult. Per. (Papaye, Balsa) fertilisees (356 kg N ha" an", NH4N03) , sol argileux
2,8 Cult. Per. (Papaye, Balsa) fertilisees (356 kg N ha" an" , NH4N03), sol limoneux

110,5
120,1
130,8
151,4

46,6
47,7
64,1
77,1

'"

Paturaqe fertilise (75,2 kg N ha" , NH4++P+ KCI)
Paturage fertilise (75,2 kg N ha', Uree+KCI)
Paturaqe fertilise (75,2 kg N ha', N03"+KCI)
Paturaqe fertilise (75,2 kg N ha-t, uree)

Andosol Veldkamp et al. (1998)
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Tableau 1.5 : Flux moyens journaliers de N20 pour differents usages du sol, au Costa Rica

N20 Ecart Err, Usage du sol Type de sol Reference

Moy . journ. type type

(g N ha' r')
-

10,1 4,1 Cafeiere en monoculture fert illsee organiquement (150 kg N ha' , pulpe de cafe) Andosol Hergoualc'h et al. (2007a)
5,1 2,2 Catelere ornbraqee (Erythrina poeppigiana) fert lllsee organ iquement (330 kg N ha" , pulpe

de cafe)

75,4 123,0 Bananeraie fertilisee (360 kg N ha" an") sur Andosol, mesure sous les plants Andosol Veldkamp et Keller (1997)
10,4 8,4 Bananeraie fertilisee (360 kg N ha' an") sur Andosol, mesure entre les plants
22.3 19,3 Bananeraie fertillsee (360 kg N ha an") sur Inceptisol, mesure sous les plants Inceptisol
15,0 11,9 Bananeraie fertilisee (360 kg N ha' an") sur Inceptisol, mesure entre les plants

3,4 2,1 0.1 Cult. annuelles (MaTs et Taro) non fertilisees, sol argileux Inceptisol Weitz et al. (2001)
2 ,5 1,7 0,1 Cult. annuelles (Mats et Taro) non fertilisees, sollimoneux
1,9 1,9 0,1 Cult. annuelles (Ma'is et Taro) fertillsees (167 kg N ha' an" , NH4N03) , sol argileux
8,5 10,3 0,6 Cult. annuelles (Mals et Taro) fertilisees (167 kg N ha' an", NH4N03) . sollimoneux
2,9 2,2 0,1 Cult. perennes (Papaye et Balsa) non tertillsees, sol argileux
3,1 5,6 0,3 Cult. perennes (Papaye et Balsa) non fertilisees, sollimoneux
4,5 3,8 0,2 Cult. perennes (Papaye et Balsa) fertilisees (356 kg N ha" an", NH4N03) , sol argileux
29,9 36,0 1,9 Cult. Per. (Papaye et Balsa) fertlllsees (356 kg N ha" an", NH4N03) . sollimoneux

3,4 3,2 0,1 Ma'is non fertilise Inceptisol Crill et al. (2000)
4,8 2,7 0.1 Mats non fertilise
13,8 17,4 0,8 Mals fertilise (122 kg N na" an", NH4N03 et uree)
15,6 21,7 1,0 Mals fertilise (122 kg N ha" an", NH4N03 et uree)
1,6 1,6 0,1 Papaye non fertlllsee
1,4 1,7 0,1 Papaye non fertilisee
7,5 5,1 0,2 Papaye fertilisee (133 kg N ha" an', NH4N03)

13,9 10,5 0,5 Papaye fertillsee (133 kg N ha' an", NH4N03)

2,4 1.2 Paturaqe abandonne Inceptisol Keller et Reiners (1994)
4,3 3,1 Paturaqe actif
10,3 1,1 Foret secondaire
16,1 7,2 Foret ancienne
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Tableau 1.6 : Emissions annuelles de N20 pour diffirents usages du sol, en Amerique latine

N20 Usage du sol Pays Type de sol Reference

Annuel
(kg N ha' an')

3.7 Cafe iere en monoculture fertilisee organiquement (150 kg N ha" , pulpe de cafe) CR* Andoso t Hergoualc'h et al. (2007a)
1.8 Cafe iere ornbraqee (Erythrina poeppigiana) fertilisee organiquement (330 kg N

ha' , pulpe de cafe)

1.9 Cafeiere en monoculture fertilisee (180 kg N ha' an", NH4N03) CR Acrisol Harmand et al. (2007a)
1.9 Cafeiere ornbragee (Eucalyptus deglupta) fertilisee (180 kg N ha" an" , NH4N03) CR

1.5 Cafelere en monoculture fert ilisee (242 kg N ha" an' formule complete et Nutran) CR Andosol Montenegro et Abarca (2001)
5.0 Cafelere ornbraqee (Erythrina poepp igiana) fertllisee + (200 kg N ha" an" formule CR Inceptisol

complete et Nutran)
2,9 Bananeraie fert illsee (300 kg N ha' an") CR Inceptisol

6,1 Bananeraie fertil isee (360 kg N ha' an") CR Andosol , Incept isol Veldkamp et Keller (1997)

0,56 Cafeiere en systerne multistrates Perou Typic Paleudult Palm et al. (2002)

0,06 Paturage degrade Bresil Oxisol Verchot et al. (1999)
0,25 Paturaqe actif
0,94 Foret secondaire
2,43 Foret primaire

6,70 Foret ancienne CR Inceptisol Keller et Reiners (1994)

*CR : Costa Rica
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Tableau 1.7 : Flux moyens journaliers et emissions annuelles de CO2 pour differents usages du sol, en Amerique Latine

CO2 Err. Usage du sol
Moy. journ . type

(kg C ha-l r1
)

35,9 4,2 Paturage degrade
48,7 4,5 Pflturage actif
50,3 3,4 Foret secondaire
57,6 4,0 Foret primaire

Pays Type de Reference
sol

Bresil Oxisol Verchot et al. (2000)

29,9

CO2

Annuel
(t C ha' an")

0,003
0,002

0,004

10
15
18
20

*CR : Costa Rica

14,9 Foret

Usage du sol

Cafeiere en monoculture fertlllsee (242 kg N ha" an" formule complete et Nutran)
Cafe iere ornbraqee (Erythrina poeppigiana) fert illsee + (200 kg N ha-l an" formule
complete et Nutran)
Bananeraie fertil lsee (300 kg N ha-l an")

Paturage degrade
Pflturage actif
Foret secondaire
Foret primaire

Bresil Haplustox Cattanlo et al. (2002)

Pays Type de Reference
sol

CR Andosol Montenegro et Abarca (2001)
CR Incept isol

CR Inceptisol

Bresil Latosol Davidson et al. (2000)
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Tableau 1.8 : Flux moyens journaliers et emissions annuelles de CH4 pour differents usages du sol. en Amerique Latine

CH4 Ecart Usage du sol Pays Type de sol Reference

May . journ. type

(g C ha' r1
)

-5,9 Cafeiere en systerne multistrates Perou Typic Paleudult Palm et al. (2002)

6,8 1,7 Paturaqe abandonne CR Inceptisol Keller et Reiners (1994)
1,6 4,2 Paturaqe actif
-9,0 0,8 Foret secondaire
-9,5 0,5 Foret ancienne

CH4 Usage du sol Pays Type de sol Reference

Annuel
(kg C ha" an")

-2,1 Cafelere en systsrne multistrates Perou Typic Paleudult Palm et al. (2002)

2,7 Paturage Bresil Ultisol SteudJer et al. (1996)
-4,7 Foret

-4,3 Foret, La Selva (Keller et aI., 1993) CR Inceptisol Verchot et al. (2000)
-4,2 Foret, Guacimo (Keller et aI., 1993) Inceptisol
-3,4 Foret, La Selva (Keller et Reiners, 1994) Inceptisol

*CR : Costa Rica
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B Le bilan des GES : stackage de carbone at flux de GES
hors C02 du sol

B.1 Puits de carbone et bilan des GES

Generalernent, deux grandes approches de limitation des gaz a effet de serre dans

t'atrnosphere sont conslderess : (1) la reduction des emissions anthropiques, (2) la creation

ou l'arnelioratlon de puits de carbone dans la biosphere (Albrecht et Kandji, 2003; Locatelli,

2002). Un puits de carbone se definit comme un reservoir de carbone qui, pendant une

periode de temps donnee, absorbe globalement plus de carbone qu'il n'en rejette (Locatelli ,

2002). Les oceans et la biosphere continentale peuvent etre des puits de carbone (Locatelli ,

2002). Concernant les ecosystemes de la biosphere continentale, la premlsse du stockage

de carbone est relativement simple et se base sur les processus bioloqiques/ecoloqiques

fondamentaux de la photosynthese, la respiration et la decomposition (Montagnini et Nair,

2004). Le carbone stocks est essentiellement la difference entre Ie carbone « acquis » par

photosynthese et Ie carbone « perdu » ou « iibere » par la respiration de tous les

composants de l'ecosysterne (Montagnini et Nair, 2004).

En vue d'attenuer Ie changement climatique, un systems d'usage de la terre ne peut se

contenter d'etre un puits uniquement de carbone , II doit constituer globalement un puits de

GES. En effet, si Ie stockage de C pendant la duree de vie du systerne est compense par

des emissions de N20 etlou de CH4, Ie benefice en matiere d'attenuation du changement

climatique est nul. II est donc important de proceder a un inventaire et a un bilan complet des

gaz aeffet de serre du systems. Certains auteurs (Bernoux et aI., 2006) definissent Ie bllan

net de tous les GES, exprime en CO2-equivalent comme etant la sequestration de carbone

du systems. Nous nommerons Ie bilan du stockage de carbone dans l'ecosysterne et des

flux de N20 et CH4 du sol, exprime en CO2-equivalent, Ie « bilan des gaz aeffet de serre »

du systems,

B.2 Mesure du stockage de carbone it I'interface sol-plante­
atmosphere

Le stockage de carbone peut etre evalue par la mesure directe des flux de CO2 (techniques

rneteoroloqiques) , par la mesure des variations de stocks dans I'ensemble des

compartiments du systems ou bien encore par la modellsation (voir A.1 .4). Les techniques

rneteoroloqiques permettent de calculer Ie stockage de CO2 (NEP: Net Ecosystem

Production) par difference entre la GPP (Gross Primary Production), c'est-a-dire les flux de
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CO2 mesures durant Ie jour, et la Re (Ecosystem Respiration), c'est-a-dire les flux de CO2

rnesures durant la nult (Luyssaert et aI., 2007). lei, nous detaillerons plus particulierernent la

methode de l'evaluation du stockage de carbone par la mesure des variations de stocks

puisqu'i1 s'agit de celie que nous avons utlllsee.

II Ya, dans un ecosystems terrestre, quatre pools fondamentaux de stockage de carbone: (i)

la biomasse vegetale vivante au-dessus du sol, (ii) la biomasse veqetale vivante dans Ie sol

(racines), (iii) la necrornasse et (lv) Ie sol (horizons mineral et organique) mais selon

l'ecosysteme etudie, ces pools peuvent etre subdivises (Hamburg, 2000). Pour chacun de

ces pools specifiques de carbone, iI existe differentes methodes d'evaluatlon des stocks et

de l'evolution de ces stocks. Ici, nous presentons les methodes c1assiques de mesures de

stock de C dans les quatre pools fondamentaux.

B.2. 1 Biomasse vegetale vivante au-dessus du sol

Fondamentalement toutes les mesures de la biomasse vegetale vivante au-dessus du sol,

qu'elles soient basees sur des volumes de bois commerciaux ou sur des volumes ou poids

de bois, sont dependantes de la flabilite de relations allornetriques (Hamburg, 2000). Les

arbres, comme la plupart des organismes, sont genetiquement programmes pour avoir une

forme hautement deterrniniste. Par consequent, par la connaissance d'un ou deux attributs

cle, beaucoup d'autres attributs peuvent etre predlts. Pour les arbres, la hauteur et Ie

diametre a hauteur de poitrine (1,3 m, DBH en anglais) permettent de predlre Ie poids ou Ie

volume d'un arbre avec grande precision. Ainsi, a l'ecbetle de la parcelle iI est possible

d'estimer la biomasse vegetale au-dessus du sol de la plupart des forets a canopee ferrnee a
5% pres avec des relations allornetrlques speclflques a ce type de forst (Hamburg, 2000).

Les relations allornetrlques peuvent etre developpees localement par echantillonnage

destructif, provenir de la litterature pour un type de systerne et des especes comparables a
ceux que I'on etudle ou etre estirnees par analyse fractale du branchage (Hairiah et aI.,

2001b). Le Tableau 1.9 liste des relations allornetrlques de la titterature permettant d'evaluer

la biomasse d'especes cornrnunement rencontrees dans les systernes agroforestiers

cafeiers Centrarnericains. Une fois la ou les (selon Ie nombre d'especes) relations

allornetriques etablies ou choisies, il suffit d'effectuer I'inventaire des DBH (ou des autres

parametres utilises dans la ou les relations) pour estimer la biomasse des arbres. La

conversion du poids de matiere seche ha" en poids de carbone ha' s'effectue en

connaissancede la fraction de C de la matiere seche, acquise soit par une mesure directe

soit en utilisant Ie facteur par defaut de 0,5 preconlse par J'IPCC (2003).

L'estimation de la biomasse de la vegetation basse vivante (y compris les arbres dont Ie

diarnetre est inferieur a 5 cm) se fait par echantillonnage destructif. Des cadres rnetalliques
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(1 m X 1m) sont places dans la parcelle d'etude, toute la vegetation s'y trouvant est coupee,

pesee avant et apres sechaqe aaooe et sa fraction de e est analysee.

Tableau 1.9: Relations allometriques pour certaines especes communement rencontrees dans les systemes
agroforestiers cafeiers d'Amerique Centrale. W: biomasse de I'arbre (kg arbre"], D: diametre ahauteur de
poitrine (1,3 m du sol) (em), H: hauteur (m)

Espeee Gamme Equation R2 Reference
de

diarnetre
(em)

Correa arabica 1-10 W =0,281 D2,06 0,95 Arifin (2001) cite par
Hairiah et al. (2001b)

Correa arabica 0,3-7,5 W - 10 (-1,113+ 1,578 log 0 + 0.581 log H) 0,94 Segura et al. (2006)- 10 15 10

D15 : dlarnetre a15 em du sol (em)

Correa arabica W =0,67 + O,OO07exp(H/0,4) 0,94 Powell et Delaney
(1998)

Eucalyptus deglupta 6-22 W =exp[-2,76 + 2,61 Ln(D)] 0,98 De Miguel Magana et
al. (2004)

Eucalyptus deglupta 11-32 W =exp[-2,31 + 2,47Ln(D)] 0,99 De Miguel Magana et
al. (2004)

Terminalia ivorensis 9-23 W =exp[-2,28 + 2,41 Ln(D)] 0,94 De Miguel Magana et
al. (2004)

Inga densiflora 8,5-18,5 W =0,34D1,8 0,92 Siles (2007)

Inga punctata 5-44 W =10 (-0,559 + 2.067 log 10 0 ) 0,97 Segura et al. (2006)

Inga tonduzzi 5-44 W =10 (-0,936 + 2,348 log10 0) 0,95 Segu ra et al. (2006)

Junglans olanchana 5-44 W =10 (-1,4 17 + 2.755 Log
10

0) 0,97 Segura et al. (2006)

Cordia alliodora 5-44 W =10 (-0,755 + 2,072l0g
10

0 ) 0,95 Segura et al. (2006)

B.2.2 Biomasse w3getale vivante dans Ie sol

II est tres difficile de mesurer avec precision la biomasse racinaire en raison de la plastlcite

et de la variabilite (spatiales et temporelles) des racines , ce aquoi iI faut rajouter la difficulte

de l'echantillonnaqe (Johnson et aI., 2006). Toutes les techniques d'echantillonnaqe de la

biomasse racinaire (echantillons de sols non remanies , monolithes, minirhizotron , etc.) sont

genees par la grande varlab illte, la perte de biomasse racinaire fine et Ie travail laborieux

(Johnson et aI., 2006). Neanrnolns la biomasse veqetale vivante dans Ie sol peut aussi etre

estlrnee par des relations allornetriques avec une certaine precision, bien que moindre que

celie avec laquelle on estime la biomasse vegeta te vivante au-dessus du sol. La structure

des racinesest determines par Ie genotype, a I'exception fondamentale du rapport entre la

masse racinaire et la masse de la biomasse au-dessus du sol (root/shoot ratio en anglais)

qui est phenotyptquement plus plastique (Hamburg , 2000) . Les caracteristiques du site et

I'age du peuplement influencent ce ratio (Hamburg, 2000; Johnson et aI., 2006). En regie

generale Ie ratio diminue quand I'arbre augmente de taille (Locatelli, 1996) mais, par
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exemple, dans Ie cas d'un cafeier requlierernent elaque, Ie ratio augmente avec I'age de

I'arbre (van Noordwijk et al., 2002). Le ratio peut egalement etre fortement influence par Ie

c1imat. Laclau et al. (2003) indiquent un ratio de 30% pour des Eucalyptus en c1imat tropical

humide tandis que, pour la rnerne espece, Harmand et al. (2004) trouvent un ratio de 41% en

climat tropical sec. Certaines methodologies preconisent I'utilisation d'un ratio minimum de

10 a 15% pour I'estimation de la biomasse racinaire d'une foret ou d'un systems

agroforestier (MacDicken, 1997). D'autres methodologies distinguent ce ratio selon Ie

changement d'usage du sol a evaluer : 15% et 10% pour une reforestation en milieu ternpere

et tropical, respectivement; 40% s'il s'agit d'evaluer les pertes en carbone dues a une

deforestation (Hamburg, 2000) .

8.2.3 Necromesse

l. 'echantillonnaqe des pools de necromasse implique de stratifier les types de rnateriaux

morts selon leur emplacement physique dans l'ecosysterne et selon leur vitesse de

decomposition. La methode la plus precise d'estimation de ces pools est la mesure directe,

qui peut prendre beaucoup de temps et impJiquer un deqre eteve d'incertitude (Hamburg,

2000). La litiere (necrornasse d'arbres, residus de plantes non decomposes, feuilles et

branches) est collectee dans des cadres de taille, de forme et de nombre inteqrant

l'heteroqeneite du depot de litiere a l'echelle de la parcelle. La lltlere est

precautionneusement rlncee, sechee, passee au tamis (2mm) , pesee et sa fraction de C

analysee (Hairiah et al., 2001 b). A defaut de rincer la litiere, la contamination par Ie sol peut

etre evaluee par calcination (650°C) de sous echantillons de litiere (Hairiah et al., 2001b).

8.2.4 Sol

Un sol est compose d'une fraction minerale (fragments de roches mere, d'elements

collotdaux et d'ions rnineraux) et d'une fraction organique (debris vegetaux ou animaux en

decomposition, humus, rhizodepots et biomasse microbienne). Bien que la matiere

organique se distribue sur Ie metre ou Ie metre cinquante superieur du sol (parfois plus

notamment dans les Andosols), elle diminue rapidement avec la profondeur. Le carbone est

eqalernent present dans la partie mlnerale du sol, principalement sous des formes stables

comme les carbonates et bicarbonates de calcium (FAG, 2006). La methode la plus

communement appliquee pour mesurer des stocks de C dans Ie sol consiste a determiner

slmultanernent Ie taux de C et la densite apparente du sol pour des profondeurs de sol

deflnies de maniere systematique (tous les 10 cm en general) jusqu'a une certa ine

profondeur (FAG, 2006). Neanmclns lorsque I'on compare deux pratiques OU la denslte

apparente du sol differe, les stocks sont calcules sur des masses de sol identiques

(Blanchart et al ., 2006; Ellert et Bettany, 1995; Roscoe et Buurman, 2003). Certaines
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methodologies specifient une profondeur par defaut de 30 cm (Fundaci6nSolar, 2000;

Hairiah et aI., 2001 b; IPCC, 2003 ; MacDicken, 1997) et n'incluent pas Ie carbone mineral

(Fundaci6nSolar, 2000; IPCC, 2003), d'autres considsrent qu'aussi bien Ie C mineral que Ie

C organique doivent etre pris en compte et que les sols doivent etre pris en consideration

jusqu'a une profondeur d'au moins 1 metre (Hamburg, 2000) .

L'evolution des stocks au sein d'un merne systems peut etre evaluee de facon diachronique

(mesure des stocks a au moins deux dates differentes sur une merne parcelle) ou

synchronique (mesure des stocks aune merna date sur au moins deux parcelles partant du

rneme etat initial , ayant subi Ie merne itineraire technique depuis un nombre d'annees

different). l. 'evolution des stocks de C ne peut etre consideree comme llnealre que pour

certains types de systerne et/ou pour une perlode donnee de la vie du systerne. Dans un

ecosystems a l'equilibre, Ie stock de carbone est constant, aussi bien pour la vegetation que

pour Ie sol (Locatelli , 1996). En revanche, Ie stockage de carbone dans la biomasse d'une

jeune forst en croissance augmente de facon hnealre avec Ie temps (Locatelli, 1996). Les

cinetlques de stockage de C dans Ie sol sont plus rapides durant les premieres annees qui

suivent I'adoption d'une pratique "stockante", rnerne si I'on peut observer initialement une

phase de latence au cours de laquelle la respiration du sol n'est pas cornpensee par

I'incorporation de C dans Ie sol, et la phase de stockage n'excede generalement pas

quelques dizaines d'annees (INRA, 2002) . A pratique constante, les stocks tendent vers un

palier correspondant a I'installation d'un nouvel equillbre (ou entrees et mineralisation de la

matiere organique se compensent) (INRA, 2002). D'autrepart, les cinetiques de stockage de

C dans Ie sol sont plus lentes que celles de destockaqe. Sur 20 ans, par exemple, Ie

stockage lie a la conversion terre arable-foret est deux fois plus faible que Ie destockaqe

induit par la conversion inverse (INRA, 2002) .

B.3 Stockage de carbone et flux de GES en agroforesterie

L'agroforesterie est deflnie comme un systerne d'usage du sol qui associe maintien delibere

ou introduction d'arbres et agriculture, paturaqe et/ou betall: en vue d'exploiter les

interactions ecologiques et econornlques des dlfferents cornposants (Albrecht et Kandji ,

2003) . II existe donc trois categories de systernes agroforestiers: sylvoagricoles,

sylvopastoraux et agrosylvopastoraux. Les arbres peuvent etre assocles a des cultures

annuelles ou perennes selon quatre types de structure generale (Albrecht et Kandji , 2003) :

structure complexe (par exemple cafe ou cacao ornbraqe par diverses especes),

haies en bordure du systems de culture (barrieres dites vivantes contre Ie vent, les

animaux, etc.),
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haies intercalees entre les rangs de culture ,

jachere arnelloree,

L'agroforesterie a ete de tout temps amplement pratlquee afin de ralentir les effets neqatifs

de I'agriculture telles la degradation des sols et la desertification (Albrecht et Kandji , 2003).

Par I'introduction d'arbres dans des systernes de production agricole , I'agroforesterie peut

potentiellement fournir de l'enerple a partir de la biomasse et done contribuer a l'attenuation

des emissions de CO2 par substitution d'enerqie fossile et protection des forets existantes

(Verchot et aI., 2005). Par ailleurs, de nombreuses etudes ont rnontre que I'agroforesterie

peut notablement accroitre les stocks de C (Tableau 1.10) des terres vouees a I'agriculture

tout en permettant la croissance de cultures alimentaires (Montagnini et Nair, 2004) . II mente

egalement d'etre dit que les coOts financiers de la sequestration de C via I'agroforesterie

sont bien moindres (approximativement 1-69$ Mg·1C, rnediane de 13$ Mg·1C) que via

d'autres options de reduction du CO2 atrnospherlque (Verchot et aI., 2005).

La quantlte de C stocke depend de la structure et de la fonction du systerne, qui, elles, sont

determlnees par des facteurs environnementaux et socio-economiques (Albrecht et Kandji,

2003). Elle depend egalement des especes arborees utilisees et des pratiques culturales

employees (Albrecht et Kandji, 2003). La Figure 1.12 compare les stocks de C au-dessus du

sol pour dlfferents usages de la terre sous les Tropiques humides. Les systernes

agroforestiers peuvent stocker de 50 a 75 Mg C ha' au-dessus du sol c'est-a-dire en

moyenne 5 fois plus que les monocultures et paturaces.

Tableau LIO: Potentiels de stocks de carbone au-dessus du sol des systemes agroforestiers pour differentes
ecoregions du monde (Albrecht et Kandji, 2003) adaptepar Verchot et al; (2005)

[Co-i't'g Ion SystNR MgCha"

Afrl(a humid tropical high agroSIl\1cutural 29-53

$tluth America humid tropical low agrosllvlcutural 39-102'
dry lowlands 39-195

South~astAsia humId tropica: agrositvlcutura l 12- 228
dry low lands 68-81

Australia humid tropical low silvopasto ral 28-51

i'!o rt h America humid tropical high suvopastorai 133-154

humid tropical low suvopasrorai 104-198

dry lowlands sllvopasrorat 90-175

~orthern Asia humJdtropical low sllvopastoral 15-18

'urban stor;lgev:llues wrxe standardiSEd to so.ye~r rotation.
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Figure 1.12: Stocks de carbone au-dessus du sol pour differents ecosystemes des Tropiques humides. Les
donnees proviennent des sites de reference du programme ASB (Alternative to Slash and Burn) du CGIAR
(Consultative Group for International AgriculturalResearch) (Verchot et al., 2005)

La conversion des monocultures en systernes agroforestiers sous les Tropiques humides

permettrait un stockage de carbone additionnel de 10 a70 Mg C ha' dans la vegetation et

de 5 a 15 Mg ha" dans la couche superieure du sol, sur une periode de 25 ans (Mutuo et aI.,

2005). Neanmolns, la plupart des etudes sur t'evoiution des stocks de C ne prennent pas en

compte fa biomasse des racines des systernes agroforestiers, en raison de la difficulte de la

mesure (Mutuo et aI., 2005). Les donnees de Hairiah et al. (2001a) et de Palm et al, (2000)

indiquent qu'en tenant compte du temps de rotation du systerne, les systernes agroforestiers

cultives sur brOlis oresentent un potentiel de stockage de C dans la vegetation de 3,5 Mg C

ha" an" (Figure 1.13) (Mutuo et aI., 2005). Pour leur part, Woomer et al. (2000) montrent que

Ie taux d'accumulation de C (dans la vegetation, Ie 501 et la litiere) depend plus du type de

systeme que de son temps de rotation (Figure 1.14) et calculent un taux de stockage de C

pour une conversion d'une monoculture en systeme agroforestier similaire au potentiel de

stockage de C obtenu par Mutuo et al, (2005). van Noordwijk et al. (2002) estiment que la

conversion de toutes les monocultures de cafe de Sumber-Jaya (Lampung, indonesle) en

systernes agroforestiers, tout en conservant la foret restante, pourrait augmenter les stocks

moyens de C du 501 et de la vegetation de 10 Mg C ha" en 20 ans, c'est-a-dire de 0,5 Mg C

ha" an" ,

58



Chapitre I Introduction generale et problematigue

R2 =0.7

Accumulation rate =3.5 Mg C ha-1y-1

•

10 20 30 40
Rotation age (years)

oWlooii --__..

o

-
~. 200..------------------"'"
s:
l:I)

!. 160
~
u
S 120
(l)

o
'i 80
l:I)

l!
~ 40,
G)

E
F

Figure 1.13 : Stocks de carbone moyens au-dessus du sol de systemes agrojorestiers (rotations, agroforets de
cacao et de caoutchouc. jacheres} en relation avec leur temps de rotation. Cas de cultures sur bridis au Perou
et en Indonesie d'apres Mutuo et al. (2005). Les triangles sont des donnees de Hairiah et al. (2001a), les
cartes de Palm et al. (2000)
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Figure /.14: Stocks de carbone (au-dessus et dans le sol) dans quelques chronosequences de cultures sur
brU/is (Mutuo et al., 2005) d'apres Woomer et al. (2000)

Si les flux de C dans les systernes agroforestiers sont bien documentes, peu d'etudes ont

slmultanement rnesure les flux de GES autres que Ie CO2 afin c'evaluer Ie bilan des GES

(Verchot et aI., 2005). Les systemes agroforestiers qui favorisent I'utilisation de

legumineuses comme fertilisant et/ou comme arbre d'ombrage pourraient augmenter les flux

de N20 comparativement a des systernes non fertillses. De merne, les systernes

agroforestiers qui encouragent I'introduction et Ie developpement de betail pourraient
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contribuer a I'augmentation des emissions de CH4 (Verchot et aI., 2005) . Par ailleurs,

plusieurs etudes montrent que les sols des systernes sylvoagricoles consomment du CH4 en

quantlte moindre que des sols forestiers mais en plus large quantite que des sols sous

monoculture ou sous paturaqe (Mutuo et aI., 2005). La diminution de la consommation de

CH4 dans les sols sous systerne agroforestier et sous monoculture comparativement a des

sols forestie rs est probablement associee a la diminution des taux de diffusion due a
I'augmentation de la densite apparente (Mutuo et aI., 2005).

Meme si des efforts doivent etre realises pour minimiser l'ernission de N20 et CH4 , ce qui

compte finalement en terme d'attenuation du changement climatique est de savoir comment

ces emissions se comparent au stockage de C dans les systernes agroforestiers (Verchot et

aI., 2005). Malgre la probablllte d'augmentation des emissions de N20 et CH4 pour certains

cas, la plupart des systernes agroforestiers sont vraisemblablement des puits net de GES du

fait de la quantile importante de C qu'ils stockent dans la biomasse vivante, dans Ie sol et

dans les produits en bois durables (Verchot et aI., 2005).

8.4 Contribution des Andosols au stackage de carbone et aux flux
deGES

B.4. 1 Formation, description et proprietes des Andosols

Etymologiquement, Ie nom Andosols provient de An (sombre) et do (sols) , en japonais

(Takahashi et Shoji, 2002). Andosols est Ie nom desiqne par la classification de la WRB

(World Reference Base for soil resources) , tandis que la taxinomie du sol arnericalne se

refere aux Andisols. Les Andosols, formes a partir de cendres volcaniques, sont sltues

exclusivement aproxirnlte de sources volcaniques. Les principales regions du monde ou l'on

trouve des Andosols sont (Takahashi et Shoji, 2002) :

En Europe: Italie (Sicile, Sardaigne), France (Massif Central).

En Afrique et dans l'Ocean Indien : Kenya , Rwanda , Tanzanie , Ethiopie , Cameroon,

Uganda, Soudan , Zalre, Madagascar, La Reunion, lies Canaries.

En Amerique: Alaska, aux Antilles , Etat de Washington, Oregon , Californie ,

Mexique, Guatemala, Honduras , Le Salvador, Nicaragua, Costa Rica, Panama,

Caralbes, Equateur, Colombie, Perou, Bolivie, Chili, Argentine.

En Asie et dans Ie Pacifique: Hawar, lies Aleoutiennes, Kamchatka , Japon, Coree,

Micronesle, Philippines, Indonesie, Papouasie-Nouvelle-Guinee, lies Salomon ,

Vanuatu , Fidji, Samoa, Tonga, Nouvelle Zelande,

Approximativement 60% des Andosols son situes en zone tropicale. Meme s'ils ne

representent que 0,84% des terres mondiales, les Andosols constituent une ressource
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cruciale etant donnees les densites de population disproportionnellement elevees qui y

vivent (Takahashi et Shoji, 2002), du fait de leur forte productivlte (Shoji et Takahashi, 2002).

La formation de rnateriaux amorphes (composes AI et Fe actifs) et I'accumulation de matiere

organique sont les processus dominants de la pedoqenese des sols formes a partir de

rnateriaux volcaniques (Ugolini et Dahlgren, 2002). La combinaison de ces processus se

deftnlt comme I'andosolisat ion. Contrairement a la podzolisation, il n'y a pas de translocation

de l'AI, du Fe et de la matiere organique dissoute, dans les Andosols. La formation de

rnateriaux amorphes est directement liee aux proprietes des ejectas volcaniques qui

constituent Ie rnateriau parental. Les taux d'alteration sont favorises par la nature vitreuse

des particules et la poroslte et perrneabilite elevees des ejectas volcaniques. L'alteration

rapide libere des elements, tels Ie Si, I'AI et Ie Fe, plus vite que ne peuvent se former les

rnineraux cristallins, aboutissant a une sursaturation des solutions du sol en rnateriaux

amorphes comme I'allophane, I'imogolite, la silice opale et la ferrihydrite . Les Andosols sont

frequernrnent divlses en deux groupes selon leur composition mineralogique: les Andosols

allophaniques dornlnes par I'allophane et I'imogolite, et les Andosols non allophaniques

dornlnes par des complexes AI-humiques et des strates de silicates 2:1 (Ugolini et Dahlgren ,

2002).

Les materiaux amorphes et I'humus contribuent aux proprietes chimiques et physiques

uniques des Andosols, telles les charges variables, la capacite de retention en eau elevee, la

retention en phosphate elevee, la faible densite apparente, la friablllte elevee et la formation

d'aqreqats stables. lis influencent aussi la productivite des Andosols atravers leur role positif

dans la retention et la fourn iture d'elements nutritifs, la retention d'eau disponible pour la

plante, Ie developpernent de zones favorables aux racines , de merne que par leurs

caracteres potentiellement neqatifs tels que la fixation du P, leurs concentrations faibles en

bases echangeables, leur forte acidite et leur toxicite aluminique qui se developpe avec

l'Intenslte de t'alteratlon (Ugolini et Dahlgren, 2002).

Du fait de leur assemblage collo"idal unique, les Andosols peuvent souvent limiter les effets

nuis ibles des pollutions anthropoqeniques. La deposition acide est efficacement neutralises

par des reactions chimiques rapides d'alteration, par un tamponnage du pH par des

rnaterlaux des charges variables et par la sorption de SO/-. Similairement, les rnateriaux

amorphes conjointement a des concentrations elevees en matiere organique ont une forte

capaclte de retent ion des rnetaux lourds, d'elernents traces (cations et anions) et de

composes orqaniques d'origine naturelle ou anthropoqenique, Ces proprietes des Andosols
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attenuent beaucoup de polluants, en ernpechant leur diffusion dans les eaux de surface et

souterraines (Ugolini et Dahlgren, 2002).

B.4.2 Les stocks de C dans les Andosols

Des sols issus de la rnerne classification et ayant Ie rnerne usage presentent des taux de

carbone organique similaires qu'ils se situent en zone ternperee ou bien en zone tropicale

(Feller et aI., 2001). Les differents taux de carbone organique des sols sont probablement

plus lies aux differences de leurs proprietes permanentes, telles leur rnineraloqie et leur

texture, qu'aux gradients latitudinaux (Feller et aI., 2001). Pour une texture donnee, les sols

allophaniques presentent des teneurs en carbone organique superleures a celles de sols a
faible actlvite argileuse (sols a kaolinite/halloysite comme par exemple les Inceptisols,

Ultisols et Oxisols) et a celles de sols a haute activite argileuse (sols a smectite comme par

example les Vertisols) (Figure 1.15) (Feller et al., 2001). Le taux eleve de matiere organique

est une des proprietes caracteristiques des Andosols (Tableau 1.11) (Batjes, 1996; FAO,

2006), visible a la couleur sombre de leur surface. La matiere organique est protegee contre

la biodegradation par la toxicite de I'AI envers les microorganismes, par la sorption

d'enzymes de degradation et de substrats de matiere organique, par une protection physique

au sein de mlcroaqreqats abondants, etlou par la deficlence en phosphore des

microorganismes causae par la retention elevee en P (Ugolini et Dahlgren , 2002).

Feller et al. (2001) utilisent I'humldlte gravimetrique du sol asa capacite au champ (pF 2,5)

pour evaluer la teneur en carbone organique d'Andosols aux Antilles:

SOCALl (g C kg-1 sol) =0,54 mg cc (g H20 100 s" sol) + 15,4

au SOCAl l est la teneur en carbone organique de l'Andosol (0-20 cm) et mg cc son hurnidlte

gravimetrique ala capacite au champ.

Armas et al. (2007) evaluent la teneur en carbone total d'Andosols et d'Aridisols sous des

systernes a l'equilibre, aux Canaries, a I'aide de parametres biologiques:

Total C =-2,924 + 0,037 HWSC J' -0,096 Cell + 0,081 Dehy + 0,009 Respi)

au Total C est Ie carbone organique (kg C m-2) , HWSC Ie carbone soluble dans I'eau a 80°C

(g C rn"), Cell Ie carboxymethylcellulase (mmol glucose m-2 h-\ Dehy l'activite

Dehydrogenase (mmol INTF m-2 n', INTF = iodonitrotetrazolium formazan) et Resp i la

respiration du sol rnesuree avec la methode au bicarbonate (mg C m-2 h'). Les parametres

sont rnesures sur les 15 premiers cm du sol.

Feller et al. (2001) evaluent Ie potentiel de stockage de carbone organique d'un type de sol

donne, par 1a difference de teneur en carbone organique entre un sol sous couvert
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permanent et un sol sous culture permanente. En effet, les sols sous couvert permanent

correspondent gemeralement aux taux les plus eleves de matiere organique, les sols sous

culture permanente aux plus faibles (Feller et al. , 2001). Leurs travaux, effectues sur les trois

types de sols rnentionnes sur la Figure 1.15, montrent que Ie plus grand stock de carbone

des Andosols par rapport aux autres types de sol n'implique pas un potentiel de stockage

superieur (Feller et aI., 2001). Inversement, si I'on cherche a evaluer la capacite de

destockaqe de carbone, Osher et al. (2003) jugent que les Andosols ant la capacite de

conserver Ie carbone stocks rnalqre des changements d'usage du sol, en raison de leur

haute capaclte de retention du carbone.
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63



Chapitre I Introduction gE'merale et problematigue

Tableau /.11: Teneur moyenne en carbone organique pour quelques types de sols (Classification FA O­
UNESCO et WRB). FAO (2006) d'apres Batjes (1996)

UnIte de ftlfe . Tenew- moyerltlCt eft C:kglm l

FAO-UNESCO WRB 0-30 em 0-100an ~ -"-200.:m

PodwJs Podzols n,B ::4,: 59, ~

Rer.dzi:las Leptoools 13,J -

L1hosols 3,6 -
ChemOZ~3 Chernozems 6,: 12,!:' :9,6

Nitosols Nitosols 4,1 8A ~1 ,3

Xerosols Calcisols'!Cambiso15 2,!: 4,8 6,7

Yermosds Calcisol5lGyps:301s 1,3 3,0 6,6

renalsolS Ferralsols 5,7 1::,7 /6,9

Vertisols vernscls t.r:. 11,1 t9,'.,....
Andcsols ft.ru:l:lSols t 1,~ :!S,4 31,0

L';ntervaJe de variatoo est tooJours e1ew (40 01 100)

8.4 .3 Emissions de GES par les Andosols

l.'activite microbienne n'est pas tres intense dans les Andosols du fait de la deflclence en P

des microorganismes causee par la retention elevee en P, de l'acidite du pH et de la stabillte

elevee de la matiere organique (Nanzyo, 2002) mais ceci n'est plus forcement vrai des lors

que les sols sont cultives, tertilises au phosphate ou a I'azote ou chaules (Osher et aI.,

2003).

Ishizuka et al. (2005) mesurent les flux de N20 , CH4 et CO2 « in situ» et les taux de

nitrification « in vitro» d'Andosols et d'Ultisols sous differents types de systemes (foret,

plantation de cannelle, caoutchouc et palmier a huile, paturaqe ornbraqe par des Ylang

ylang), en lndonesie. Leurs resultats montrent un taux nitrification des Andosols (1,19 mg N

kg-1 j"1) superieur a celui des Ultisols (0,6 mg N kg-1 j"1). En compilant leurs resultats a ceux

d'autres chercheurs (Figure 1.16), ils obtiennent les relations suivantes, entre Ie taux de

nitrification et les flux de N20 :
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Figure L16 : Relation entre les taux de nitrification et les flux de N20 dans Ie monde. La droite en ligne
continue indique la regression avec les donnees de Ishizuka et al: (2005); Ishizuka et aL (2000); Keller et aL
(1988); Livingston et al. (1988) et Matson et Vitousek (1987) pour divers types de sol a l'exception des
Andosols (croix pour des Andosols Japonais, rand blanc pour des Andosols Indonesiens) et Ultisols Udults
sous loret tropicale d'Indonesie (triangle noir): La droite en pointille indique la regression comprenant les
Andosols y compris les Andosols Japonais. D 'apres Ishizuka et aL (2005)

Ces relations montrent un coefficient entre Ie taux de nitrification et les flux de N20 sept fois

mferleur pour les Andosols par rapport aux autres types de sol. Les auteurs jugent que les

plus faibles emissions de N20 des Andosols ne peuvent etre uniquement justltlees par leur

plus faible temperature etant donne leur localisation en altitude dans Ie cas des Andosols

lndoneslens ou en zone ternperee dans Ie cas des Andosols Japonais. L'hypothese de

pertes gazeuses sous forme de NO, au cours de la nitrification n'est pas non plus validee par

les auteurs, etant donnees les valeurs hautes de leurs WFPS entre 61,5 et 77,5% (voir

Figure 1.8).

Par ailleurs, Ishizuka et al. (2005) mesurent une respiration des Andosols (4 9 C m-2 r1
)

superieure, mais non de facon significative, a celles des Ultisols (3,52 9 C m-2 j-1). Etant

donnee la plus faible temperature des Andosols lndonesiens etudles, iI est probable qu'a

plus faible altitude la difference entre les deux types de sol solt statistiquement veriflee.

Concernant les flux de CH4 • Ishizuka et al. (2005) n'observent aucune difference entre les

deux types de sol.

A titre informatif, nous presentons quelques valeurs de flux de N20 rnesures sur des

Andosols, sur une perlode d'environ un mois apres application de fertilisant azote (Tableau

1.12) ou sur une sur une periode d'etude longue (Tableau 1.13).
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Tableau /.12 : Flux moyens de N20 d'Andosols sur une periode d'environ un mois apres application defertilisant azote pour differents usages du sol

N20 Erreur
Post Fertilisation type

(g N ha-1r1
)

6,1
11,0

Usage du sol

Cateiere en monoculture fert ilisee (154 kg N ha-' formule complete)
Cafe lere en monoculture fertll isee (88 kg N ha" , Nutran)

Climat

Tropical

Reference

Montenegro et Abarca (2001)

110,5
120,1
130,8
151,4

13,1
58,9
20,7

8,0
6,0
5,0
3,5
3,3
2,4
1,2

46,6 Paturaqe fert ilise (75,2 kg N ha' , NH4++P+ KGI)
47 ,7 Paturaqe fertilise (75,2 kg N ha', Uree+KGI)
64,1 Paturaqe fertil ise (75,2 kg N ha' , N03-+KGI)
77,1 Paturaqe fertilise (75,2 kg N ha" , uree)

Canne asucre fert ilisee (95 kg N ha' , uree)
Canne a sucre fertilisee (124 kg N ha", uree)
Canne a sucre fertilisee (94 kg N ha", uree)

Garottes fertilisees (300 kg N ha', fertilisant a liberation controlee)
Carottes fertilisees (150 kg N ha', fertilisant a liberation confroiee)
Carottes fertlllsees (300 kg N ha' , fumier bovin)
Carottes (300 kg N ha' , (NH4)2S04)
Garottes (150 kg N ha" , fumier bovin)
Garottes (150 kg N ha" , (NH4hS04)
Garottes non Iertlllsees

Tropical Veldkamp et al. (1998)

Tropical Matson et al. (1996)

Ternpere Inubushi et Sakamoto (2002)

0,2 0,1 Carottes fertilisees (200 kg N ha', fertilisant a liberation controlee) Tempera Akiyama et al. (2000)
1,4 0,1 Garottes fertlllsees (200 kg N ha', (NH4hS04 et uree , avec inhibiteur de nitrification)
1,8 0,2 Garottes fertlllsees (200 kg N ha", (NH4hS04 et uree , sans inhibiteur de nitrification)

1,5
7,0
10,7
8,2
6,4
5,6

Choux chinois non fertillses
Choux chinois fertllises (traitement en plein, 250 kg N ha' uree)
Choux chinois fertillses (en bandes, 250 kg N ha' uree)
Chaux chinois fert ilises (en bandes, 200 kg N ha' uree)
Choux chinois fertilises (en bandes, 250 kg N ha' , fertilisant a liberation controlee)
Choux chinois fertibses (en bandes, 200 kg N ha', fertilisant a liberation controlee)

---_.

Tempera Cheng et al. (2002)
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Tableau L13 : Flux moyens de N20 d'Andosols pour difJirents usages du sol

N20 Ecart Err. Usage du sol Climat
type type

(g N ha" r1
)

10,1 4,1 Cafeiere en monoculture fertilisee organiquement (150 kg N ha' , pulpe de cafe) Tropical
5,1 2,2 Cafeiere ornbraqee (Erythrina poeppigiana) fertilisee organiquement (330 kg N ha' ,

pulpe de cafe)

15,9 Cafelere en monoculture non fertilisee de 1 an Tropical
13,3 Cafelere en monocutture non fertillsee de 3 ans
5,0 Cafelere ornbraqee fertalsee (50 kg ha" uree et triple super phosphate) de 3 ans
4,6 Catelere en monoculture non fertiltsee de 7 ans
2,9 Cafeiere en monoculture non fertilisee de 10 ans
8,7 Cafeiere ornoraoee avec pleqes a litiere (Rorak) non fertilisee de 10 ans

28,7 Cafelere en systems multistrates non fertilisee de 18 ans

Reference

Hergoualc'h et al. (2007a)

Verchot et al. (2006)

75,4 123,0
10,4 8,4

Bananeraie fertillsee (360 kg N ha" an"), mesure sous les plants
Bananeraie fertlllsee (360 kg N ha' an'), mesure entre les plants

Tropical Veldkamp et Keller (1997)

6,4 3,5 Paturage traditionnel
11,7 4,9 Paturaqe herbe-lequmineuse
62,0 12,7 Paturaqe fertilise (300 kg N ha' an')

0,8 0,4 0,1 Foret
0,9 0,9 0,3 Foret
0,3 0,2 0,1 Plantation de cannelle
0,8 0,8 0,3 Plantation de cannelle
3,1 5,6 2,1 Plantation de cannelle
0,3 0,4 0,1 Plantation de caoutchouc
0,0 0,4 0,2 Paturage ornbraqe par des Ylang ylang

Tropical

Tropical

Veldkamp et al. (1998)

Ishizuka et al. (2005)

2,3
2,2
1,6
0,3

0,2 Orge fertllisee (90 kg N ha" an" , fertilisant a liberation controlee)
0,4 Orge fertllisee (90 kg N ha" an" , uree appliquee en profondeur)
0,1 Orge fertilisee (90 kg N ha' an" , uree appliquee en surface)
0,4 Orge non fertilise

~

Ternpere Chu et al. (2007)
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8.5 Initiatives incluant I'agroforesterie pour attenuer Ie changement
climatique

Nombreuses sont les initiatives de creation depuits de carbone dans les ecosystemes

terrestres qui ont vu Ie jour ces dernleres annees. Nous commenterons deux d'entre elles :

I'une speciflque au Costa Rica, I'autre a l'echelle internationale.

B.5.1 Initiative nationale du Costa Rica: Ie PSA (Pago por Servicios
Ambientales)

En 1986, Ie Costa Rica est un des pays les plus deforestes d'Amerique Centrale, avec une

couverture forestiere subsistante de seulement 29%, environ deux fois lnterleure acelie de

1950 (Chomitz et aI., 1999; Zbinden et Lee, 2005). Dans les annees 1990 Ie taux de

deforestation diminue considerablernent, cependant plus de la mottle de la "deforestation

persistante concerne les forets primaires (Zbinden et Lee, 2005). Les consequences

prejudiciables de cette excessive deforestation arnenent Ie pays a devenir un des pionniers

dans I'innovation de politiques en matiere de lutte contre la deforestation (Zbinden et Lee,

2005). En 1996, Ie Costa Rica adopte une nouvelle loi forestiere qui reconnaTt explicitement

quatre services environnementaux rendus par les forets : Ie stockage de carbone, les

services hydrologiques, la protection de la biodiversite et la beaute scenique (Chomitz et aI.,

1999). En 1997 est mis en place Ie projet national de paiement pour services

environnementaux (PSA : Pago por Servicios Ambientales) finance par une taxe sur

I'essence et par la vente de services environnementaux a des acheteurs nationaux et

internationaux (Chomitz et aI., 1999). Les proprietalres terriens peuvent volontairement

solliciter Ie PSA et recevoir un paiement proportionnel a la surface qu'ils consacrent a la

conservation de la foret ou au reboisement (Locatelli et aI., 2007). Initialement destine aux

forets, Ie PSA donne droit a I'agroforesterie a partir de 2003 (Locatelli et aI., 2007)

(http://conaf.sirefor.go.cr/actividades.html). Entre 1997 et 2005, 89% des surfaces sous PSA

se consacrent a la conservation des forets. La reforestation atteint 27000 ha pendant cette

periode, ce qui represents un taux de reforestation de 3000 ha an" (Locatelli et aI., 2007). Le

PSA contribue a la plantation d'environ 1,4 millions d'arbres dans des systernes agricoles

entre 2003 et 2006 (http://www.fonafifo.com/text_fiIes/servicios_ambientales/distrib_ha_

Contratadas.pdf).
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8.5.2 Initiative intemationale : Ie Protocole de Kyoto

En 1997, au cours de la trolslerne session de la conference des Parties (CoP3), est detlnl Ie

Protocole de Kyoto qui fixe des objectifs chiffres, juridiquement contraignants, de reduction

des emissions de GES aux pays de I'annexe I (pays lndustrlallses) : 5,2% de reduction au

moins a atteindre sur la premiere periode d'engagement (2008-2012) par rapport au niveau

de 1990. Les pays de I'annexe I, au nombre de 38, representaient 70% des emissions

mondiales de GES en 1990. La condition arretee pour l'entree en vigueur du Protocole est sa

ratification par 55 pays au minimum, totalisant au moins 55% des emissions de GES des

pays de I'annexe I en 1990. Le 16 fevrier 2005, Ie protocole de Kyoto entre en vigueur.

Le Protocole vise les 6 principaux GES (dioxyde de carbone (C0 2) , methane (CH4) , oxyde

nitreux (N20), hydrofluorocarbones (HFC), hydrocarbures perfluores (PFC) et hexafluorure

de soufre (SF6)) (Yamin et Oepledge, 2004) et innove en ouvrant un credit aux pays de

I'annexe I qui reduisent les emissions dans d'autres pays par l'etablissement de trois

mecanismes de f1exibilite (Figure 1.17):

un systerne d'echanqe de droits d'ernission,

la Mise en Oeuvre Conjointe (MOC),

Ie Mecanisme pour un Oeveloppement Propre (MOP).

La MOC et Ie MDP permettent a des pays industrialises de financer des projets de reduction

d'ernissions ou de stockage de carbone afin d'atteindre leurs engagements. Ces projets se

situent soit dans d'autres pays industrialises (pour la MOC), soit dans des pays en

developpernent (pour Ie MOP) (Locatelli, 2001). II peut s'agir de projets enerqetlques ou bien

d'usage ou de changement d'usage de la terre et des forets (LULUCF : Land Use, Land-Use

Change and Forestry). Les types de projets LULUCF, ou puits de carbone, eligibles pour Ie

MDP pour la periode 2008-2012 sont des projets de boisement et de reboisement (Locatelli,

2001; Pearson et al., 2006). l.'ellqibllite de certaines activites de boisement ou reboisement,

telle l'aqroforesterie, depend de la definition qui est donnee a la foret, Ce sont les pays

amphitryons (non Annexe I) qui choisissent leur propre definition de la foret, selon Ie type

d'ecosysternes presents dans Ie pays et en vue d'optimiser les objectifs nationaux de

developpernent (Pearson et aI., 2006). Cette definition repose sur trois criteres : minimum de

couverture de la canopee (entre 10 et 30%), minimum de la superficie de la terre (entre 0,05

et 1 hal et minimum de la hauteur des arbres (entre 2 et 5m) (Pearson et aI., 2006). Au

Costa Rica, l'etablissement d'un systems agroforestier sur une terre nue ou sur une

monoculture constitue une activite de boisement ou reboisement eligible pour Ie MDP si Ie

systerne agroforestier atteint une couverture de la canopee de 30%, sur une superficie de

1ha et que les arbres atteignent une hauteur de 5m
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(http://cdm.unfccc.int/DNN ARDNA html?CID=53). Pour I'instant aucun projet MOP n'a ete

valide en Amerique Centrale mais Ie projet Colombien PROCUENCA-FAO

(http://cdm.unfccc.intlProjectsNalidationIDB/4XU3GS9F63DTVWF6BPNRTKQ6ZI0536/view.

html), en processus de validation, comprend parmi ses activites de boisement ou

reboisement , la mise en place de systernes aqroforestlers cafeiers sur des terres initialement

dediees a la monoculture du cafe.

Engaget:rents de reduction
(en20J8-2012 :

95% du niveau de 1~

::tv.reeanismes de flexibilite

Marche de
perrris
d'erri.ssion

Figure L17: Representation simpliflee du Protocole de Kyoto d'apres Gardette et Locatelli (2007)
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C Cafeiculture en Amerique Centrale et contexte de i'etude

C.1 Historique et pratiques de la cafelculture en Amerique Centrale

Le cafeier (coffea arabica) provient des forets tropicales Ethiopiennes (lat itude 6-9°C Nord,

altitude de 1600-2800 m) ou la temperature annuelle moyenne est de 20°C, les precipitations

annuelles (1500-2500 mm) sont bien dlstriouees et la saison seche dure 2-3 mois (van

Kanten et Vaast, 2006). Les conditions agroecologiques optimales de production du cafe

sont une altitude superieure a 1000 m, des sols profonds generalement d'origine volcanique,

des precipitations superleures a 2 000 mm an" et une protection relative contre Ie vent

(Vaast et Harmand, 2002). Neanrnolns, ces conditions contrastent avec celles de

nombreuses zones cafeieres centrarnericaines ou Ie role des arbres d'ombrage apparait

primordial dans la regulation du microclimat et l'amelioratlon des sols.

Traditionnellement, Ie cafeier etalt cultive en Amerique Centrale sous ombrage. L'apparition

de la rouille oranqee a Hemileia vastatrix, dans les annees 70 a arnene a planter de

nouvelles varietes naines (Caturra, Catuai et Catimor) reslstantes ou plus tolerantes a cette

maladie et plus productives que les varletes traditionnelles (Vaast et Harmand, 2002;

Varangis et al ., 2003). L'introduction de ces varletes naines, plantees a haute denslte avec

un fort auto ombrage, a rnodifie profondernent les pratiques culturales et les systernes de

culture, aboutissant parfois a l'elirnlnanon complete des arbres d'ombrage et a I'utilisation

accrue d'herbicides et de fertilisants (Perfecto et Snelling, 1995; Vaast et Harmand, 2002).

Actuellement, au Costa Rica , 40% de la cafeiculture est conduite sous forme de monoculture

intensive avec des apports de fertilisants azotes allant jusqu'a 350 kg N ha' an" (Vaast et

Harmand,2002).

Le cafe occupe une place importante dans l'economie des pays d'Amerique Centrale,

representant de 10 a 25 % de la production agricole et de 5 a 10 % du PIB suivant Ie pays.

Le secteur du cafe assurerait ainsi la subsistance de plus de 10 millions d'individus dans

cette region (Vaast et Harmand, 2002). C'est pourquoi la baisse des prix du cafe, a partir de

1987, sur les marches internationaux a enclenche une crise importante dans les secteurs du

cafe d'Arnerique Centrale. Afin de faire face a cette crise, differentes strategies ont ete

explorees notamment l'arnelioration de la qualite et du marketing, I'exploration de marches

niches (cafe biologique, ecologique, commerce equitable) et la diversification (Varangis et

aI., 2003). Certaines de ces strategies ont ete beneflques d'un point de vue environnemental

en limitant I'usage des produits agrochimiques (culture biologique) et en favorisant
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!'introduction d'arbres dans les plantations (cafe certifie Rainforest Alliance par exemple ou

label biologique, diversification des revenus de la ferme).

C.2 Role des arbres dans les cafeleres

Nombreux sont les services y compris environnementaux fournis par les arbres d'ombrage.

La regulation du microclimat redu't la demande evaporative et donc Ie stress hydrique du

cateler qui accroit son efficience d'utilisation de I'eau (Vaast et aI., 2008). Par consequent, la

variabilite interannuelle de la production est reduite et la duree de vie du cafeier augmente.

Les besoins nutritionnels du cafeler etant moins importants sous ombrage qu'en pleine

lumlere, la diminution des apports d'engrais reduit leur perte par Iixiviation ou emission

gazeuse (Vaast et Harmand, 2002). D'autre part , en augmentant l'evapotranspiration du

systeme les arbres d'ombrage reduisent Ie drainage et contribuent ainsi a la reduction de la

Iixiviation des nitrates et autres substances pouvant polluer les nappes phreatiques (Vaast et

Harmand, 2002). En regions montagneuses, les arbres assocles diminuent l'erosion du sol et

Ie lessivage de nutriment, tout partlcullerernent I'azote (Vaast et aI., 2008). La presence

d'arbres d'ombrage, notamment les especes lequmlneuses. arneliore la fertlllte du sol

(matiere organique et recyclage des nutriments). II a egalement ete dernontre que I'ombrage

contribue a une production de cafe de meilleure quatite (Vaast et aI., 2008). En matiere

d'environnement et de ressources naturelles, les systemes agroforestiers cafelers ont un

impact positif sur la preservation de la blodlverslte, la conservation des sols et la qualite de

I'eau. lis ont un effet tampon autour des aires protegees, reduisent la pression sur les forets

et contribuent a la sequestration du carbone (Vaast et aI., 2008).

Neanmolns, une gestion inadequate des arbres d'ombrage peut fortement diminuer la

production de cafe a cause de la competition entre les cafelers et les arbres d'ombrage pour

la lurniere, les nutriments et plus partlculierement I'eau durant la saison seche (Beer, 1987).

Dans Ie cas particulier des zones andosoliques d'altitude favorables a la culture du cafe en

plein soleil, iI n'y a pas de competition entre les cateiers et les arbres d'ombrage pour I'eau,

merne en saison seche, et la lurniere constitue Ie principal facteur de competition Iimitant la

production du cafeler, En zone optimale pour la cafelculture, si I'ombrage est trop dense, la

f1oraison et la fructification sont fortement reduites (van Kanten et Vaast, 2006). La presence

d'arbres d'ombrage a egalement une forte incidence sur Ie developpernent des maladies et

ravageurs. En zones d'altitude elevee, un ombrage excessif favorise les maladies fongiques

(Mycena citricolor et Hemileia vastatrix), tandis que d'autres champignons (Cercospora

coffeicola) proliterent plus volontiers dans les plantations ensoleillees (Vaast et Harmand,

2002).
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De nombreuses especes Iigneuses sont utlllsees comme arbres d'ombrage permanent. Les

especes du genre Inga sont les plus utlllsees en Amerique Centrale (Vaast et Harmand,

2002). Ces legumineuses fixatrices d'azote presentent une croissance rapide et une grande

capacite de regeneration apres la taille, conservent leurs feuilles en saison seche et

produisent du bois de feu et du bois de service (Vaast et Harmand, 2002). En fixant I'azote

atrnospherique et en recyclant les elements rnineraux par l'lnterrnedialre de leurs ernondes,

ces legumineuses elaquaes 1 a 2 fois par an arneliorent la nutrition du cafeier. La quantite de

matiere seche produite sous forme de litlere ou d'ernondes par les legumineuses d'ombrage,

comme Inga spp. ou Erythrina spp., varie de 2 a 14 Mg MS ha an", ce qui correspond a une

restitution au sol de 60 a 350 kg d'azote ha' an" (Vaast et Snoeck, 1999). La fixation

symbiotique d'azote par la legumineuse Erythrina poeppigiana serait comprise entre 30 et 60

kg ha' an' (Vaast et Snoeck, 1999). L'introduction de legumineuses fixatrices d'azote dans

les systernes agroforestiers est neanrnolns controversee (Verchot et aI., 2005) etant

donnees les emissions d'oxyde nitreux (N20) qu'elles generent (Rochette et Janzen, 2005).

C.3 Travaux anterieurs au Costa Rica sur la cafeiculture, les
emissions de N20 et Ie stockage de carbone

C.3.1 Apport de fertilisant azote, production de cafe et emissions de N20

Dans un essai de fertil isation conduit sur une parcelle de cafe en monoculture, situee dans la

vallee Centrale du Costa Rica, Harmand et al. (2007b) mesurent la production de cafe et

I'exportation d'azote dans les cerises de cafe selon la quantite de fertilisant azote apporte.

Les resultats montrent que, sur une periode de 6 ans, I'augmentation de I'apport azote de

150 a 350 kg N ha1 an" n'augmente que peu la production de cafe (+ 0,9 t MS ha'an') de

rnerne que I'exportation de N dans les cerises de cafe (+ 35 kg N halan") (Figure 1.18,

annual mean).

Ces resu ltats confirment ceux d'autres chercheurs qui estiment que dans les cafeleres

intensivement fertlllsees seulement 30 a40% de I'azote apporte par fertilisation est asslrnlle

par les cafelers (Alpizar et aI., 1985; Salas et al., 2002) et dernontrent la necessite d'adapter

la fertilisation azotee aux besoins de la plante. Harmand et al, (2007b) concluent qu'un

niveau de fertilisation superieur a 150 kg N ha" an" n'augmente pas significativement la

production de cafe dans Ie long terme et a des repercutions nefastes sur la contamination

des eaux par les nitrates.
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Figure 1.18: Exportation d'azote (kg N ha-l an-I) dans les cerises de cafe recoltees pour differents niveaux de
fertilisation azotee (0, 150, 250, 350 kg N ha-I an-I), San Pedro de Barva, Heredia, Costa Rica (Harmand et
al.,2007b)

Sur Ie rneme essai, les emissions de N20 par Ie sol sont rnesurees en juin 2002, 12 jours

apres la fertilisation (Figure 1.19) (Skiba et aI., 2002). Les resultats montrent une relation

lineaire entre I'apport de fertilisant azote et les emissions de N20 et confirment que I'on peut

reduire les apports de fertilisants azotes et les emissions de N20 sans porter prejudice a la

production de cafe.
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Figure 1.19 : Emissions de N 20 par le sol pour differents niveaux de fertilisation azotee (0, 150, 250 et 350 kg
N ha-1 an-I) mesurees 12 jours apres la fertilisation, San Pedro de Barva, Heredia, Costa Rica; d'apres les
donnees de Skiba et aL (2002)

La reponse des flux de N20 a la fertilisation azotee dans des cateieres est etudlee de facon

plus approfondie par Skiba et al. (2002) sur des Ultisols de la zone Sud du Costa Rica. Trois

systernes cafeicoles sont compares: deux plantations fertilisees (180 kg N ha' an" sous

forme de NH4N0 3) , la premiere en monoculture, la seconde ornbraqee par l'espece
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Eucalyptus deglupta; et une monoculture non fertilisee, Les resultats montrent une

augmentation des emissions de N20 dans les parcelles fertaisees durant les deux jours

suivant la fertilisation (Figure 1.20), confirmant les travaux d'autres chercheurs (Bouwman et

Boumans, 2002; Stehfest et Bouwman, 2006) sur I'augmentation des flux de N20 suite a
I'application de fertilisants azotes. Neanmoins, les emissions moyennes de N20 durant la

periods d'etude ne montrent pas de difference statistique entre les traitements, notamment

entre la monoculture et Ie systerne agroforestier fertilises.
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Figure 1.20 : Emissions de N10 par Ie sol (medianes des mesures de 4-5 chambres) de deux plantations de
cafe fertilisees (180 kg N ha-I an-I) : une monoculture et une plantation ombragee par l'espece Eucalyptus
deglupta; et d'une monoculture de cafe non fertilisee. Dtapres Harmand et aL (2007a) et Skiba et aL (2002)

C.3.2 PotentieJ de stockage de carbone des sysiemes agroforestiers ceteiers

Dans Ie Sud du Costa Rica, De Miguel Magana et al. (2004) mesurent un stock de carbone

2,5 fois superieur dans un systems cafeler ornbraqe par des Eucalyptus de 7 ans avec une

densite de 120 arbres ha" par rapport a une monoculture (Tableau 1.14). Par ailleurs, la

comparaison de trois types de systemes agroforestiers cafelers (Tableau 1.15) dernontre

une plus grande capacite de stockage de carbone pour l'espece de bois d'eeuvre ornbraqere

Terminalia ivorensis par rapport a I'Eucalyptus deglupta ou a la legumineuse fixatrice d'azote

Erythrina poeppigiana, au cours des quatre premieres annees de croissance des arbres.
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Tableau L14 : Stocks de carbone dans la biomasse aerienne de deux systemes cafeiers (CojJea arabica) dont
Page des cafeiers est de 14 ans, celui des arbres d'ombrage de 7, dans la zone Sud du Costa Rica. Moyenne
(intervalle de confiance Ii 95%). D'apres De Miguel Magana et al: (2004)

Systems

Monoculture

Cafe Eucalyptus
deglupta

Densite Carbone stocke
plantation

(unite ha') (Mg C ha')

Cafelers 1arbres Arbres Caterers Litlere Total

5819 10,2 1,2 11,4
(1,5) (0,3) (1 ,5)

6035/120 14,0 10,2 4,2 28,4
(0,6) (1,1) (0,8) (1,5)

Tableau 1.15: Stocks de carbone dans la biomasse aerienne de systemes agroforestiers cafeiers (CojJea
arabica), de 4 ans d 'age, dans la zone Sud du Costa Rica. Moyenne (intervalle de confiance Ii 95%). D'apres
De Miguel Magana et aL (2004)

Systerne Densite Carbone stocke
plantation

(unite ha') (Mg C ha')

Cafelers 1arbres Arbres Cafelers Litiere Total

Cafe Terminalia 4720/250 12,4 (0,3) 1,2 (0,1)
ivorensis

Cafe Eucalyptus 4720/250 5,3 (0,3) 5,0 (0,4) 1,4 (0,1) 11,7 (0,5)
deglupta

Cafe Erythrina 4720 /156 4,7 (0,5)
poeppigiana

Dzib (2003) evalue des moyennes de stock de carbone aerien pour trois especes de bois

d'reuvre employees comme arbre d'ombrage dans des plantations de cafe au Costa Rica

(Tableau 1.16). L'etude se base sur un inventaire des diametres des arbres dans une

vingtaine de fermes pour chaque espece et sur I'application de relations ailometriques pour

estimer la biomasse. Les resultats indiquent une forte variabllite des stocks de carbone selon

l'espece d'ombrage, sa densite de plantation et son age.
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Tableau L16: Stocks et taux de stockage de carbone dans la biomasse aerienne d'especes de bois d'oeuvre
employees comme arbre d'ombrage dans des plantations de cafe au Costa Rica. Dtapres les donnees de Dzib
(2003)

Espece ornbraqere

Cordia alliodora

Eucalyptus deglupta

Terminalia
Amazonia

Densite de Age Carbone stocke
plantation

(unite ha') (annees) (Mg C ha')

Intervalie Intervalle Moyenne
(moyenne) (moyenne) (erreur type)

110-160 (184) 9-17 (13) 39 (6)

30-90 (78) 4-15 (8) 14 (2)

110-700 (373) 4-13 (8) 32 (3)

Cette variabilite des stocks de carbone selon l'espece ornbraqere est egalement souliqnee

par les travaux de Harmand et al. (2006) qui indiquent des stocks moyens au-dessus du sol

de 16, 22 et 30 t C ha' pour des systernes agroforestiers ombraqes par, respectivement, la

legumineuse Erythrina poeppigiana, la legumineuse Inga spp. et par des especes de bois

d'ceuvre (Figure 1.21). Cette etude montre par ailleurs que sur une periode d'environ 10 ans,

la conversion d'une monoculture cafeiere en systems agroforestier ornbraqe par Erythrina

poeppigiana, Inga spp. et des especes de bois d'oeuvre permettrait en moyenne un stockage

additionnel de, respectivement, 1; 2,3 et 2,6 Mg C ha" an'.

30 C (lha-t ) C (t ha-1y- l)

25 El Shade tree
3 El Shade tree

20 . , Coffe e CJ Coffee

, 1Litter
2

15 Litler

10

5

0 --, 0

Full sun AGFwith AGFwlth AGFwith Full sun AGFwith AGFwith AGFwith

coffee Erythrlna Inga spp. limber/ree coffee Erythrina Inga spp. timber tree
poepplgiana poeppigiana

Mean age: lOyears 9 years 7 years 9 years 10 years 9 years 7 years 9 years

Figure /.21: Stocks de carbone (a gauche) et taux de stockage de carbone moyens (a droite) dans la
phytomasse aerienne de plantations de cafe en monoculture ou en systemes agroforestiers (AGF). Synthese de
21 etudes enregistrees dans une base de donnees sur Ie carbone (16 pareelles en monoeulture, 13 ombragees
par E. poeppigiana, 5 ombragees par Inga spp. et 138 ombragees par des especes de bois d'reuvre)(Harmand
et al., 2006)

Les travaux presentes au prealable s'lnteressent a des systernes agroforestiers cafeiers

simples comprenant une seule espece ombraqere. Masera et al. (2003) etudlent, au Costa

Rica, un systems compose de 3 strates : une strate d'ombrage (Cordia alliodora, 100 arbres

ha", rotation 20 ans), une strate dite de service (Erythrina poeppigiana ernondee
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annuellement; rotation 10 ans) et une strate de cafe (coffea erebice renouvele tous les 10

ans). La plantation est installee sur une terre agricole deqradee ayant une faible teneur en

humus initiate. Masera et al. (2003) simulent avec Ie modele C02FIX (Nabuurs et aI., 2001)

l'evolution des stocks de carbone dans la biomasse, Ie sol et les produits; Ie bois de la strate

d'ombrage etant utilise pour la confection de meubles. Les resultats (Figure 1.22) indiquent

un taux de stockage de C dans la biomasse lineaire d'environ 7 Mg C ha' an" sur chaque

periode de rotation.
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Figure 1.22 : Evolution des stocks de carbone dans un systeme agroforestier cafeier multistrates au Costa
Rica (Masera et al., 2003)

Parmi les etudes mentionnees ci-dessus ou dans les Tableaux 1.4-8, aucune ne mesure

sirnultanernent les flux des trois principaux GES ernis par I'agriculture, a savoir Ie N20, Ie

CH4 et Ie CO2, et Ie stockage de carbone afin d'etablir un bilan de GES dans des systemes

cafelers.

C.4 Cadre institutionnel de la these

La these a ete financee par Ie projet CASCA (Coffee Agroforestry Systems in Central

America), Ie CIRAO (departement PERSYST) et Ie Mlnlstere Francais des Affaires

Etranqeres , Elle est accueill ie en France (Montpellier) au sein de l'unite de recherche

Fonctionnement et Pilotage des Ecosysternes de Plantat ions et par Ie laboratoire MOST

(dirige conjointement par Ie CIRAO et I'IRO), au Costa Rica au sein du departernent

Agriculture et Agroforesterie du CATIE (Centro Agron6mico Tropical de lnvestigaci6n y

Enzeiiansa).

Le projet CASCA, coordonne par Ie CIRAO, finance par l'Union europeenne, a ete realise en

collaboration avec Ie CEH d'Edimbourg (Centre of Ecology and Hydrology), Ie CATIE, Ie
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reseau Prornecafe (association des instituts du cafe centrarnerlcalns) et I'UNA (Universidad

Nacional Agraria de Nicaragua). D'une duree de 5 ans (12/01-12/06) , il a eu pour object ifs

principaux (Figure 1.23) (Vaast et Harmand , 2002) de :

1. connaitre les especes forestieres les plus appropriees en fonction des strategies des

cafeiculteurs, des conditions ecocllmatlques, et de la capacite de ces arbres a recycler

les elements ,nutritifs, a ameliorer la fertlllte des systernes, voire a limiter la pression

parasita ire;

2. mieux comprendre comment la presence d'arbres au sein des cafeieres affecte la

physiolog ie du cafeler , la productiv ite et la lonqevlte du peuplement, mais aussi la qualite

du cafe;

3. quantifier I'impact de ces systernes agroforestiers sur I'environnement en terme de

sequestration du carbone, de maintien de la biodiversite et de conservation des sols et

de la qualite des eaux;

4. proposer des outils d'aide a la decision et des mesures incitatives pour mieux valoriser

les cafes de qualite et retribuer les services environnementaux de ces systemes

agroforestiers afin de renforcer leur adoption par les cafeiculteurs .

Cette these dont Ie but est d'evaluer, a l'echelle de la parcelle, I'impact des pratiques

culturales (fertilisation azotee et usage d'une legumineuse fixatrice d'azote comme arbre

d'ombrage) sur les emissions de GES et Ie stockage du carbone s'inscrit dans Ie troisierne

objectif de ce projet.

, . . . ' " , .., ,

Theme 1 : Connaissances
des resultats

.' ..;;......,.. des pratiques agroforestieres
" ~en Amerioua centrale ,

"
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Theme 2 : Repartition al'achelle de I'exploitation •de la lurniere et I'eau au
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Theme 8 : Elaboration
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Theme 3 : Ecophysio-
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Figure 1.23 : Les composantes du projet CASCA (Coffee Agrofo restry Systems in CentralA merica) (Vaast et
Harmand, 2002)
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Chapitre II Dynamique des flux de GES a
I'interface sol-atmosphere

Figure II.! : Dispositifexperimental de mesure des flux de GES a I'interface sol-atmosphere
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La prise de decisions techniques et politiques en matiere de pratiques agricoles visant a
redulre les emissions de GES doit pouvoir s'appuyer sur des mesures fiables et detaillees

des flux de GES. C'est I'objectif de ce chapitre qui suite a une presentation du dispositif

experimental, etudle de facon approfondie les variations saisonnieres et consecutlves a
I'application de fertilisant azote des flux de GES (N20 , CO2, CH4) du sol dans deux systernes

cafeiers : une monoculture et un systems ornbraqe par une lequmlneuse fixatrice de N2 •

A Presentation du dispositif experimental

A.1 Site de I'etude

l.'etude est rnenee a la station experlrnentale de CICAFE, centre de recherche d'ICAFE

(Institut Costaricien du cafe), dans la vallee Centrale du Costa Rica, aSan Pedro de Barva,

10 km a I'ouest de San Jose (10002'N, 84°08'0) (Figure 11.2).
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Figure IL2: Carte d'Amerique Centrale (a gauche) et du Costa Rica (a droite, source Atlas

Mondial, Microsoft Corporation) 0" la vallee Centrale est figuree en jaune

Le site est localise en altitude (1180 m) ou la temperature moyenne annuelle est d'environ

21°C. Les precipitations annuelles s'elevent en moyenne a 2300 mm par an avec une saison

seche tres prononcee de 4 mois, entre Janvier et Avril (Figure 11.3). Au cours de l'annee

d'etude des flux de GES (Oct. 04-Sept. 05), les precipitations ont ete de 2886 mm et la

saison seche a dernarre debut Novembre et s'est termlnee fin Mars.

A.2 Parcelles experlmentales

Deux parcelles voisines (Figure 11.4), d'environ 1300 m2
, plantees de Goftea arabica varlete

Catuai , ont ete etudiees. L'une, en monoculture, a ete designee dans cette etude par
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I'acronyme CM; I'autre, ombraqee par une 1l3gumineuse arboree fixatrice d'azote

atrnospherlque Inga densiffora, a ete designee par Cln. Les deux parcelles ont ete plantees

en Juin 1997 sur une zone prealablernent cultlvee en cafelers : une monoculture dans Ie cas

de Cln , cafeier associe avec quelques arbres d'Eucalyptus sp. dans Ie cas de CM. Dans la

parcelle Cln, Ie cafe a ete plante a 2 m x 1 m (4722 catelers ha') et les arbres d'/nga a
6 m x 6 m dans les lignes de cafelers (278 arbres ha'), pour un total de 5000 cafeiers +

arbres ha'. Dans la parcelle CM, Ie cafe a ete plante a 2 m x 1 m (5000 cafeiers ha'), Les

arbres d'inga de la parcelle Cln ont ete fortement elaques une a deux fois par an jusqu'en

2003 selon la pratique courante plutot utitlsee pour Erythrina poeppigiana au Costa Rica. lis

ant postsrieurement ete moins fortement elagues en Aout 2004 et 2005. En 2006 les

cafeiers n'avaient recu aucune taille depuis leur plantation.

Les deux parcelles ant ete cultivees de facon « conventionnelle » c'est-a-dire qu'elles ont

recu une fertilisation rninerale et des traitements herbicides et phytosanitaires conformes aux

recommandations de I'lnstitut du cafe au Costa Rica. Elles ant ete fertilisees trois fois par an

aux mois de Mai, Juillet et Octobre. Lors des deux premieres fertilisations, 500 kg ha' de

formule complete (18N-uree, 3P-P20 S, 10K-K20 , 8Mg-MgO, 1,28) ont ete appliques; ce qui

revient a une dose equlvalente d'azote de 90 kg N ha' par fertilisation. Au cours de la

derniere fertilisation 210 kg ha" de nitrate d'ammonium concentre a33,5% ont ete apportes

ce qui equivaut a70 kg N ha'. Done, au total, les apports annuels ont ete de 250 kg N ha'

an", 30 kg P ha' an", 100 kg K ha" an", 80 kg Mg ha' an" et 12 kg B ha' an" . Les dates

exactes de fertilisation au cours de l'annee d'etude des flux de GES a !'interface 501­

atmosphere sont presentees sur la Figure 11.5.

En Juillet 2004 et AoOt 2005, les arbres presentalent une hauteur moyenne respective de 8,2

et 9,4 m et un LAI (Leaf Area Index) respectif de 1,2 et 1,3 (Siles, 2007). En 2004, les

cafeiers presentaient une hauteur de 2,4 m et un LAI moyen de 4,2 sous ombrage d'inga;

une hauteur de I'ordre de 2 m et un LAI moyen de 4,6 en monoculture (Siles, 2007). La

croissance en hauteur du caterer entre 2004 et 2005 a ete negligeable (Siles , 2007).
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Figure 11.3 : Precipitations et temperatures moyennes mensuelles au cours de I'annee 2004, mesurees sur les
parcelles experimentales

Figure IL4: Parcelles experimentales dans la Vallie Centrale du Costa Rica. CM: Cafe en monoculture,
CIn : cali ombrage par la legumineuse Inga densijlora
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Figure IL5: Saisons et periodes defertilisadon au cours de l'annee d'etude desflux de GES des sols

A.3 Caracterisation physico-chimique des sols

D'apres une etude rnenee dans la station experirnentale de Clcafe (Mata et Ramirez, 1999),

les sols, d'origine volcanique, se sont developpes principalement it partir de cendres. Ce

sont des sols bien draines, protonds (Figure 11.6), presentant une erosion laminaire legere. lis

sont bien structures, susceptibles de compactage, tres favorables au developpernent des

raeines et presentent une bonne distribution de la porosite (Mata et Ramirez, 1999). lis se

caracterisent par quatre horizons: un horizon orqano-mlneral (echantillons et A2.) (0-50 em)

de eouleur noire; un horizon d'aeeumulation (Bw1) (50-100 cm) de eouleur brun trss sombre;

un horizon orqano-rnlneral (Ab) (100-140 em) de couleur brun tres sombre et un autre

horizon d'accumulation (Bw2) (140-160 em) de couleur brun sombre. Les horizons B sont

des horizons d'accumulation des residua d'alteration de la roche mere (it savoir des eendres

volcaniques) d'ou la presence de rnineraux mal cristallises et d'aliophanes.

O'un point de vue chimique (Tableau 11.1), ces sols presentent un pH faible dans les deux

premiers horizons et moyen en profondeur; leur acidite est elevee dans Ie premier horizon,

faible en dessous. Leur fertilite est moyenne a basse. En effet, bien qu'ils presentent des

niveaux de macro et mieronutriments eleves, celui du Ca de rneme que la somme des bases

sont taibles . Ceci indique que Ie potentiel de fertilite eteve des sols est dirninue par la

lixiviation des macronutriments et I'acidification due aux apports exeessifs d'azote mineral.

La retention de Pest elevee cependant les concentrations de P sont moyens. On observe un

gradient decrolssant de la matiere organique de la surface vers les horizons protonds. La
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capacite d'echanqe cationique (CEC) de ces sols est tres elevee mais Ie taux de saturation

est faible.

D'un point de vue physique (Tableau 11.2), ces sols possedent une texture equilibree,

limoneuse ou limoneux-argileuse. Les densites apparentes sont basses, comme pour la

plupart des Andosols (voir Chapitre I, 8.4.1 ), mais superieures a 0.9 9 ern? dans I'horizon de

surface ce qui indique un compactage.

Taxonomiquement, ces sols appartiennent a I'ordre des Andosols etant donne qu'ils

presentent les caracterlstlques suivantes :

. Ie taux d'allophane (AI amorphe + ~ Fe amorphe) est faible , de I'ordre de 3%, mais

toutefois superieur a2%.

la retention de Pest superieure a 85%,

- la densite apparente est inferieure a 0,9 9 ern".

lis appartiennent au sous-ordre Ustands etant donne qu'ils restent sees pendant plus de trois

mois et au groupe des Haplustands puisqu 'ils sont peu developpes, Finalement, ils sont

classes comme Dystric Haplustands.

Figure II. 6 : Profil de sol sous CM (photo de P. Cannavo)
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Tableau ILl: Proprietes chimiques du profil de sol de la station experimentale de Cicafe d'apres Mata et
Ramirez (1999)

Horizon Ap A2 Bw1 Ab Bw2
Profondeur cm 0-11 11-52 52-104 104- 137-

137 160

Analyse de fertilite

pH eau 4,3 4,9 5,5 5,6 5,6

Ca cmol(+) r1 2,6 4 4,4 4,4 2,8

Mg cmol(+) r' 1,4 1,5 1 1,3 1,2

K cmol(+) 1-1 0,63 0,67 1,73 0,84 2,61

Acidite cmol(+) r' 2,5 0,7 0,3 0,4 0,4

P mg r' 29 ,2 7,8 26,9 13 15,6

Cu mg r' 42 34,4 55 40,4 50,2
Fe mg r' 462 218 275 237 205

Mn mg 1-1 20,1 9,7 5,2 6,7 4,3

Zn mg r' 7,2 2,5 4,2 2,8 5,9

Matiere organique % 8,35 4,92 1,66 2 ,99 0,73

Analyse de caracterisation

Ca cmol(+) kg-1 2,62 4,26 5,07 5,51 3,72

Mg cmol(+) kg-1 1,9 1,91 1,43 2,03 1,96

K cmol(+) kg-1 1,1 1,16 2,24 1,40 2,76

Na cmol(+) kg-1 0,02 0,05 0,05 0,15 0,06

Somme des bases cmol(+) kg-1 5,64 7,38 8,79 9,09 8 ,5

CEC cmol(+) kg-1 45,47 46,09 47,35 46,41 50,17

Saturation des bases % 12,4 16,01 18,56 19,59 16,94

AI amorphe % 2,2 2,3 2,5 2,4 2,5

Fe amorphe % 1,93 1,92 2,38 2,11 2,4

Retention de P % 84,31 89,21 92,66 92,22 93,32

Tableau IL2: Praprietes physiques du prof" de sol de la station experimentale de Cicafe d'apre» Mata et
Ramirez (1999)

Horizon Ap A2 Bw1 Ab Bw2

Profondeur em 0-11 11-52 52-104 104-137 137-160

Sable % 47,75 34,87 27,75 27,00 40,25

Limon % 31,00 31,38 33,50 31,75 36,00

Argile % 21,25 33,75 38,75 41,25 23,75

Texture L LA LA A L
Capaclte au champ 9 g-1 0,44 0,52 0,53 0 ,57 0,65

Point de fletrissernent 9 s' 0,32 0,34 0,38 0,39 0 ,55

Densite apparente 9 ern? 1,12 0,90 0,90 0,81 0,87

Densite de solide 9 ern? 2,27 2,43 2,63 2,54 2,58

Poroslta % 50,7 63 65,8 68,1 66,3
L : Jimoneux, LA : Limoneux-Argileux, A : Argileux.

Par rapport aux proprietes des so ls deterrninees par Mata et Ramirez (1999), les analyses

que nous avons effectuees sur les parcelles experirnentales CM et Cl n (Tableau 11.3) ant
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rnontre un pH legerement plus eleve, des teneurs en P et Fe beaucoup plus elevees et des

teneurs en Cu et Mn plus faibles. Nos analyses indiquent egalement des taux d'AI amorphe

deux fois inferieurs , des taux de Fe amorphe legerement plus faibles et par consequent une

teneur en allophane (AI amorphe + ~ Fe amorphe) legerement inferleure a 2%. Les

proprietes physiques que nous avons rnesurees (Tableau 11.4) sont similaires a celles

indlquees par Mata et Ramirez (1999). Dans les articles presentee dans cette these, les sols

sont presentee comme des Andosols selon la classification donnee par Mata et Ramirez

(1999).
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Tableau IL3: Proprietes chimiques du sol des horizons 0-10 em et 10-40 em de la monoculture (CM) et de la
plantation ombragee (CIn) etudiees, aCicafi

Systerne CM Cln
Profondeur cm 0-10 10-40 0-10 10-40

Analyse de fert ilite

pH eau 4,92 5,54 4,67 5,38

pH KCI 4,15 4,56 3,97 4,49

Ca cmol (+) r' 5,22 3,41 * 4,66 5,53*

Mg cmol(+) r' 1,67 1,78* 2,11 2,06*
K cmol(+) r' 0,60 0,81* 1,02 0,59
Acldlte cmol(+) r' 0,12 0,17* 0,17 0,10*
P mg ,-1 3,4 4,9* 7,2 4 ,7*
Cu mg ,-1 19 18* 22 21*
Fe mg r' 93 91* 128 84*
Mn mg r' 6,2 1,9* 12,8 1,2*

Zn mg r' 1,3 0,6* 2,6 0,8*

C total % 3,60 2,85 3,70 2,57

N total % 0,32 0,25 0,36 0,25
C/N 11,25 11,27 10,28 10,27

Analyse de caracterisation

Ca cmol(+) kg-1 6,25 3,85* 5,22 6,66*

Mg cmol(+) kg-1 2,08 2,21* 2,49 2,44*

K emol(+) kg-1 1,50 1,93* 2,34 1,43*

Na emol(+) kg-1 0,01 0,03* 0,04 0,04*

Somme des bases cmol(+) kg-1 9,84 8,02* 10,09 10,57*

CEC cmol(+) kg-1 42,47 41,18* 44,12 41,17*
Saturation des bases % 23,2 19,5* 22,9 25,7
AI amorphe % 0,99 1,01 1,18 1,1
Fe amorphe % 1,26 1,26 1,21 1,28

* 10-60 em

Tableau IL4 : Proprietes physiques du sol des horizons 0-10 em et 10-40 em de la mono cu/ture (CM) et de la
plantation ombragee (CIn) etudiees, aCicafe

Systems CM Cln

Profondeur cm 0-10 10-40 0-10 10-40

Sable % 36,9 36,5 40,6 36,6
Limon % 35,3 33,6 37,1 39,5
Argile % 27,9 30 22,3 23 ,9

~

Texture LA LA L L
Capacite au champ 9 g-1 0,42 0,39* 0,46 0,43*
Point de fletrissement 9 g-1 0,24 0,22* 0,28 0,23*
Oensite apparente 9 em? 1,01 0,95 0,90 0,91
Densite de solide 9 em? 2,53 2,57 2,53 2,58
Poroslte % 60,1 63,2 64,4 64,7

* 10-60 em
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A.4 Dispositif de mesure des flux de GES it I'interface sol­
atmosphere

Les flux de GES ont ete rnesures par la methode des enceintes ferrnees. Ces enceintes sont

statiques c'est-a-dire qu'une fois installees elles ont ete maintenues au rnerne emplacement

pendant la duree de l'etude (Oct. 04 - Sept. 05). Elles ont ete lnserees dans Ie sol a une

profondeur de 15 cm, trois semaines avant la premiere campagne de mesure. Au total douze

enceintes ont ete placees dans chacun des systernes : six dans la zone d'application du

fertilisant (ZF) l.e, au pied du cafeler; six dans la zone « non tertlllsee » (ZNF) c'est-a-dlre

dans I'interligne de caterers. Les echantlllons de gaz ont ete preleves initialement dans

l'atrnosphere puis une heure apres la fermeture de I'enceinte, a l'interieur de celle-ci par

l'intermediafre d'un tube equipe d'une valve (Figure 1.10 A). L'augmentation lineaire de la

concentration du N20 et du CO2 dans I'enceinte, sur une duree d'une heure, a ete veriflee en

Septembre 2004 puis en Avril 2005 (Figure 11.7). La concentration du CH4 dans I'enceinte

n'augmente pas de facon lineaire avec Ie temps ce qui montre que ce gaz est sirnultanement

produit et oxyde dans Ie sol.
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Figure IL 7 : Concentration de NzO (losange, trait continu), de CH4 (rond, trait continu) et de COz (triangle,
trait en pointille) selon le temps de fermeture de I 'enceinte

Les echantillons de gaz ont ete lnjectes en surpression, afin d'evlter une contamination par

un flux exterleur, dans des tubes en verres (Exetainers) de 10 ml prealablernent mis sous
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vide. Une fois rempJis ces tubes ont ete scelles a la cire a cacheter (Figure 1.10 C). C'est sur

place qu'ont ete realisees les operations de mise sous vide et de scellage etant donnas les

risques de fuites gazeuses dues aux changements d'altitude lors du trajet entre la station

experirnentale de Cicafe et Ie CATIE. La conservation des gaz dans les tubes Exetainers a

ete testee periodiquernent (09, 10/04 et 04 , 06, 08/05) tel que Ie decrit Ie paragraphe 8.2.4

de ce chapitre. Les flux de gaz ont ete calcules a partir de "equation suivante : F= ~~ x ~

ou F est Ie flux gazeux (g de N-N20, C-CH 4 ou C-C02 m-2 h-1) ,

tJ.c est la difference de concentration du gaz entre t1h et to (g de N-N20, C-CH4 OU C-C02

-3)m ,

lit est Ie temps de fermeture de I'enceinte (h),

Vest Ie volume de la chambre (rrr') ,

A est la surface circonscrite par la chambre (rn"),

L'article qui constitue la seconde partie de ce Chapitre presente les resultats des mesures de

flux de GES a I'interface sol-atmosphere que nous avons effectuees et les conclusions que

nous en avons tlrees. II fournit, d'autre part, un complement d'information quant aux

methodes employees pour la mesure des flux de gaz et des variables environnementales

associees.
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Chapitre II

Resume

Dynamique des flux de GES aI'interface sol-atmosphere

Pendant une periode d'un an les emissions par Ie sol des gaz aeffet de serre N20, CH4 et

CO2 et les parametres du sol associes (hurnldite gravimetrique, espace poral occupe par

I'eau, temperature et teneur en azote mineral) ont ete rnesures dans deux types de cultures

de cafe hautement fertilisees (250 kg N ha' an") : une monoculture (CM) et une culture

ornbraqee par une espece legumineuse fixatrice de N2 Inga densiflora (Cln). En plus des

mesures de terrain, les vitesses de mineralisation de I'azote ont ete evaluees au laboratoire

en conditions standardisees. Les fertilisations azotees ont eu un fort impact sur les

emissions de N20 des deux systernes. Les emissions de N20 causees par Ie fertilisant ont

atteint des pics suite a des svenernents pluvieux intenses et se sont produites alors que les

teneurs en azote mineral du sol etaient elevees. Les fertilisations ont egalement augmente

temporairement la respiration du sol et les emissions de CH4• Le bilan annuel de N20 plus

eleve dans la plantation ornbraqee (5,8 ± 0,5 kg N ha' an") que dans la monoculture (4,3 ±

0,3 kg N ha' an") a coincide avec une vitesse de mineralisation de N superieure (3,7 ± 0,2

mg N kg-1 S.s. r1
) et un rapport C/N lnferleur (10,3 ± 0,0) a ceux de la monoculture (2,2 ± 0,2

mg N kg·1 S.s. r et 11,3 ± 0,0). Cela confirme que la presence d'arbres d'ombrage fixateurs

de N2 pourrait augmenter les emissions de N20. Contrairement aux emissions de N20, les

flux annuels de CO2 et de CH4 ont ete similaires dans les deux systernes (8,4 ± 2,6 et 7,5 ±

2,3 t C-C02 ha' an": 0,9 ± 2,9 et -2,2 ± 2,3 kg C-CH4 ha' an", respectivement dans Cln et

CM) mais ont auqrnente, de facon inattendue, pendant la saison seche.

Mots de: agroforesterie, CH4, espace poral du sol oceupe par I'eau, mineralisation, N20,

respiration du sol.

Abstract

For a one year period soil greenhouse gas emissions of N20, CH4 and CO2 and related soil

parameters (gravimetric soil moisture, water-filled pore space, temperature and soil mineral

nitrogen content) were measured in two types of highly fertilized (250 kg N ha' {1) coffee

cultivation: a monoculture (CM) and a culture shaded by the N2 fixing legume species Inga

densiflora (Cln). In addition to field measurements, soil N mineralization rates were evaluated

in the laboratory in standardized conditions. Nitrogen fertilizations highly impacted N20

emissions of both systems. Fertilizer induced N20 emissions peaked after large rainfall

events and occurred simultaneously to high soil mineral contents. The fertilizations also

temporarily increased soil respiration and CH4 emissions. The larger annual N20 budget of

the shaded plantation (5.8 ± 0.5 kg N ha' y-1) compared to the one of the monoculture (4.3 ±

0.3 kg N ha' y-1) coincided with larger soil N mineralization rates (3.7 ± 0.2 mg N kg-1d.w.
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d') and smaller C:N ratio (10.3 ± 0.0) compared to the ones of the monoculture (2.2 ± 0.2 mg

N kg-1 d.w. d-1 and 11.3 ± 0.0) and confirms that the presence of N2 fixing shade trees can

increase N20 emissions. Contrary to soil N20 emissions, annual CO2 and CH4 fluxes of both

systems were similar (8.4 ± 2.6 and 7.5 ± 2.3 t C-C02 ha" v: 0.9 ± 2.9 and -2.2 ± 2.3 kg C­

CH4 ha" y-1, respectively under Cln and eM) but, unexpectedly increased during the dry

season.

Keywords: Agroforestry, CH4, mineralization, N20, soil respiration, WFPS.
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8.1 Introduction

Dynamigue des flux de GES aI'interface sol-atmosphere

Nitrous oxide (N20), methane (CH4 ) and carbon dioxide (C02) are the three major

greenhouse gases (GHGs) involved in radiative forcing of climate change (IPCC, 2001)

emitted by agriculture (Baumert et aI., 2005). Both denitrification and nitrification are the main

sources of N20. Denitrification is responsible for the anaerobic reduction of N03" and N02- to

N20 and N2 ; nitrification is the aerobic oxidation of NH4+ to N02- and N03-, with N20

production in either oxic or anoxic (nitrifier denitrification; Wrage et al. 2001) conditions

(Hergoualc'h et aI., 2007). The soil-atmosphere CH4 flux is the result of the balance between

the two offsetting processes of methanogenesis (CH4 production) and methanotrophy

(bacterial oxidation of CH4 ) (Verchot et al. 2000). The CO2 produced at the soil surface

results from (1) metabolic activity of roots and associated mycorrhizae, (2) heterotrophic

respiration from microbial communities using recently produced organic material as an

energy substrate, and (3) decomposition of older, more recalcitrant carbon compounds

(Ryan and Law, 2005). Many studies have revealed that N fertilization in agriculture

increases N20 emissions from soil (Stehfest and Bouwman, 2006) and decreases the uptake

of atmospheric CH4 (Chu et aI., 2007; HOtsch et aI., 1993). On the other hand soil respiration

mayor may not be stimulated by N fertilization (Raich and Schlesinger, 1992). In coffee

systems often N2 fixing trees are grown together with the coffee plants. in order to provide

shade and a source of N. Increased N20 emissions have been reported from agroforestry

systems with N2 fixing legumes (Rochette and Janzen, 2005). Although coffee agriculture

represents 7.5% of the world's permanent crops (FAO 2005), generally uses large amounts

of N fertilizer (up to 350 kg N ha' year") and N2 fixing trees in agroforestry systems, very few

studies have quantified its contribution to GHGs emissions. The aim of this paper was to

investigate GHGs emissions under two types of coffee cultivation (monoculture vs. shaded

culture by N2 fixing leguminous trees) in intensively managed systems under tropical climate.

The present study examined seasonal variations of GHGs fluxes and related soil parameters,

the variables determining GHGs fluxes, the impact of N fertilization on GHGs emissions and

compared the two types of coffee cultivation.

B.2 Materials and methods

8.2.1 Site description

The study area was located at the Research Station of the Coffee Institute of Costa Rica

(Icafe), in the Central Valley at San Pedro de Barva, 10 km west of San Jose, Costa Rica

(10002'N, 84°08'0; 1180 m above sea level). The mean annual air temperature was about
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21°C and the annual precipitation was about 2300 mm with a pronounced dry season from

January to April. The soil, typically well structured, deep and permeable derived from the

weathering of volcanic ashes; belonged to Andosols [IUSS (International Union of Soil

Sciences) Working group WRB 2006] and was classified as a Dystric Haplustands (Mata and

Ramirez, 1999). The slope of the site was about 7%.

8.2.2 Experimental design

Field studies were carried out during one year (6/10104 - 8/09/05) on two adjacent coffee

plantations. One plot was in monoculture (CM) while the other one was shaded by the N2

fixing leguminous tree Inga densiflora (Cln). Both systems were established in June 1997 on

an area previously used for coffee cultivation: monoculture in the case of Cln and coffee

associated with a few trees of Eucalyptus sp. in the case of CM. In the Cln plot, Gaftea

arabica var. Catuai was planted at 2 x 1 m (4722 plants ha") and the Inga tree species at

6 x 6 m within the coffee rows (278 trees ha' , height 7 m in 2004), which is a total of 5000

tree + coffee plants ha", In the CM plot, coffee was planted at 2 x 1 m (5000 plants ha").

Both plots were fertilized with an annual average of 250 kg N ha", 30 kg P ha" (triple super

phosphate), 100 kg K ha' (KCI) and 80 kg Mg ha' (MgO). During this experiment, fertilizer N

was applied as NH4N03 at 70 kg N ha' on the 29/10/04 and urea (NPKMg: 18-3-10-8) at 90

kg N ha" on both the 24/05/05 and the 26/07/05. The granular fertilizer was spread by hand

to the base of the coffee trees. Therefore a distinction was made between the fertilized zone

(Fl), a 0.26 m2 square centred at 0.25 m uphill from the coffee plant and the non fertilized

zone (NFl), the rest of the plot. The Fl and NFl represented 13% and 87% of the total area,

respectively.

8.2.3 Soil properties

In May 2003, soil was sampled, using an Edelman auger, at 10 cm depth intervals in the top

40 cm layer. Samples were collected in the Fl of the CM from five locations 30-40 em away

from the coffee plant. Due to the presence of the trees in the Cln, four soil samples each

were collected 2m and 4m away from the shade tree. Samples were transported in cool

boxes to the laboratory, air-dried at ambient air temperatures, sieved (2 mm) and analysed

for total C and N by dry combustion using an automatic CHN analyser (Thermo Finnigan,

Flash EA 1112, Milan, Italy). Soil pH in water was measured using a standard pH electrode

(Corning G-P Combowrj, Corning Inc, New York, US) and particle size distribution following

the hydrometer (Bouyucos) procedure, after dispersion with 10% sodium

hexametaphosphate (Henriquez and Cabalceta, 1999). Cation exchange capacity (CEC)

was determined by extraction with 1M ammonium acetate at pH 7.0 (Sumner and Miller,
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1996) and particle density (method of kerosene) was determined as described by Henriquez

and Cabalceta (1999).

The soil bulk density was measured, using volumetric cylinders in two soil pits dug. In each

zone (FZ: 50 cm away from the coffee rows and NFZ: midway between the rows) of each

plot, three cylinders (100 ern") were collected for every 10 cm depths down to 40 cm.

Cylinders were weighed and dried at 105°C for 48 hours. The bulk density was determined

from the dry weight of the soil per unit volume.

Between the 6/10/04 and the 8/09/05, concomitantly with gaseous flux measurements (see

below), soil temperature was measured with a thermometer, in the shade, at a 5 cm depth

and soil was sampled in the top 10 cm to analyze its gravimetric moisture and mineral

nitrogen content (NH4+, N03) . In both plots, soil was sampled from 6 random locations in

each position (FZ and NFZ). Soil samples were stored in plastic bags at 4QC for 14 hours or

were immediately analyzed during the fertilization period of May-July 2005. Gravimetric soil

moisture was measured by oven-drying a sub-sample at 105QC for 24 hours. The water-filled

pore space (WFPS) was calculated by the formula proposed by Linn and Doran (1984) and

the porosity was calculated from the bulk density ( r d ) and the particle density (y 5 ) as 1- r d
Y5

(Table 11.5). Both N03- and NH/ were extracted by shaking 10 g soil with 100 ml KCI for 1h.

Suspensions were centrifuged for 5 min at 1260 xg and the supernatants were filtered

through Whatman 42 filters. Extracts were stored at 4QC for about 10 days prior to analysis.

Both N03' and NH4+ analyses were conducted on a continuous flow colorimeter (Alliance"

Integral Futura equipment) using the cadmium reduction to nitrite and Griess reagent for N03'

analysis and the Berthelot reaction for NH/ analysis, as described by Mulvaney (1996).

Extrapolated soil moisture and WFPS at the plot scale were calculated from the mean values

of those measured midway between the coffee rows (NFZ) and in the row at 30-40 cm from

the coffee trunk (FZ), in spite of the FZ area being much smaller than that of the NFZ.

Indubitably, in the FZ coffees root system should be more developed and absorb more water

than in the NFZ; but the zone of larger water absorption is not limited to the rz and expands

to a larger surface surrounding the coffee trees, justifying doing a mean between these

contrasted positions in term of water dynamic and use. On the other hand, extrapolated N

mineral contents at the plot scale were calculated using the proportion occupied by each

zone of the total plot area: Nminsyst =87% NminNFz + 13% NminFz, being NminNFz and NminFz

the mean values in the NFZ and FZ, respectively.
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B.2.4 Soil mineralization rates

The mineralization rates were determined, on seven soil samples from the CM and five from

the Cln, by measuring the difference between final and initial ammonium content (analyzed

as previously described) of fresh soil incubated under anaerobic conditions at 40°C for 7

days as described in Anderson and Ingram (1993).

8.2.5 Soil gaseous fluxes

The N20 , CO2 and CH4 fluxes from the soil were measured by the static chamber method.

Chambers consisted of a round base made of PVC (0.1 m2
) , hermetically closed by a lid

equipped with a small centre port to allow gas sampling. In both plots and for each position

(Fl and NFl), six chambers were pushed into the soil to a 5 cm depth, two weeks before

starting the measurements. In the Cln plot, chambers were installed 2 m from the Inga trees.

The fertilizer rates applied to the chambers placed in Fl was calculated as the surface ratio

between the chamber and Fl multiplied by the rates applied to the Fl.

During the one year experiment, 2 complementary sequences of measurements were

performed. The first one consisted of measurements distributed at regular intervals (one

month) over the year. The second one was an intensive investigation of the periods following

N fertilization, which was suspected to induce larger fluxes. Therefore, in May 2005,

measurements were carried out daily from the day before the fertilizer application (23/05)

until 7 days after it (31/05) and then 10 (03/06), 13 (06/06) and 21 days (14/06) after

fertilization. Again in July 05, fertilizer was applied on the 26/07 and measurements were

carried out 3 (29/07), 16 (11/08) and 44 days (08/09) later. Flux measurements were made

by closing the chambers for a one hour enclosure period. The increase in N20 , CO2 and CH4

concentrations was previously verified to be linear during the one hour closure period. At the

end of the closure period a 60 ml sample was taken by syringe and transferred to four 10 ml

pre-evacuated glass vials (Exetainers), two for N20 and two for CO2 and CH4 analyses. In

addition eight samples of ambient air were taken, four for N20 and four for CO2 and CH4

analyses just before the chambers were closed. Filled Exetainer vials were sealed with thick

wax to avoid leakage during storage and transportation from Costa Rica to Scotland by air.

The samples, sent by express mail, were analyzed within one month. The conservation of

gas concentrations within a month was periodically tested with sets of standards; some of

these remained at the laboratory in Scotland and the rest were sent from Scotland to Costa

Rica by air and back. Gas samples were analysed using a Hewlett Packard 5890

chromatograph, fitted with an electron capture detector for N20 analysis and with a flame

ionisation detector and a methanizer for analysis of CH4 and CO2. The gases were separated

on Poropak Q columns. Concentrations were calculated by comparing peak areas integrated
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for standard concentrations of N20 (0.36, 0.57, 1.08 IJI r'), CH4 (1.94, 5.04, 100.9 j.Il r') and

CO2 (353, 675, 6128 j.Il r1
) in N2 with the peak areas of the samples.

N20, CO2 and CH4 emissions from the soil were calculated from the product of the volume of

air enclosed (25 L) and the difference between N20 concentration of ambient air and

chambers divided by the chamber area and time of enclosure.

Gas emissions (GE) were extrapolated to the plot scale in the same manner as Nmineral

content, using the proportion occupied by each zone of the total plot area: GE =87% GENFz

+ 13% GEFz , being GEFZ and GENFz the mean value of the gas in the fertilized and non

fertilized zones, respectively.

Annual fluxes of greenhouse gases were estimated by linear integration between the

measurement dates. FIE (fertilizer-induced emissions) expresses the anthropogenic N20

emissions caused by N application and is generally calculated as the emission from a

fertilized area minus the emission for a zero-N application from the same area expressed as

percentage of the N applied (Stehfest and Bouwman, 2006). The mean fluxes measured in

the NFZ in CM and Cln during the dry and wet season period before fertilization were used

as the zero-N application value. FIE was estimated using both the annual N20 emissions and

the N20 emissions during the 62 days following the fertilizations of May and July (from the

24/05 till the 25/07105 and from the 26/07 till the 26/09/05).

B.2.6 Statistics analysis

Statistical analysis was performed using the software InfoStat (2004), with a probability level

of 5% to test the significance of the treatments effects. The distribution of each variable was

tested using the test of Shapiro-Wilks with the entire data set for each variable. The statistical

analysis used to compare two means were t-test or non parametric test of Mann-Withney,

respectively for normally and not normally distributed variables. For multicomparison ANOVA

and the non parametric test of Kruskal Wallis were performed, respectively, on normally and

not normally distributed variables. Comparisons were made between periods within a coffee

system and between coffee systems within given periods. For the variables extrapolated at

the plot scale using weights of 0.13 and 0.87, respectively for the FZ and the NFZ, the

statistical tests were performed on the weighted data.

Pearson's correlations were used to assess the dependence of N20, CO2 and CH4 fluxes on

soil parameters and between each other. Correlations were calculated with the entire data

set for each variable, within the studied periods of the year.
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B.3 Results

Dynamigue des flux de GES a I'interface sol-atmosphere

8.3.1 Soil properties

The soil was acid and pH tended to be smaller under the Cln plot than under the CM one

(Table 11.5), although the difference was not significant. While soil pH measurements

appeared neither normally nor lognormally distributed, total C and N appeared normally

distributed. Like for most Andosols, the total C content was large. It was not statistically

different between both plots except for the 20-30 cm layer (p<0.05) with a larger content in

the soil under CM than under Cln. Total soil N was similar in both plots and the C:N ratio was

smaller (p<0.05) under Cln than under CM with respective means for the 0-10 cm layer of

10.3 ± 0.0 and 11.3 ± 0.0. Textures, particle density and bulk densities were normally

distributed. The C.E.C. and particle densities of both soils were rather similar. The two plots

showed some differences in texture: under CM the soil was more clayey, less silty and less

sandy in the top 10 cm (p<0.05) than the soil under Cln. The soil bulk densities were larger

(p<0.05) in the CM than in the Cln plot at any depth midway between the coffee rows (NFl)

and in the top 10 cm near the base of the coffee plants (Fl).

8.3.2 Rainfall pattern, soil moisture, WFPS and soil temperature

From the 1/10/04 till the 30/09/05, the total annual rainfall was 2886 mm and, according to

the rainfall pattern (Figure 11.8(a)), the dry season began on the 4/11/04 and ended on the

27/03/05. After the fertilizations of the 29/10/04 , 24/05/05 and 26/07/05, the first large

rainfalls occurred, respectively, 3 (82 mm), 12 (103 mm) and 15 days (90 mm) after the dates

of fertilizer application (Figure 11.9(a) and 11.10(a)).

Respective to the climate and fertilization events (Table 11.6) we have divided the

experimental measurements into four periods: measurements made (1) during the dry

season (4/11/04 - 27/03/05) (Figure 11.9), (2) during a wet season before fertilization (01­

28/10/05 and 28/03/05 - 23/05/05) (Figure 11.9), (3) during the wet season following the May

fertilization (24/05/05 - 25/07/05, named post fertilization period of May-July) (Figure 11.10)

and (4) during the wet season following the July fertilization (26/07 - 26/09/05, named post

fertilization period of July-September) (Figure 11.10).

Gravimetric soil moisture was normally distributed while WF~S was not. Soil WFPS in the Fl

(near the coffee plant) were significantly smaller than in the NFl (midway between the rows)

under each system and for each period, except under the CM during the dry season (Figure

II.8(a) and 11.9(a)). During the dry season, soil moisture as well as WFPS exhibited significant

smaller average values than during the wet season, for both coffee plots (Table 11.6). The

smallest soil moisture (0.25 ± 0.01 and 0.35 ± 0.00 v/v, respectively in the CM and Cln plots)

and WFPS values (0.42 ± 0.02 and 0.49 ± 0.02 v/v, respectively in the CM and Cln plots) .
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were observed in February (Figure 11.8(a) and 1I.9(a)) when the climate was the driest. The

large rainfall event on the 10/08/05 increased the soil WFPS between the 29/07 and the

11/08 (Figure 11.10(a)).

Comparing coffee plantations, mean gravimetric soil moisture of the top soil was larger in the

Cln than in the CM plot (Table 11.6). By contrast , as a result of a larger bulk density in the CM

than in the Cln plot (Table 11.5), mean WFPS of the top soil was larger in the CM than in the

Cln plot (Table 11.6).

Soil temperatures did not vary much during the year (Figure 11.8(b)), as to be expected for a

wet tropical climate. The distribution of soil temperatures was not normal. Overall soil

temperatures were significantly smaller during the dry season than during the wet season in

both coffee plots (Table 11.6). The smallest soil temperatures were observed in January

(Figure 11.8(b)) with values of 18.1 ± 0.1 °C and 17.9 ± 0.1 °C for CM and Cln respectively.

During the dry season and part of the rainy season (until June), soil temperatures were

statistically smaller in the shaded system Cln than in the monoculture CM (Table 11.6).

Negative correlations between soil temperature and gravimetric soil moisture were observed

during the dry season and during the wet season after the May fertilization (Table 11.7).
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Table IL5: Properties ofthe soils ofthe coffee monoculture (CM) and the Inga shaded plantation (CIn) in the
Central Valley ofCosta Rica. FZ: Fertilized Zone. NFZ : Non Fertilized Zone. Mean (standard error)

CM Cln

pH
0-10 4.92° (0.24) 4.67° (0.06)
10-20 5.45° (0.22) 5.18° (0 .11)
20-30 5.53° (0.11) 5.44° (0.07)
30-40 5.65° (0.11) 5.53° (0.03)

Total C %
0-10 3.60° (0.14) 3.70° (0.16)
10-20 3.18°(0.11) 2.87° (0.13)
20-30 2.8813 (0.10) 2.50° (0.11)
30-40 2.50° (0.16) 2.33° (0.16)

Total N %
0-10 0.32° (0.01) 0.36° (0.01)
10-20 0.28° (0.01) 0 .28° (0.01)
20-30 0.26° (0.01) 0.24° (0.01)
30-40 0.22° (0.02) 0.23° (0.01)

C.E.C. a cmol
kg·1

0-15 42.47 44.12
Sand/Silt/Clay %

0-10 37.3° /35° /27.813 40.613 /37.1 13 /22.3°
(0.9/0.9/0.9) (0.7/004/0.7)

10-20 35° /34.7° /30 .313 37.4° /38.613/24.1°

(0.8/0.8/0.9) (1.3/0.8/0.9)
20-30 35 .3° /34.4° /30.313 35.1° /39.713 /25.2°

(0.6/0.9/0.9) (0.9/0.8/0.7)
30-40 38.5° /31.9° /29.613 37.4° /40.2 13 /22.5°

(0.7/0.8/1.3) (0.8/1.1/1 .0)
Particle g cm-3
density

0-10 2.53° (0.00) 2.53° (0.01)
10-20 2.55° (0.01) 2.56° (0.00)
20-30 2.58° (0.02) 2.58° (0 .01)
30-40 2.58° (0.01) 2.59° (0.0 2)

Bulk density 9 ern? Fl NFl Fl NFZ
0-10 0.9813 (0.02) 1.0413 (0.02) 0.86° (0.01) 0.93° (0.02) ,-'.

10-20 0 .98° (0.03) 1.0213 (0.02) 0.92° (0.03) 0.91 o (0.02)
20 -30 0.91° (0.02) 0.9513 (0.01) 0.92° (0.01) 0.89° (0.02)
30-40 0.88° (0.01) 0.9313 (0.01) 0.90° (0.00) 0,89° (0.01)

a Cation Exchange Capacity

Means for the two coffee systems followed by different letters (a, 13) are significantly different

from each other (p<O.OS).
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Figure /l.10: Rainfall (grey bars) and soil WFPS (a), NH/ (b) and N0 3- (c) content, N20 (d), CO2 (e) and
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Table IL6: Means (SE) of soil gravimetric moisture content (ma>, WFPS, temperature, NH/ and N03- concentration, NzO, COz and CH4 fluxes in the coffee
monoculture (CM) and the Inga shaded coffee plantation (CIn), during the dry season (DS, 4/11/04-27/03/05) and the wet season (WS). The wet season is divided into
three periods: the pre-fertilization period (1-28/10/04 and 28/03/05-23/05/05), the postfertilization period ofMay-July (24/05/05-25/07/05) and the postfertilization period
ofJuly-September (26107-26109/05)

os

CM

WS DS

Cln

WS

Pre Fert Post Fert May Post Fert July Pre Fert Post Fert May Post Fert July

mG % 36.1 (1.7)a a 41.0 (0.5)b 0 41.2 (0.2)b0 42 .1 (0.7)ba 40 .6 (0.9)8~ 44.8 (O.S)b~ 4S.0 (0.2)b~ 47.1 (0.6 t ll

WFPS % 60.6 (2.9t O 69.1 (0.8)bII 69.4 (0.4)bll 70 .9 (1.1)b f3 56.4 (1.2)a 0 62.2 (0.6)b 0 62.6 (0.3)b 0 65.4 (0.9)b 0

T °C 19.9 (0.3t f3 22.1 (0.2t~ 20.9 (0.1)bf3 20.0 (0.1t O 18.7 (0.2)aa 21.2 (0.1)dO 20.S (O.ot a 20 .0 (0.1)b 0

NH/ mg N kg·1 1.8 (O.4t 0 2.1 (0.6)80 5.7 (0.9)ba 4.2 (1.0)bO 1.3 (0.3)8 0 2.3 (0.7)a a 4.1 (0.6t 0 4.0 (1.1t a

N03' mg N kg·1 29.3 (3.7)ba 21.6 (2.4)8bO 15.4 (1.8t a 19.9 (3.S)ab 0 27.9 (2.4)b0 25.2 (4.2)8ba 14.2 (1.1)80 16.7 (2.S)aba

N20 9 N ha" d·1 3.4 (0.3)b 11 2.1 (0.3)8 0 9.4 (0.7t 0 40 .1 (3.9)d0 2.5 (0.3)a a S.2 (1.2)b 11 17.9 (1.1t~ 48.4 (7.1)d 0

CO2 kg C ha' e' 23.9 (1.1)b0 9.8 (0.8t 0 20.0 (0.9)b 0 29.8 (2.7)ba 22.S (1.2)b 0 11.8(1.1t O 24.7 (1 .4)bCa 36.8 (3.8)ca

CH4 9 C ha" d·l -2.0 (6.S)b0 -24.7 (7.4)ao 4.7 (11.6)ba -6.6 (2.0)b0 1.6 (7.3)a a -0.2 (11.0t 11 11.5 (8.0)a a 11.7 (8.St f3

Means during the different periods within a coffee culture, followed by different letters (a, b, c, d) are significantly different from each other (p<0.05)

Means for the two coffee systems within a period, followed by different letters (0, [3) are significantly different from each other (p < O.OS)
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Table II. 7: Significant correlations between soil gravimetric moisture content (mG), WFPS, temperature,
ammonium and nitrate content, NzO, COz and CH4 fluxes in the coffee monoculture (CM) and the Inga
shaded coffee plantation (CIn), during the dry season (DS, 4/11/04-27/03/05) and the wet season periods (WS)
pre-fertilization (PreF, 1/10/04-03/11/05 and 28/03/05-23/05/05), post fertilization in May-July (PostF May,
24/05/05-25/07/05) andpostfertilization in July-September (PostF July, 26/07-26109/05)

DS WS PreF WS PostF WS PostF

May July

Var Coet. Var Coet. Var Coet. Var Coet .

correlated correlated correlated correlated

mGT -0.4 .. N03'WFPS -0.4 .. mGT -0.3 * NH4+WFPS -0.4 ..
N20mG 0.4 * CO2 WFPS -0.4 * N03-WFPS -0.2 * N03' NH4+ 0.5 *

N20WFPS 0.3 * CH4 CO2 0.4 *** N03- NH4+ 0.4 ...... N20 T -0.6 ***

CO2 N20 0.5 ...... N20 WFPS -0.6 ....* C0 2 T 0.8 ***

CH4C02 0.2 * N20 N03- 0.3 .... C02mG -0.4 ..
CO2 WFPS -0.5 ...... CO2 WFPS -0.4 ..

CO2 N20 -0.2 ....

Coet. indicates the Pearson correlation coefficient value

* = p<0.05, .... p = < 0.01 and ...... p < 0.001

B.3.3 Soil N mineralization rates

Soil N mineralization rates, measured in laboratory, were a bit less than twice larger for the

Gin (3.7 ± 0.2 mg N kg·1 d.w. d-1) than for the GM (2.2 ± 0.2 mg N kg-1 d.w. d').

B.3.4 Soil mineral N content

Neither soil NH4+ and N03' contents nor their In transformations were normally distributed.

Means were generally flanked with high standard errors due to large spatial variability of soil

mineral nitrogen distribution at the field scale.

Before the May fertilizat ion, soil NH/ contents were very low, < 6 mg N kg·1d.w. for all

treatments (Figures 11.8 and 11.9(b)). Both fertilizations of May and July increased the soil

NH4+ contents in the FZ of both plots: a rapid but transient increase occurred after the May

fertilization in GM while a deferred but larger increase occurred in Gin (Figure II.1O(b)).

Nevertheless since the FZ represented only 13 % of the total area, we estimated only a small

increase of soil NH/ content at the plot scale after fertilization (Table 11.6 and Figure 11.8).

Throughout the year soil N03- contents were large in both systems (Figure 11.8), with

generally larger values during the dry season than during the wet season including the

fertilization events (Table 11.6). During the dry season, some very high soil N03- contents

were observed in the FZ in GM while in Gin differences between FZ and NFZ were not very

important (Figure 11.9(c)). The only significant difference was observed on the 29/11 probably
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as a result of the October fertilization . In both, GM and Cln, changes in NH/ and N03'

concentrations correlated significantly during the wet season post fertilization periods (Figure

11.10(b), (c) and Table 11.7). During the wet season, soil NH/ and N03- contents were

negatively correlated to soil WFPS (Table 11.7).

8 .3.5 Soil greenhouse gases emissions

Neither soil N20 fluxes nor their In transformation were normally distributed . Before the May

fertilization soil N20 emissions of both plots were low « 11 g N ha" d·1) and presented the

same dynamics in the Fl and NFl in both systems (Figure 11.9(d». During the dry season,

N20 fluxes were positively correlated with gravimetric soil moisture content and WFPS (Table

11.7). N20 fluxes clearly increased after fertilizer applications during the wet season (Table

11.6), especially in the Fl (Figure II.10(d». During the post fertilization period of May-July ,

N20 fluxes in the Fl increased to maxima of 167.4 ± 29.3 and 241.5 ± 27.0 g N hald' , 21

days (14/06) after fertilizer application in GM and Cln , respectively (Figure 11.10(d)}. This

maximum flux occurred when soil N03- and NH4'" concentrations were large when the WFPS

was slightly reduced (Figure 11.10). Indeed, N20 fluxes were positively correlated to soil N03'

contents and negatively correlated to soil WFPS after the May fertilization (Table 11.7). After

the July fertilization , N20 fluxes increased to similar respective values of 261.1 ± 12.6 and

202.9 ± 18.7 g N hald" , in the Fl of the GM and the Gin plots, respectively (Figure 11.10(d» .

This increase coincided with an increase in WFPS in both plots after the first large rainfall

(10/08) following fertilization (Figure 11.10(a». In the Fl of the Cln plot, these N20 emissions

also corresponded to large N mineral content in the soil (Figure 11.1 O(b", c"». This rainfall also

increased N20 emissions in the NFl of both plots and N20 emissions , on the 11/08/05, in

GM and Gin were 54.8 ± 4.7 and 93 ± 15.3 g N hald" , respectively. On the 08/09, 44 days

after the fertilizer application N20 fluxes were still larger than during the wet season period

previous to fertil ization, with values of 59.3 ± 10.8 and 17.9 ± 1.2 g N ha·1d·1 in the Fl; 13.0 ±

2.4 and 13.5 ± 1.7 g N hald' in the NFl of the GM and the GIn, respectively .

While during the dry season N20 fluxes were significantly larger in GM than in Gin, during the

wet season before fertilization, the contrary was observed (Table 11.6). The mean fluxes

measured in the NFl in CM and Cln (2.7 and 3.9 g N hald", respectively under CM and Gin)

during the dry and wet season period before fertilization , used as the zero-N application

value in the calculation of the fertilizer induced emissions , were 1.4 larger in Cln than in CM.

N20 emissions were larger in Gin than in CM after the May fertilization and, in both plots,

were more influenced by the July fertilization than by the one of May (Figure II.10(e) and

Table 11.6}, mainly because in July emissions from the NFl were large. Annual N20 fluxes

were calculated to be 1.3 larger from the Gin than from the GM plot (Table 11.8). The fertilizer
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induced emission, calculated from annual N20 emissions, accounted for 1.3% and 1.8 % of

the applied N, in the CM and the Cln , respectively. In the post fertilization periods fertilizer

induced emissions accounted for 1.2% and 2.6%; 1.7% and 2.9% after the fertilizations of

May and July, in the CM and the Cln, respectively.

Neither soil CO2 fluxes nor their In transformations were normally distributed. Before the

fertilizations soil respiration rates of both systems were the same in the FZ and NFZ (Figure

11.9(e». In both systems, soil respiration stayed constant and large during the dry season , but

decreased by about two fold during the wet season before fertilization (Figure 11.8(f) and

11.9(e» (Table 11.6). Soil respiration was positively correlated to N20 fluxes during the dry

season, but negatively correlated to soil WFPS during the wet season (Table 11.7). Two days

after urea application in May, soil respiration in the FZ increased to maxima of 81.0 ± 4.6 and

87.5 ± 7.1 kg C hald", respectively in CM and Cln (Figure 1I.10(e». Then, soil respirat ion

decreased back to values a little larger than those before fertilization . Even in the NFZ of the

Cln, soil respiration rates increased to 33.7 ± 6.0 kg C hald" two days after urea application

(Figure 11.10(e"». Three days after the July fertilization (29/07), soil respiration was large with

values of 55.7 ± 3.0 and 53.1 ± 2.6 kg C hald" , respectively in the FZ and NFZ, of CM; of

66.9 ± 3.5 and 70.3 ± 4.2 kg C hald', respectively in the FZ and NFZ, of Cln. After the July

fertilization, soil respiration was negatively correlated to N20 fluxes (Table 11.7) and CO2

fluxes were low when N20 emissions peaked (Figure 11.1 0). In both coffee systems, average

soil respirations during the two post fertilization periods were larger than during the wet

season before fertilization (Table 11.6). Annual soil respirations from both plots were similar

(Table 11.8).

Methane fluxes were very variable in space and time throughout the measuring

period. Neither CH4 fluxes nor their In transformations were normally distributed. However,

CH4 uptake in CM was statistically larger during the wet season before fertilization than the

dry season (Table 11.6). In Cln small emissions occurred during the dry season while CH4

was slightly oxidised during the wet season before fertilization but the difference between

both periods was not significant (Table 11.6). In Cln large uptake rates of -41.6 ± 74.1 and

-136.9 ± 52.2 g C ha-1d'1 were measured on the 23/05/05, in the FZ and the NFZ,

respectively (Figure 11.9(f'». During the dry season and the pre-fertilization period of the wet

season CH4 fluxes were positively correlated with soil respiration (Table 11.7). On the day of

urea application in May, large CH4 emissions of 207.4 ± 88.9 and 209.7 ± 112.9 g C hald"

were measured in the CM plot, in the FZ and the NFZ, respectively (Figure 11.10(f». Such

high emissions were not measured in the Cln. For both systems, average soil CH4 fluxes

during the post fertilization period of May-July were emissions (Table 11.6). During the post

fertilization period of July-September, CH4 was oxidised in the CM plot, but emitted in the .Cln

109



Chapitre II Dynamique des flux de GES a I'interface sol-atmosphere

plot (Table 11.6 and Figure II.1O(f)). In CM, larger CH4 uptakes were measured during the wet

season before fertilization than during the two post fertilization periods (Table 11.6). Average

CH4 uptakes in Cln were smaller than in CM during the wet season before fertilization (Table

11.6). Nevertheless, due to very large standard errors, differences in annual CH4 fluxes

between the two coffee plots were not significant (Table 11.8).

Table IL8: Annual budget and (standard error) ofsoil greenhouse gases fluxes under the coffee monoculture
(CM) and the Inga shaded coffee plantation (CIn) , in the Central Valley ofCosta Rica

8.4 Discussion

N20 kg N ha" i 1

CO2 t C ha' y.1

CH4 kg C ha" y-1

CM

4.3 (0.3)

7.5 (2.3)

-2.2 (2.3)

Cln

5.8 (0.5)

8.4 (2.6)

0.9 (2.9)

B.4. 1 Climate impact on soil properties and GHGs fluxes

The total annual rainfall, of almost 2900 mm, between the 01/10/04 and the 30109/05 was

larger than the 25 year annual average of 2300 mm, for Clcafe (Mata and Ramirez, 1999).

During this year, also, the dry season started and ended one month earlier than expected.

The smaller WFPS in the FZ compared to the NFZ, in both plots, showed a larger water

absorption close to the coffee plants where roots are denser than midway between the coffee

lines (NFZ). It could also have resulted from rainfall interception by coffee trees .

Most of the measured soil environmental properties varied seasonally: gravimetric soil

moistures, WFPS and soil temperatures decreased during the dry season while soil N03'

contents tended to be larger during the dry than during the wet season even after fertilization.

During the dry season, the mineralization-nitrification processes still produced N03", which

was neither drained because of too little rainfall, neither absorbed by plants because of a

slow down of their functioning as a result of low photosynthetic rates at low air humidity.

Consequently N03- accumulated in the soil, as already observed by Reynolds-Vargas et al.

(1994) in a former study in fertilized coffee plantations on the same experimental station.

Laboratory incubations demonstrated that the microfauna of this soil mineralized N at

relatively large rates (2.8 mg N kg-1d.w.d·1) (Reynolds-Vargas et aI., 1994), and were

comparable to the one we measured in the laboratory for the CM (2.2 mg N kg·1d.w.d-1) .

Despite the large rate of mineralization, NH/ did not accumulate in the soil during the dry

season , probably because NH/ quickly nitrified to N03- as shown by Babbar and Zak (1994)

on nearby soils . Inorganic N pools in both plantations were dominated by N03".

N20 fluxes varied much more with fertilizer application than with the season (Figure 11.1 O(e)).

During the dry season, they were positively correlated with the WFPS as also observed by
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Palm et al. (2002) and Keller and Reiners (1994) for tropical soils. Laboratory experiments on

the same soil showed that nitrification was the main source of N20. At a 58% WFPS (WFPS

close to the ones measured during the dry season) , N20 production was small and even at

87% WFPS was produced by nitrification (Hergoualc'h et aI., 2007).

Soil respiration increased during the dry season compared to the wet season before

fertilization. This result is atypical. Most studies on tropical soils (for example Cattanlo et aI.,

2002; Davidson et aI., 2000; Ishizuka et aI., 2002; Verchot et aI., 2000) report on the

contrary, a decrease of soil respiration during the dry season, caused by reduced rates of

root respiration or soil microbial respiration or both. One study, on Australian tropical forest

soils (Kiese and Butterbach-Bahl, 2002), however, also reported larger soil respiration rates

during the dry than during the wet season. In the coffee plantations, the beginning of the dry

season coincided with a large litterfall. This litter was a source of easily decomposable

carbon for microbial respiration. The methane flux is primarily controlled by the soil moisture

status and many studies on tropical soils have reported an increase of CH4 oxidation and a

decrease of CH4 emission during the dry season (for example Keller and Reiners, 1994;

Steudler et aI., 1996; Mosier and Delgado, 1997). The opposite , however, is observed in the

two coffee plantations. During the dry season CH4 oxidation decreased and CH4 emission

increased. Our results suggest that the balance between the two offsetting mechanisms of

methanogenesis and methanotrophy is not simply governed by soil moisture. Increased soil

respiration rates, in conjunction with Iitterfall at the beginning of the dry season would

contribute to increased C availability for methanogenesis and formation of anaerobic

microsites. A positive correlation between CH4 and CO2fluxes was also observed by Verchot

et al. (2000) from forest and pasture soils in the Amazon.

The negative relation between soil respiration and WFPS during the wet season confirms

that soil respiration, as an aerobic process, is limited when O2 availability decreases .

Negative correlations between soil respiration and WFPS were also observed , on tropical

soils, by Kiese and Butterbach-Bahl (2002) and Davidson et al. (2000).

8.4.2 Fertilization consequences on GHGs emissions and determinism of
GHGs fluxes

After the May and July fertilizations, N20 peaked, in both coffee plantations, respectively 21

and 16 days after urea application, 9 and 1 day after the first large rainfalls following

fertilizations. Maximum N20 emissions after fertilization occurred later than those observed

by different authors. In the coffee monoculture and coffee plantation shaded by Eucalyptus

deglupta, on an Acrisol (Ultisol) in Southern Costa Rica, N20 emissions peaked 1 and 2 days

after NH4N03 fertilization (Harmand et aI., 2007). In the coffee plantation shaded by the N2

fixing legume tree Erythrina poeppigiana and the coffee monoculture, on, respectively, an
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Inceptisol and an Andosol in Central Costa Rica. peak emissions were measured 3 and 15

days after fertilization (Montenegro and Abarca, 2001). The N20 peaks intensity of 37 and

25.1 g N ha' d" in Cln and CM after the May fertilization (Figure IL8(e» compared well with

the ones of 36 and 21.8 g N hald" measured by Montenegro and Abarca (2001) in the

shaded and the unshaded coffee plantations, fertilized respectively with 83 and 87 kg N ha',

Peak N20 emissions coincided with an increase in WFPS after the July fertilization and with

increases in mineral N contents , especially in Cln. Many studies on tropical soils also found a

positive correlation between N20 fluxes and soil NH4+ and N03- contents (Montenegro and

Abarca, 2001; Palm et aI., 2002; Veldkamp et al., 1998).

The percentages of fertilizer-induced N20 emissions were larger than the fertilizer induced

emissions of 1% proposed by the IPCC guidelines (IPCC, 2006) or the mean global fertilizer

induced emissions of 0_91 % in cropland (excluding legumes) and grassland calculated by

Stehfest and Bouwman (2006). The fertilizer induced emissions after the July fertilization

were close to the 2.9% calculated from mean monthly N20 measurements in a banana

plantation on an Andosol in Costa Rica by Veldkamp and Keller (1997). These authors found

that event-based sampling resulted in larger estimates of fertilizer induced emissions than

monthly measurements, whereas in our study fertilizer induced emissions calculated on the

basis of the emissions during the post-fertilization periods were not always larger than

fertilizer induced emissions calculated from annual emissions .

While N20 fluxes remained elevated for at least 44 days after the July fertilization, several

studies in Costa Rica (Harmand et aI., 2007; Montenegro and Abarca, 2001; Veldkamp and

Keller, 1997) indicate that the fertilizer only lasted for around 3 weeks.

The annual N20 budget of CM was similar to the one of around 4.5 kg N20-N ha-1y-1

measured by Verchot et al. (2006) from a 10 years old coffee monoculture on an Andosol in

Indonesia and was not far from Bouwman et al. (2002) estimate of 3 kg N20-N hao1y.1 for

upland cropfields fertilized with 250 kg urea-N ha-1y-1. The annual N20 budget of Cln was

similar to the one of 6.1 kg N ha-1y-1 measured by Veldkamp and Keller (1997) in a banana

plantation in Costa Rica fertilized with 360 kg N ha-1y-1 but smaller than the one of 15.5 kg N

ha-1y-1, measured by Verchot et al. (2006), in a 18 years old multistrata coffee garden with

significant overstory of N2 fixing trees in Sumatra , Indonesia.

Fertilizations stimulated soil respiration rates in both systems as also observed by

Montenegro and Abarca (2001) in the unshaded and shaded coffee plantations, in Central

Costa Rica. The increase of soil CO2 fluxes is probably caused by an increase in the general

microbial activity and thereby also soil respiration following N addition, as suggested by

Montenegro and Abarca (2001). Annual fluxes were slightly smaller than those of 10 and 15 t

C ha' y-1 measured by Davidson et al. (2000) in a degraded and an active pasture,

respectively , in Brazil.
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The large CH4 emissions on the day of the May fertilization in the CM plot and the larger CH4

emissions and lower uptakes, in both systems, during the post fertilization periods, compared

to the wet season before fertilization could have resulted from an inhibition of CH4 oxidation

due to fertilization. It has been demonstrated (Knowles, 1993) that methanotrophs can

oxidize the NH3 formed consequently to a fertilization, resulting in an inhibition of CH4

oxidation . Mosier and Delgado (1997) also found that fertilizer addition (300 kg N ha·1y.1)

significantly decreased CH4 uptake in an Oxisol used as grassland in Puerto Rico. CH4

annual uptakes were similar to those of -2.1 kg C ha'1y'1 measured by Palm et al. (2002) in a

non fertilized multistrata coffee agroforestry plantation in Peru.

8.4.3 Comparison of coffee plots

The soils of the two coffee plantations had different texture, bulk density and C:N ratio, due

to inherent spatial variability of soil physical properties of the site but also due to previous

and current management practices . The smaller bulk density in the Cln plot than in the CM

one can be explained by several factors . The presence of trees in the Cln plantation

produced a more developed root system, as measured by Crouzet (2004) in the same plots.

Furthermore, before establishing the CM plot, the trees were removed mechanically what

could have contributed to higher soil compaction. The smaller soil C:N ratio in Cln than in CM

can be partly explained by a larger Iitterfall with larger N content in the Cln than in the CM.

From October 03 till September 04, Iitterfall was 7.5 and 11.9 t dry matter ha·1y-1 , respectively

in CM and Cln, accounting for 153 and 246 kg N ha·1t 1 (unpublished data, CASCA project) .

Throughout this study period the soil moisture contents in the top 10 cm were smaller in the

CM compared to the Cln plantation , but WFPS and temperature were larger in the CM

plantation. In the Cln plot shade provided by the trees canopy, protected the soil from direct

solar radiation and thus maintained larger moisture of the top soil and smaller soil

temperature than in the CM. The difference of WFPS between the two systems was caused

by differences in bulk density.

During the post fertilization periods the patterns of soil mineral N contents were different

between both systems. After the May fertilization , whereas in the CM plantation, urea

hydrolyzed progressively but not spatially uniformly (large standard errors of the mineral N

contents) as a combined result of fertilizer spreading heterogeneity and small rainfall rate; in

the Cln this process seemed to have been delayed, possibly because of a greater rainfall

interception by the tree canopy . In the week 24-31 May OS, the Cln intercepted 18% of the 47

mm of cumulative rainfall, but the CM plantation only intercepted 9% (Siles, 2007) . The

different patterns of soil nitrogen dynamics between the two plots probably were also related

to their different soil mineralization rates. The soil N mineralization rates of the Cln system

was almost twice as large compared to the CM system. However no differences in mean soil
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mineral N content during the post fertilization periods were measured between the two

systems, as nitrate could be leached or absorbed by coffee plants during the rainy season

(Table 11.6).

While during the dry season both coffee systems showed similar patterns of N20 emissions

(Figure 11.8(e)), during the wet season pre-fertilization and during the post fertilization period

of May-July mean N20 emissions were twice as large in Cln than in CM, resulting in a 1.3

fold larger annual N20 emission in Cln. Montenegro and Abarca (2001) measured annual

N20 emissions 1.6 larger in the coffee plantation shaded by N2 fixing trees than in the coffee

monoculture.

These differences in N20 emissions were a result of different patterns of soil mineral N

contents combined with small changes in soil physical properties and the presence of the N2

fixing trees. According to Rochette and Janzen (2005), there is little doubt that legumes can

increase N20 emissions and measurements indicate that much of this increase in N

emissions may be attributable to the N release from root exudates and from decomposition

of plant residues; rather than from biological N fixation per se. This hypothesis is consistent

with the smaller soil C:N ratio and larger mineralization rates in the Cln compared to the CM

system. Thus, even during the fertilization periods when the Inga densiflora probably did not

fix atmospheric N2 , larger N20 emissions can be explained by the factors mentioned by

Rochette and Janzen (2005).

The contribution of the N2 fixing legume tree Inga densiflora to N20 emissions could also be

assessed using mean N20 emissions measured in the NFZ during the dry season and wet

season before fertilization. These mean emissions were 1.4 larger in the Cln than in the CM

system; ratio consistent with the one of 1.3 between the annual N20 budgets.

8.5 Conclusions

.Nitrogen fertilization stimulated N20 emissions for up to 44 days in a coffee monoculture and

a coffee plantation shaded by the N2 fixing Inga densiflora species. The fertilizer induced

emission accounted for 1.3% and 1.8 % of the applied N, in the coffee monoculture (3.25 kg

N20-N ha'V1) and the shaded plantation (4.5 kg N20-N hav'), respectively. Nitrogen

fertilization induced temporary increases in soil respiration. Our study also confirms that N

fertilization decreases CH4 oxidation and increases CH4 emissions.

The annual N20 budget of the shaded coffee plantation (5.8 ± 0.5 kg N ha" y.1) was 1.3 times

larger than the one of the monoculture (4.3 ± 0.3 kg N ha" y.1) because the emission rate

was twice larger during the wet season pre-fertilization period and after the May fertilization.

This larger soil N20 budget of the legume tree-shaded system may be attributable to higher

microbial activity revealed by larger mineralization rates and smaller C:N ratio compared to

the ones of the monoculture and confirms that N2 fixing legumes can increase N20
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emissions. Mean N20 emissions in the NFZ during the dry season and wet season before

fertilization, were 1.4 larger in the legume tree-shaded system than in the monoculture. This

ratio was consistent with the one of 1.3 between the annual N20 budgets of both systems

and could be considered as the contribution of the N2 fixing legume tree Inga densiflora to

N20 emissions.
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C Conclusion

Dynamique des flux de GES aI'interface sol-atmosphere

De nombreuses etudes ont revele un impact neqatit de la fertilisation azotee en agriculture

sur les flux de GES a I'interface sol-atmosphere: une augmentation des emissions de N20

(Stehfest et Bouwman, 2006), une diminution de I'oxydation de CH4 atrnospherique (Chu et

aI., 2007; HOtsch et aI., 1993) et dans certains cas une stimulation de la respiration

(Montenegro et Abarca, 2001). D'autre part, il a ete dernontre que I'incorporation de

legumineuses fixatrices de N2 dans un systerne de culture peut augmenter les emissions de

N20 par Ie sol (Rochette et Janzen, 2005). Notre etude comparative de deux cultures

cafeieres, une monoculture et une culture ornbraqee par une legumineuse fixatrice de N2

confirme ces resultats. La fertilisation azotee a stlrnule les emissions de N20 pendant 44

jours et les emissions induites par Je fertilisant ont represents 1,3% et 1,8% de I'azote

applique, soit 3,25 kg N-N20 ha' an" et 4,5 kg N-N20 halan', respectivement dans la

monoculture et la culture ornbraqee. Le systerne ornbraqe par la legumineuse a presente un

bilan annuel de N20 (5,8 ± 0,5 kg N ha' an') 1,3 fois superieur a celui de la monoculture

(4,3 ± 0,3 kg N ha' an"): par contre les flux annuels de CO2 et de CH4 ont ete similaires

dans les deux systernes (8,4 ± 2,6 et 7,5 ± 2,3 t C-C02 ha" an", 0,9 ± 2,9 et -2,2 ± 2,3 kg C­

CH4 ha' an', respectivement dans la culture ornbraqee et la monoculture). Etant donnes Ie

potentiel de rechauffernent global tres eleve du N20 et les differences d'emission de ce gaz

observees entre les deux cultures cafeieres, il est important d'essayer de mieux comprendre

la nature et Ie determinisrne des mecanismes biologiques qui aboutissent a son emission et

d'ajuster avec plus de precision les bilans annuels d'emisslon. Ces objectifs sont ceux du

Chapitre III.
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Chapitre III Determinisme et mcdelisatlon des
emissions de N20 par Ie sol
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Parmi les trois principaux gaz a effet de serre ernis par I'agriculture (N20, CH4 et CO2) ,

I'oxyde nitreux (N20) est celui qui presente Ie potentiel de rechauffernent global Ie plus eleve

et qui, une fois ernis dans l'atrnosphere, y persiste pendant plus de 100 ans. t.'etabllssement

de bilans precis des emissions de N20 par les sols grace a la rnodelisation et l'elaboration de

solutions techniques afin de reouire ces emissions necessite une connaissance fine des

mecanismes de la nitrification et de la denitrification, qui aboutissent a sa production. Le

premier article de ce Chapitre etudie comment I'espace poral du sol occupe par ['eau (Ie

WFPS) influence la respiration du sol et les emissions de N20 et de N2 par les processus de

nitrification-denitrification. Le deuxlerne article presents les emissions de N20 et N2 sirnulees

avec les rnodeles NGAS (Parton et aI., 1996) et NOE (Henault et aI., 200S) couples au

modele PASTIS (Lafolie, 1991) pour simuler l'humidite du sol. Les rnodeles sont parametres

avec les mesures, reahsees au laboratoire, caracterlsant les parametres biologiques de

nitrification-denitrification et leur production associee de N20 et N2 . Avant de presenter ces

deux articles, nous allons brlevement decrire Ie fonctionnement de PASTIS, ceux de NGAS

et NOE etant detailles dans Ie second article.

A Le modele PASTIS (Prediction of Agricultural Solute
Transfer In Soils)

PASTIS (LafoHe, 1991) est un modele rnecaniste monodimensionnel qui simule les transferts

d'eau (Ioi de Darcy), de chaleur et de solutes (Figure 111.3). Etant donne que nous utiliserons

uniquement Ie sous modele hydrique de PASTIS, nous nous Iimiterons a la description de ce

module. PASTIS decrit l'ecoulernent isotherme et monodimensionnel de I'eau dans Ie sol

hornoqene non sature (infiltration, evaporation ou drainage) par l'equatlon aux dertvees

partielles de Richards :

C('!').a:~lK(w){~~)J

ou C( 1/1) est la capacite capillaire derivee de la courbe de retention de I'eau par Ie sol (rn" ),

I{/ Ie potentiel matriciel de I'eau dans Ie sol (m), Z la profondeur (consideree positive vers Ie

bas) (m), H la charge hydraulique = I{/ - Z, t Ie temps (s) et Kia conductivite hydraulique (m

·1 )S .

Les conditions aux limites de cette equation sont :

En surface : -K.~Lo=F(t) ou F(t} est l'lntensite de la pluie ou du flux evaporatf (mm j').

A la base du profil : Hlz=z=Hbot(f) ou Z est la profondeur du bas du profil et Hbot la charge

hydraulique en bas du profil.

122



Chapitre III Determinisrne et rnodelisation des emissions de N?O par Ie sol

Les conditions initiales sont Hlt=o=Hini ou ~ni , Hni et ~ni etant la charge hydraulique et la

teneur en eau volumique (m3 rn") initiales, respectivement.

Les variables d'entree, les conditions aux Iimites et les parametres de la courbe de retention

et de la conductivite hydraulique utilises pour les simulations sont specifiees dans la section

C de ce Chapitre.

Modele flux hydrique

e,q
Modele flux de chaleur

e
Modele transport de solutes

UenitrificatioD

..

Modele transport de gaz

Figure II1.3 : Description du modele PASTIS (Lafolie, 1991). Pest la precipitation, ETP Pevapotranspiration
potentielle, Rg Ie rayonnement global, TQir et T.ot sont les temperatures de l'air et du sol respectivement, .0est
la teneur en eau volumique, q le flux hydrique, 'l'le potentiel matriciel du sol, R02 la respiration aerobie, NOj ­

, NH/ et COD sont les concentrations en nitrate, ammonium et carbone organique dissous dans la solution
du sol respectivement, et O2, CO2, N20 et N2 sont les concentrations en oxygene, dioxyde de carbone, oxyde
nitreux et azote dans I'atmosphere du sol
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Resume

Determinisme et rnodelisation des emissions de NzQ par Ie sol

Nous avons utilise de l'acetylene (C2H2) a des pressions partielles de 10 Pa et 10 kPa pour

inhiber, respectivement, la nitrification autotrophe et la reduction d'oxyde nitreux (N20) en N2•

Les sols (Andosol) d'une plantation de Goffea arabica ornbraqe par Inga densiflora au Costa

Rica, ont ete places a des taux de remplissage des pores en eau (WFPS) de 39, 58, 76 et

87% et incubes pendant 6 jours en absence ou en presence de C2H2 • La respiration du sol,

les taux de nitrification et les emissions de N20 par nitrification et denitrification ont ete

rnesures en fonction des conditions d'hurnidlte du sol. Pour tous les WFPS, les taux de

production de N20 et N2 ont ete faibles (4.8; 14.7; 23 and 239.6 ng N-NzO g-1 S.s.r a39,

58, 76 et 87% WFPS, respectivement), et rnalqre un pH bas (4,7), Ie N20 a ete

principalement produit par la nitrification , qui a contrioue a 85, 91, 84 and 87% des emiss ions

totales de N20 a39, 58, 76 et 87% WFPS , respectivement. Aux trois valeurs les plus basses

de WFPS, une relation lineaire a ete etablle entre Ie WFPS, la respiration du sol , la

nitrification et Ie N20 ernls par nitrification; la denitrification n'a pas produit de N2. Dans des

conditions plus anaerobies obtenues avec un WFPS de 87%, un ratio eleve du NzO a ete

produit par nitrification, et la production de N2 a represents 84% des flux gazeux causes par

la denitrification.

Mots cle : N20, denitrification, nitrification, Goffea arabica, inhibition al'acetylsne, water-filled

pore space (WFPS), Costa Rica

Abstract

We used the inhibitor acetylene (C2H2) at partial pressures of 10 Pa and 10 kPa to inhibit

autotrophic nitrification and the reduction of nitrous oxide (N20) to Nz, respectively. Soils

(Andosol) from a Goffea arabica plantation shaded by Inga densiflora in Costa Rica were

adjusted to 39, 58, 76 and 87% water-filled pore space (WFPS) and incubated for 6 days in

the absence or presence of C2H2• Soil respiration , nitrification rates and N20 emissions by

nitrification and denitrification were measured in relation to soil moisture conditions. At all

WFPS studied, rates of N20 and N2 productions were small (4.8; 14.7; 23 and 239.6 ng N­

N20 9-1 d.w. d-1 at 39, 58, 76 and 87% WFPS , respectively) , and despite a low soil pH (4.7),

NzO was mainly produced by nitrification, which was responsible for 85, 91, 84 and 87% of

the total N20 emissions at 39, 58, 76 and 87% WFPS, respectively. At the three smaller

values of WFPS, a linear relationship was established between WFPS, soil respiration ,

nitrification and N20 released by nitrification; no Nz was produced by denitrification. At more

anaerobic conditions achieved by a WFPS of 87%, a large rate of NzO production was
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measured during nitrification, and N2 production accounted for 84% of the gaseous N fluxes

caused by denitrification.

Keywords: N20, denitrification, nitrification, Caftea arabica, acetylene inhibition, water-filled

pore space (WFPS). Costa Rica.
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B.1 Introduction

Determlnlsme et rnodelisation des emissions de NzQ par Ie sol

One of the major greenhouse gases is nitrous oxide (N20), which is 300 times as powerful as

CO2 in terms of global warming (IPCC 2001) and also contributes to the destruction of

stratospheric ozone (Montzka et al. 2003). The atmospheric N20 concentration increase is

largely due to increased use of N fertiliser in agriculture. Coffee agriculture uses large

amounts of N fertiliser (up to 350 kg N ha'" year") and represents 7.5% of the world's

permanent crops (FAO 2005). Coffee is cultivated in tropical zones often on P- rather than N­

limited soils, where N fertiliser inputs may generate N20 fluxes 10 to 100 times greater than

the same fertiliser addition to nearby N-Iimited soils (Hall and Matson 1999). All these facts

show the importance to measure and predict N20 emission from coffee systems.

Predicting N20 emissions from coffee plantations requires knowledge of the dominant

processes responsible for N20 production. Both denitrification and nitrification are the main

sources of N20 (Webster and Hopkins 1996), with the former involving the anaerobic

reduction of N03- and N02- to N20 and N2 (Robertson and Tiedje 1987) and the latter the

aerobic oxidation of NH/ to NO£ and N03- (Webster and Hopkins 1996), with N20

production when O2 supply is limited (nitrifier denitrification; Wrage et al. 2001). Both

processes can occur simultaneously in the soil aggregates and depend on O2 availability and

thus on soil moisture conditions. Davidson (1991) proposed a model of N emissions by

nitrification and denitrification, in response to soil moisture expressed as (water-filled pore

space) WFPS, with a WFPS threshold above which denitrification was the main source of

N20 and a WFPS value responsible for the highest N20 emissions. It was also observed that

these values depended on land management, soil texture and pH. It has been demonstrated

that in many agricultural soils nitrifiers are the main producers of N20 (Robertson and Tiedje

1987; Klemedtsson et at. 1988; Garrido et al, 2002; Khalil et al. 2004).

The objective of this study was to evaluate the gaseous N20 emissions from soils collected

from a coffee agroforestry plantation located in the Central Valley of Costa Rica. Soil

respiration was also studied as an indicator of microbial activity. We determined, under

laboratory conditions, how soil moisture influenced soil respiration and N2 and N20 losses by

the nitrification-denitrification processes . The contribution of the two processes was

distinguished by using the acetylene inhibition technique; at partial pressures of 10 Pa and

10 kPa, acetylene inhibits chemoautotrophic nitrification and reduction of N20 to N2,

respectively (Yoshinari 1993).
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8.2 Materials and methods

Determinisme et rnodellsatlon des emissions de Nz.O par Ie sol

B.2.1 Site description and soil sampling

Soil was sampled in a 7 years old Coffea arabica agroforestry plantation shaded by Inga

densiflora and located at the Research Station of the Coffee Institute of Costa Rica (ICAFE)

in the Central Valley at San Pedro de Barva, 10 km west of San Jose, Costa Rica (10002'16"

N, 84°08'17" 0 ; 1,200 m above sea level). The mean annual air temperature is about 21DC,

and the annual precipitation is about 2,300 mm with a pronounced dry season from January

to April. The soil, derived from the weathering of volcanic ashes, belongs to the Andosols

[IUSS (International Union of Soil Sciences) Working group WRB 2006], is classified as a

Dystric Haplustands (Mata and Ramirez 1999) and it is typically well-structured, deep and

permeable, with low bulk density and high organic matter content. Selected chemical and

physical characteristics of the top 10 cm layer are presented in Table 111.1 . In June 1997, the

coffee agroforestry experimental plot was established on an area of 1,350 m2 previously

used for coffee monoculture. C. arabica var. Catuai was planted at 2x1 m (5,000 plants ha-1
)

and the shade tree species I. densiflora was planted at 6x6 m (278 trees ha'"). Fertiliser N

(urea and NH4N03) was applied at a rate of 250 kg N ha-1 year".

The pH (suspension in water or KCI), exchangeable Ca, Mg, Na and acidity (extraction in

KCI), K and P [extraction in sodium bicarbonate (Olsen) contents], texture (method of

Bouyocos) , field capacity (pressure plate) and particle density (method of kerosene) were

determined as described by Henriquez and Cabalceta (1999). Cation exchange capacity was

analysed as reported by Sumner and Miller (1996) .and total C and N contents by total

combustion using a Thermo Finnigan analyser. WFPS was calculated by the formula

proposed by Linn and Doran (1984) and porosity as 1- Yd where v« and Ys are the bulk and
Ys

particle densities, respectively. The bulk density was measured in 98 ern" cylinders placed at

a 5 cm depth at 25, 50, 75 and 100 cm from the coffee plant. Cylinders were weighted after

sampling and after oven-drying at 105°C for 48 h.

In May 2003, the 0-10 cm soil layer was sampled at eight positions randomly chosen within

the whole plot. At each position, a set of three sub-samples from the unshaded areas (more

than 2 m from the tree) and a set of three sub-samples from the tree canopy area were

pooled together to give a sample. The three sub-samples of each set were collected between

two coffee rows at 25, 50 and 100 cm from a coffee plant. Composite samples were mixed,

air dried for 48 h, sieved (2-mm) and stored in plastic bags at 4°C for 5 days. Each soil

sample provided a spatial integrative measure of soil properties for the entire coffee plot.
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Table III.I: Chemical andphysicalproperties ofthe soil (0-10 em) in the Inga shaded coffee plantation in the
Central Valley ofCosta Rica

Chemical properties Physical properties

pH water 4.7 Sand/Silt/Clay (%)

pH KCI 3.9 Field capacity:

2Total C (%) 4.37 mG b (g s' d.w.)

Total N (%) 0.37 mv c (m3 m-3 d.w.)

Acidity (cmol kg-1) 2.5 WFPS (%)

C.E.C.a (cmol kg-1) 36.1 Porosity (%)

Ca/Mg/K/Na/P (cmol kg-1) 2/1/1.1/0.01/0.2 Bulk density (g ern")

Particle density (g crn')

29.2/34/36.8

0.44

0.41

65.05

63.37

0.93

2.53

a Cationic exchange capacity

b mG: gravimetric moisture content

C mV: volumetric moisture content

8.2.2 Soil incubation

The soil was incubated at four WFPS values (39, 58, 76 and 87%) and three different rates

of acetylene (0 Pa, 10 Pa and 10 kPa). All treatments (four WFPS and three C2H2 rates)

were replicated four times. Dry soil (50 g), was placed in a 570 ml airtight glass flask and

treated with 13.5 mg NH4N0 3- N (0.27 mg N g-1 dry soil), which is at a fertiliser rate of 250 kg

N ha-1 year". Ammonium nitrate was added as an aqueous solution to reach the specific

WFPS values. Flasks were incubated at 21°C for 6 days in the dark.

According to Klemedtsson et al. (1988) and Webster and Hopkins (1996), N20 production by

autotrophic nitrifiers is calculated as the difference between the emission without C2Hz and

that with 10 Pa C2Hz (inhibition of autotrophic nitrificat ion). NzO evolved by denitrifiers is the

one produced with C2H2 at 10 Pa, and Nz evolved by denitrifiers is calculated as the

difference between NzO produced with CzHz at 10 kPa and that produced with C2Hz at 10 Pa.

The highest C2H 2 concentration (10 kPa) inhibits the reduction from N20 to Nz in the

denitrification.

8.2.3 WFPS adjustment in laboratory

Soil structure, bulk density and consequently WFPS were modified when soil was sieved

after sampling. The moisture of soils at 40, 60. 80 and 90% WFPS was calculated by

considering the value (0.71±0.01 9 9-1 dry soil) measured for the 100% WFPS as the

difference between the weight of water-saturated soil and the weight of oven-dried soil (at

105°C); this measurement was replicated five times. These moisture values corresponded to

28.5, 42.7, 56.9 and 64%. and the quantity of added water was equivalent to the difference
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between the calculated values and the moisture of the air-dried soil (15.9% after 48 h of air­

drying). At the end of the 6 days experiment period, gravimetric moisture contents were

measured, then the average of initial and final values of gravimetric soil moisture and WFPS

(i.e. 39, 58, 76 and 87%) were calculated and used. The soil moisture, equivalent to WFPS

values of 39, 58, 76 and 87% in laboratory (27.9, 41.1, 54.1 and 61.8%) and field conditions

(26.6, 39.3, 51.7 and 59%) were very close, showing that bulk density of the sieved soil was

close to the field bulk density .

8.2.4 Gas sampling and measurements of N20 and CO2

The atmosphere in the flasks was sampled 1 hand 1, 3 and 6 days after C2H2addition. After

each sampling, the air extracted from the flasks was replenished by the equivalent quantity of

air or mix C2H2-air to maintain atmospheric pressure . Samples were stored in a 7-ml

evacuated glass blood-collection vials (Venojects) sealed with thick wax to avoid leakage

during transportation from Costa Rica to France by air. The samples, sent by express mail,

arrived 4 days after the end of the experiment and were analysed 4 days later. Gas samples

were analysed for N20 on a Varian 3800 gas chromatograph, fitted with a poraplot Q column

and an electron capture detector. The CO2 concentration and N20 concentration if larger

than 10 IJI r' were analysed on a micro-GC Agilent MTI 200 fitted with a capillary poraplot

column and a thermal conductivity detector.

8.2.5 Soil analyses

Both N03- and NH4" were extracted by shaking 10 g soil with 100 ml KCI for 1 h.

Suspensions were centrifuged for 5 min at 1,260xg and the supernatants were filtered

through Whatman 42 filters. Extracts were stored at 4°C for 15 days before analysis. Both

N03- and NH4" analyses were conducted on a continuous flow colorimeter (Alliance® Integral

Futura equipment) using a cadmium reduction to nitrite and Griess reagent for N03- and

Berthelot reaction for NH4+, as described by Mulvaney (1996).

8.2.6 Statistical analysis

Statistical analysis was performed using the software InfoStat (2004). Since N03-, NH/, CO2

and N20 concentrations were neither normally nor log normally distributed, we used non­

parametric tests, Kruskall-Wallis for multicomparison and Mann-Withney for comparison of

two means. A probability level of 5% was used to test the significance of the treatment

effects.
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B.3 Results

Deterrnlnlsrne et modsllsatlon des emissions de N20 par Ie sol

B.3.1 Soil respiration

For all C2H2 treatments and all WFPS values, the rates of CO2 evolution decreased after 3

days (Figure IliA). Respiration was smaller at 39% WFPS than at higher soil moistures for all

C2H2 treatments (p<0.05). At 10 kPa C2H2, CO2 respiration was higher than at 10 and 0 Pa

C2H2, except at 76% WFPS (p<0.02; Figure lilA). The average CO2 evolution, presented in

Figure 111.5, was calculated by dividing the cumulative CO2 production at the end of the 6-day

incubation period. Since CO2 evolut ion of the 10 and 0 Pa C2H2 treatments were not

statistically different, the mean of both was used to increase the reliability of the data. These

mean values increased linearly by increas ing WFPS up to an optimum of 76% and then

decreased slowly (Figure 111.5).

8.3.2 N03- and NH4+ concentrations

Initial soil NH/-N and N03--N concentrations were 3.72 and 27.6 IJg s" dry weight of soil,

respectively. After addition of 135 IJg NH/-N g-1 and 135 IJg N03--N g-1 dry weight of soil,

they were, respectively , 138.72 JJg NH/-N g-1 and 162.6 JJg N03--N g-1 d.w. The overall

standard error for all these data was under 0.1 JJg N s' d.w. (n=2).

For each soil moisture level, final soil NH4" concentrations in both treatments with C2H2

(Table 111.2) were similar and significantly higher than those of the treatment without C2H 2

(p<0.0001), and final soil N03- concentrations in both treatments with C2H2 were similar and

significantly smaller than those of the treatment without C2H2 (p<0.0001).

As there was no difference in the final soil N03- and NH4+ concentrations between both C2H2

treatments for each soil moisture level, we can conclude that net mineralization and

denitrification rates were similar for both treatments. Assuming that these processes were

also identical in the treatment without C2H2, we calculated the autotroph ic nitrification rates

as the difference between the final soil NH4+ concentration of the treatments with C2H2 (mean

of the two treatments) minus that of the treatments without C2H 2. Rates of autotroph ic

nitrification at 39, 58, 76 and 87% WFPS were, respectively, 1.71, 3.17, 5.59 and 5044 JJg N

g-1dry weight of soil day'" ,

The autotrophic nitrification rates were also calculated as the difference between the final soil

N03- concentration of the treatments without C2H2 minus that of the treatments with C2H2

(mean of the two treatments). At 39, 58, 76 and 87% WFPS, the results were 1.23, 4.03,

7.25 and 6048 JJg N03--N g-1 dry weight of soil day'", respectively, which were very similar to

the above calculated values of autotrophic nitrification .

Autotrophic nitrification rates increased linearly by increasing WFPS until 76% and then

decreased as observed for CO2 respiration (Figure 111.5).
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Figure IlI.4: CO2 evolution from 50 g soil d.w. at different moisture levels {39 %, 58%, 76% and 87% water­
filled pore space (WFPS)J and different partial pressures ofCP2 in the headspaces. Means±SE (n=4), (x) 0
C2H2, (filled triangle) 10 Pa C2H2, (open circle) 10 kPa C2H2

B.3.3 Gaseous N production

The rates of N20 production by nitrification and denitrification of Figure 111.5 were calculated

on the basis of the productions measured on the last day of incubation. N20 production rates

due to nitrification were calculated as the difference in N20 emissions between control and

10 Pa C2H 2 treatments. N20 production rates due to denitrification were those measured in

the 10 Pa C2H 2 treatments, whereas N2 production rates were calculated as the N20

produced with C2H2 at 10 kPa minus that produced with C2H2 at 10 Pa. The results are

presented in Table 11 1.3. The fluxes of gaseous N (N20 + N2) by nitrification and denitrification

were small, even at 87% WFPS (5.2, 14.7, 23 and 404.4 ng N g-1d.w. d-1at 39, 58,76 and

87% WFPS, respectively). The contribution of denitrification only accounted for 20.7, 9.1 and

16.1% of total gaseous N (N20 + N2) fluxes at 39, 58 and 76% WFPS, respectively; they

."
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increased to 48.4% at 87% WFPS. The data suggest that N20 was almost totally produced

by nitrification: 84,7 , 90.9, 83.9 and 87.1% of total N20 production at 39, 58, 76 and 87%

WFPS, respectively.

Assuming that the laboratory conditions simulated field conditions and that most of N20 was

produced in the 0-10 cm layer, the soil N20 fluxes in situ might be 18.8, 57.1, 89.3, 928.5 IJg

N20-N m-2 h-1 at 39, 58, 76 and 87% WFPS, respectively, thus accounting for 0.01, 0.03,

0.05, and 0.53% of the added fertiliser N, with a mean of 0.16%.
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8.3.4 N20 production by nitrification

N20 production by autotrophic nitrifiers started within the first 24 h of incubation (Figure 111.6)

and increased linearly by increasing WFPS until 76%; then, there was a more marked

increase at WFPS of 87% (Figure 111.5). Nitrification and N20 production by nitrifiers were

positively correlated up to 76% WFPS (simple Pearson correlation coefficients between N20

production from nitrification and NH4+ loss and N03' produced were 0.96 and 0.99,

respectively). The slope of the linear regression between N03' produced and N emitted as

N20 during nitrification for WFPS <87% was 0.25%.
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Table III.2: NH/ and NOj ' concentrations (means±SE; n=4) in soils treated with N fertilizer and incubated
for 6 days with three C2H2 treatments at four levels ofwater-filled pore space (WFPS) values

WFPS (%) N-NH/ (~g N g-1d.w.) N-N03- (~g N g.1d.w.)

0 10 Pa C2H2 10 kPa C2H 2 0 10 Pa C2H2 10 kPa C2H2

39 138.5 ± 1.9 148.8 ± 1.4 148.8 ± 1.6 176.3 ± 1.3 170.2 ± 1 167.7± 1.2

58 122.4±2 137.3± 7.4 145.5 ± 0.7 166.2 ± 2.2 138.3 ± 6.9 145.7 ± 0.3

76 119.4 ± 3.1 153.3 ± 1.3 152.5 ± 3.4 188.8 ± 2.8 145.7 ± 0.7 144.8 ± 1.2

87 117.9 ± 4.5 152.1 ± 2.6 148.9 ± 1.8 182.9 ± 3.1 144.4 ± 1.4 143.6 ± 0.2

Table IIL3 : N20 and N1 emissions (means±SE; n=4) by nitrification (NI1J and denitrification (DENIT) from
soil treated with N f ertiliser and incubated at four water-filled pore space (WFPS) values for six days

WFPS N20 NIT N20 DENIT N2 DENIT

(%) (ng N g.1 d.w. d")

39 4.10 ± 0.28 0.74 ± 0.16 0.33 ± 0.2

58 13.40 ± 1.13 1.34 ± 0.22 -0.89 a ± 0.36

76 19.34 ± 2.06 3.70 ± 1.82 -1.66 a ± 1.90

87 208.71 ± 61.46 30.89 ± 10.38 164.84 ± 36.94

a Considered as zero values

B.3.5 Denitrification

During the first 3 days of incubation, no N20 resulting from denitrification was measured at

39 and 58% WFPS, and such a production only increased to very low rates after 6 days of

incubation (Figure 111.6). At 76% WFPS, denitrification was only slightly higher (Table 111.3).

For these three moisture contents, total gaseous N production for the 10 Pa and 10 kPa

treatments were not significantly different suggesting that N20 was the dominant product of

denitrification. At 87% WFPS, however, denitrification was more important, and N2 was the

main denitrification product (Figure 111.5) accounting for 84.2% of gaseous N evolved by

denitrification after 6 days of incubation (Table 111.3). N20 production by den itrification

remained low (30.9 ng N g-1 d- 1 on the sixth day of incubation), but N2 emissions increased

to 202 and 164.8 ng N s" d-1 at 3 and 6 days, respectively (Figure 111.6). The N20:N2 ratio

was high (2.2) for the driest cores (39% WFPS) but tenfold smaller (0.2) for the wettest cores

(87% WFPS). It was assumed that N2 production at the intermediate WFPS values was zero ,

therefore no ratio could be calculated.
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8.4 Discussion

The higher final soil NH4+ concentrations of the treatment with C2H2 compared to the

treatments without C2H2 (Table 111.2) confirmed the inhibition of autotrophic nitrification by

both 10 Pa and 10 kPa C2H2. Nevertheless, final soil NH4+ concentrations in treatments with

C2H 2 were generally higher than initial ones, presumably as a result of ammonification. This

last result also demonstrates that heterotrophic nitrification, which is not inhibited by C2H2,

may not be important in this soil.

Net nitrification rates (Figure 111.5) were higher and increased more rapidly by increasing the

WFPS value than those measured by Reynolds-Vargas et al. (1994) on soils of a nearby

fertilised coffee plantation and incubated for 21 days at 18.3°C without additions of N.

Probably in the latter study, inorganic N concentration was lower due to the higher N

135



Chapitre III Determinisme et modellsation des emissions de N20 par Ie sol

immobilisation and the no addition of fertiliser N. Nitrification rates calculated in our study

were comparable with those of an arable loam soil in Sweden, which was incubated at 15°C

for 15 days, under 3 C2H2 treatments (0, 2.1 Pa and 10 kPa), after addition of 40 I-Ig NH4+-N

and 40 I-Ig N03--N g-1 d.w. (Klemedtsson et a1. 1988). We have calculated these rates as the

final soil N03' concentration of the treatments without C2H2 minus that of the treatments with

C2H2 (mean of the two treatments) reported by these authors. These nitrification rates

increased by increasing the water content of soil as observed in our study for the three

lowest moisture values.

The decrease in soil respiration after the third day of incubation was associated by an

increase in N20 production by denitrification and nitrification, suggesting a change in the O2

availability in soil as also reported by Klemedtsson et al. (1988). Soil respiration and

nitrification increased linearly by increasing WFPS up to 76% above which both processes

tended to slow down as a result of O2 shortage. Schjanninq et al. (2003) reported that

maximum aerobic activity coincided with maximum net nitrification and CO2 production rates

at 63, 83 and 82% WFPS values in three winter wheat cultivated soils of Denmark.

The N20 and N2 losses of the studied soil under laboratory conditions were smaller than

those of other studies using soils from Costa Rica. Soils from coffee shaded plantations of

the Central Valley of Costa Rica incubated at 25°C for 6 h, in presence of 10 kPa C2H2,

without N substrate addition and at a moisture value of 35% emitted 732 ng N20-N g-1 d.w.

d' (Babbar and Zak 1995), whereas our soils incubated with 10 kPa C2H2 at 39 and 58%

WFPS (gravimetric moisture of 28.5 and 42.7%) emitted only 1 and 1.3 ng N20-N s" d.w. d-1

after 6 days, respectively. Such difference could be due to differences in soil structure and

organic matter content. The soils studied by Babbar and Zak (1995) were more sandy and

less silty than that studied here and contained more soil organic matter (6.23, 7.04 and

9.04%) because of the incorporation into the soil of the biannual pruning residues of the

shade tree Erythrina spp. Soils sampled from La Selva, a highly humid zone of Costa Rica

(mean annual precipitation of 4,000 mm), under a primary forest and a deforested area with

or without growing vegetation (Robertson and Tiedje 1988) showed N20 + N2 losses by

denitrification (in presence of 10 kPa C2H2) of 549,785 and 1.7 I-Ig N m-2 h-1, respectively,

when the soils were incubated with 100 1-19N-N03- and 10 ml of water. The authors, however,

did not report the moisture content of intact soil cores. The denitrification rates of the forest

soil and the deforested soil with growing vegetation were similar to the denitrification (N20 +

N2) rates (758 I-Ig N m-2h-1) measured here at 87% WFPS.

Very little N20 was released by denitrification in comparison with N20 emitted by nitrification.

This seems to support the hypothesis by Robertson and Tiedje (1987) that nitrifiers are the

main producers of N20 in many agricultural soils .
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The N20 production by autotrophic nitrification in our soil contradicts what stated by

Yoshinari (1993) who suggested an insignificant production at soil pH below 6, by

considering what reported with cell suspensions of Nitrosomonas europaea by Hynes and

Knowles (1984). The sensitivity of cell suspensions of autotrophic nitrifiers to low pH is well

established and for this reason De Boer and Kowalchuk (2001) have proposed that

autotrophic nitrification possibly is restricted to pH-neutral micro-sites in acid soils.

The "in situ" contribution of nitrification and denitrification to the N20 emission vary with

climate, soil conditions, management and O2 availability (Skiba and Smith 2000). Under

laboratory and non-limiting N conditions , it is possible to study the effect of the O2 availability

in soil. A French soil sampled under maize produced the largest N20 fluxes by denitrification

under complete anoxic conditions, but when O2 reached a concentration as small as 0.35

kPa, nitrification became the main source of N20 (Khalil et al. 2004). This confirms our

finding that N20 is mainly produced by nitrification at 87% WFPS. The model of gaseous N

emissions proposed by Davidson (1991) suggests that N20 emissions by nitrification occur

between 30 and 70% WFPS with a maximum at 50%, whereas N20 emissions by

denitrification occur between 50 and 90% WFPS with a maximum at 70%. In addition , N2

starts being emitted at 70% WFPS and is the main product of N emissions when soil

moisture exceeds 75% WFPS. In this model the maximum of total N20 emissions by

nitrification and denitrification was reached at a WFPS of 60%. In our study, the highest N20

emission was observed at 87% WFPS. This value may have not been the maximum since no

measurement was carried out at higher moisture values than 87% WFPS. However,

maximum emissions of N20 were also observed at 80-85% WFPS values by Veldkamp et al.

(1998) in a volcanic Andic tropical soil sampled under pasture and banana plantation in

Costa Rica or under sugar cane plantations in Hawaii.

The relationship between nitrification rates and N20 production rates by nitrification was

linear until 76% WFPS and exhibited a ratio of 0.25%, close to the value of 0.39% calculated

by Maag and Vinther (1996) for Danish sandy soils incubated at 15°C and 70% of field

capacity for 11 days. It differed respect to the 0.06% ratio calculated by Garrido et al. (2002)

for four French soils incubated at low water potentials.

The rates of denitrification measured in presence of C2H2 should not have been affected by

the absence of nitrification since the nitrate quantity was not limiting (Table 111.2).

At soil moistures typically observed in the field (between 52 and 70% WFPS), our soil did not

produce N2 by denitrification. Babbar and Zak (1995) did not find any influence of 10 kPa

C2H2 on N20 emissions from Udands soils under coffee plantations of the Central Valley of

Costa Rica, probably due to the acid pH «pH 5) of soils partly resulting from coffee

fertilisation practices (Bornemisza et al. 1999).
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The N20/N2 ratio of denitrification can decrease by decreasing the N03- and N02"

concentrations, O2 concentration, available C, sulphide concentration and by increasing soil

temperature (Van Cleemput 1998). During the experiment N03- concentration was not

limiting and decreases in O2 (or increases in WFPS), below 87% WFPS, had almost no effect

on N20 and N2 productions. Furthermore, in situ measurements (data not shown) have

proved that soil temperatures are stable over the year (19.5°C±1.5°C), and thus, we could

expect in situ N emissions by denitrification as N20 rather than as N2•

In conclusion, the soil studied showed relatively small N20 and N2 productions within a range

of 39-87% WFPS. Despite the low soil pH, autotrophic nitrifiers were the main responsible of

N20 production. Between 39 and 76% WFPS a linear relationship was established between

WFPS and soil respiration, nitrification and N20 released by nitrification while denitrification

remained small and only produced N20. Under waterlogged conditions (87% WFPS),

nitrification remained the major source of N20 and denitrification mainly produced N2•
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Resume

Determinisme et rnodelisatlon des emissions de N20 par Ie sol

La dynamique de l'hurnldlte du sol et des flux de N gazeux (N20, N2) ont ete sirnules a des

pas de temps horaire, quotidien et saisonnier avec, respectivement, Ie modele rnecanlste

PASTIS et les rnodeles orientes-process NGAS et NOE, sur une perlode de 1 an, pour deux

types de cultures de cafe fortement fertillsees (250 kg N ha' an") : une monoculture (CM) et

une culture ornbraqee par une legumineuse fixatrice de N2 Inga densiflora (Cln). NGAS et

NOE ont utilise comme entree la base de donnee des mesures de terrain (densite

apparente, teneur en azote mineral, temperature et respiration du sol) et ant ete

pararnetrises avec les actlvites microbiennes specifiques des sols. Pour cela, la

mineralisation nette a ete estirnee au travers d'incubations "in situ" tandis que la nitrification

et la production assoclee de N20, les potentiels de denitrification et la proportion de N

denitrifie ernis sous forme de N20 ont ete rnesures au laboratoire. Le pas de temps horaire

est celui qui a Ie mieux modelise I'humidite du sol et les flux de N20 par NGAS et NOE;

d'apres les criteres statistiques d'association et cotncidence entre valeurs observees et

predites. La dynamique de l'hurnidite des sols a ete slmulee de facon satisfaisante par

PASTIS et les flux de N20 sirnules par NGAS et NOE (3,0 and 2,1 kg N ha" an' pour NGAS;

7,1 and 3,7 kg N ha' an" pour NOE, respectivement dans CM et Cln) ont ete proches des

flux annuels observes (4,3 and 5,8 kg N ha' an", respectivement dans CM et Cln). Les

actlvites biologiques des sols etudies, imptlquees dans la production de N20, ont presente

des valeurs faibles ce qui explique les flux "moyens" observes dans des conditions

environnementales tres favorables (temperature, humidite, teneur en azote minerale du sol)

aux processus de nitrification-denitrification. Les differentes methodes utilisees pour evaluer

Ie bilan de N20 ont conclu sur un effet rnodere de la presence d'une legumineuse dans une

culture cafeiere sur les emissions de N20.

Mots cle : agroforesterie, Andosol, denitrification, Inga densiflora, mineralisation, nitrification,

taux de remplissage en eau de la porosite du sol (WFPS)

Abstract

Soil moisture and N gaseous fluxes (N20, N2) dynamic were simulated at hourly, daily and

seasonally time steps with, respectively, the mechanistic model PASTIS and the process­

oriented models NGAS and NOE, for a one year period, in two types of highly fertilized (250

kg N ha" y-1) coffee cultivation: a monocuiture (CM) and a culture shaded by the N2 fixing

legume species Inga densiflora (Cln). NGAS and NOE used as inputs the database of field
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measurements (bulk density, soil mineral nitrogen content, temperature and respiration) and

were parameterized with the soils specific microbial activities. For this purpose, net N

mineralization was estimated through "in situ" incubations while nitrification and related N20

production rates, denitrification potential rates and the proportion of denitrified N emitted as

N20 were measured in the laboratory. The hourly time step modelled the best soil moisture

and N20 fluxes by both NGAS and NOE; according to statistical criteria of association and

coincidence between observed and predicted data. Soil moistures dynamic were

satisfactorily simulated by PASTIS and simulated N20 fluxes by both NGAS and NOE (3.0

and 2.1 kg N ha" y.l for NGAS; 7.1 and 3.7 kg N ha" y-1 for NOE, respectively for GM and

Gin) were close to the observed annual fluxes (4.3 and 5.8 kg N ha" v". respectively for GM

and Cln). Biological activities involved in N20 production of both studied soils presented

small values which explained the "medium" fluxes observed in environmental conditions

largely favourable (soil temperature, moisture and mineral N content) to the nitrification­

denitrification processes. The different methods used for assessing N20 budget concluded

on a moderate effect of the presence of a leguminous tree in coffee culture on N20

emissions.

Keywords: agroforestry, Andosol, denitrification, Inga densiflora, mineralization, nitrification,

Water-filled pore space (WFPS)
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C.1 Introduction

Determlnisme et modelisation des emissions de N20 par Ie sol

Nitrous oxide (N20) plays important roles in the atmosphere both as a long-lived greenhouse

gas (lPCC, 2001) and by contributing to the destruction of stratospheric ozone (Montzka et

aI., 2003). The atmospheric N20 concentration increase is largely due to increased use of N

fertiliser in agriculture . Coffee agriculture that represents 7.5% of the world's permanent

crops (FAO, 2005) uses large amounts of N fertiliser (up to 350 kg N ha' year"), Both

denitrification and nitrification are the main sources of N20 emitted by soils. Denitrification is

responsible for the anaerobic reduction of N03- and N02' to N20 and N2; nitrification is the

aerobic oxidation of NH/ to N02- and N03' , with N20 production in either oxic or anoxic

(nitrifier denitrification; Wrage et al. (2001)) conditions (Hergoualc'h et aI., 2007b).

Assessment of N20 fluxes from agro-ecosystems would ideally require continuous , year­

round, and spatially extensive measurements (Frokling et aI., 1998). Unfortunately this can

be rarely achieved and most of "in situ" N20 studies do dispose only of sets of punctual N20

fluxes data accompanied with correspondent soil temperature, moisture and surface nitrate

and ammonium concentrations. Thus, the annual N20 budget is generally estimated by linear

interpolation between punctual measurements; despite the risk on one hand of

overestimation, especially when N20 emissions were measured after fertilizer applications

and on the other hand, of underestimation if punctual peaks were not captured.

The use of 'process-oriented' models may be a valuable methodology to improve the

estimation of the N20 annual budget from a database of punctual measurements. A number

of 'process-oriented' simulation models of different complexity level have been developed

over the last several years (Frokling et aI., 1998). Some of them, called 'soil-plant' models,

integrate the simulation of both N20 fluxes and regulation parameters of nitrification and

denitrification processes from a database describing the agroecosystem (soil characteristics,

cultivated plants, technical itinerary, etc.). For example DNDC (Li, 2000), CENTURY (Parton,

1996) simulate (1) soil climate dynamics, (2) plant growth, nutrient uptake, and IitterfaII, (3)

decomposition of soil organic matter, and (4) nitrogen mineralization and transformations

(Frokling et aI., 1998). When they are well informed, these models are very useful for testing

hypotheses about the effects of changes in agricultural management or environmental

conditions (Frokling et aI., 1998). Unfortunately, these models can be laborious to calibrate

because of the complexity of the submodels interactions . Some other authors have focused

on exclusively the algorithm assessing N20 fluxes from an environmental database . NGAS

(Parton et aI., 1996) was specially designed to run with data collected during field N20

experiments (see above). NOE (Henault et aI., 2005) requires both such an environmental

database and biological parameters determined in the laboratory, characterizing current soil

nitrification and denitrification processes.
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In order to simulate temporal patterns of N20 fluxes for estimating annual N20 budqet, NGAS

and NOE have to be coupled with a model of soil moisture simulation . Soil water-filled pore

space has a large influence on nitrogen gas fluxes, thus an accurate simulation of soil

moisture is a key element for a successful simulation of N20 fluxes . Both mechanistic

(PASTIS, Lafolie (1991» and reservoir type (STICS, Brisson et al. (2002» models can be

used to simulate soil moisture dynamics. Nevertheless, Gay (2002) considers that

mechanistic models are more complex to parameterize but generally more accurate.

The aim of this paper was to simulate soil N20 fluxes and evaluate annual N20 budqets,

using the models NGAS and NOE coupled with PASTIS, for coffee cultivated (1) as a

monoculture and (2) as a shaded culture by N2 fixing leguminous trees; in intensively

managed systems under tropical climate (Hergoualc'h et aI., 2007a).

C.2 Materials and methods

C.2.1 Site description

The study area was located at the Research Station of the Coffee Institute of Costa Rica

(Icafe), in the Central Valley at San Pedro de Barva, 10 km west of San Jose, Costa Rica

(10002'N, 84°08'0; 1180 m above sea level). The mean annual air temperature was about

21°C and the annual precipitation from the 1/10/04 till the 30/09/05 was 2886 mm; the dry

season began on the 4/11/04 and ended on the 27/03/05 (Hergoualc'h et aI., 2007a). The

soil, typically well structured , deep and permeable derived from the weathering of volcanic

ashes. It was classified as an Andoso ls ([IUSS (International Union of Soil Sciences)

Working group WRB 2006]) and as a Dystric Haplustands (Mata et Ramirez, 1999). The

slope of the site was about 7% in both plots.

C.2.2 Experimental design

Field studies were carried out during one year (6/10/04 - 8/09/05) on two adjacent coffee

plantations. One plot was in monoculture (CM) while the other one was shaded by the N2

fixing leguminous tree Inga densiflora (Cln). Both systems were established in June 1997 on

an area previously used for coffee cultivation: monoculture in the case of Cln and coffee

associated with a few trees of Eucalyptus sp. in the case of CM. In the Cln plot, Gaftea

arabica var. Catuai was planted at 2 x 1 m (4722 plants ha") and the Inga tree species at

6 x 6 m within the coffee rows (278 trees ha", height 7 m in 2004), which is a total of 5000

tree + coffee plants ha'. In the CM plot, coffee was planted at 2 x 1 m (5000 plants ha').

Both plots were fertilized with an annual average of 250 kg N ha', 30 kg P ha' (triple super

phosphate), 100 kg K ha' (KCI) and 80 kg Mg ha' (MgO). During this experiment, fertilizer N

was applied as NH4N03 at 70 kg N ha' on the 29/10/04 and urea (NPKMg: 18-3-10-8) at 90

kg N ha" on both the 24/05/05 and the 26/07/05. The granular fertilizer was spread by hand
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to the base of the coffee trees. Therefore a distinction was made between the fertilized zone

(FZ), a 0.26 m2 square centred at 0.25 m uphill from the coffee plant and the non fertilized

zone (NFZ), the rest of the plot. The FZ and NFZ were estimated to represent 13% and 87%

of the total area, respectively (Hergoualc'h et al.,2007a).

C.2.3 Soil properties and gaseous fluxes (N20, CO2)

Soil properties are presented in Table IliA. The soil texture can be qualified as fine in both

treatments (Chamayou et Legros, 1989). Soil water retention curves were established for soil

from the top 0-10 cm layer of each system, air dried for 24 h and sieved (2-mm) , by

measuring the soil gravimetric water content of 5 replicates for suctions ('Jf) of -0.1, -1, -3.3, ­

10, -50 and -150 MPa. Soil water potentials were managed with ceramic plates and

gravimetric water contents were determined by oven drying samples at 105°C for 24h. Soil

saturated hydraulic conductivity was measured on soil cores collected in triplicates in metal

cylinders (7.5 cm diameter, 7.5 cm height) , saturated with water for 48 h and submitted to a

constant hydraulic charge of 6 cm. The water passing through the soil was recollected and

continually weighted every 10 minutes. The soil saturated hydraulic conductivity was

calculated with Darcy's law (Brady and Weil, 2002).

Table 111.4: Properties ofthe soils (0-10 em) ofthe coffee monoculture (CM) and the Inga shadedplantation
(Cln) in the Central Valley of Costa Rica. FZ: Fertilized Zone. NFZ: Non Fertilized Zone. Mean (standard
error, n). The methodologies used to determine these properties were described in Hergoualc'h et at. (2007a)

pH

Total C

Total N

C.E.C. a

Sand/Silt/Clay

Particle density

Bulkdensity

(%)

(%)

(cmol kg'l)

(%)

CM

4.92° (0.24,4)

3.60° (0.14, 5)

0.32° (0.01, 5)

42.47

36.9°/35.3°/27.9?>

(0.9/1.0/1 .0,7)

2.53° (0.00, 3)

Fl NFl

0.98?> (0.02, 6) 1.04?> (0.02, 6)

Cln

4.67°(0.06, 8)

3.70° (0.16, 8)

0.36?> (0.01, 8)

44.12

40.6?> /37.1° /22.3°

(0.7/0.4/0.7,10)

2.53°(0.01, 3)

rz NFl

0.86°(0.01, 6) 0.93°(0.02, 5)

Means for the two coffee systems followed by different letters (0, ~) are significantly different from

each other (P<0.05)

a Cation Exchange Capacity (0-15cm), no repetition of the measurement

Between the 6/10/04 and the 8/09/05, concomitantly with gaseous flux measurements, soil

temperature was measured with a thermometer at a 5 cm depth and soil was sampled, from

6 random locations in each position (FZ and NFZ), in the top 10 cm to analyze its mineral
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nitrogen content (NH4+, N03-) (Hergoualc'h et aI., 2007a) and gravimetric moisture used to

calculate the soil water-filled pore space (WFPS) (Linn and Doran, 1984).

The N20 and CO2 fluxes from the soil were measured by the static chamber method as

described in Hergoualc 'h et al. (2007a). During the one year experiment, 2 complementary

sequences of measurements were performed. The first one consisted of measurements

distributed at regular intervals (one month) over the year. The second one was an intensive

investigation of the periods following N fertilization, which was suspected to induce larger

fluxes . Therefore , in May 2005, measurements were carried out daily from the day before the

fertilizer application (23/05) until 7 days after it (31/05) and then 10 (03/06), 13 (06/06) and

21 days (14/06) after fertilization. In July OS, fertilizer was again applied on the 26/07 and

measurements were carried out 3 (29/07) , 16 (11/08) and 44 days (08/09) later.

C.2.4 Methodologies for assessing annual N20 fluxes

Annual N20 fluxes, for each zone (FZ, NFZ) of each coffee system (CM, Cln) were firstly

estimated by linear integration between the measurement dates and were extrapolated to the

plot scale using the proportion occupied by each zone of the total plot area: N20Syst =87%

N20SYST NFl + 13% N20SYST Fl, being N20SYST NFl and N20SYST FZthe annual N20 fluxes in the

fertilized and non fertilized zones.

We also used two process-oriented models, NGAS (Parton et aI., 1996) and NOE (Henault et

al. 2005) to calculate annual N20 fluxes.

Total N20 emissions simulated by NGAS are the sum of simulated N20 produced by

nitrification and by denitrification. Fluxes of N20 produced by nitrification are defined by:

N20NIT =NH20 NpHNt(Kmx + Nmx NNH4) (1)

Where NH20, NpH, Ntand NNH4 are the effect of, respectively, WFPS, soil pH, temperature and

ammonium content on nitrification. The NH20 for the finest texture was used. Kmx, the soil

specific N turnover coefficient was calculated from the mean annual net N mineralization rate

for the soil 0-10 cm layer. According to Parton et al. (1996) Nmx, the maximum nitrification

N20 gas flux with excess soil NH4+ was assessed by the maximum N20 fluxes measured "in

situ" after fertilization (Hergoualc'h et aI., 2007a).

N (N20 + N2) gas fluxes produced by denitrification are defined by: ?

NDENIT = min [Fo(N03) , FO(C02)]xFo(WFPS) (2)

Where Fo(N03) is the maximum total N gas flux (g N hald") for a given soil N03- level

(assuming high respiration rates), FO(C02) is the maximum total N gas flux for a given soil

respiration rate (assuming high N03- levels) and Fo(WFPS) is the effect of WFPS on the

denitrification rate (Parton et aI., 1996). The N2: N20 ratio (RN2:N20), and the N20 and N2 gas

fluxes from denitrification (N200ENIT and N20ENIT) are calculated as follows:

RN2:N20 =min [FR(N03) , FR(C02)]xFR(WFPS) (3)
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N200ENIT = NOENIT /(1 + RN2:N20) (4)

N20ENIT = NOENIT /[1+(1/RN2:N20)] (5)

Where FR(N03) , FO(C02) and FR(WFPS) are the effect on the ratio of, respectively, soil N03-,

respiration and WFPS (Parton et aI., 1996).

Total N20 emissions simulated by NOE (Henault et aI., 2005) also considers N20 production

by nitrification and denitrification. Nitrous oxide produced through nitrification (kg N ha' d-1) is

defined as:

N20NlT = zNA when WFPS < 0.62 (6)

N20NIT = rmax zNA when WFPS ~ 0.62 (7)

Where z is the proportion of nitrified nitrogen emitted as N20, rmax. is the maximum ratio of

accumulated N20 to denitrified nitrogen under anaerobic incubations and NA is the actual

nitrification rate (kg N ha" d"):

NA= 0 when WFPS ~ 0.8 (8)

NA= Nw NNH4 NT when WFPS < 0.8 (9)

Nw, NNH4 and NT are response functions to soil water content (mG), ammonium content and

temperature, respectively. Amongst these functions, only Nw (kg N ha" d-1) is site-specific

and Nw = axmG+b.

Nitrous oxide produced through denitrification (kg N ha' d') is defined as:

N200ENIT = rmaxDA (10)

Where DA is the actual denitrification rate (kg N ha' d') defined by NEMIS (Henault and

Germon, 2000) as:

DA =DpFNFwFT (11)

Where Dp is the potential denitrification rate (kg N ha' d-1) , FN , Fw and FT are response

factors to soil nitrate content, water-filled pore space (WFPS) and soil temperature,

respectively.

Finally, N2 produced through denitrification (kg N ha' d') is defined as:

N2= DA- N200ENIT (12)

NGAS and NOE simulations were achieved at hourly, daily and seasonally time steps in

basis of the respective soil moisture simulations with PASTIS. The simulations used as input

variables the soil properties (bulk and particle densities and pH) specified in Table IliA, and

the database of field measurements (soil temperature, N (NH4+, N03-) content and respiration

rate) presented in Hergoualc'h et al. (2007a). Simulations for the period 1-22/05/05, just

before the May fertilization (24/05), used the N contents and soil respiration rates measured

on the 23/05. Simulations for the days 1, 2,4,5/06 and the periods 7-13 and 15-30/06, after

the May fertilization, used the mean value of the N contents and soil respiration rates

148

~ .



Chapilre III Deterrninisrne et rnodellsatlon des emissions de N20 par Ie sol

measured on the 3, 6 and 14/06. Simulated annual N20 fluxes were extrapolated to the plot

scale the same manner as measured N20 fluxes.

For each system, the FIE (the fertilizer-induced emissions expressed as percentage of the N

applied) was calculated as the annual N20 emissions minus the emission for a zero-N

application from the same area (Stehfest and Bouwman, 2006) . This latter emission was

calculated from N20 fluxes in the NFZ either measured during the dry and wet season period

before fertilization or simulated with the corresponding model during the same periods.

C.2.5 Soil moisture simulation with PASTIS

The one-dimensional mechanistic model PASTIS (Predicting Agricultural Solute Transport In

Soils) (Lafolie, 1991) was used for soil moisture simulation. The model is built around water

transport (Darcy's law for both saturated and unsaturated conditions) and heat and solute

transport (Cannavo et aI., 2006). It requires as inputs, for soil moisture simulation , the

rainfall, the runoff and the actual evapotranspiration (AET). Hourly rainfalls were recorded

from the 1/10/04 till the 30/09/05 by a DAVIS® meteorological station; the daily runoff and

actual evapotranspiration were measured as detailed in Siles (2007). Initial and bottom limit

conditions of volumetric soil moisture and soil site specific properties (bulk and particle

densities) must be specified. PASTIS estimates the parameters for the retention curve and

hydraulic conductivity (Table 111.5) with Van Genuchten relationships , in basis of,

respectively, the measured soil retention curve and soil saturated hydraulic conductivity.

Volumetric soil moisture content of each coffee plot was simulated at an hourly time step,

from the 1/10/04 till the 30109/05, for several soil layers until 2 m depth. For each coffee

system , the mean bulk density of the 0-10 cm soil layer of both zones (FZ and NFZ) (Table

111.4) was used to convert simulated volumetric moisture contents of the 0-10 cm layer into

WFPS. Initial volumetric soil moisture contents were measured on the 6/10/04 and limit

conditions at the bottom of the soil profile (Le. at 200 cm depth) were provided by soil water

content measured once a month using an auger. Mean daily and seasonal simulated

moisture contents (volumetric and WFPS) were calculated in basis of hourly simulations.
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Table IIL5: Water parameter values set in the PASTIS model, for the 0-10 em soil layer of the coffee
monoculture (CM) and the Inga shadedplantation (Cln) in the Central Valley ofCosta Rica

CM Cln

Retention curve If{ fJ)

Soil saturation volumetric water content 05 (ern" ern" )

Soil residual volumetric wate r content ~ (cm3cm-3)

a (ern")

n

Hydraulic conductivity K(fJ)

Saturated conductivity Ksat (10.6 m S·1)

n

Tortuosity u

0.61

0.15

0.0223

1.3037

3.8

1.4037

0.5

0.64

0.23

0.0447

1.4478

8.3

1.4478

0.5

Relationships for the retention curve rp(6) and the hydraul ic conductivity K(6) (Van Genuchten , 1980):

'II(O)=a{fO-Orr-l]~ and K(8)=Ksat fO-Br )'[l{ljo-or rJn;112
tBs -Or YJs-Or tBs-Or

C.2.6 Soil microbial activities measured to inform the process-oriented models

(i) Basic chemical analysis

Soil N03' and NH/ contents were determined by shaking 10 g soil with 100 ml KCI for 1 h.

Suspensions were centrifuged for 5 min at 1,260xg and the supernatants were filtered

through Whatman 42 filters . Extracts were stored at 4°C for 15 days before analysis. Both

N03- and NH4+ analyses were conducted on a continuous flow colorimeter (Alliance® Integral

Futura equipment) using a cadmium reduction to nitrite and Griess reagent for N03- and

Berthelot reaction for NH/ (Mulvaney, 1996). To determine soil NzO production , gas samples

collected during experiments were stored in 10 ml evacuated glass vials (Exetainers) sealed

with thick wax to avoid leakage during transportation from Costa Rica to France by air. The

samples, sent by express mail, arrived 4 days after the end of the experiment and were

analyzed within a week . Gas samples were analysed for NzO on a Varian 3800 gas

chromatograph, fitted with a poraplot Q column and an electron capture detector or, if larger

than 10 III r'. on a micro-GC Agilent MTI 200 fitted with a capillary poraplot column and a

thermal conductivity detector.
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(ii) Net N mineralization

Determinisme et modellsatlon des emissions de NzO par Ie sol

Net N mineralization was periodically evaluated from July 2004 until February 2005 through

"in situ" incubations of undisturbed soil cores (8 cm diam., 20 ern deep) for 28-36 days

(Anderson and Ingram, 1993). In each plot, we randomly sampled two paired cores, one pair

from the coffee row (FZ) and the other one midway between the rows (NFZ). One soil core of

each pair was transported to the laboratory to determine NH/ and N03' at the beginning of

the incubation. The other core was incubated in a PVC tube (30 cm length with 10 cm above

the soil surface) in its original position before mineral N content analysis. The bottom of the

tube was sealed with a 100 mm mesh sieve to maintain moisture equilibrium inside-outside

but preventing root in-growth. The top of the tube was covered to prevent leaching of mineral

N by rain but lateral holes under the polyethylene cap allowed air circulation. Net

mineralization was calculated as the difference of N mineral content between the end of the

incubation and the initial value, divided by the time of incubation.

(iii) Nitrification rates and related N20 production in function of soil
moisture content

The methodology used was adapted from Garrido et al. (2002). Soil was sampled in April

2005 at 25 randomly chosen positions within each zone (FZ, NFZ) in both coffee systems

(CM, Cln) and a composite soil sample was formed by pooling together the 25 sub-samples.

Soil was incubated at three soil moisture values (around 15,20 and 30%) and two acetylene

partial pressures (0 and 10 Pa). Incubation conditions at low soil moisture and 1 mm sieving

were chosen in order to favour no denitrification activity. Incubations with 10 Pa C2H2 were

performed to demonstrate no denitrification activities. All treatments were replicated twelve

times. Dry soil (50 g), was placed in a 570 ml airtight glass flask and treated with 93.7 mg

S04(NH4)2-N (0.4 mg N g-1 dry soil). Previously soils were air-dried for 48 hours, sieved (1

mm) and, when necessary, dried again with a gentle fan to reach the wanted soil moisture

values. Flasks were incubated at 21DC for 9 days in the dark.

Measurements of N20 in flasks atmosphere and of NH/ and N03- in soil samples were

performed at 0, 2, 5 7 and 9 days of incubation. Three of the twelve replicates were used for 'f.

gas sampling while the soil from the nine others were used at 2, 5 and 7 days (three

replicates for each day) for the sample destructive mineral N determination. Soil initial N

content was determined on the dried soil at the beginning of the experiment and the final one

on the three replicates used for gas measurements. The rates of nitrification and N20

production by nitrification were calculated, for each moisture value, by linear regression with

the time of incubation of, respectively, N03- and N20 concentrations in the 0 Pa C2H2

treatments. The coefficient z is the mean ratio, for the soil moistures studied, between the
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N20 production rate by nitrification N20NIT(W)(mg N kg-1 d-1) and the nitrification rate Nw (mg N

kg-1d'), in the 0 Pa C2H 2 treatments.

(iv) Denitrification potential

The methodology was adapted from Henault and Germon (2000). In May 2005, intact soil

cores (5cm diameter, 15 cm depth) were incubated in airtight PVC cylinders (20 cm depth) at

a WFPS close to 100% and room temperature (23°C), in the light. The potential was

measured on 10 replicates per zone (FZ, NZF) for each system (CM, Cln) . Soil cores were

treated with 100 ml KN03-N at 0.1 M (0.5 mg N s" dry soil) brought in 5 applications of 20 ml

every hour, followed by a drying period of 36 hours. In order to make N20 the end product of

the denitrification process, 10 kPa of C2H2 were applied to each core 3 hours before gas

sampling (Yoshinari, 1993). Denitrification rates were calculated from the increase of N20

concentration in gas atmosphere using N20 concentration determined after 0, 1, 2, 3 and 4

hours of incubation. At the end of the incubation, soil cores were weighted and sieved; their

gravimetric moisture was determined by oven-drying (105°C) as well as their N03- content to

make sure the experiment was not N limited. The bulk density of each soil core was

calculated as the ratio between the weight of dry soil and its volume and the water-filled pore

space was then calculated using the formula proposed by Linn and Doran (1984).

The denitrification potentials calculation took into account N20 dissolved in the soil solution

using Henry's law. In case of WFPS achieved in the laboratory were slightly smaller than

100 %, the function which relates soil denitrification to soil WFPS published by Grundmann

and Rolston (1987) was used to estimate potential denitrification rates at WFPS =100 %.

(v) Transient accumulation of N20 during denitrification

·The methodology was adapted from Henault et al. (2001). Soil was sampled in January 2005

at 25 randomly chosen positions within each zone (FZ, NFZ) in both coffee systems (CM,

Cln) and a composite soil sample was formed by pooling together the 25 sub-samples. Soil

was incubated at two different rates of acetylene (0 and 10 kPa). in anaerobic conditions

(He). N20 measured in the 0 Pa C2H2 treatment is the N20 produced by denitrification while

N20 measured in the 10 kPa treatments revealed the total N gaseous (N20 + N2) produced

by denitrification. All treatments were replicated three times. 50 g of dry soil were placed in a

570 ml airtight glass flask and treated with 50 ml of a KN03 solution concentrated at 100 mg

r' (0.014 mg N g-1 dry soil). Previously soils were air-dried for 48 hours and sieved (1 mm).

After the first gas sampling (to), flasks were agitated for one hour on a horizontal shaker and

were incubated at 21°C for 9 days in the dark. The atmosphere in the flask was sampled 1,
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2, 4, 7 and 9 days after that for N20 analysis. The coefficient of transient accumulation of

N20 during denitrification is defined as in Henault et al. (2001) as:

where tj is the time of incubation (i =1, 2, 4, 7 or 9 days) , N 200C2H2 is the N20 production in

absence of C2H2 and N 201OlcPaC2H2 is the one in presence of 10 kPa C2H2, that is to say the

total gaseous N production (N20 + N2) by denitrification.

C.2.7 Statistics

Statistical analysis was performed using the software InfoStat (2004), with a probability level

of 5% to test the significance of the treatments effects. The distribution of each variable was

tested using the test of Shapiro-Wilks. The statistical analysis used to compare two means

were t-test or non parametric test of Mann-Withney, respectively for normally and not

normally distributed variables. For multicomparison ANOVA and the non parametric test of

Kruskal Wallis were performed, respectively, on normally and not normally distributed

variables.

The PASTIS, NGAS and NOE simulations were compared to field observations using

graphics to capture dynamic trends, and statistical indicators of association and coincidence

provided two different measures of the overall similarity between the simulated and

measured values. A high association indicates that the shape of the simulated curve is

similar to that measured, whereas a high coincidence indicates that the simulated values

closely correspond to the measured values (Smith et aI., 1996). Pearson's correlation

between the simulated and measured values was used to assess the association while the

root mean square error (RMSE) of the linear regression between observed and simulated

values was calculated to assess the coincidence. The two statistical criteria were used to

chose the modelling time step (hourly , daily or seasonally) that modeled the best soil

moisture and N20 fluxes by both NGAS and NOE.

C.3 Results

C.3.1 Soil microbial activities

(i) Net N mineralization

During the study period, almost all the mineral N in the 0-20 em soil layer was in the N03'

form. For both systems, soil mineral N contents were larger (p<O.05) during the dry than

during the wet season (Figure 111.7 (a)). Soil mineral N contents appeared to be smaller
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(p<0.05) under Cln than CM, in July and August, while in September the opposite was

observed. Soil N mineral contents of both systems were similar during the dry season (Figure

111.7 (a». Soil NH/-N values were in the range of 0.8-3.7 mg N kg-1d.w. and were similar for

both systems .

The daily net N mineralization rates were in the range of 0.3-0.8 mg N kg'1 d" (Figure 111.7

(bj) and showed seasonal patterns with smaller mean values during the dry season than

during the wet one; statistically significant for the Cln plot only. Within each plot, daily rates

did not differ significantly with the spatial position (in or between rows), and no difference

was observed between Cln and CM, except in July when soil N mineralization of the Cln

system was larger than in CM. Over the year, mean annual net N mineralization rates,

calculated for the 0-10 cm soil layer, were 539 ± 68.6 and 520 ± 104 g N ha' d-1 for,

respectively, the Fl and NFl of the CM plot; 567.6 ± 86 and 567.3 ± 4.4 g N ha' d" for,

respectively, the Fl and NFl of the Cln plot. Differences between treatments were not

significant. Kmx, the soil specific N turnover coefficient for the NGAS model (Table 111.6), was

then calculated by multiplying these rates by 0.03. This latter value was estimated as the

mean of ratios (KmaxiNmin) from Table 1 in Parton et al. (1996).
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Figure II1.l: Mineral N (NH/ + NO j ") dynamics (a, continue lines) and soil moisture (a, discontinue lines)
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white bar for (a) and (b), respectively) and the shaded coffee plantation (Cln) (black triangle and shaded bar
for (a) and (b), respectively) in the Central Valley ofCosta Rica. Error bars are standard errors

Table 111.6: Soil microbial characteristics integrated into NGAS (0-10 em) for the coffee monoculture (CM)
and the Inga shaded plantation (CIn) in the Central Valley of Costa Rica. FZ: Fertilized Zone. NFZ: Non
Fertilized Zone. Mean (standard error, n)

CM

Cln

(g N ha" d")

Kmx Nmx

Fl 16.2 (2.1, 18) 261.1 (12 .6, 12)

NFl 15.6 (3.1 , 19) 54.8 (4.7, 12)

Fl 17.0 (2.6 , 14) 241.5 (27.0 ,12) l'

NFl 17.0 (2.2, 19) 93.0 (15.3, 12)
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(ii) Nitrification kinetic and N20 production by nitrification

For NGAS parameterization, Nmx, the maximum nitrification N20 gas fluxes were measured

in Hergoualc'h et al. (2007a) and results are presented in Table 111.6.

For NOE parameterization, nitrification was assessed to be the only process involved in N20

production at soil water content less than 30 %. Soil nitrification rates were observed to

increase with soil moisture (Table 111.7). This increase was twice larger for the CM than for

the Gin, in the Fl (Table 111.8). The proportion of nitrified nitrogen emitted as N20 was rather

constant whatever the soil moisture (Table 111.7) and was about twice larger for the CM than

for the Gin, in the NFZ (Table 111.8).

Table IlL 7: Rates ofnitrification (Nw) and N20 production by nitrification (N20NIT~ ofsoils treated with N
fertilizer and incubated for 9 days at three levels of gravimetric soil moisture (me;) values. CM: coffee
monoculture, Cln: Inga shaded plantation, FZ: Fertilized Zone and NFZ: Non Fertilized Zone. Mean
(standard error, n = 3)

mG Nw N2ONIT(W)

(%) (mg N kg-1 d') (~g N kg-l d")

CM FZ 15.0 ns" ns"

22.0 1.80 (0.28) 1.21 (0.13)

30.9 7.58 (0.64) 4.97 (0.11)

NFl 16.2 0.64 (0.10) 0.21 (0.04)

23.2 2.32 (0.31) 2.5 1 (0.12)

24.6 2.85 (0.47) 3.26 (0.16)

Gin FZ 15.7 ns ns

18.8 0.35 (0.10) 0.44 (0.04)

32.8 5.25 (0.52) 2.54 (0.23)

NFl 16.8 ns ns

19.5 0.35 (0.13) 0.22 (0.05)

36.1 4.16 (0.67) 1.42 (0.31)

a ns: not significant
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Table IlLS: Soil microbial characteristics (0-10 em) parameterizing NOE: potential denitrification rate (Dp) ,

slope (a) and Ysintercept (b) of the relationship between soil nitrification rate Nw and soil gravimetric
moisture me;, mean proportion (z) ofnitrified N (Nw) emitted as N20 (N20 NIT(w) and proportion ofdenitrified
N emitted as NzO (rmoJ. eM: coffee mono culture, CIn: Inga shaded plantation, FZ: Fertilized Zone and
NFZ: Non Fertilized Zone. Mean (standard error, n)

GM

Gin

(kg N hald")

Dp a b z rmax

Fl 0.623 (0.510, 50) 0.64a -12.24a 0.00066 1

NFl 0.767 (0.615, 50) 0.27 (0.02, 3) -3.66 (0.4, 3) 0.00085 1

Fl 0.754 (0.478, 50) 0.30a -5.36a 0.00087 1

NFZ 0.740 (0.480, 50) 0.21a -3.84a 0.00048 1

a No standard error since the relationships were established from two points only

(iii) Denitrification potential

For NOE parameterization , intact soil cores were incubated at mean WFPS of 93 and 94%,

86 and 93% for the Fl and NFZ of, respectively, CM and Gin. Low potential denitrification

rates (Dp, Table 111.8), less than 1 kg N ha" o', were observed. They were not statistically

different between treatments. The standard errors of the denitrification potentials were large

(Table 111.8) as commonly obtained for measurements on intact soil cores (Henault and

German, 2000).

For NGAS parameterization , we used soil respirations and nitrate contents measured in

Hergoualc'h et al. (2007a). Globally, respirations were larger than 10 kg C ha" d-1 and nitrate

contents smaller than 100 mg N kg-1 soil (Hergoualc'h et aI., 2007a). Then, the min [Fo(N03) ,

FO(G02) ] (Eq. 2) was always Fo(N03) (Parton et aI., 1996). The maximum denitrified N fluxes

(Eq. 2), calculated at a soil WFPS of 100% for the highest N03- content observed in the field

was 14.3 kg N ha' d', value much larger than the denitrification potential measured in this

study (Table 111.8).
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(iv)Transient accumulation of N20 during denitrification

For all zones and treatments, N20 produced in anaerobiosis conditions was poorly reduced

into N2 (Figure 111.8). This reduction was observed to start after 4 days of incubation for GM

while it remained almost inexistent for Gin. Assuming that "if a soil is unable to efficiently

reduce the N20 produced through denitrification in anaerobic conditions, the N20 produced

through denitrification under field conditions will escape from the soil before being reduced"

(Henault et al., 2001), the proportion of denitrified N emitted as N20 (rmax) was assessed to 1

for all treatments in NOE (Table 111.8).
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Figure III.8: N 20 production, at different partial pressures of C2H2 in the headspaces (OPa C2H2, continue
line; 10 kPa Czl/z, discontinue line), from 50 g soil d.w. ofthe fertilized (FZ, black triangle) and non fertilized
(NFZ, white circle) zones of the coffee monoculture (CM) (a) and the shaded coffee plantation (CIn) (b) in
the Central Valley ofCosta Rica. Error bars are standard errors

C.3.2 Soil moisture and N gaseous fluxes (N20, N2) simulations

The statistical criteria of association (Pearson coefficient) and coincidence (RMSE) between

observed and predicted WFPS with PASTIS were similar for an hourly or a daily time step

.(Table 111.9). The Pearson correlation coefficients were statistically significant (p<0.01) and

the RMSE were low with values <0.005 which demonstrates the relevance of simulations. As

the Pearson correlation coefficients between seasonal averages of the observed and

predicted values were not significant (Table 111.9); seasonal mean WFPS simulations were

discarded. While soil WFPS were globally accurately simulated by PASTIS. especially , with a

good representation of the dry season (Figure 111.9), graphics analysis suggests nevertheless

a better simulation for GM than for Gin (Figure 111.9) although this was not statistically

demonstrated (Table 111.9).

The RMSE of the linear regression between observed and predicted N20 fluxes by either

NGAS or NOE was increased by 1000 when using daily time step simulations compared to
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hourly ones ; so, only the results obtained for hourly simulations will be presented and

discussed.
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Figure IIL9: Rainfall (light grey bar), soil water-filled pore space (WFPS) simulated (dark grey line) and
measured in the fertilized (FZ, black triangle) and non fertilized (NFZ, white circle) zones of the coffee
monoculture (CM) (a) and the shaded coffee plantation (CIn) (b) in the Central Valley of Costa Rica. Error
bars are standard errors

Table IIL9: Pearson correlation coefficients (r) with the associated probability values (P) between observed
(mean value of the fertilized and non fertilized zones) and predicted WFPS and root mean square errors
(RMSE) of the linear regression between observed and predicted WFPS by PASTIS model run at hourly,
daily and seasonal time steps for the coffee monoculture (CM) and the shaded coffee plantation (CIn)

Hourly time step Daily time step Seasonal time step

r p RMSE r p RMSE r p RMSE

CM 0.54 ** 0.004 0.57 ** 0.004 0.94 ns 0.0003

Cln 0.56 ** 0.001 0.57 ** 0.001 0.92 ns 0.0003

** p< 0.01 and ns: not significant
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Both NOE and NGAS N20 simulations peaked in the FZ after the October fertilization (Figure

1I1.10), while no field measurements were performed during this period . Both models also

simulated large N20 fluxes in the FZ after the May and July fertilizations. Nevertheless

simulated fluxes appeared underestimated for Gin, especially with NGAS (Figure 1I1.10). A

visual analysis of Figure 111.10 suggests a better assessment of N20 fluxes in both FZ by

NOE than by NGAS. This is statistically confirmed for GM with a more significant correlation

coefficient and a smaller RMSE (Table 1I1.10). N20 simulated fluxes in the NFZ were small

with the exception of NOE simulation for the GM system (Figure 111.11). The visual analysis of

Figure 111.11 suggests a better simulation of N20 dynamic trends in the NFZ of the Gin

system by NOE than by NGAS and this is statistically verified by a smaller RMSE (Table

1I1.10). The non significance of the correlation between observed and predicted N20 fluxes in

the NFZ by NGAS (Table 111.1 O) indicates that the shape of the simulated curve is not similar

to that measured.
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plantation(CIn, bottom graphics) in the Central Valley ofCosta Rica. Error bars are standard errors
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Table III. 10: Pearson correlation coefficients (r) with the associated probability values (P) between observed
and predicted N20 fluxes and root mean square errors (RMSE) ofthe linear regression between observed and
predicted N20 fluxes by NGAS and NOE models run at an hourly time step with soil parameters of the
fertilized (FZ) and non fertilized (NFZ) zones of the coffee monoculture (CM) and the shaded coffee
plantation (CIn)

rNGAS PNGAS RMSENGAS rNOE PNOE RMSENOE

GM Fl 0.45 * 5.9 0.67 *** 4.1

GM NFl 0.41 ns 0.2 0.45 * 0.2

Gin Fl 0.60 ** 7.8 0.54 ** 8.4

Gin NFZ 0.11 ns 0.7 0.47 * 0.5

• p<O.05, ** p<O.01 and *** p<O.001 ; ns: not significant
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Nitrification- induced N20 fluxes simulated with NGAS were larger than those obtained with

NOE (Figure 11 1.12). Total denitrification rates (N20+ N2) simulated with NGAS were very

large: 48 .2 and 18.8; 18.8 and 9.3 kg N ha' v". respectively for the Fl and NFl, of GM and

Gin. Only meanly 6.5% of these losses were in the N20 form. On the contrary, because rmax ,

the proport ion of denitrified N emitted as N20 was 1 (Figure 111.8, Table 111.8) NOE simulated

no N2 gaseous losses. Denitrification-induced N20 fluxes simulated with NOE were larger
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than those obtained with NGAS (Figure 111. 12)_ NOE model attributed 80-90% of the annual

N20 emissions to the denitrification process while NGAS only 35-50% (Figure 111.12).
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Figure II!.12: Soil annual N20 emissions estimated with field measurements (shaded bar) and with NGAS
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Annual N20 emissions assessed through direct measurements reached 4.3 kg N ha" y.1and

5.8 kg N ha" y"1 in GM and Gin. respectively (Table 111.11). NGAS assessed smaller

emissions, of 3 kg N ha' y"1 for GM and 2.1 kg N ha' y.1 for Gin, while NOE proposed some

larger emissions , of 7.1 kg N ha' y"1 for GM and 3.7 kg N ha' v for Gin. Both models agreed

on attributing larger fluxes for GM while larger emissions were observed for Gin by direct

measurements.

Table III. II : Soil annual NzO emissions and (standard error, n) estimated with field measurements (N20MEASJ
and with NGAS (N20NGAsJ and NOE (N20NOFJ simulations, in the coffee monoculture (CM) and the Inga
shaded coffee plantation (CIn), in the Central Valley ofCosta Rica. Mean (standard error, n)

N20 MEAS N20 NGAS N2O NOE

(kg N ha' y"1)

GM 4.3 (0.3, 264) 3.0 7.1

Gin 5.8 (0.5, 264) 2.1 3.7

At the end, the different methodologies proposed that between 0.1 and 1.8% of the N applied

was lost as N20 (Table 111.12). The measured and simulated N20 emissions for zero-N

application areas were close in Gin. In GM, the simulated values obtained with both NOE and

162



.--
I

Chapitre III Determinisme et rnodelisafion des emissions de N"O par Ie sol

NGAS were larger than the measured ones (Table 111.12). NGAS provided very small FIE

values in both systems. Estimations made with NOE were close to the ones obtained from

the field measurements (Hergoualc'h et aI., 2007a).

Table IlL 12 : NzO emissions for a zero-N application (NzOoN> andfertilizer-induced emissions (FIE) obtained
from field measurements (Meas) [Hergoualc'h et al., 2007a) andfrom NGAS and NOE simulations

Meas NGAS NOE

N20 0N FIE N20 0N FIE N20 0N FIE

(kg N ha" y.1) (%) (kg N ha" t 1
) (%) (kg N ha' y-1) (%)

GM 1 1.3 2.5 0.2 3.9 1.3

Gin 1.4 1.8 1.8 0.1 1.7 0.8

C.4 Discussion

The FIE obtained in this study were quite different according to the methodology of

assessment used. Nevertheless, except the ones provided by NGAS, all the FIE obtained

appeared relevant on the basis of actual knowledge (IPeG 2006). Due to the important

global warming potential of N20, consequences in terms of greenhouse effect are different if

0.8 or 1.8 % of the applied N is lost as N20 . So far, the question of the choice of

methodology to interpolate punctual measurements is still under concern.

In this study, the first method used was the commonly practiced estimation by summing

direct measurements (Stehfest and Bouwman , 2006). It is obvious that results obtained with

this methodology clearly depend on the number of measurements and how they are

distributed through agricultural and climate events. In this study we coupled two patterns for

covering temporal variability by regular monthly measurements and specific measurements

following fertilization. Despite a lack of measurements after the October fertilization, we

expect this pattern has allowed us to capture the largest fluxes the studied ecosystem can

reach as well as the fluxes dynamic.

The second method used was hourly calculation of N20 emissions using process-oriented

models. At the plot scale, since the N20 temporal fluctuation is very important (Grant and

Pattey, 2003), the annual estimation of N20 fluxes from linear interpolation between punctual

measurements can't be considered as the sole reference for testing the performance of

models. The adequation between simulated and measured punctual fluxes is also essential.

Visual analyses and statistics were then used to evaluate the simulations performance. Both

gave some advantages to NOE but the calculation of RMSE demonstrated that some

improvements for using NOE at the plot scale are still required. Gabrielle et al. (2002) have

proposed two major reasons to explain discrepancies between measurements and
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simulations: (i) the model is supplied with incorrect parameter values, or (ii) the model's

structure (Le. its set of equations) does not apply to the particular soil type, climatic

conditions or agricultural practices tested.

Only two soil parameters were introduced into NGAS model : Nmx and Kmx, both used by the

function calculating nitrification-induced N20 emissions (Eq. 1). Nmx was defined according to

Parton et al. (1996)~ Kmx was estimated with in situ mineralization rates as recommended in

Parton et al. (1996). Daily net mineralization rates (annual averages of 0.52 and 0.63 mg N

kg-1 d.w. d", respectively for GM and Gin), were within the range of rates reported by other

authors from soil planted with coffee in Costa Rica (Harmand et aI., 2007; Babbar and Zak,

1994). These rates did not differ between zones or between systems whereas N

mineralization potentials measured in the laboratory (Hergoualc'h et aI., 2007b) were 1.7

times larger for Cln (3.7 ± 0.2 mg N kg-1 d.w. c') than for CM (2.2 ± 0.2 mg N kg-1 d.w. d-1) .

Introducing into the Gin system simulations a Kmx 1.7 larger than the one of CM, yet, did not

improve the simulations.

The use of NOE requires to measure in the laboratory the potential denitrification rate and

the transient accumulation of N20 during denitrification and to establish site specific

relationships between soil moisture, nitrification rates and nitrification-induced N20.

This study provided the important information of both low potential denitrification rates and

low N20 reduction capacities of the studied soils in presence or not of a leguminous tree.

These results suggested that no more than 1 kg N can be denitrified in the 10 first cm of

these soils per ha and per day and that denitrified N would be mainly emitted as N20.

Nevertheless some variations of the N20:(N20+N2) ratio with the WFPS on soils from the Cln

plot were previously observed (Hergoualc'h et aI., 2007b). Such low potential denitrification

rates were also estimated for tropical soils of Puerto Rico (Henault et aI., 2005), while

potentials larger than 5 kg N ha' d-1 were generally observed on temperate soils (Henault

and German, 2000). Low capacities to reduce N20 to N2 were also previously observed on

Gleyic Luvisols with a slightly acidic pH, under temperate climate (Henault et aI., 2001). The

measured nitrification rates and N20 productions by nitrification (Table 111.7) were smaller

than the ones measured by Garrido et al. (2002), but the slope of the relationship between

soil nitrification rate and soil gravimetric moisture obtained in the present study were 10 times

larger. Since the soils C content in the present study were quite large (> 3 %), hypothesis to

explain these low rates deal mainly with a potential decrease of the microbes activity due to

(1) P deficiency, (2) acidic pH and (3) high stability of soil organic matter characteristics of

Andosols (Nanzyo, 2002). This study clearly demonstrated the importance of measuring

these rates to understand and predict soil functioning. Indeed, environmental parameters

(soil WFPS, temperature and mineral nitrogen contents) were very favourable for
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denitrification activity. Thus the small values of the biological parameters explained N20

fluxes smaller than 300 g N ha" d" in such conditions.

The experimental results obtained in laboratory (this paper; Hergoualc'h et aI., 2007b)

validated that denitrification started at a WFPS of 0.76 as proposed in the FD(WFPS) of

NGAS. On the other hand some discrepancies between experimental results and simulations

appeared. Neither NOE nor NGAS explicitly simulated nitrifier denitrification (Wrage et aI.,

2001) while Hergoualc'h et al. (2007b) observed nitrification-induced N20 emissions at

WFPS until 87%. While NOE introduced a constant value for the denitrification N20:(N20+N2}

ratio, equal to 1 in these particular cases, NGAS provided hourly values calculated as a

function of soil WFPS and nitrate contents. The NGAS values were very small and probably

underestimated in view of the low soils pH (Knowles , 1982).

Most studies dealing with the effect of WFPS on denitrification (Grundmann and Rolston,

1987) confirmed the exponential effect of WFPS on denitrification as introduced in both NOE

and NGAS. Unfortunately, this form of curve, even if relevant, limits the performances of the

simulations as far as a small imprecision in WFPS determination (either through direct

measurements or simulations) can lead to important errors in N20 simulations , especially at

large WFPS. Some authors (Renault and Stengel , 1994; Smith, 1980) have tried to improve

denitrification models by considering directly soil oxygen conditions but such approaches are

difficult to apply "in situ". In this study, PASTIS provided some satisfactory soil moistures

dynamic simulations. Larger simulated WFPS were obtained in the GM system than in Gin, in

agreement with field measurements. Thus, both NGAS and NOE simulated larger N20 fluxes

from the GM system than from the Gin one while the estimations made from direct

measurements suggested larger N20 fluxes from the GIn system.

C.5 Conclusions

At the end it is difficult to conclude which system (Gin, GM) induced smaller N20 emissions.

Nevertheless, some information is given . Even if some punctual fluxes were larger in the Gin

system, the different methods used for assessing N20 budget concluded on a moderate

effect of the presence of a leguminous tree in coffee culture on N20 emissions. No clear

effects were observed on the current biological parameters while soil water functioning

appeared affected. Biological activities involved in N20 production were observed to be small

in the studied soils which explained the "medium" fluxes observed in environmental

conditions largely favourable to the denitrification process to occur. Process-oriented models

appeared as a very interesting tool both to understand the observed N20 dynamics at the

field scale and to calculate annual N20 budgets with common data sets of punctual

measurements. In this study, NOE, better than NGAS, simulated quite well N20 fluxes

dynamic trends. Nevertheless , more studies on the processes involved in N20 are still

165



Chapitre III Determinisme et rnodelisatlon des emissions de N?,O par Ie sol

required to better describe their functioning in the models. Recent progresses in the analysis

of 15N20 and 15N2 (Matthieu, 2005) would certainly be suitable for such studies to

discriminate the sources of N20 (nitrification, denitrification) and to measure total

denitrification and N20 :(N20+N2) ratios.
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Chapitre III

o Conclusion

Determinlsrne at rnodellsation des emissions de N20 par Ie sol

Les emissions elevees de N20 sont souvent assoclees au processus de la denitrification et

de nombreux travaux de recherche ont porte sur la modelisatlon des flux de N20 par

denitrification (voir Tableau 1.1 en Annexe) alors que peu ont etudie et rnodellse les

emissions de N20 par nitrification. Les incubations « in vitro» ont cependant dernontre une

dominance de la nitrification dans la production de N20. Par ailleurs, ces Andosols ont

rnontre une faible activlte biologique qui explique les flux « moyens » de N20 observes dans

des conditions environnementales favorables a la production de N20 par nitrification et

denitrification. Les differentes methodes utiliseea pour evaluer les bilans annuels des

emissions de N20, a savoir I'interpolation linealre entre les mesures ponctuelles et la

simulation des flux avec les rnodeles orientes-process NGAS et NOE, concluent sur un effet

modere de la presence d'une especs d'ombrage legumineuse fixatrice de N2 sur les

emissions de N20.

l.'evaluation de la contribution, positive ou negative, d'un systerne de culture au changement

climatique, necessite d'etablir un bilan entre les flux de GES autres que Ie CO2 et la variation

du stock de C du systerne sol-plante au cours de la meme periode et c'est I'objectif du

Chapitre IV.
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Chapitre IV Bilan du stockage de carbone et des
flux de GES autres que Ie CO2

Figure IV.l : Dispositifde mesure de la chute de litiere
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Aujourd 'hui, l'attenuatlon du changement climatique constitue un des enjeux majeurs de

notre societe. En agriculture, la prise de mesures telle que la reduction au strict necessaire

des quantites de fertilisants rnineraux azotes est indispensable pour reduire les emissions de

GES des sols. L'agriculture peut, d'autre part, contribuer a l'attenuation du changement

climatique en stockant du CO2 atrnospherique par I'introduction d'arbres dans les systernes

de culture. Lorsque les arbres introduits sont des legumineuses fixatrices de N2

atrnospherlque , les emissions de N20 du sol peuvent augmenter par rapport a un systems

sans legumineuse, comme nous I'avons constate dans les Chapitres " et III de ce document.

Par consequent, il est important de comparer comment les emissions additionnelles de N20

dues a la presence d'une legumineuse se comparent au stockage de carbone additionnel

dans Ie systerne,

L'article presente ici calcule Ie bilan des GES a l'echelle du systerne sol-plante , c'est-a-d ire

Ie bilan entre Ie stockage de carbone dans la phytomasse et dans Ie sol et les flux de GES

autres que Ie CO2 aI'interface sol-atmosphere, sur la base des bilans de N20 et CH4 du sol

etablis par la methode d'interpolation llneaire des mesures de terrain. Le choix de cette

methode a ete effectue par souci de (1) consistance etant donne que les bilans annuels de

CH4 du sol ant ete calcules par cette methode et (2) clarte dans la presentation des resultats.
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Chapitre IV

Resume

Silan du stockage de carbone et des flux de GES autres gue Ie C02

L'agroforesterie represente une opportunite de redulre les concentrations de CO2 de

l'atrnosphere en augmentant les stocks de C des terres agricoles. O'un autre cote,

I'agroforesterie emploie parfois des pratiques telles que la fertilisation rnlnerale azotee et

I'usage de legumineuses fixatrices de N2 qui favorisent les emissions du sol de gaz aeffet de

serre (GES) autres que Ie CO2 (N20 et CH4 ) . Cette etude a evalue Ie bilan entre Ie stockage

de carbone et les flux de GES autres que Ie CO2 du sol dans deux types de cultures de cafe

hautement fertitisees (250 kg N ha' an"), au Costa Rica: une parcelle en monoculture (CM)

et une parcelle adjacente de cafe ornbraqee par une espece legumineuse fixatrice de N2

Inga densiflora (Cln). Au debut de l'experirnentation en 2003, les stocks de carbone (0-40

ern) etaient plutot similaires dans les deux systernes cafelers (110,90 ± 2.36 and 102,19 ±

2,71 Mg C ha" dans CM et Cln, respectivement). Entre 2003 et 2006. 6 et 9 ans apres

l'etablissement des systernes, les stocks de C de la couche 0-10 cm ont peu evolue avec

une tendance a I'augmentation dans Cln (+ 0,09 ± 0,58 Mg C ha" an") et ont dirnlnue dans

CM (-0,43 ± 0.53 Mg C ha' an"), En 2004, apres 7 ans de mise en culture. Ie stockage de

carbone dans la phytomasse de Cln (27,4 ± 0,6 Mg C ha') etait plus de deux fois superieur

a celui de CM (11,8 ± 0,4 Mg C ha"), Les emissions de N20 ont ete 1.3 fois plus elevees

dans Cln (5,8 ± 0,5 kg N-N20 ha" an") que dans CM (4,3 ± 0,3 kg N-N20 ha" y-1) et les flux

de CH4 , bien que similaires, ont eu tendance aetre des emissions dans Cln (0.9 ± 2,9 kg C­

CH4 ha' an'), mais des oxydations dans CM (2.2 ± 2,3 kg C-CH4 ha' an"), Le bilan entre Ie

stockage de C et les flux de GES hors CO2 du systems agroforestier (11,93 ± 2,17 Mg CO2

ha' an") a ete 4 fois superieur a celui de la monoculture (2,67 ± 1,94 Mg CO2 ha" an'),

confirmant Ie potentiel des systernes agroforestiers d'attenuation du changement climatique.

Mots cle : Andosol, CH4, attenuation du changement climatique, legumineuse. N20

Abstract

Agroforestry represents an opportunity to reduce CO2 concentrations in the atmosphere by

increasing C stocks in agricultural lands. On the other hand, agroforestry may involve

practices such as mineral N fertilization and the use of N2 fixing legumes that favour soil

emissions of non-Co, greenhouse gases (GHGs) (N20 and CH4) . The present study

evaluated the balance between carbon storage and non CO2 soil GHGs fluxes in two types of

highly fertilized (250 kg N ha" y"1) coffee cultivation in Costa Rica: a monoculture plot (CM)

and an adjacent coffee plot shaded by the N2 fixing legume species Inga densiflora (Cln). At
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the beginning of the experiment in 2003, soil carbon stocks (0-40 cm) were rather similar in

both coffee systems (111.94 ± 2.22 and 103.05 ± 2.70 Mg C ha' in CM and Cln ,

respectively). Between 2003 and 2006, 6 and 9 years after the establishment of the systems,

soil C stocks of the 0-10 cm layer tended to increase in Cln (+ 0.09 ± 0.58 Mg C ha' y-l) and

decrease in CM (-0.43 ± 0.53 Mg C ha' y'\ In 2004, after 7 years of establishment, carbon

storage in the phytomass was more than twice larger in Cln (27.4 ± 0.6 Mg C ha") compared

to CM (11.8 ± 0.4 Mg C ha"), Annual soil N20 emissions were 1.3 times larger in Cln (5.8 ±

0.5 kg N-N20 ha" t 1
) than in CM (4.3 ± 0.3 kg N-N20 ha" t 1

) and CH4 fluxes although

similar tended to be emissions in Cln (0.9 ± 2.9 kg C-CH 4 ha' t\ but oxidation in CM (2.2 ±

2.3 kg C-CH 4 ha' t\ The balance between C storage and non-C02 GHGs fluxes was 4

times larger in the agroforestry system (11 .93 ± 2.17 Mg CO2 ha' y.1) compared to the

monoculture (2.67 ± 1.94 Mg CO2 ha' y.1) confirming the potential of agroforestry systems to

mitigate climate change.

Keywords: Andosol, CH4, climate change mitigation, leguminous tree , N20
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A.1 Introduction

Bilan du stockage de carbone et des flux de GES autres que Ie C02

The concentration of C02 and other greenhouse gases (GHGs) in the atmosphere has

considerably increased over the last century (IPCC, 2001). This increase mainly results from

the burning of fossil fuels and the conversion of tropical forests to agricultural production and

causes negative changes in the global climate (IPCC, 2001). Reduction targets of CO2

concentrations in the atmosphere fixed by the Kyoto protocol can be achieved through two

major processes: (1) reducing anthropogenic emissions of CO2; and (2) creating and/or

enhancing C sinks in the biosphere (Albrecht and Kandji, 2003; Oelbermann et al., 2004) . By

including trees in agricultural production systems, agroforestry offers a potential as biomass

energy provider and thus presents interesting opportunities in CO2 mitigation through the

substitution of fossil by wood energy and the protection of existing forests (Verchot et al.,

2005) . Moreover, agroforestry can increase the amount of carbon stored in soils used for

agriculture while still allowing for the growing of food crops (Montagnini and Nair, 2004). The

tree components in agroforestry systems can be significant sinks of atmospheric C (De

Miguel Magana et al., 2004; Beer et al., 1990) and the organic inputs from litter, pruned

biomass and roots decay and exudation of the trees can maintain or increase the soil organic

content pool as well as improve soil nutrients and reduce erosion losses (Montagnini and

Nair, 2004; Oelbermann et al., 2006). On the other hand, agroforestry may involve practices

that favour the emission of non-C02 GHGs (N20 and CH4 ) including mineral N fertilization

and the use of N2 fixing legumes providing N to the system and/or shade for the underneath

crop (Hergoualc'h et aI., 2007; Verchot et al., 2005).

Originally grown under permanent shade in Costa Rica, coffee cultivated in full sunlight has

gradually become the more common cultivation system over the last 30 years in the most

favourable areas such as the Central Valley (Samper, 1999). However, in lower areas

(altitude <700 m) poorly suited for monoculture, Gaftea arabica is grown under the shade of

associated trees which moderates the microclimate for the benefit of the crop (van Kanten

and Vaast, 2006). Nowadays coffee monocultures and agroforestry systems represent 40

and 60% of all cultivations, respectively in Costa Rica (Vaast and Harmand, 2002). Generally

large amounts of mineral N fertilizer (up to 350 kg N ha' year") are applied and in

agroforestry systems, coffee is commonly shaded by N2 fixing leguminous trees such as

Erythrina sp. and Inga sp.

The present study investigates soil C and N dynamics within a three year period, C

accumulation in biomass and litter and non-C02 soil greenhouse gases fluxes (N20, CH4 ) , in

a coffee monoculture and a coffee plantation shaded by Inga densiflora . The net GHGs

balance in both systems (parallel case studies in adjacent plantations) was calculated as the
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difference between C storage and soil non-C02 GHGs fluxes and expressed in CO2­

equivalent.

A.2 Materials and methods

A.2.1 Site description

The study area was located at the Research Station of the Coffee Institute of Costa Rica

(Icafe), in the Central Valley at San Pedro de Barva, 10 km west of San Jose, Costa Rica

(10002'N, 84°08'W; 1180 m above sea level). The mean annual air temperature was about

21°C and the annual precipitation was about 2300 mm with a pronounced dry season from

January to April. The soil , typically well structured, deep and permeable derived from the

weathering of volcanic ashes; belongs to Andosols [IUSS (International Union of Soil

Sciences) Working group WRB 2006] and was classified as a Dystric Haplustand (Mata and

Ramirez, 1999). The slope of the site was about 7% in both plots.

A.2.2 Experimental plots

Two adjacent coffee plantations with the same date of establishment and the same

aqricultural management were studied. One plot was in monoculture (CM) while the other

one was shaded by the N2 fixing leguminous tree Inga densiflora (Cln) . Both systems were

established in June 1997 on an area previously used for coffee cultivation. In the Cln plot,

Goffea arabica var. Catuai was planted at 2 x 1 m (4722 plants ha') and the Inga tree

species at 6 x 6 m within the coffee rows (278 trees ha'), which is a total of 5000 tree +

coffee plants ha' . In the CM plot, coffee was planted at 2 x 1 m (5000 plants ha"), Both plots

were fertilized with an annual average of 250 kg N ha' (90 kg urea-N ha' in May and July;

70 kg NH4N03-N ha" in October), 30 kg P ha" (triple super phosphate), 100 kg K ha' (KC!)

and 80 kg Mg ha" (MgO). The granular fertilizer was spread by hand to the base of the

coffee trees.

A.2_3 Soil C, N and other parameters measurements

Soil C and N contents were measured in 2003 and three years later in 2006. In May 2003,

soil was sampled, using an Edelman auger, at 10 cm depth intervals in the top 40 em layer

from five locations in the CM plot and height ones in the Cln plot. Samples were collected

along the coffee rows at 40-50 em away from the coffee plant (this position provides an

integrated measure of soil properties for the entire spatially stratified coffee plot) and also in

the shaded plot at 2 m and 4 m from the base of an Inga tree (four samples in each location).

In May 2006, soil samples were collected in the same way as in 2003 with eight locations in

the CM plot and five locations at each 2 m and 4 m distance from the Inga trees in the Cln

plot. In 2006 samples were composite of four adjacent sub-samples. Samples were
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transported in cool boxes to the laboratory, air-dried at ambient air temperature, sieved at 2

mm and analysed for total C and N by dry combustion using an automatic CHN analyser

(Thermo Finnigan, Flash EA 1112, Milan, Italy). Soil pH was measured in water using a

standard pH electrode (Corning G-P Combowrj, Corning Inc, New York, US). Cation

exchange capacity (CEC) was determined by extraction with 1M ammonium acetate at pH

7.0 (Sumner and Miller, 1996) and particle density (kerosene method) was determined as

described by Henriquez and Cabalceta (1999). Particle size distribution of soil sampled both

in 2003 and 2006 was analyzed in May 2006 following the hydrometer (Bouyucos)

procedure, after dispersion with 10% sodium hexametaphosphate. In 2006, soil bulk density

was measured in each plot, using volumetric cylinders in two soil pits, 50 cm away from the

coffee rows. Three cylinders (100 crrr') were collected at 10 em depths intervals down to 40

cm. Cylinders were weighed and dried at 105°C for 48 hours. The bulk density was

determined from the dry weight of the soil per volume unit.

Soil C stocks of 2003 and 2006 were calculated, using the bulk density measured in 2006,

as:

Soil C stock (Mg ha") =C content (g C 100 g,1 soil) x bulk density (g soil ern") x d (layer

thickness, em)

Standard deviation of C stocks for each layer (SDSH) was calculated as (Pansu et aI., 2001) :

2
SD eo SH

CO SH

Where SSH, COSH and BDsHare the mean estock, C content and bulk density for the horizon,

respectively, and SD
COSH

and SD BDsH are the standard deviation of the C content and bulk

density for the horizon, respectively.

SDs the standard deviation of C stocks for the upper 40 em was then calculated as:
0-<0

SD = SD 2 +SD 2 +SD 2 +SD 2
S 0-40 SHO_1O SHlO_20 SH20-10 SH10-40

Standard errors were calculated with the same formulae replacing the standard deviation by

the respective standard errors.

Soil C stocks were calculated both on a volume basis and on an equivalent mass basis, this

last method being more adapted to compare situations with different bulk density, such in our

study (Blanchart et aI., 2006; Roscoe and Buurman, 2003). The chosen reference to

compare C stocks on an equivalent mass basis was the mass in the horizons of the shaded

coffee system (Cln).
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A.2.4 Standing litter and biomass

The amount of litter accumulated on the ground was measured in January 2005. In each plot,

8 composite samples of 0.5 m2 (two quadrats of 50 cm x 50 cm) were collected by systematic

sampling. One quadrat was placed beside a coffee plant and the other one on the central line

midway between coffee rows. All material above the mineral soil was collected, oven-dried at

80°C for 48 h and weighted.

Total biomass of coffee plants was measured by destructive sampling of eight plants per plot

in May 2004 (Siles, 2007). The aerial biomass of the Inga trees was quantified developing

allometric relationships between diameter at breast height (DBH, 1.30 m) and stem,

branches and leaves and applying them to the inventory of DBH made in July 2004. The

detailed methodology is available in Siles (2007). Root biomass of the Inga trees was

calculated using the ratio of below- to above-ground biomass (0.26) determined on the coffee

trees of the same plot.

The components of the phytomass were converted into a C-stock by multiplying by the

corresponding mean carbon fraction , measured by dry combustion using an automatic CHN

analyser. Mean annual C accumulation rates (Mg C ha' t 1
) were calculated by dividing the

mean C stock value of the coffee systems in 2004 by their age (7 years old).

A.2.5 Soil greenhouse gases fluxes and net CO2 balance of the systems

The N20 , CO2 and CH4 fluxes from the soil were measured by the static chamber method,

which is entirely detailed in Hergoualc'h et al. (2007). During one year (6/10/04 - 8/09/05) , 2

complementary sequences of measurements were performed. The first one consisted of

measurements distributed at regular intervals (one month) over the year. The second one

was an intensive investigation of the periods following N fertilization, which was suspected to

induce larger fluxes . Annual fluxes of greenhouse gases were estimated by linear integration

between the measurement dates (Hergoualc'h et aI., 2007).

N20 and CH4 fluxes expressed in CO2-equivalent were calculated applying the N20 and CH4

global warming potentials (GWP) of, respectively, 296 and 23 (IPCC, 2001) over a time

horizon of 100 years:

M
CH4 (Mg COrequivalent ha" y-1)= ~H4 GWP

CH 4
X CH4 (Mg C-CH4 ha" t 1

)

C

WithMN 2o : Molar mass of nitrous oxide (44 g mor\MN : Molar mass of nitrogen (14 g

mor\MCH 4 : Molar mass of methane (16 g marl) and M j.: Molar mass of carbon (12 g

marl).
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The net GHGs balance was calculated adding CO2 in- and outputs through C storage or

losses by biomass, litter and soil top 10 cm and CO2-equivalent in- and outputs from non­

CO2 soil GHGs (N20 , CH4) .

A.2.6 Statistics analysis

Statistical analysis was performed using the software InfoStat (2004), with a probability level

of 5% to test the significance of the treatments effects. The distribution of each variable was

tested using the test of Shapiro-Wilks with the entire data set for each variable. The statistical

analysis used to compare two means were t-test or non parametric test of Mann-Withney,

respectively for normally and not normally distributed variables. For multicomparison ANOVA

and the non parametric test of Kruskal Wallis were performed, respectively, on normally and

not normally distributed variables. Pearson 's correlations were used to assess inter-relations

between soil C and N content ; between soil C content, N content and texture. Correlations

were calculated within each coffee system.

A.3 Results

A.3.1 Soil properties

Soil bulk and particle densities and texture were normally distributed while pH was not. The

CEC, pH and particle density were similar in both plots (Table IV.1). The soil was acid in the

top soil and the pH increased with depth . Texture of soils sampled in 2006 was significantly

more silty and clayey than texture of soils sampled in 2003 in the 20-30 em layer of the CM

plot (p<0.05); more silty below 10 cm in Cln (p<0.05) (Figure IV.2). Soil sampled in 2006

showed some differences of texture between both plots: in CM the soil was more clayey and

less silty in the 0-40 cm layer and less sandy in the top 10 cm (p<0.05) than the soil in Cln

(Table IV.1). The soil bulk density (Table IV.1) decreased with depth in the CM plot but not in

Cln where it was smaller in the top 10 em than below. Comparing the plots, the bulk density

was smaller (p<0.05) in the Cln than in the CM plot in the top 10 em and similar underneath.
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Table IV.l: Properties of the soils of a coffee monoculture (CM) and a coffee plantation shaded by Inga
densiflora (CIn) in the Central Valley ofCosta Rica. Mean (standard error)

CM Cln

pH

0-10 4.92° (0.24) 4.67° (0.06)

10-20 5.45° (0.22) 5.18° (0.11)

20-30 5.53° (0.11) 5.44° (0.07)

30-40 5.65° (0.11) 5.53° (0.03)

CEC * cmol kg'1

0-15 42.47 44 .12

Sand/SiltlClay** %

0-10 37.3° /35° /27 .Sr?- (0.9/0.9/0.9) 40.6r?- /37.1 r?- /22.3° (0.7/0A/0.7)

10-20 35° /34.7° /30.3r?- (0.8/0.8/0.9) 37.4° /38.6r?- /24.1° (1.3/0.8/0.9)

20-30 35.3° /34.4° /30.3r?- (0.6/0.9/0.9) 35.1° /39 .7r?- /25.2° (0.9/0.8/0.7)

30-40 38.5° /31 .9° /29.6r?- (0.7/0 .8/1.3) 37AO /40.2r?- /22.5° (0.8/1.1/1 .0)

Particle density 9 ern"

0-10 2.53° (0.00) 2.53° (0.01)

10-20 2.55° (0.01) 2.56° (0.00)

20-30 2.58° (0.02) 2.58° (0.01)

30-40 2.5So (0.01) 2.59° (0.02)

Bulk density 9 ern?

0-10 0.98~ (0.02) 0.86° (0.01)

10-20 0.98° (0.03) 0.92° (0.03)

20-30 0.91o (0.02) 0.92° (0.01)

30-40 0.88° (0.01) 0.90° (0.00)

* Cation Exchange Capacity, no repetition of the measurement; ** Texture measured in 2006

Means for the two coffee systems followed by different letters (0, ~ ) are significantly different from

each other (p<0.05).
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Figure IV.2: Silt and clay percentage distribution in soil sampled in 2003 (black triangle, continue line) and
2006 (white circle, discontinue line) in the 0-40 em layer ofa coffee monoculture (CM, a) and a coffee-Inga
plantation (CIn, b) in the Central Valley ofCosta Rica. Error bars are standard errors

A.3.2 Soil C and N dynamics

Total soil C and N were normally distributed. Soil C was large in the top 10 cm (~ 35 mg g-1

soil) and decreased regularly with depth , to about 25 mg s'' soil in the 30-40 cm layer (Figure

IV.3). Between 2003 and 2006, soil carbon content did not increase in the GM plot while in

Gin, we observed a tendency of increase with depth (Figure IV.3), being statistically

significant for the 30-40 cm layer. Although correlations between soil texture and carbon

content were not significant at any depth in both coffee systems; between 2003 and 2006 the

ratio between soil carbon content and the percentage of (silt + clay) remained constant in the

Cln plot (Figure IVA). Therefore the differences in G content below 10 cm, between 2003

and 2006 in Gin, were likely due to the difference of texture between the two sampling dates.

In the top 10 cm where texture of soils sampled in 2003 and 2006 were similar (Figure IV.2),

the GM plot tended to lose carbon (- 1.5 ± 1.5 g G kg-1soil) between 2003 and 2006 while the

Gin plot tended slightly to gain carbon (+ 0.3 ± 1.9 g G kg-1 soil) (Figure IV.3). Soil C and N

contents were highly correlated in both coffee plots (p<0.001) with Pearson correlation

coefficients of 0.93 and 0.99, respectively in GM and Gin. Between 2003 and 2006 , soil N
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contents followed the same pattern as soil G contents (Figure IV.3). In the Gin plot, in 2003

and 2006, soil G and N contents were similar at a 2m and at a 4m distance from the Inga

tree. While soil carbon content in the top 10 cm was similar in both plots in 2003, it tended to

be larger in Gin in 2006 (Figure IV.5). Likewise the difference in soil N content of the top 10

cm between the systems increased with time with a significantly (p<0.05) larger N content in

Gin than in GM in 2006 (Figure IV.5).

Between 2003 and 2006, G stocks, within the masses corresponding to 0-10 cm in Gin,

tended to decrease in GM (- 0.43 ± 0.53 Mg G ha" t\ to slightly increase in Gin (+ 0.09 ±

0.58 Mg G ha" t\ being not statistically different the stocks between both years (Table

IV.2). Soil G stock, calculated on a mass basis for the top 10 cm, was slightly but not

significantly larger in Gin than in GM in 2003 and 2006 (Table IV.2). G stocks calculated in

GM, on a mass or on a volume basis led to similar overall differences between plots and

between 2003 and 2006 (Table IV.2).
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Figure Iv'3: Soil carbon and nitrogen content in 1003 (black triangle, continue line) and 2006 (white circle,
discontinue line) in the 0-40 em layer ofa coffee monoculture (CM, a) and a coffee-Inga plantation (CIn, b)
in the Central Valley ofCosta Rica. Error bars are standard errors
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Figure IV.4 Ratio between soil carbon content (%) and (silt + clay) percentage, multiplied by 1000, in 2003
(black triangle, continue line) and 2006 (white circle, discontinue line) in the 0-40 em layer ofa coffee-Inga
plantation in the Central Valley ofCosta Rica. Error bars are standard errors
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Table Iv'2: Soil C stocks measured at four depths in 2003 and 2006 in a coffee plantation shaded by Inga densiflora (CIn) and a coffee monoculture (CM).
Calculation made with the soil carbon content (n = 8 in CIn; 5 and 8 in CM in 2003 and 2006, respectively) and the bulk density (n = 12). Mean (SE)

G stock (Mg G ha")

CM (mass basis)*

Soil depth in Gin (cm)

0-10

10-20

20-30

30-40

2003

31.828 0 (1.42)

26.40ao (1.47)

23.00ao (1.04)

20.97ao (1.44)

Cln

2006

32.08ao (1.02)

29.07 8 0 (1.60)

25.48 8 0 (0.87)

24.66ap (0.90)

CM (volume basis)

2003 2006

35.283 0 (1.55) 33.818 0 (0.91)

31.16bo (1.44) 30.87ao (1.02)

26.21bo (1.08) 26.30ao (0.61)

22.00ao (1.43) 23.06ao (0.75)

2003

30.96ao (1.36)

29.763 0 (1.19)

27.04bO (0.91)

23.153 0 (1.20)

2006

29.67ao (0.80)

29.3480 (0.84)

27.06 3 0 (0.53)

24.043 0 (0.63)

Stock 0-40 cm 102.193 0 (2.71) 111.293 0 (2.27) 114.65 3 0 (2.77) 114.04ao (1.67) 110.90ao (2.36) 110.11
BQ

(1.42)

* Reference being the soil mass of the layers in Cln.

Means for the two coffee systems within a year, followed by different letters (a, b) are sign ificantly different from each other (p<0.05) .

Means between 2003 and 2006 within a coffee culture, followed by different letters (0, 13) are significantly different from each other (p<0.05).
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A.3.3 C stocks and accumulation rates in the litter and permanent biomass

In 2004, C stock in the standing litter was significantly larger in Cln than in CM (Tableau IV.3)

and between the coffee plants than near the coffee plants in the Cln plot (data not shown). C

stock in the coffee plants was similar in the two plots (Tableau IV.3) but the inclusion of the

Inga trees resulted in a large additional phytomass (litter + biomass) which accounted for

14.2 Mg C ha' after 7 years of plantation. Thus 52% of the phytomass C stock in the Cln plot

was due to the inclusion of the tree (Tableau IV.3) and compared to the monoculture, the

total phytomass C of the Cln plot was multiplied by 2.3. For a 7 year period, mean annual

aboveground C storage rates were 1.3 ± 0.1 and 3.1 ± 0.1 Mg C ha" y.1 in CM and Cln,

respectively and mean annual total phytomass C storage rates were 1.7 ± 0.1 and 3.9 ± 0.1

Mg C ha" y.1 in CM and Cln, respectively.

Table [V.3: Phytomass (from Siles (2007)), carbon fra ction and stocks in the litter, coffee plants and trees in a
coffee monoculture (CM) and a coffee plantation shaded by Inga densijlora (Cln) of 7 years old in the
Central Valley ofCosta Rica. Mean (SE)

Phytomass (Mg OM ha") %C C stocks (Mg C ha')

CM Cln CM Cln

Trees Aboveground 25.3 (0.0) 43.9 (0.3) 11.1 (0.1)

Roots 6.6 (0.0) 47.3 (0.4) 3.1 (0.0)

Coffee Aboveground 18.0 (0.8) 19.2 (1.2) 43.9 (0.9) 7.9 (0.4) 8.4 (0.6)

Roots 5.2 (0.4) 5.1 (0.1) 48.0 (0.4) 2.5 (0.2) 2.4 (0.1)

Litter 3.0 (0.2) 4.9 (0.3) 46.1 (0.4) 1.4 (0.1) 2.3 (0.1)

Total 26.2 (0.9) 61.1 (1.2) 11.8 (0.4) 27.4 (0.6)

A.3.4 Soil greenhouse gases fluxes

As already presented in Hergoualc 'h et al. (2007), nitrogen fertilizat ion stimulated N20

emissions and the fertilizer induced emission accounted for 1.3% of the applied N (3.25 kg

N20-N ha' y.1) in the coffee monoculture and 1.8 % of the applied N (4.5 kg N20-N ha' y.1) in

the shaded plantation. Nitrogen fertilization induced temporary increases in soil respiration.

Our study also confirmed that N fertilization decreases CH4 oxidation and increases CH4

emissions.

The larger annual N20 budget (Figure IV.6) of the shaded plantation (5.8 ± 0.5 kg N ha' y.1)

compared to the one of the monoculture (4.3 ± 0.3 kg N ha' y.l) coincided with larger soil N

mineralization rates measured "in vitro" (3.7 ± 0.2 mg N kg,ld.w. c') and smaller C:N ratio of

the 0-10 cm layer (10.3 in 2003) compared to the ones of the monoculture (2.2 ± 0.2 mg N
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kg-1 d.w. c' and 11.3 in 2003) and confirmed that the presence of N2 fixing shade trees can

increase N20 emissions (Hergoualc'h et aI., 2007). Contrary to soil N20 emissions, annual

CO2 and CH4 fluxes of both systems were similar (Figure IV.6). Although differences in

annual CH4 fluxes between both coffee plots were not significant , CH4 fluxes in the

monoculture tended more to be uptakes (sink) while the contrary (source) was observed in

Cln (Figure IV.6).

7.5 8.4

5.8

N20

0.9

-2.2

CH4 C02

Figure I V.6: Soil N20 (kg N ha-I y.I) and CH4 (kg C ha·I yI) fluxes and soil respiration rates (Mg C ha·1y. I)
in a coffee monoculture (CM, white) and a coffee-Inga plantation (CIn, light grey), in the Central Valley of
Costa Rica. Error bars are standard errors. From Hergoualc'h et aL (200 7)

A.4 Discussion

A.4.1 Dynamic of soil Nand C contents between 2003 and 2006

C and N inputs to the soil arise mainly from (1) the IitterfaII, (2) the roots (decay and

exudation) enriching the soil C and N pools (1) in the superficial layers of the soil, (2) in the

entire soil profile depending on the root distribution . Root distribution in Cln and CM,

measured by Crouzet (2004) , decreased with depth in the first 0-40 cm thus the contribution

of roots to the soil C and N pools should also decrease with depth. The decrease of C and N

contents from the surface to 40 cm depth (Figure IV.3) confirms that the enrichment of the

soil C and N pools decrease with depth. Consequently, the increase in both soil C and N ?

contents with depth between 2003 and 2006 in the Cln system is questionable (Figure IV.3).

We mentioned that, between 2003 and 2006 , the ratio between soil carbon content and the

percentage of (silt + clay) remained constant in this plot (Figure IVA). We suggest, then, that

the larger C and N contents measured in depth in 2006 in the Cln system were due to

inherent spatial variability of this young Andosol and were associated with the larger silt

content and with different mineralogical properties in soil samples of 2006. To conclude, we

assume that carbon did not accumulate with depth in the soil of the Cln system.
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Carbon stocks in the 0-10 em layer tended slightly to increase between 2003 and 2006 in the

Cln system {mean annual storage of + 0.09 Mg C ha" t\ although differences were not

statistically significant. Whilst for CM there was a small non significant decrease (mean

annual loss of - 0.43 Mg C ha" yo') (Table IV.2). This result agrees with an approximate

balance between C in- and outputs of the systems. One of the major C input to the systems,

the IitterfaII, was measured from October 03 to September 04 (unpublished data, CASCA

project) and estimated at 7.5 and 11.9 Mg dry matter ha" t' accounting for 3.6 and 5.7 Mg C

ha' y-' in CM and Cln, respectively. The major output was C mineralization which can be

roughly estimated at 50% of soil respiration (Ryan and Law, 2005) i.e. 3.75 and 4.2 Mg C ha

, y.1 in CM and Cln respectively (using annual soil respiration of Figure IV.6). Using these

estimations, C fluxes outputs exceeded inputs in CM while in Cln inputs exceeded outputs.

The increase between 2003 and 2006 of the difference of soil N content between the two

plots, in the 0-10 cm layer, could be explained by the larger N inputs from the Iitterfall in the

shaded system (246 kg N ha' v" .unpublished data, CASCA project) than in the monoculture

(153 kg N ha' y-').

A.4.2 Carbon stocks at the plot scale and net GHGs balance

Soil carbon stocks were large as expected for Andosols (Osher et aI., 2003) and were close

to the world mean carbon content in the 0-30 cm for Andosols of 114 Mg C organic ha"

(Batjes, 1996). Carbon stocks in the litter of the CM and Cln (Tableau IV.3) were close to the

1.2 Mg C ha and 3 Mg C ha' (6.35 Mg dry matter ha") values measured by, respectively,

De Miguel Magana et al. (2004) in a coffee monoculture of 14 years old in the south west of

Costa Rica and Alpizar et al. (1985) in coffee plantation shaded by the leguminous tree

Erythrina poeppigiana of 5 years old in Turrialba, Costa Rica. Aboveground carbon storage

in coffee plants (Tableau IV.3) was similar to the value of 10.2 Mg C ha' measured by De

Miguel Magana et al. (2004) in both 14 years old shaded and unshaded plantations in the

south west of Costa Rica. Alpizar et al. (1985) also measured a similar value of 7.3 Mg C ha"

(15.3 Mg dry matter ha") in coffee plants aged 5 years shaded by Erythrina poeppigiana in

Costa Rica. Aboveground carbon storage in the Inga trees (7m height in 2004) was close to

the values of 8.4 and 17.5 Mg C ha' for Inga trees of heights of, respectively, 5-10 m and

>10 m, estimated by Suarez (2002) in coffee plantations of Nicaragua. But, it was about

twice smaller than the value of 32 Mg C ha we calculated in basis of Inga dry biomass (0.24

Mg dry matter tree") estimated by Peeters et al. (2003) in coffee shaded plantations of

Mexico, of different but not specified ages. In this study: (1) the smaller mean trees and

coffees density plantation (176 trees and 2684 coffees ha") probably allowed a better growth

of the trees; (2) the allometric equation used to estimate dry aboveground biomass of each

tree, was not developed for this particular stand but was a relation specific to tropical moist
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forest probably less adapted to coffee shaded systems than the ones developed by Siles

(2007).

C storage in biomass and litter was more than twice larger in the coffee shaded system

compared to the coffee monoculture as also observed by De Miguel Magana et al. (2004).

Mean annual aboveground C storage rates were 1.5 and 1.8 larger than the ones of 1 and 2

Mg C ha" y'1 estimated by van Noordwijk et al. (2002) for respectively coffee monoculture

and shade coffee, in Indonesia. The reason is that van Noordwijk et al. (2002) established

the rates taking into account several coffee plantations with ages ranging from 1 to 40 years

while the present plantations are 7 years old. It is likely that coffee plants of the CM and Cln

systems, after 7 years, will be pruned several times during their life time in order to increase

their bean production. On another hand, we have to take in consideration that after 7 years

old the Inga trees will certainly grow more slowly than before and that they may also be

pruned for shade control. These facts would decrease the mean annual aboveground C

storage in these coffee systems if their entire life time was considered.

The conversion of the coffee monoculture to the agroforestry system would result, after 7

years, in an additional mean annual increment in phytomass of 2.2 Mg C ha" y'1

(corresponding to 8.16 Mg CO2 ha" y-1, Table IVA); of 2.7 Mg C ha" y-1 in phytomass plus

top 10 cm soil. The first value is within the range of mean annual increment in phytomass of

1 - 2.6 Mg C ha" y-1 (depending on tree species and their planting density) estimated by

Harmand et al. (2006) for coffee monoculture conversion to coffee shaded plantation after

about a 10 year period. This latter study was an output of a database on coffee plantations

located mainly in Central America.

Table IV.4: C storage in above and belowground biomass, litter and soil (1), soil non-Ctl, GHGs fluxes (N2D,
CHJ (2) and net GHGs balance (l) - (2) expressed in Mg CD;z-equivalent ha" s' in a coffee monoculture
(CM) and a coffee plantation shaded by Inga densiflora (CIn) of 7 years old in the Central Valley of Costa
Rica. A(CIn-CM) indicates the difference between CIn and CM

CM Cln ~(Cln-CM)

(Mg CO2 ha" y"1)

C storage Biomass and litter + 6.18 (0.22)* + 14.34 (0.31) + 8.16 (0.38)

Soil (0-10 cm)** - 1.58 (1.93) + 0.32 (2.14) + 1.89 (2.88)

non-C02 GHGs Soil N20 fluxes - 2.00 (0.05) - 2.70 (0.23) - 0.70 (0.24)

Soil CH4 fluxes + 0.07 (0.07) - 0.03 (0.09) - 0.10 (0.11)

Balance + 2.67 (1.94) + 11.93 (2.17) + 9.26 (2.92)

* A positive flux is from the atmosphere to the system .

** Within the masses corresponding to 0-10 cm in Cln.
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For both systems, the net GHGs balance is positive (Table IVA) but, given the uncertainty of

soil C measurements and dynamics during the first years following the establishment of the

plantations, only the agroforestry system can be considered as a GHGs sink during the 7

years following its establishment. Using smaller N fertilization rates in these systems would

improve the net GHGs balance and would not necessarily decrease coffee production.

Indeed, Harmand et al. (2007) studied, in a coffee monoculture located in the Central Valley

of Costa Rica, coffee production with different N fertilization rates and concluded that a

fertilization rate above 150 kg N ha' y-1 does not increase significantly long term coffee

production and causes negative effects on water contamination by nitrates and on climate

change by soil N20 emissions. The conversion of the coffee monoculture to Inga shaded

coffee would increase non CO2 soil GHGs emissions by 0.8 Mg CO2-equivalent ha' {1

(Table IVA). But taking in consideration the entire soil-plant system, this conversion after 7

years would mean an additional net CO2 sequestration of 9.3 Mg CO2 ha" { 1 (Table IVA).

Considering a longer time period of 30 years, the net GHGs balance would be smaller in both

systems as the result of a smaller C storage in the biomass. Given the major role of the tree

biomass in the difference of GHGs budget between both systems (Table IVA), the

conversion of the monoculture to the agroforestry system over a 20 year time period would

remain highly beneficial in term of climate change mitigation. Although the GHGs budgets

would be smaller in a time period of 20 years, we also have to consider that the use as

fuelwood of the coffee and Inga wood from the prunings contributes to CO2 mitigation by

fossil fuel substitution.

A.5 Conclusions

Considering only the soil, the studied coffee systems, a monoculture (CM) and a coffee

plantation shaded by the N2 fixing Inga densiflora species (Cln), were not sustainable in term

of GHGs balance with N20+CH4 soil GHGs emissions of 1.93 ± 0.08 and 2.73 ± 0.25 Mg

COrequivalent ha' y-t, respectively in CM and Cln; and small carbon decrease of the soil

top 10 em, between the 6th and 9th year of the plantation, in CM (1.58 Mg CO2-equivalent ha"

{1) and small increase in Cln (0.32 Mg COrequivalent ha' t\ A large part of soil N20

fluxes were caused by the large fertilization rate (250 kg N ha" t 1
) , with fertilizer-induced

emissions of 1.3 and 1.8% of the applied N, respectively in CM and Cln. The reduction of the

fertilization to a rate of 150 kg N ha' y-1 would improve the soil GHGs balance as well as

other environmental aspects such as water quality, without causing a decrease of coffee

production. Considering the soil-plant system, both coffee cultures, after 7 years of

establishment, were sustainable in term of GHGs balance with net balances of 2.67 ± 1.94

and 11.93 ± 2.17 Mg CO2 ha' y-1 in CM and Cln, respectively. The balance between C
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storage and non-co, GHGs in the agroforestry system four times larger than in the

monoculture confirmed the potential of agroforestry systems to sequester atmospheric CO2

and to mitigate climate change.
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Chapitre IV

B Conclusion

Silan du stockage de carbone et des flux de GES autres que Ie CO~

Un bilan net annuel des GES, exprime en CO2-equivalent, a ete etabf pour chacun des

systernes etudies en retranchant aux accumulations annuelles de C dans Ie systerne sol­

plante, les emissions annuelles de GES autres que Ie CO2 (N20, CH4 ) . Les emissions de

N20 et CH4 ont ete plus elevees dans Ie systerne agroforestier (2,73 ± 0,25 Mg

CO2-equivalent ha" an") que dans la monoculture (1,93 ± 0,08 Mg CO2-equivalent ha' an"),

neanrnolns Ie systems agroforestier a presente un bilan annuel de GES de 11,93 ± 2,17 Mg

CO2-equivalent ha" an", 4 fois superieur a celui de la monoculture (2,67 ± 1,94 Mg

COrequivalent ha-1 an"). Cela s'explique principalement par une forte accumulation de C

dans la biomasse permanente et la lltiere au sol. La conversion de la monoculture en

systems cafe - Inga densiflora permettrait ainsi de sequestrer 9,3 ± 2,9 Mg CO2 ha' an"

durant une periode de 7 ans. Compte tenu des incertitudes sur les mesures et sur la

dynamique du C du sol au cours des premieres annees apres plantation, seul Ie systerne

agroforestier peut etre considere comme un puits net de GES durant les 7 annees qui ont

suivi la plantation.

194



Chapitre V Synthese et perspectives

195



A Rappel sur les objectifs

En vue d'attenuer Ie changement c1 imatique , deux grandes approches de limitation de I'effet

de serre sont considerees : (1) la reduction des emissions anthropiques de gaz a effet de

serre (C02, CH4, N20, .. .), (2) la creation et l'amelioration de puits de carbone dans la

biosphere (Albrecht and Kandji, 2003; Locatelli , 2002) . La contribution de I'agriculture a I'effet

de serre est due en grande partie aux emissions de N20 par les sols, emissions qui se sont

accrues avec I'usage des fertilisants azotes industriels. D'une facon plus generale, differents

travaux ont mis en evidence une modification des flux de GES avec la fertilisation azotee des

sols : une augmentation des emissions de N20 par les sols (Stehfest et Bouwman, 2006) ,

une diminution de I'oxydation de CH4 atmospherlque (Chu et aI., 2007; Hotsch et aI., 1993)

et dans certains cas une stimulation de la respiration (Montenegro et Abarca, 2001). D'autre

part. par I'inclusion d'arbres dans les systernes de production agricole, I'agroforesterie

represents une opportunlte interessante d'attenuation des concentrations atrnospheriques en

CO2 (1) par la substitution d'enerqie fossile par de la biomasse, (2) par l'evitement de

destruction de forets existantes qui en decoule (Verchot et aI., 2005) et (3) par

I'accroissement des quantltes de carbone stocks dans des terres vouees a I'agriculture tout

en permettant la croissance de cultures alimentaires (Montagnini et Nair, 2004). En effet, les

arbres dans les systernes agroforestiers peuvent etre des puits significatifs de C

atrnospherique (De Miguel Magana et aI., 2004 ; Beer et aI., 1990). D'autre part, les intrants

organiques provenant de la litiere, de I'elagage de la biomasse, de I'exsudation et de la

rnortallte des racines des arbres peuvent maintenir ou accroitre Ie pool organique du sol tout

en ameliorant la fertilite du sol et en redulsant les pertes par erosion (Montagnini et Nair,

2004; Oelbermann et aI., 2006).

La cafeiculture represents 7,5% des cultures permanentes mondiales. Elle utilise

generalement de grandes quantites de fertilisants azotes (jusqu'a 350 kg N ha' an"). La

cafeiculture est parfois pratique en agroforesterie avec differents usages des arbres associes

aux cafeiers. Certains de ces arbres sont fixateurs d'azote. La contribution des plantes

fixatrices d'azote 1
, aux emissions de N20 est un sujet pregnant dans Ie cadre du

developpernent durable, avec des resultats dans la litterature qui peuvent parfois apparaitre

contradictoires (Rochette et Janzen, 2005).

Dans ce contexte, cette these proposait , par l'etude de deux cultures cafeieres, une

monoculture (CM) et une culture ornbraqee par une legumineuse fixatrice de N2, Inga

densiflora (Cln), de preciser :

I Generalernent legumineuses vivant en symbiose avec des bacteries fixatrices d'azote appartenant au genre
Rhizobia
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(i) I'intensite des emissions de GES (N20 , CO2 , CH4) dans ces systernes, leurs

variations saisonnleres en fonction des evimements climatiques et des episodes de

fertilisation azotee,

(ii) I'impact de la presence d'un arbre fixateur d'azote sur ces emissions ,

(iii) Les processus microbiologiques (nitrification et denitrification) lrnpliques dans les

emissions de N20 , leur nature et determinisrne dans ce contexte ,

(iv) I'impact de I'utilisation de differentes methodologies d'integration des observations

de terrain (mesures directes, simulation)" lors de l'etablissernent du bilan annuel des

emissions de N20 dans ces systernes de culture,

(v) les consequences en terme de stockage de carbone dans Ie sol de la conduite de la

culture cafeiere en agroforesterie,

(vi) I'impact du mode de culture du cafeler (monoculture vs association agroforestiere)

sur Ie bilan des GES a I'echelle de la parcelle, c'est-a-dire la difference entre les

emissions de GES autres que Ie CO2 et Ie stockage de carbone dans Ie systerne sol­

plante.

Notre travail a donc consiste en :

(i) un travail experimental de terrain mettant en jeu deux parcelles experlrnentales

conduites en cafeiculture, I'une en monoculture, I'autre associant un arbre fixateur

d'azote (lnga densiflora). Ces deux parcelles , Iccalisees Costa Rica, ont ete

intens ivement fertlllsees a I'azote (250 kg N ha' an'). Pour mettre en evidence l'effet

de la fertilisation azotee, nous avons etudie a la fois les zones fertillsees de ces

parcelles ainsi que celles non fertlllsees. Nous avons ainsi constitue une banque de

donnees relatives aux emissions de GES et au stockage de C dans ces parcelles

experimentales:

(ii) un travail experimental de laboratoire d'etude des processus microbiens impliques

dans les emissions de N20;

2 L'etablissement de bilans annuels de N20 a l'echelle de la parcelle cultivee necesslterait idealement des
mesures en continu au moins sur une annee complete et spatialement integratives (Frokling et aI., 1998).
Malheureusement, ceci ne peut etre que rarement accompli et la plupart des etudes « in situ» disposent
uniquement de jeux de donnees ponctuels comprenant des flux de N20 et des mesures associees de
temperature, d'hurnidlte et de concentrations de nitrate et d'ammonium en surface du sol. L'utilisation de modeles
« orientes-process » constitue une methodoloqle pertinente pour arneliorer les bilans annuels de N20 a partir
d'une base de donnee de mesures ponctuelles . NGAS (Parton et al., 1996) a ete speclalernent concu pour
simuJer les flux de NzO avec des donnees collectees durant les mesures au champ. NOE (Henault et al., 2005)
en complement aune telle base de donnees environnementales doit etre renseigne sur les proprletes biologiques
des sols, determinees au laboratoire
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(iii) un travail de rnodellsation, d'analyse et de traitement des donnees;

(iv) un travail de communication des resultats,

Dans ce document de these, les resultats obtenus sont presentee sous forme d'articles dont

la suite de ce paragraphe reprend les principales conclusions . Cette synthese presente :

(i) les principaux resultats, leur quante et leur pertinence (section A),

(ii) les perspectives que ces resultats ouvrent sur un plan scientifique (section B).

B Impact des pratiques eulturales de la cafeiculture sur les
flux de GES et Ie stockage de carbone

B.1 Les flux de GES (N20, CH4 , CO2) it I'interface sol-atmosphere

Nous avons etudie les emissions de gaz a eftet de serre (N20, CH4 , CO2) par Ie sol dans

deux cultures cafeieres: une monoculture (CM) et une culture ornbraqee par l'espece

legumineuse fixatrice de N2 Inga densiflora (Cln) . Pendant une periode d'un an (Oct. 04 ­

Sept. 05), les emissions par Ie sol des gaz a eftet de serre N20, CH4 et CO2 et leurs

determinants edaphlques (hurnidite gravimetrique, espace poral occupe par I'eau,

temperature et teneur en azote mineral) ont ete rnesures au champ a un pas de temps

regulier (1 mois) avec, en complement, un suivi plus intensif au cours des periodes suivant

les fertilisations azotees, En plus des mesures de mineralisation de I'azote du sol « in situ »,

les vitesses de mineralisation de I'azote ont ete evaluees au laboratoire en conditions

standardisees. L'etude a examine les variations saisonnieres des flux de GES et des

parametres environnants associes, les determinants des flux de GES dont I'impact de la

fertilisation azotee. Elle a aussi permis de comparer les deux types de culture cafeiere .

Les flux de N20 rnesures ont ete compris entre - 5 et 250 9 N-N20 ha' r L'estimation

annuelle des emissions de N20 par interpolation llneaire entre les points de mesures,

technique tres classiquement pratlquee (Stehfest et Bouwman, 2006), a aboutit a un bilan

des emissions de N20 de la plantation ornbraqee (5,8 ± 0,5 kg N ha' an") 1,3 fois superieur

a celui de la monoculture (4,3 ± 0,3 kg N ha' an"). C'est pendant la saison humide avant

fertilisation et apres la fertilisation de Mai (debut de saison des pluies) que les emissions de

N20 ont ete plus elevees (de I'ordre de 2 fois) sous culture ornbraqee que sous monoculture .

Ce bilan plus eleve du systsme ombraqe par la legumineuse pourrait etre attribuable a une

actlvite microbienne plus intense, revelee par une vitesse de mineralisation de N superieur

(3,7 ± 0,2 mg N kg·1 s.s. r1
) et un rapport CIN interieur (10,3) aceux de la monoculture (2,2 ±

0,2 mg N kg-1 s.s. r et 11,3). Par ailleurs, les emissions moyennes de N20 rnesurees

pendant la saison seche et la saison humide avant fertilisation dans la zone non fertllisee

(dans I'interligne entre les cafeiers) ont aussi ete 1,4 fois plus importantes dans Ie systerne
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ornbraqe que dans la monoculture. Ce ratio est coherent avec celui de 1,3 obtenu avec les

bilans annuels de N20 et pourrait etre considere comme la contribution de l'espece fixatrice

de N2 Inga densiflora aux emissions de N20. Ce travail va donc dans Ie sens ou la presence

d'arbres d'ombrage fixateurs de N2 pourrait legerement augmenter les emissions de N20.

Les fertilisations azotees ccrnblnees a des evenernents pluvieux intenses ont declenche

d'importantes emissions de N20, de I'ordre de 250 9 N ha" r' dans les 2 systernes de

culture. L'effet de la fertilisation azotee sur les emissions de N20 a ete observe pendant 44

jours. Nous avons estirne les emissions de N20 induites par Ie fertilisant a 3,25 kg N20-N

ha" an" et 4,5 kg N20-N ha" an? soit 1,3% et 1,8% de I'azote applique. respectivement dans

la monoculture et la culture omoraqee. Les fertilisations ont egalement auqrnente

temporairement la respiration du sol et les emissions de CH4•

Contrairement au N20, les flux annuels de CO2 et de CH4 ont ete similaires dans les deux

systernes (8,4 ± 2.6 et 7,5 ± 2,3 t C-C02 ha-l an' , 0.9 ± 2,9 et -2,2 ± 2,3 kg C-CH4 ha-l an" ,

respectivement dans Ie systerne ornbraqe et la monoculture). Neanmolns, les flux de CH40nt

eu tendance a etre des emissions dans la culture ornbraqee mais des oxydations dans la

monoculture. La respiration du sol et les flux de CH4 ont d'autre part augmente, de facon

inattendue, pendant la saison seche .

Du fait de la varlablllte temporelle connue des emissions de N20 par les sols (Laville et al.,

1997), peu prise en compte dans les calculs d'interpolation precedernrnent presentes, nous

avons tente d'arneliorer la rnethodoloqle de calcul des emissions de GES par les sols en

utillsant des rnodeles disponibles dans la Iitterature, La dynamique de l'humidite du sol puis

celles des flux de N gazeux (N20, N2) ont ete sirnules a des pas de temps horaire, avec,

respectivement, Ie modele rnecaniste PASTIS et les rnodeles « orientes-process » NGAS et

NOE, sur une periode de 1 an. NGAS et NOE ont utilise comme donnees d'entree les

hurnidites simulees par PASTIS ainsi que des donnees environnementales cotlectees sur Ie

terrain (densite apparente, teneur en azote mineral, temperature, et respiration du sol). 115

ont ete pararnetrises avec les actlvites microbiennes speciflques des sols comme dernande

par les auteurs de ces rnodeles. La pertinence des simulations a ete evaluee sur la base

d'analyses visuelles et par Ie calcul de criteres statistiques d'association et coincidence entre

valeurs observees et predites (Smith et aI., 1996).

La dynamique de l'hurnldite des sols a ete slmulee de facon satisfaisante par PASTIS. En ce

qui concerne les emissions de N20, les simulations obtenues introduisent effectivement une

dynamique horaire des flux permettant de passer en quelques heures de flux tres eleves a
des flux tres faibles sur la base de la dynamique du WFPS dans les sols. Sous les zones

fertillsees (13 % de la surface etudiee), les simulations obtenues avec NOE en monoculture

apres apport de fertilisants apparaissent bien ejustees, legerement sous estirnees sous Inga.
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En saison seche, les simulations avec NOE predisent d'importants pics d'emisslons, non

observes. Les simulations avec NGAS predisent de plus faibles emissions, trop faibles apres

les apports de fertilisants. En revanche, en perlode hors fertilisation , les faibles flux obtenus

cotncldent avec les flux rnesures. En zone non fertillsee (87 % de la surface etudlee), NOE

simule des emissions importantes, non validees. Les tests statistiques pratlques sur ces

simulations accordent neanrnoins davantage de credibitite aux resultats obtenus avec NOE.

Au total, I'ordre de grandeur des flux de N20 simules avec PASTIS-NGAS et PASTIS-NOE

(3,0 and 2,1 kg N ha' an" pour NGAS; 7,1 et 3,7 kg N ha' an' pour NOE, respectivement

dans CM et Cln) concordent avec les flux annuels estirnes a partir des mesures (4,3 and 5,8

kg N ha' an' , respectivement dans CM et Cln) . Par contre, l'etude ne permet pas de

conclure clairement sur I'eftet (apparemment rnodere) de la presence de I'arbre fixateur d'N2,

Inga densiflora, dans une culture cafelere, sur les emissions de N20.

Les experimentations au laboratoire ant concerns la caracterisation des activltes biologiques

lrnpllquees dans la production de N20 en conditions standardlsees et l'evaluatlon de

I'influence de l'hurnldite du sol sur la respiration et les pertes de N2 et de N20 du sol par les

processus de nitrification-denitrification en utilisant la technique de I'inhibition selective par

l'acetylene (C2H 2) 3.

Globalement, les activites biologiques rnesurees en conditions standardisees (potentiel de

denitrification, reduction de N20 en N2, nitrification) sont apparues d'assez faibles intensltes

ce qui explique les flux d'intensite moyenne observes sur Ie terrain au les conditions

environnementales (hurnidite du sol, temperature, disponibilite en azote mineral) sont

pourtant tres favorables au fonctionnement des processus de nitrification et denitrification.

Les sols de la plantation cafeiere ornbraqee par la legumineuse (Cln) ont, de plus, ete places

a des taux de remplissage de la poroslte en eau (WFPS) de 39, 58, 76 et 87% et incubes

pendant 6 jours en absence ou en presence de C2H2• La respiration du sol, les taux de

nitrification et les emissions de N20 par nitrification et denitrification ont ete rnesures en

fonction des conditions d'humidite du sol. Pour tous les WFPS, les taux de production de

N20 et N2 ont ete faibles (4.8; 14.7; 23 and 239.6 ng N-N20 g-1 S.s. r a 39, 58, 76 et 87%

WFPS, respectivement), et rnalqre un pH bas (4,7), Ie N20 a ete principalement produit par

la nitrification, qui a contribue a 85, 91, 84 and 87% des emissions totales de N20 a 39, 58,

76 et 87% WFPS, respectivement. Aux trois valeurs les plus basses de WFPS, une relation

llneaire a ete etablie entre Ie WFPS, la respiration du sol, la nitrification et Ie N20 emis par

nitrification; la denitrification n'a pas produit de N2. Dans des conditions plus anaerobies

obtenues avec un WFPS de 87%, une proportion elevee (87%) du N20 a ete produit par

3 a une pression partlella de 10 Pa, Ie C2H2 inhibe la nitrification autotrophe et a une pression parlielle de 10 kPa,
la reduction d'oxyde nitreux (N20) en N2 est lnhibee (Yoshinari 1993) .
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nitrification, et la production de N2 a represente 84% des flux gazeux causes par la

denitrification.

B.2 Bilan des GES a l'echetle de la parcelle

A partir de mesures de stocks de C du sol realisees la 6eme et la geme annee apres la

plantation des cateiers et des arbres , nous avons evalue la dynamique du C du sol sur une

periode de 3 ans. L'accumulation de C dans la biomasse permanente (hors fruits) et la lltiere

des systernes cafelers a egalement ete estirnee apartir de mesures de biomasse et de stock

de litiere au sol, realisees 7 ans apres la plantation. Un bilan net annuel des GES, exprirne

en CO2-equivalent, a ete etabll pour chacun des systernes etudles en retranchant aux

accumulations annuelles de C dans Ie systems sol-plante les flux de GES autres que Ie CO2

(N20, CH4) .

Au debut de l'experirnentation en 2003, les stocks de carbone (0-40 cm) etaient plutot

similaires dans les deux systernes cafelers (111,94 ± 2,22 and 103,05 ± 2,70 Mg C ha",

respectivement dans la monoculture et la culture ornbraqee). Entre 2003 et 2006, 6 et 9 ans

apres l'etabllssernent des systernes, les stocks de C de la couche 0-10 cm ont eu tendance

a augmenter dans Cln (+0,09 ± 0,58 Mg C ha' an") et a diminuer dans CM (-0,43 ± 0,53 Mg

C ha" an"). En 2004,7 ans apres I'installation des cafeieres, Ie stockage de carbone dans la

phytomasse du systerne agroforestier (27,4 ± 0,6 Mg C ha') etait plus de deux fois superieur

acelui de la monoculture (11,8 ± 0,4 Mg C ha"). En ne conslderant que Ie sol, les bilans nets

des GES (emissions equivalentes de 3,51 ± 1,93 et 2,41 ± 2,15 Mg CO2-equivalent ha" an'

pour, respectivement, la monoculture et la culture ornbraqee) ont rnontre un impact neqatif

des deux systemes cafeiers sur I'effet de serre. Les emissions de N20 + CH4 ont ete

moyennement elevees (1,93 et 2,73 Mg CO2-equivalent ha' an", respectivement, pour la

monoculture et la culture ornbraqee). La reduction de la fertilisation permettrait de redulre

ces emissions et d'arnellorer d'autres aspects environnementaux tels que la qualite de I'eau,

sans causer de diminution de la production de cafe , comme cela a pu etre dernontre par

ailleurs. Le bilan net des GES a l'echelle du systerne sol-plante a ete de 2,67 ± 1,94 Mg

CO2-equivalent ha" an" dans la monoculture et de 11,93 ± 2,17 Mg CO2-equivalent ha" an"

dans la culture ornbraqee. Le systems ornbraqe par la lequmineuse, rnalqre des emissions

annuelles de N20 vraisemblablement plus elevees que celles de la monoculture, a presente

un bilan de GES 4 fois superieur, principalement en raison d'une forte accumulation de C

dans la biomasse permanente et la litlere au sol. La conversion de la monoculture en

systerne cafe - Inga densiflora permettrait de stocker de I'ordre de 10 Mg CO2 ha" an"

durant une periods de 7 ans, ce qui confirme Ie potentiel de sequestration de C des
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systemes agroforestiers et par voie de consequence d'attenuatlon du changement

c1imatique.

C Perspectives

Au cours de ce travail de these, nous avons cherche a caracteriser les composantes du bilan

des gaz a effet de serre dans deux systemes de culture cafelere par des mesures et des

simulations de ces differentes composantes dans chacun de ces systernes. II ernane de

cette etude, de son dispositif et des resultats et conclusions que nous avons enonces

diverses questions de recherche qui pourraient etre etudlees de facon plus detaillee et qui

ouvrent de nouvelles perspectives sur un plan scientifique :

C.1.1 Analyse et interpretation des resultets

(i) Nous avons qualifie de « rnodere » l'effet de la presence de l'espece legumineuse Inga

densiflora sur les emissions de N20. Gette conclusion s'appuie sur une slrnllarite des

parametres biologiques impilques dans la production du N20 et sur une difference d'un

facteur allant de 1,3 a 1,9 entre les deux systernes de leurs taux de mineralisation

rnesures « in vitro» ou de leurs bilans annuels de N20 etablls par une approche

d'interpolation des mesures de terrain ou de modelisatlon. Mais, disposons-nous de

criteres permettant de hlerarchiser les deux systernes vis-a-vis de leur niveau

d'emlssions de N20? " serait utile de construire une echelle des emissions de N20

permettant de classer et de differencler diverses situations ernettrices de N20.

(ii) La discrimination des deux systernes etudies vis-a-vis de leurs emissions de N20 s'est

revelee discordante selon la methode employee: tandis que les mesures de terrain et

I'interpolation de ces mesures a l'echelle de l'annee ont indique un bilan annuel de N20

plus eleve dans Ie systerne ornbraqe par la lequmineuse que dans la monoculture, les

simulations nous ont indique Ie contraire. Dans ces circonstances, comment effectuer un

choix entre les deux methodes ou comment etablir un bilan prenant en compte les

resultats obtenus par les deux methodes? Gette difficulte n'est sans doute pas

specifique aux emissions de N20 en cafeiculture et pourrait peut etre trouver des

reponses aupres de statisticiens . La solution que nous envisageons · fait appel au

theoreme de Bayes qui permettrait de calculer un bilan annuel sur la base des deux

methodes en les ponderant par une fonction de vraisemblance.

(iii) La presence d'arbres fixateurs de N2 a un impact sur Ie cycle de I'azote d'un systems.

Elle accroit I'incorporation d'azote dans Ie systerne et peut donc potentiellement accroitre

ses pertes d'azote, par voie gazeuse sous forme de N20 notamment ou par Iixiviation

sous forme de nitrate. Gette presence induit eqalernent des modifications des proprietes
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physiques du sol: une augmentation de son hurnidite, une diminution de sa temperature

et de sa densite apparente, notamment. Les emissions de N20 plus elevees que nous

avons rnesurees dans Ie systems Cln par rapport a celles rnesurees dans CM sont-elles

dues majoritairement a une incorporation d'azote plus elevee dans Ie systerne Cln ou

bien aux caracteristiques physiques de son sol? Autrement dit, s'agit-il d'un effet

« legumineuse fixatrice de N2» ou d'un effet « arbre » ? Pour repondre acette question il

serait necessaire d'etudler plus en detail les emissions de N20 associees a
I'incorporation d'azote dans Ie systems au niveau de (1) la fixation de I'azote chez

l'espece Inga densiflora, (2) la chute de lltiere et (3) I'exsudation racinaire.

(iv) Au cours de cette etude, nous avons ete surpris par les faibles taux d'activites

biologiques (nitrification et denitrification) rnesures sur Ie sol en conditions potentielles,

rneme si ces taux finalement se rapprochent des estimations fournies par Henault et al.

(2005) pour des sols issus de la rneme zone climatique. II conviendrait d'en expliquer

I'origine (afin d'avoir des elements pour predire a plus grande echelle les emissions de

N20 par les sols), c'est-a-dlre determiner si ces faibles taux sont la resultants de

caracterlstlques lntrinseques de la microflore du sol (structure , denslte, actlvite), ou si ils

sont dus aux caracteristiques environnementales tels que la temperature et l'hurnidite

des sols dont I'amplitude varie peu au cours de l'annee dans ces conditions tropicales,

et/ou de leurs interactions. Les applications intensives de produits phytosanitaires et de

fertilisants ont, par ailleurs, pu rnodifle la microflore en terme de structure et d'activite,

Plus de recherche en matiere de nature et determlnlsme des activltes biologiques des

sols serait necessaire afin de repondre a cette question. La connaissance du niveau

d'activite biologique d'un sol permet, par ailleurs, d'anticiper la mise en ceuvre de

mesures de terrain et de caracteriser un sol dans des conditions standardisees.

C. 1.2 Methodologie

(i) Nous avons observe des discordances entre certains resultats experimentaux sur les

processus de nitrification-denitrification et les simulations, comme par exemple sur Ie

ratio N20/(N20 + N2) de la denitrification ou sur les emissions de N20 par nitrification

a des teneurs elevees du WFPS. Le recours au 15N semble indispensable pour mieux

caracteriser les processus de nirlflcatlon-denltriflcation dans les rnodeles mais n'est

pas toujours realisable.

(ii) Les Andosols etudles ont presents une forte variabilite spatiale de leurs proprietes

physico-chimiques. Les analyses que nous avons effectuees indiquent des taux d'AI

amorphe deux fois lnferieurs a ceux rnesures dans une parcelle de la station

experimentale, D'autre part, les echantlllons de sols preleves dans Ie systerne Cln en

2003 et ceux preleves en 2006 ont presente, en profondeur, une texture et un taux de
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carbone differents. Dans ce contexte, nous nous posons la question de la

rnethodoloqle adequate pour mesurer l'evolution des stocks de carbone dans un

Andosol et de la frequence des mesures (proprletes physico-chimiques liees aux taux

de C) aeffectuer.

C.1.3 La cafeiculture et Ie changement climatique

(i) Les niveaux de stockage de C dans la phytomasse, que nous avons presentes, ont ete

calcules lorsque les systernes cafelers avaient 7 ans. Ces taux peuvent etre consideres

comme des valeurs maximales et diminueraient si I'on considerait Ja duree de vie

moyenne des systemes, d'environ 30 ans. Quel serait Ie bilan net des GES des deux

systernes calcules sur la base d'un scenario de 30 ans et quelle quantite nette de CO2

serait stockee lors de la conversion de la monoculture en systems cafe - Inga

densiflora ?

(ii) Nous avons egalement souliqne que I'utilisation du bois provenant des tailles des

cafelers et des arbres d'inga comme bois de chauffage contribuerait a limiter Ie CO2

atrnospherlque par substitution de combustible fossile. Quel est Ie potentiel de fourn iture

de bois de chauffage des deux systsmes et a combien se chiffreraient les emissions de

CO2 evltees par la conversion de la monoculture en systerne cafe - Inga densiflora ?

Nous pourrions calculer Ie stockage de CO2 et les emissions de CO2 evltees que permettrait

la conversion de la monoculture en systems cafe - Inga densiflora a partir de nos donnees

en simulant avec Ie modele C02FIX (Masera et aI., 2003) (voir Figure V.1 en Annexe)

l'evolution, sur 30 ans, des stocks et flux de carbone dans la biomasse, Ie sol et les produits

derives des systernes.

(iii) Nous terminons sur Ie point qui, a notre sens , est Ie plus important. II ressort de notre

etude que les emissions de N20 repondent fortement a J'application de fertilisant mineral

azote et qu'il est imperatlt de reduire Ie niveau de fertilisation de ces systernes.

Neanmoins, si la fertilisation rninerale azotee est redulte, I'introduction d'especes

fixatrices de N2 constitue une alternative pour maintenir la production de cafe. Par

consequent, quel niveau de fertilisation azotee et quel type de systems de culture

(utilisation ou non de legumineuses fixatrices de N2 comme arbres d'ombrage) pouvons­

nous recommander pour cultiver Ie coftea arabica afin de reduire les emissions de N20

sans porter prejudice a la production de cafe?

La reponse a cette question est complexe et laborieuse. Neanmoins, une premiere etape

consisterait a utiliser comme entrees des simulations que nous avons reallsees avec NOE,
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non pas les teneurs en azote mineral rnesurees « in situ» mais celles slrnulees apartir d'un

modele sol-plante specifique a la dynamique de I'azote dans Ie sol. Nous pourrions ainsi

simuler les emissions de N20 en reponse a la dose de fertilisant azote applique. Une

seconde etape serait de s'interesser ades systernes agroforestiers catelers plus complexes

lnteqrant, non pas une seule espece ornbraqere mais plusieurs comme c'est souvent Ie cas

au Mexique ou en Indonesle, par exemple.
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Conclusion

Dans Ie contexte global d'intensification du changement climatique, I'objectif de ce travail

etalt d'evaluer les flux de gaz a effet de serre (N20, CH4, CO2) a I'interface sol-atmosphere et

Ie stockage de carbone dans deux cultures cafe ieres fortement fertilisees (250 kg N ha"

an" ). Situees au Costa Rica , I'une eta it prat iquse en monoculture, I'autre en agroforesterie.

Dans Ie cas present, I'arbre introduit, Inga densiflora , etalt une legumineuse fixatrice d'azote

atrnospherique, tres repandue dans la cafeiculture centrarnericaine. La demarche adoptee a

ete, dans un premier temps, de mesurer les emissions par Ie sol des gaz a effet de serre

N20, CH4 et CO2 et les parametres du sol associes (hurnidite gravimetrique, densite

apparente, temperature et teneur en azote mineral). Les vitesses de mineralisation de I'azote

des sols ont aussi ete evaluees au laboratoire en conditions standardisees. Dans un second

temps, nous avons caracterise les activltes biologiques de nitrification et denitrification,

associees a la production du N20 et slrnule les emissions de N20 avec les rnodeles NOE et

NGAS, couples au modele hydrique PASTIS afin de mieux apprehender la dynamique des

flux pour etablir les bilans annuels de N20. Enfin, Ie bilan net annuel des GES, exprime en

CO2-equivalent, a ete etabli pour chacun des systemes en retranchant aux accumulations

annuelles de C dans Ie systerne sol-plante les flux de GES autres que Ie CO2 (N20, CH4) .

Les mesures de terrain effectuees ont conflrme que la fertilisation rninerale azotee provoque

une augmentation des emissions de N20 du sol et ont ainsi souliqne l'importance de reduire

les niveaux de fertilisation de ces systernes. Calculee selon la methodoloqie la plus usuelle

(somme des flux rnesures, Stehfest et Bouwman (2006)) la part de fertilisant perdue sous

forme N20 (FIE) a ete estlrnee a 1,3 et 1,8 % de I'azote apporte pour, respectivement, la

monoculture et la culture associee.

Une partie importante de ce travail a concerne la simulation des emissions de N20 pour

essayer de rendre compte de la dynamique temporelle des emiss ions « in situ ». Au cours

de ce travail, nous avons realise:

(i) un travail de simulation du WFPS des sols a I'aide du modele PASTIS. Les criteres

statistiques utilises pour evaluer les simulations ont montre la pertinence de ces

simulations.

(il) un travail de caracterisation des actlvites microbiennes des sols, lrnpliquees dans les

emissions de N20. Les activ ites rnesurees sont apparues relativement faibles

comparativement a celles prealablernent rnesurees en conditions ternperees. En

effet, Ie potentiel de denitrification rnesure sur cylindres de sol non rernanie est

apparu inferieur a 1 kg N ha" r1 alors qu'i1 atteint souvent des valeurs 10 fois plus
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importantes sur les sols francais. Les sols etudies sont apparus, aussi, peu aptes a
reduire Ie N20 en N2 , ce qui apparait coherent avec Ie faible pH des sols.

(iii) Un travail d'inteqration des ces connaissances a I'aide des rnodeles couples PASTIS­

NGAS et PASTIS-NOE permettant d'obtenir des flux horaires d'ernissions de N20

pendant une annee dans les 2 systemes, Les crlteres statistiques utilises pour

evaluer la pertinence des simulations ont accorde davantage de credit aux

simulations realisees avec PASTIS-NOE qu'a celles obtenues avec PASTIS-NGAS.

NOE a conduit a des estimations de flux annuels de N20 superieurs sous

monoculture que sous culture assoclee avec Inga densiflora du fait de WFPS

generalement plus eleves sous monoculture; la denitrification apparaissant Ie

principal mecanisme source de N20. L'estimation du FIE est a ete de 1,3 % sous

monoculture et de 0,8 % sous culture associee avec Inga.

Nous avons par ailleurs observe que la presence d'lnga densiflora dans Ie systems cafeler

permet une augmentation notable du stockage de carbone. Ainsi, Ie bilan net des GES dans

Ie systems ornbraqe par la legumineuse, durant les 7 premieres annees qui suivent sa

plantation, est apparu 4 fois superieur a celui de la monoculture.

Globalement, les resultats obtenus vont dans Ie sens d'une attenuation de I'effet de serre

additionnel d'origine anthropique par la pratique de I'agroforesterie en cafeiculture, lis ne

valident pas l'idee souvent avancee selon laquelle I'introduction d'une legumineuse fixatrice

de N2 comme espece ornbraqere amplifierait les emissions de GES. Neanmoins, compte

tenu de I'impact de la fertilisation azotee sur les emissions de N20 et dans les cas ou les

arbres associes ont la proprlete de fixer I'azote atrnospherique, cette propriete rnerlteralt

d'etre exploitee pour limiter les apports de fertilisants azotes, Enfin, si nous voulons etre en

mesure de pouvoir recommander des pratiques culturales favorables a l'attenuation du

changement c1imatique, il parait necessaire de s'interesser a des systernes cafeicoles plus

diversifies et moins intensifs que ceux retenus dans cette etude.

Cette etude montre aussi I'importance des incertitudes sur les bilans de gaz a effet de serre

des systernes de culture et la necessite de developpernents methodoloqlques (systernes de

mesures directes, systernes de calcul et de prediction) pour les etablir. Elle montre aussi

I'importance d'etudier specifiquernent les dlfferents rnecanismes mis en jeu dans les

systernes de culture tant que les techniques de mesures directes ne permettent pas leur

approche globale.
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Tableau V.l : Modeles ou description de la denitrification provenant de la litterature, classes par

ordre alphabetique, d'apres Heinen (2006)
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Figure V.l : Processus/flux de carbone (fleches) et stocks de carbone (boites) dans un ecosysteme boise et
dans ses produits tels qu 'ils sont distingues dans C02FIX V.l (Masera et al., 2003)
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