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Résumé

La dégradation des terré8e a l'intensification agricojgrincipalement du@ la baisse de la

fertilité des sols ej O 1 p U &skdever@aineproblématique majeure en Nouvellalédonie.

Le contexte insulaire et les spécificités pédoclimatiques rendent en outre les enjeux
GIDXWRVXIILVDQFH Dr@atihHi@3NaDroétbbysténtés 8tUgeVIal biodiversité,
GIDXWDQW SOXV SUpJQDQWYV J/HV VA\VWgPHV GH FXOWXUH
SURFHVVXV ELRORJLTXHV DILQ GYfrWUH YLDEOHV SHUIR
conservation (ACgonsisteenun ensemble de pratiques culturales basé sur trois principes : une
réduction, voire une suppression du travail du sol, une couverture végétale du sol permanente
HW XQH GLYHUVLILFDWLRQ GHVY HVSqFHV FXOWLYIl@htV /3%& ¢
durabilité et productivité, et en favorisant un certain nombre de services écosystémiques.

A travers une démarche originale intégrant approches fonctionnelle et systémique, cette these
vise a quantifier les relations entre pratiques, fonctions eicesrécosystémiques au sein de

sdc complexes. Dans le contexte spécifique de la cdte ouest de la N@alétlenie, afin de
VDYRLU VL Of%$& SRXUUDLW PD[LPLVHU OD IRXUQLWXUH GH
apparues importantes a abordesF XHOV VRQW OHV LPSDFWV GHV SUDWLT;
VRO HW OHV SHUIRUPDQFHY DJURQRPLTXHY GH VGF " TXHO
IRQFWLRQQHOOH PDFURIDXQH " HW TXHOOHV VRQW OHV
ressources de sdc en AC notamment sous couvert végétal vivant ?

Afin de répondre aux deux premiéres questiang expérimentation systéme, initiée en 2011,

a permis de comparer en 2018 trois sdc en production de mais : un sdc en monoculture et en
labour, représentant la pratique de référence de la région (CT), un sdc en AC sous couvert
végétal mort (mélange deedpéces annuelle@A-DM), et un sdc en AC sous couvert végétal

vivant (Stylosanthes guianensi€A-LM). Une expérimentation analytique a également été

PLVH HQ SODFH HQ DILQ GYpYDOXHU OHV SHUIRUPDQ
U HV V R XheRRsbbcigidnidmaStylosanthes guianensis AC sous couvert végétal vivant.

'IXQH SDUW OfYLPSDFW GX PRGH GH FRQGXLWH GH FHV WU
via OTXWLOLVDWLRQ GH %LRIXQFWRROS %LRIX®@fERROS HVV
la santé des sols basée sur une approche intégrative prenant en compte les liens entre les
propriétés physicahimiques et I'activité biologique des sols. Elle permet de mener une analyse

des fonctions principales du sa) la transformatiomlu carbone, ii) le recyclage des nutriments,

HW LLL OH PDLQWLHQ GH OD VWUXFWXUH GX VRO 'fDXWU
DILQ GH PHVXUHU OYLPSDFW GH SUDWLTXHV FXOWXUDOHV \

5



G L QW pgl fohttibn¥Vde Ra macrofaund) la dégradation de la matiere organique, ii)
OTLQIJpQLHULH GH OfYpFRVA\VWgPH HW LLL OD UpJXODWL
OTHIILELXWEGL YV DW L R Qe Gad akbke MuriexeUduaiithee) et desfgrmances
GH FHV VGF FRQWUDVWpV D pWp PHQpH j OfYDLGH GH OD PR
1RXV PRQWURQV L TXH OfpYDOXDWLRQ UpYqOH XQ LQGH] ¢
AC (CADMetCA /0 TXTHQ &7 8QH SURSRVWLIQDIOR QI®® FFO\&WHHVRWW
caractérisant les relations entre fonctions du sol et service de production, en lien avec les
SUDWLTXHV FXOWXUDOHV PRQWUH TXH OT$& SUpVHQWH Gt
améliorant les performances du sttQJHQGUDQW XQ UHQGHPHQW IRLV \
&7 LL TXTYXQH GLIIpUHQFH LPSRUWDQWH GH UpSRQVH IRQI
entre AC (CADM et CA-/0 HW &7 WUDGXLW SDU GHV YDOHXUV GH
supérieures en AC. La¢aDFWpULVDWLRQ GHYVY UHODWLRQV HQWUH Of
VXU PDwV HW OYLQGLFDWHXU 606 PRQWUH TXH OD FRPELQD
du sol et la santé des plantes peramet meilleure compréhension de la performancersupé
des sdc en AC, et iii) que des sdc en AC sous couvert végétal vivant (intercropping) ont une
HIILFLHQFH GIXWLOLVDWLRQ GHVY UHVVRXUFHV VXSpULHXUL
GH OXPLgQUH LQWHUFHSWDpPH e 1p a 23 % delsliRatetvalisdeO L V p
I TDSSURFKH V\VWpPLTXH FDUDFWpULVDQW OHV OLHQV HQW
disponibles et les performances du sdc, reflete la complémentarité (aérienne et souterraine) de
OTXWLOLVDW L R Qhoténtinént LeH \é3UReX dFoteé) conduisant a une productivité
supérieure des systemes en intercropping.
Cette approche originale a permis de quantifier et qualifier la fourniture de services
écosystémiques de systémes céréaliers en AC. Cette caractérieatihfiéitences entre sdc a
PLV HQ DYDQW OH SRWHQWLHO GH Of$& SRXU PD[LPLVHU (¢
amélioration des processus biologiques. Par ailleurs, nos résultats soulignent la pertinence
GIXQH WHOOH GpPDUFKH VRO ®OPBSQUWREKH MOW ERPVPXH SH
en lumiéere des propriétés indécelables par des approches plus analytiques et sectorielles. Cette
approche pourra alors intégrer une démarche plus globale de conception partagée avec les
producteurs et autreP FWHXUV FRQFHUQpPpV IRXUQLVVDQW XQ RXWL
développer des sdc innovants adaptés au contexte de la NeCak&tonie.

Mots clésCouvet végétal Mulch, Association de culture®artage des ressourchg]icateurs

fonctionnels Approche systémique



Performances and impacts of conservation agriculture cropping systems in magnesic soil

in New Caledonia

Abstract

With the arable landuseintensificationin recentdecades, depletion of soil fertility and soil
erosion have emerged as major issues for the sustainability of agricultural production systems
in New CaledoniaLike other islands in the South Pacific, agricultural intensification has had
positive impacts 0 agricultural production and food security but also detrimental impacts on
biodiversity, soil and water resources. New cpapg systenmanagemenis needed to better
manage ecological functions and ultimatetyphancethe provision ofecosystem services.
Conservation agriculture (CA) is a farming systesmsed ominimum soil disturbance.€., no

tilage), maintenance of a permanent soil cover, and diversification of plant species. CA
practices are a promising way to reduce the negative impacts of ageceispecially on soll,

while conserving production and ecosystem services.

In this study, we propose an original framework based on integrative and systemic approaches
of the relationships betweemgricultural practices, ecological functigread cropping system
performances. The studyas conductedn the West coast of New Caledonia and three
guestions were addressed to assess the impacts of CA mrotgonof ecosystem services:

i) what are the impacts of CA on soil health and croppystesn performances compared with
conventional tillaggCT)?, ii) what are the impacts of CA on functional biodiversity (soll
macrofauna)?, and iii) what are the resource use efficiency and cropping system performances
of intercropping systems compared tairme monoculture?

To answetthe first two questions longterm experiment was startad2011 to compare three
maizebased cropping systems: i) meampping under C]which is the predominant practice

in the region, ii) CA with direct seeding of mairea dead mulch (a mixture of four annual
speciesCA-DM), and iii) CA with direct seeding of maize in a living mul@tylosanthes
guianensiy (CA-LM). Furthermore, an analytical experiment waaductedn 2018 toassess

the impacts of a maiz8tylosarties guianensistercropping system on resource use efficiency

and productivity compared to monocultu@n the one hand, the impact of the three contrasted
cropping systemd.é., CT, CADM and CALM) on soil health were assessed and compared
using Biofunctool®. Biofunctool® is a functional assessment of soil health based on an
integrative approach taking into account the links between the pkgtsgroical properties and

the biological activity of soils. It allogvan analysis ofhe three main functions dhe soil: i)

7



carbon transformation, ii) nutrient cycling, and iii) soil structure maintenance. On the other
hand, a soil macrofauna services (SMS) index was proposed as an integrative tool to evaluate
and compare the effects of these cropping system®ibmacrofauna services. This index
integrates three key macrofauna functions: i) decomposition of organic matémgsiystem
engineering, and iii) pest control. Finaltiieresource use efficiency€., water, light, nitrogen

and land) andhe performance of intercropping systems were assessed and compared with
monoculture.

The results of this study showed that i) the Biofunctool® soil health index (SHI) was generally
1.3-fold higher under CA (CADM and CALM) than under CT. Then, th&ystemic pproach
highlighted the positive effects of CA on soil healitle.( soil structure maintenance, carbon
transformation, nutrient cycling) and crop productivity leading to ddidBhigher yield under

CA than under CT, ii) a significant differenae soil macrofauna functioning was observed
with a 2fold higher SMS index under CA (GBM and CA-LM) than under CT. The
relationships of SMS with Biofunctool® andame damages were characterizedi showed
combined effects ahe SMS index on soil health and plahealththathelp better understand

the higher performances of CA systems, and iii) the rmstide intercropping systems
improved resource use efficiency, with notalbl20% gainin intercepted light, a 285%
increase in nrogen use efficiency, andl®-23% gain in land use efficiency. Additionalthe
systemic approachenabled identification of the relationships between intercropping
management, available resources and cropping system performaneey reflecting
complementarity (aboveand belowground)of the intercropsin resource usepérticularly

water and nitrogen resources) driving overyielding trend of the intercropping.
Suchinnovativeapproach, taking into account the relationships between practices, functions
and services, enabled to characterize the performances of cropping systems under CA. The
comparison of these CA cropping systems with CT highlighted the capacity of CA to neximis
the supply of ecosystem services based on an increase of ecological pradessesesults
highlightedthe relevance of such a systemic approachhf®mtegrative analysis of cropping
systenscompared to usual analytical stesl This approach couloe used as a decision support

tool integrating participatory approach with producers and other concerned stakeholders in

designing and evaluating innovative cropping systems in the context of New Caledonia.

KeywordsCover crop, Mulch, Intercropping, Resoa partitioning Functional indicators,

Integrativeapproach
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Abréviations

AC / CA Agriculture de conservation / Conservation agriculture

CA-DM AC sous couvert véggl mort / CA with direct seeding in a dead mulch
CA-LM AC sous couvenégeéetalvivant / CA with direct seeding in a living mulch
CT Labour/ Conventional tillage

Itk Itinéraire technique

LER Rendement total par équivalent surface / Land equivalent ratio

LUE (IILFLHQFH GYXWLOLViphwksdefficehey OD OXPLqUH
MMC Monoculture de maisMaize monoculture

MO Matiére organique

MSI Association maistylo (intercropping) Maize stylo intercropping

MSlzo%n  Association maistylo en fertilisation azotée réduite de 30 %

NUE (IILFLHQFH GTXW L ONitidgemuis®efficenityO 1D]RW H
SAU Superficie agricole utilisée

Sdc Systeme de culture

SEM Modélisation par équations structurell&ructural equation modeling

SHI Index de la santé du sobbil health index

SMC Monoculture de styl&fylosanthes guianenyisStylo monoculture

SMS Services de la macrofaude sol /Soil macrofauna services

WUE (IILFLHQFH GIXWL Oatet DY e&fficiencyH O THD X

12



Liste des tableaux

Tableau 1.1 Comparaison entre approche analytique et systémique (d'aprés Le Moign¢ (1990);

TS = YA 220 1 T 22,
Tableau 1.2 Couverts végétaux testés en association avec du.mais..............cceeernnns 34
Tableau 1.3 Critérede sélection des couverts végétaux pour des systémes de culfure en
agriculture de conservation sous couvert végétal mort®h et vivant (CALM). .......... 35

Tableau 1.4 Résultats des notations des traits fonctionnels des différentes modalité

5 testées

(moyennes des notations réalisées aux stades floraison et maturité du mais). Code

couleur

vert: valeurs les plus faibles, rouge Y DOH XUV OHYV SOXV pOHYpHV 1

RWDWL]

de mais 0: sénescent, 1: en cours de sénescence, 2: présence de repousses vivantes

Tableau 1L.53VVROHPHOW GH OfYH[SpULPHOWDWLRQ V\VW-

, 3: vivant.

PH SRX

DM : agriculture de conservation sous couvert végétal mort:L’A agriculture de

conservabn sous couvert végétal vivant. Mz: madsed mayy Cp: niébé Yigna unguiculaty

Cm: squashQucurbita maximyg Sqg: sorgho$orghum bicoloy, Lz: luzerne Kedicago sativg

St: Stylo Stylosanthes quianengigdim: HotMix: sorgho, niébé, doliquédblab purpureus,

et crotalaire Crotalariajuncea 3~ VXFFHVVLRQ DQQXHOOH ..3.40

DVVRFL

Tableau 2.1 Biofunctool® ndicators of soil carbon transformation per treatment. |CT:

Conventional Tillage, CA: Conservation Agriculture with direct seeding in Dead Mulch

(CA

DM) or Living Mulch (CA-LM). POXC: Permanganate OXidizable Carbon, SituResp®: |

pasal

soil respiration, Lamirg lamina bait degradation, GTB: fraction of Green Tea

Bag

decomposed. The analysis was conducted in th@ € layer, except for laminas (in the

D

cm layer) and GTB (at a depth of 8 cm); n=9 for each treatment; sd: standard de

viation.

Different lettersLQGLFDWH VLIJQLILFDQW GLIITHUHQFH.V..DFR2

RUGLQJ

Tableau 2.2 Biofunctool® indicators of soil structure maiatee per treatment. C[I:

Conventional Tillage, CA: Conservation Agriculture with direct seeding in Dead Mulch

(CA

DM) or Living Mulch (CA-LM). VESS: Visual Evaluation of Soil Structure, Beerkan: w

hter

infiltration, AggSoil: soil aggregate water stabilifyhe analysis was made in thd. 0 cm layer

except for VESS (in the-B0 cm layer); n=9 for each treatment; sd: standard devia

tion.

‘'LITHUHQW OHWWHUYVY LQGLFDWH VLIJQLILED.QW..GLIEJ

UHQFHV

Tableau 2.3 Biofunctool® indicators of soil nutrient cycling per treatment. CT: Conven

tional

Tillage, CA: Conservation Agriculture with direct seeding in Dead Mulch-[i or Living

Mulch (CA-LM). AEM-NO3-: nitrate evaluated with anion exchange membrislaH4+, N-|

NO3-: available ammonium and nitrate. The analysis was conducted in1Bect layer]

except for AEMNO3- (at a depth of 8 cm); n=9 for each treatment except fbliH4+ and N|

NO3- where n=3 per treatment (no internal replicates); sd: standeidtida. Different letter
LOQGLFDWH VLJQLILFDQW GLIITHUHQEHV.DEERUGL.Q.J5

R 7XNH

Tableau 2.4 Cropping system performanaidators per treatment. CT: Conventional Tillage,

CA: Conservation Agriculture with direct seeding in Dead Mulch @MW) or Living Mulch

(CA-LM). Weeds: Weed cumulative aboveground dry matter during crop cycle, Maize d

PNSity:

Maize plant population, Kerneleight: Total kernel weight per maize ear, TKW: Malize

Thousand Kernel Weight, Maize vield: grain vield: n=9 for each treatment: sd: standard

deviation.'LITHUHQW OHWWHUV LQGLFDWH VLJQLILED.QY%

GLIITHUFE

Tableau 3.1 Relationships between soil macrofauna services (SMS) index and related iy

dicators

(i.e., OM decomposition, ecosystem engineering, pest cpnémod Biofunctoa® soil health

13



index (SHI), maize damage, and maize yield. GIm followed by Anova. ***P<0.001; **P<0.01;

Tableau 4.1 Maize density, sheobt ratio, biomass, grain production, and system

otal

biomass production per treatment. MMC: Maize monoculture, MSI: M&ide intercropping

MSlzoun:. Maize-stylo intercropping with 70% N fertilisation. Maize SRE: 6-leaf maize

stage shoetoot ratio, Maizeiomass Maize aboveground biomass at harvesi (had),

Maizeyain Maize grain yield @ ha'), System BM: Total aboveground DM biomass and dgrain

produced in the systemp(t ha'); n=9 for each treatment; sdtandard deviation: ns: npt

VLIQLILFDQW 'LITHUHQW OHWWHUY LQGLFDWH .V.L.BQ

LILFDQV

Tableau £ Resource use efficiency indexes per treatment. MMC: Maize monoculture

MSI:

Maize-stylo intercropping, MSbewn: Maize-stylo intercropping with 70% N fertilisation. WU

Water use efficiency (ki mm+), LUE: Light use efficiency (Y W), LI: Cumulativelight

intercepted during maize cycle (W4 NUE: Nitrogen use efficiency (kg kan™), PFPN:

Partial factor productivity of nitrogen (kg koY), LER: Land equivalent ratio; n=9 for each

treatment; sd: standard deviation: ns: not significant. Diffekettérs indicate significant

GLIIHUHQFHV DFFRUGLQJ WR.ZXNH\LV. WHVW...............93

14



Liste des figures

Figure 1.1LlesVL] pWDSHV GH OD GpPDUFKH DSSOLTXpH j OPfH[SpU

2017). SAC SYStEME A CUIUIE.......eeeeeeiiieiee e e e e e emre e e e e e e e e e e e e eeees 23

Figure 1.2 Clasfication des services écosystémiques issue du rapport du Millenium Eco$ystem

$VVHVVPHQW GIDSUqV OD VIQWKgVH GX O0LOOH.Q.L25

Figure 1.3 a) Localisation de la Nouvellmlédonie dans le Pacifique Sud (Google E4
E /REDOLVDWLROQO GH OD VWDWLRQ H[SpULPH(¢
agricoles et part de la surface agricole utilegpanmune de Nouvell€alédonie (RGA, 2012

Figure 1.4 Diagramme climatique sur la période 2010 GH OD JRQH G Y p&téd
France de la Ouenghi). Les moyennes des précipitations mensuelles (mm) (histogramn
températures moyennes mensuelles (°C) (courbe) sont représentees

Figure 1.5 Carte pédologique de NouveBeD OpGRQLH GYDSUqV C&&h@
(L1 ESTo] £ 2 0 2 ) TP PP PPPPPPPPP 28

JLIXUH 6FKpPD GX PRGgOH GYpTXDWLRQV VWUX
étudiées entre pratigues culturales, santé du sol et performances du systéeme de cul
labour, AC: agriculture de CONSErVation................oovvvuiiiiimmmeeee e e enannans 32

J)LIJXUH 6FKpPD GH OYfpYDOXDWLRQ SHUPLVH SDU
pratiques culturales, santé du sol, santé des planpesformances du systeme de culture:
labour, AC: agriculture de conservation, SMServices de la macrofaune du sol

)LIXUH 6FKpPD GX PRGgOH GIpTXDWLROV VWUXF

pratiques culturales, ressources disponibles et performances du systéme de cultiatso @]

P (FRV\V

rth,
DPWDOH

)

GH 6WI
e) et des

DV GH C

FWXUHC
ure. CT

OTRXW
CT

NV XUHOQO

AC : agriculture de conservation, NUEHIILFLHQFH G fiXWID]IRVBNIENRED

PAr EQUIVAIENT SUMACE- ... . .euiiiiie ittt e e e e e smmne e 34

Figure 1.9 Dispositif expérimental et illustration de quatre espéces de tsot@Etaux vivant
aux traits fonctionnels différent®) Luzerne (Medicago sativa), b) Vesce velue (Vicia villg
c) Trefle blanc (Trifolium repense), d) Stylo (Stylosanthes guianensis)...................... 36

)LIJXUH 'LVSRVLWLI HISpULPHOQOWDO HW LOOXVWU
station expérimentale de la Ouenghi (Google Earth, 2019). CT : labouRNCAAC sous
couvert végtal mort, CALM : AC sous couvert végétal vivant

5
sa),

DWLRQ

)LIXUH ,OOXVWUDWLROV GH OfLOWHU F X @nantatiad

HW GX

systéeme. Trois systéemes de culture sont évaluébour (CT), Agriculture de conservati

sous couvert végétal mort (GAM), et sous couvert végétal vivant (&M). HotMix :

mélange de 4 espéces annuelles, St@itylosanthes guianensis.........cccccccceeeeeevveceen. 39

)LIXUH 'LVSRVLWLI H[SpULPHOWDO HW LOOXYV

VUDWLR

analytiqgue a) MMC : monoculture mais, b) SMOmnonoculture stylo, ¢) MSI : associati

pN

maisstylo, d) MStown : association maistylo avec fertilisation azotée réduite.............. 41

Figure 1.13 Démarche générale de la these représentant schématiguementdassarss €

t

leur positionnement au sein du manuscrit. Les services écosystémiques évalués sont

rappelés

services de production (rendement de biomasse), services de régulatroléc des

bioagresseurs [adventices, ravageurs]), et services support (cycle des nutriments

5 et des

ressources). Sdesysteme de culture, CTabour, MMC : monoculture mais, AGgriculture

de conservation sous couvert végétal mort{@¥) et sous couert végétal vivant (CA.M).
..................................................................................................................................... 42

15




Figure 2.1 Principal component analysis of the impacts of the cropping system on soil

health.

Figure 2.2 Biofunctool® Soil Health Index (SHI) per treatment. CT: Conventional Tillage, CA:

Conservation Agriculture with direct seediimgDead Mulch (CADM) or Living Mulch (CA-|

LM). n=9 for each treatment. Standard error of the index is given for each treatment. Djfferent

OHWWHUV LQGLFDWH VLJQLILFDQW GLIIH.U.H.Q.E.H.V...BI\/ 3

D

Figure 2.3 Structural Equation Modeling (SEM) linking the cropping system, soil healt

N, and

FURSSLQJ V\VWHP SHUIRUPDOQFH

) LV K H3oWnt&nal Tillageéh

| 3

CA: Conservation Agriculture systems (direct seeding in dead mulch and living mul

ch not

differentiated). Weeds: Weed cumulative aboveground dry matter during the crop cycle

Maize

Yield: grain yield, TKW: Maize Thousand Kernel Weigihhe arrows indicate unidirection

ial

relationships between the variables (direct effects of one variable on the others). Gree

1 arrows

indicate significant positive effects, red arrows indicate significant neqgative effects, arn

d grey

arrows indicate nosignificant relationships at P=0.05. Path coefficients are indicated ad

acent

to the corresponding arrows. Arrow widths are proportional to the path coefficients..57|

Figure 3.1 Index V (representing the level of response teDOBAand CALM versus CT

cropping system) of the abundance of each macrofauna functional groups (adapt

bd from

Wardle, 1995). CT: Conventional Tillage, CA: Conservatigmiéulture with direct seeding in

Dead Mulch (CADM) or Living Mulch (CA-LM) (mean £ 95 % confidence interval)....72

Figure 3.2 Simpsohiodiversity index score of each arthropod functional group per treat

ment.

CT: Conventional Tillage, CA: Conservation Agriculture with direct seeding in Dead N

ulch

(CA-DM) or Living Mulch (CA-LM). Different letters indicate significant differenc

ES

accordiQJ WR 7XNH\TV W.HMW.... .3 e 73

Figure 3.3 Soil macrofauna services (SMS) index per treatment. CT: Conventional Tillage, CA:

Consenration Agriculture with direct seeding in Dead Mulch (©M) or Living Mulch (CA-|

LM). n=3 for each treatment. Standard deviation of the index is represented for each tr¢atment.

‘'LITHUHQW OHWWHUY LQGLFDWH VLJQLILFD®)&%t.G.L1LIM
Figure 3.4 Pest incidence on maize crop according to cropping system.....................Z4

UHQFHV

Figure 3.5 Principal component analysis of soil macrofauna services index effects on sojl health

TaTe [ToT= 100 £ TN T TR TR TR P OO UPRPPRUPROPRRRRRY 4.5\

Figure 4.1 IPAR and C&, per treatment during the maize cycle. MMC: Maize monocul

ure,

MSI: Maize-stylo intercropping, MSbeyn: Maize-stylo intercropping with 70% N fertilisatio

N.

IPAR: Intercepted photosynthetically active radiation (%) sfRCompetitive ratio of stylq

D

relative to maize. n=9 for each treatment. Different letters indicate significant diffg

rence

according to ANOVA (P < 0.05)
Figure 4.2 . Soil available nitrogen{NIOs’, N-NH4") per treatment on (a}P0 cm, and (b) 2

40 cm depth (mg kg soﬁ. MMC: Maize monoculture, MSI: Maizstylo intercropping,

MSI7zo0%n: Maize VW\I\OR LOWHUFURSSLOQJ ZLWK 1 IHUWLO

L VDWLR

each treatment. Different letters indicate significant difference according to ANOVA (P <

0.05).

Figure 4.3Structural equation model (SEM) relatiompping systems, available resources

for

crops, and cropping system performances VKHU JV & -valu&D.24). 3MMCMaize

monoculture, MSI: Maizetylo intercropping (two MSI treatments non differentiated).

Soil

Water: Cumulative soil water content at a depth of 20 cm (mm), Soil Nitrogen: Cumulati

ve soil

available nitrogen in the-P0 cm layer (mg kgit), LI: Cumulatve light intercepted (W m),

16



LER: Land equivalent ratio, NUE: Nitrogen use efficiencygﬂkdqu‘l). The arrows indicatp
unidirectional relationships between the variables (direct effects of one variable on the jothers).
Green arrows indicate significanbgitive effects, red arrows indicate significant negative
effects, and grey arrows indicate msignificant relationships at P=0.05. Arrow widths pre
proportional to the path COEffICIENLES..............uuuiiiiiiii e 95

Figure 5.1 Représentation schématique du modele par équations structurelles (SEM) pgrmettant
une analyse systémique globale et reliant pratiques, santé du sol et des plantes, e services
écosysttnb TXHV | OTpFKHOOH G X NabdwW AC: BgrieituFeXI ©cdnhEeovatiof®. 7

SMS VHUYLFHV GH OD PDFURIDXOH GX VRO (IILFLHIQFH G¥:
(WUE), de la lumiere (LUE), LERrendement par équivalent surface......................... 107

17



Liste des annexes
Annexe | Chapitre 2 :

Table A.1 Crop sequences according to treatment. CT: Conventional Tillage, CA: Conservation
Agriculture with directseeding in Dead Mulch (GAM) or Living Mulch (CA-LM). Mz:

maize Zea may4..); Cp: cowpeaV\igna unguiculatd..); Cm: squashQucurbita maxima.);

Sg: sorghumorghum bicoloLL.); Al: alfalfa (Medicago sativa..); St: Stylo Stylosanthes
guianensisAubl. Sw.); Hm: mixed species cover crop: sorghum, cowpea, lahlablab

purpureusL. Sweet), and sunnhem@italaria juncea/ 3 DQQXDO FURS VXFFH®

Crop asSOCIation « « « & « « & & & & € K K & € K L K & & K
Table A.2Main cropmanagement practices used during the experiment « « «

Fig. A.1 Experimental layoutCT: Conventional Tillage, CA: Conservation Agriculture with
direct seeding in Dead Mulch (GBM) or Living Mulch (CALM) ......cooovvviiiiiiiiiiieiieeeeeee, 117

Fig. A.2 Lamina bait degradatiorCT: Conventional Tillage, CA: Conservation Agriculture
with direct seeding in Dead Mulch (GBM) or Living Mulch (CA-LM). * indicates significant
differences aP DFFRUGLQJ WR.ZXNH\JV. WHMW.......................118

Annexe Il Chapitre 3
Table S1. Main crop management practices used during the expe«irient « «

Fig. S1 Principal component analysis of cropping system effects on biodiversity and abundance
of each macrofauna functional group.

a) Variables factor map. Abundance of natural enemies, detritivores, earthworms, and
phytophagous are showed. Detritivores Simpson, and Natural enemies Simpson: detritivores
and natural enemies Simpson biodiversity indexespectively.

b) Individuals factor map. CT: Conventional Tillage, CA: Conservation Agriculture with direct
seeding in Dead Mulch (GBM) or Living Mulch (CA-LM) « « « « « « « «

Annexe Il Chapitre 4
Table S1. Main crop management practicasied out during the experimefik « « «

Fig S1. Relative soil water content (RSWC) at 20 cm depth per treatment during the maize crop
cycle (ratio). MMC: Maize monoculture, MSI: Maiatylo intercropping, MSbewn. Maize
stylo intercropping with 70% MNertilization. OHDQV “ VWDQGDUG GHYLDWLRQ I

Annexe IV Chapitre 5
Fig. A5.Fiche techniquducouvHUW YpJpWDO + RWOL [ «««««««««««««
Fig A6. Article La Calédonie Agricole 167 Juduillet 2019« « « « « « « « « « « «126

18



1 Introduction générale

1.1.ContexteGH OfpWXGH
111 /D QpFHVVLWp GITXQH LQWHeé&YYdur$ FDWLRQ DJURpPFRORJL’

Un des plus importastléfis du 2FMsiécle est de pouvoir répondrexaaesoirs alimentaire

FURLVVDQW WRXW HQ UpGXLVDQW OfYLPoRperal, 00 YVAUURQQHP

vu de la croissance démographique malgjiil est estmé qiXQ DFFURESOVGHEMH QW G

dela production alimentairactuelleVHU D Q p FHV V ODawsorétfl, 2016; Godfray

et al, 2010; Tilmaret al, 2011) La compétition croissante pdes ressources naturelles telles

que OH VRO O TH D ¥outdenaGUrexQlditatidn. tie océans, affecteotre capacité a

produire de la nourritur@sodfrayet al, 2010) ,O0 HVW LQGLVSHQVDEOH GH UpG>

VI\VWgqPH DOLPHQWDLUH VXU O TH @hahgdrRe@tPriatit)teQay tetdfk X W H Q

agricoles représentent 34 de lasurface mondiale. Cette surface globalement stable résulte a

OD IRLV GYXQH H[SDQVLRQ VLJQLILFDWLYH GDQV FHUWDLC

GIXQH SHUWH GDQV G 9D Xtanpétds LQrEsWtat BIP ith@rédidtriQutidr Qed

surfaes cultivées le long des tropiques avec des implications importantes en termes de

SURGXFWLRQ GH VpFXULWp D @guoeydt@w DIl H HW GTHQYLURQ

/I TDXJPHQWDWLRQ GH OD 8sti¢Ra8i¥ée MQ ROQ LW DRRO B IGHIREWQ V L |

agricolesafin de prévenir les impacts négatifs $eg écosystemes sensibles et vitaexg(

foréts tropicalesjesponsables du maintien de la biodiversigglaséquestration du carbone et

desserviceenvironnementaugHecket al, 2018; Hooke and Martibuque, 2012)Les zones

actuellement les moins productives, ou les rendements sont couramment soysraeno

LOOXVWUD Q Véxpbiabl@ RisWULR® a Ef@re i(e., difference entre le rendement

poteQWLHO DWWHLIJQDEOH HW OH UHQGHPHQW UpHO GYXQH F

(Cassmaret al, 2003) doivent étre le socle de cette augmentation de la produchédé§ré

O 1 D X Jtidh Cpigtante des rendements des trois principales céréalemdis, blé, riz)

GHSXLV GHV GL]|DLQHV GYDQQpHYVY OH FKDQ Etie khahteFOLP D W

significative cesproductionsVL DXFXQH PHVXUH G{DPpOLleRUDBEENRQ HW

place, soulignant la nécessité de systéemes de production agricoles productifs et durables

(Lizumi et al, 2017; Thierfeldeet al, 2018)

La part des cultures a usages non alimentaires (alimentation animale, bioénergie et autres

SURGXLWY UpGXLW G 9D XsAdpe@xtvhe@ DisfdbBitlepo@OH] DUCHAPVHRQWI B W L

humaine(Lichtfouseet al, 2009) $ O p F KH O O H%RIR IQ @ds§e@diproduits issus de

culturs VRQW GHVWLQpPV j OYDOLPHQWDWLRQ KXPDLQHt j O
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H Q V X L WwhientatiorffHDi®dine, de maniere moins efficiente) etB@®D SUR GHard LR Q G
et autres(Dronne, 2018) Une disparité marquée existe entre les régions qui aufittves
PDMRULWDLUHPHQW SRXU OYDOLPHQWDWLRQ KXPDLQH GLU
GpYHORSSHPHQW HW FH O Odl¥ageX (pafsxiev@oppeeh@tan @ity G 1D X W
Lafontaine, 2014)Les systemes associant cultyrasnuelles et/opérenneset élevage sont
ainsipressentisFRPPH GHV PRGQqOHV G {CadvdhdeXad R0X) ElieGsxbanD E O H
2014)permettant a la fois de valo?tiHU XQH ELRPDVVH YpJpWDOH QRQ XWL
PDLQWHQLU OD IHUWLOLWp GHV VROV FXOWIOYgM | HEL HU@ BEX
GITXWLOLVDWLRQ GHV UHYVVRBoddutbet €D, RE12;Qlel MbtdedaValG LV SRQL
2014)

/ITLQWHQVLILFDWLRQ DJUR predes3isJdcdlogifued @awvspld Yespsy O H
VI\IVWqPHV GH SURGXFWLRQ HVW j PrPH GYDPpOLRUHU OHV
O flixaiibn des ressources non renouvelablketssemble décisive pour répondre aux besoins
futurs(Altieri et al, 2012; Garbacht al, 2017; Kremert al, 2012; Wezeét al, 2015) Ainsi
OfLQWpJUDWLRQ RX OD UpLQWpJUDWLRQ GH OD GLYHUYV
représente un piliadte céte intensifcation agroécologiquéd.a diversification fait référenca

OD IRLV j Of XdNférenteyddlresR G GWYWR FL D W L R QifféreGt§sHov & ¢p- H V
valorisation de la biodiversité naturelle pour la fourniture de services écosystémiques tels que

la régulation naturelle des ravageurs des cult(fdtieri, 2002; Wezelet al, 2014) Un

changement de mode de productimitialement destingésoit j O D O L R #hindle3ail & R
OTDOLPHQW D Wi Br@iveisifcBtio@eHunecomplexificationdes systemesourrait
SHUPHWWUH XQ JDLQ GH GLVSRQLELOLWp HW GYHIILFLHQFF
/IHV VA\VWgPHV GH SURGXFWLRQ DJURpPFRORJLTXHV GLYHUVL
biologique les systemes intégrés de polycultétevageles systemes etultureélevageforét,

RX ODJULFXOWXUH Gfantp&ig\tesUsysiEivdeR Qus Br&metteurs pour

répondre a cesnjeux(Bonaudcet al, 2014; Durwet al, 2015a; Garbacét al, 2017; Kremen

et al, 2012) /1$& UHSRVH VXU Odduveriute@yétaldp@rn@fext® e sol, un

travail du sol minimal et la diversification des especes végétales cul{ivA&s 2014) Le

principal objectif de cette combinaison de principes est de réduire la dégradation desesols et d
préserver, voire § D P p Q leRrUféttlité (ou santé des sols) en stimulant les processus
ecologiquesaturels qui ont liewsur et sous la surface dsol. A terme,une utilisation plus
HIILFDFH GH OfHDX ditattehdtuet QnsWudd. enhélpitidraurable de la

production végétaléHobbset al, 2008; Lal, 2015a; Scopet al, 2013; Ségugt al, 2006)
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ChacuQ GHV SULQFLSHY GH O $& LPSOLTXH OD PLVH HQ °XYUH
dont les effets cumulés dépassentsimple additiondes effetsde pratiquesdu fait des
interactions nombreuses entre pratiques culturales, fonctionnéew@ogique, et performance

globale du systeme cultivé en termes de production de services et/ou-skrvities
écosystémiquegChabert and Sarthou, 2020; Le Moigne, 1990; Patmal, 2014) Les

interactions complexes entre pratiques, fonctions, et perforrmaw® encore largement
méconnuesLa quantification des services et/ou-dexvices écosystémiques résultant de ces
LQWHUDFWLRQV OfHVW WRXW DXWDQW

1.1.2 Evaluation des impacts desperformances de systemes de culture
1.1.2.1 Le systeme de culture comme objet

Un systéme de culture (sd@rrespond @ HQVHPEOH GHV PRGDOLWpPV WHFKC(
sur des parcelles traitées de maniére identi§abillotte, 199Q)Chaque systeme se définit par

: la nature des cultures et leur ordre de succession, les itinéraires techniques appliqués a ces
différentes cultures, ce qui inclut le choix des variétésdeeHVW GRQF FRQVWLWXp Gt
des interactions entre le$pDWLTXHYV DJULFROHYVY OHV FKRL[ GH OYDJUL
interactions et les régulations occupent ainsi une place importante dans le raisonnement du
VI\VWqgqPH j WUDYHUV qifk), el jpald ihe torhbivalis 6rkl@gilgdexeHordéen

de techniques qui permettent de contréler le milieu et d'en tirer une production donnée
(Sebillotte, 1974)Le raisonnemerde O 1 eV¥all généralemesur le court termeun pas de
tempssouvent insuffisant pour valoriser les fonctions écologiques et la production de services
écosystémiquesl apparatGRQF QpFHVVDLUH GH WUDYDLOOHU j OfpFK

plusieurs années.

1.1.22 /TDQDO\VH V\VWpPLTXH FRPPH FDGUH

/I TDSSURFKH V\V WapprdacheXdandeptivelleXg@blalécrivant plusieurs processus et

leurs interactions. Elle permé fp VEX®REBEMHWYV HW G@ahs@edrXampleditd. EDeEW LR Q V
WHQWH GIDSSUpKHQGHU OH IRQFWLRQQHPHQW GX V\VWQqP]|
interaction les uns avec les autres, dans son environn€oeedibigne, 1990; Rosnay, 2014)

/ Tméemble de ces interactionstaglir le fonctionnement et la structuration du systéme. Elle
SHXW VI{DSSOLTXHU ¢t anpRau Whiec ¥ FEarBgen@dl un systeme, en

représeter le fonctionnementoire enmodélisela structureg(Checkland, 2000; Donnadieu
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etal,2003) /1DSSURFKH V\VWuyltéré& rfexte-urte @dbathklen construction bien que

ses concepts et sa formulation théorique générale soient largement(@&edisland, 2000)

Cette approchest particulierement adaptée aux situations pour lesquelles des améliorations ou
changements globaux, en rupture des systemes conventionnels, sont saibaiéeherche
enagroecologi€Alrge and Kristensen, 2002, 2001; Checkland, 2000; Lockeretz, 2000; Pretty,

2018) La situation de départ présentant une complexiténaincertitude non améliorables

par des approchesgaires, déterministes ou réductionnigfeskoff et al, 2005)A OfLQYHUVH
GH OYDSSURFKH DQDO\WWLTXH TXL SUHQG HQ FRPSWH
OfDSSURFKH VA\VWpPLTXH SUHQG HQ FRPSWH OTHQVHPERQG
RX OH SUREOQqPH FRQV Ld&ppapedihte@ctidhf XORhDESShEvekldd Q
autreglémentglumémesystemdNovak and Emile, 2014; Onoft al, 2016; Payne, 2015)

/IHV GLIIpUHQFHY HQWUH FHV W\SHV(MY§ea@D)O\VH SHXYH:!

Approche analytique Approche systémique
- Simplifier - Considérer la tafite des interactions
- Isoler
- Décomposer
- Nature des interactions - Effets des interactions
- Lois universelles, prévisibles, - Efficacité de 'action imprévisibjenon
reproductibles, et réversibles reproductible, irréversible
- Validation par la preuve expérentale dan{ - Validation par la comparaison du
un cadre théorique fonctionnement du mdele a la réalité
- Indépendant de la durée - Integre la durée
- Sert aexpliquer un systeme compliqué |- Sert acomprendre un systéeme complexe
- Simplifier pou découvrir son intelligibilité | - Modéliser pouiconstruire son intelligibilité
- Juxtaposition des disciplines - Pluridisciplinaire

Tableaul.1 Comparaison entre approche analytique et systémique (d'aprés Le Moigne (1990);
Rosnay (2014)).

/I TDSSURFKH DQDO\WLTXH HW O %b S&fit Rde ked différéhegsP L T X H
complémentaires et non apgees.Dans lestravaux présentés icigssaianalytiqgue (ou

factoriel) et expérimentationsystéme sontitilisés de maniére complémentaitees essais
analytiquespermettentainsi GfpWXGLHU O9fHIIHW GTIXQ RX GH TXHOT
interactions pris isolément, toutes choses égales par ailleurs, sur une ou plusieurs variables a
expliqguer(Reauet al, 1996) IIs peuvent aider a ofsir ou & mieux maitriser une technique a

inclure dans une expérimentation systemdéxpérimentation systeme pernu tester la
IDLVDELOLWp WHFKQLTXH HW OD FRKpUHQFH DJURQRPLTXH
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WHUPHV G 1DWW HuiQugdht BsXignBsepidtEny dd & complexii®eytieuxet

al., 2012) /D GpPDUFKH DSSOLTXpH j OfH[SpULPH®GinWéapes RQ V\V
FRPSULVHY HQ GHX[ SKDVHV OH SURW R®Meb8Rathl VIO TH[SpU
Havardet al,, 2017)(Fig. 11).

Figurel.l Les six étapes de la démarche @pp TXpH j OfH[S p UheRHa@adDAW, LR Q V\V
2017).Sdc: systeme de culture.

/HV WUDYDX[ UpDOLVpPV HQ GDQV sgstéméedpatidine®tH O TH[:
principalementaux étapes 4, 5, et 6 de la démar(Fig. 1.1). Lesrésultatsdes précédentes
années,HV WUDYDX[ GIH[SpULPHQWDW L Ritsi &) @fPpére@BidnUHYV P H
analytiquede 2018 ont permisle contribuer aux étap@set 3.

/ITDSSURFKH DQDO\WLT X HintétddiaMdHsoS Imhéanés € ke \kidinbrelused.H V

I TDSSURFKH V\VWpPLTXH VHUD HIILFDFH VL OHV LQWHUDF\

méme systeme étudié on pourra ainsi se reposer sur ces deux approches simultanément.

1.1.2.3 Des indicateurs intégrés

LamLVH HQ SODFH GH PpWKRGHYV GYpYDOXDWLRQ V\VWpPLT)>
entre les composantes de systemes complexes repose sur des indicateurs fonctionnels évaluant
le résultat de ces interactions. Le choix deidgateurs est donc cradieW GRLW V{IDSSX\H
unedémarche préalable structurée et adaptée au sy@arkstalleret al, 2011; Lairezt al,
2016) 8QH W\SRORJL lge@ §ttef)nGi priofoeéel: X U V
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- indicateurs de cause reposant généralement sur une variable ou une combinaison simple de
variables de pratiquds proxy >,

- LQGLFDWHXUV GYHIIHWYV PHYV Xdigieursdirectd RubERRL\VSEBRIGSG H Q W
PHVXUHV GH GLYHUVLWp HW RX GTIDERQGDQFH GH JURXSHYV
-LQGLFDWHXUV GYHIIHWYV SUpGLFWLIV UHSRVDQW VXU GHYV
GH FDXVH HW OfLQWpJUDWLRQ GHVGLFRMHMXW GYHQ8WN PF
permettent de mettre en relation les causes aux effets, et de réaliser la modélisation de systémes
complexes.

Les indicateursGH OJRXWLO @lisddicKk S RWRRPIBFYDOXDWLRQ GH OD VL
sélectionnés paumesurer directement les fonctions du sol définiesKiablewhite et al

(2008 (i.e., transformation du carbonecyclage des nutrimentt maintien de la structure du

sol). De maniére analogue, les indicateurs fonctioneld OTRXWLO 60 &enkcelsv XUD QW
rendus par la macrofaurdel sol, SURSRVHQW GILQWpJUHU WURIiY IRQFWI
dégradtion de la matiére organiquegénierie dH O §ystérRe etégulation des ravageurs).

Ces approches sortites intégrée pour ks différencier de évaluationgéductionniste qui

auraen porté sur la somme ddgférentegpropriétés dssystems étudiégThoumazeaet al.,

2019b) Les indicateurgle ces deux outiksont construits de maniér@tie utilisésur le terrain

pour capter les dynamiques des processus, et étre a la foissstmalgide | PHWWUH HQ °XY|
pour pouvoir facilement étre transférableux différents acteurs de terraiBrauman and
Thoumazeau, 2020; Thoumazesial, 2019b)

1.1.2.4 Des services a évaluer

Les services écosystémiques sont définis comme les bérgfieéss hommes peuvestitenir

des écosystemesQRXUULWXUH TXDOLWp (MEA, 2003 Dahs IBDAD IJHV  «
écosystemes, les services écosystémigoasco-produits par la nature et les hommdsa

notion de services écosystémiquas débat se basand la foissur le postulat XTRQ SHXW
attribuer une valeur a la nature, ooetant HQ DYDQW OfLQWpdurmieus H OD Q
comprendre les interactiortd Q Whbhinggtflanature(Carpenteet al, 2009).

Les services écosystémiqusesit classés en 4 catégormésentés ciapredMEA, 2005)(Fig.

1.2.
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Figurel.2 Classification desesvices écosystémiquissue du rapport ddillenium Ecogystan
AssessmentGTDSUQqV OD V\QW Kqodstat Ass@dsm&XEAL 20P5).

1.1.2.5 Une modélisation par équations structuretidaptée

La modélisation par équations structurelles (SEM) se base sur des réseaux de relations
statistiques comprenant des liens de causalité (relations) entre plusieurs variables permettant de
UHQGUH FRPSWH GX IRQFWLRQ (GraPe¢Qaly 202 RHoOUE) 1W®FXQ VIV
Shipley, 2009) & HWWH DSSURFKH SHUPHW GYDQDO\VHUWesXQ V\VW
équations structurelles sont ainsi représenfise un modeéle causalpriori  F fadddé\Vun

graphe orientdpath diagraijm La SEM a actuellement des applications dans de nombreux
GRPDLQHV WHOV TXH OD SV\FKRORIICHIpERORIAHIHRORILH Of
La spécification d'un modéle comprend &apes suivantg&aplan, 2008; Schumacker and

Lomax, 2004) L OD VSpFLILFDWLRQ GTXQ PRGqQOH K\SRWKpWLT
priori entre les variables latentése., non mesurées directemeset)les variables manifestes

(i.e, mesurées) LL OnGtibl dek paramétres du modéleL. L O T p WP @ XqDad. R Q
GIDMXVWHPHQW G X xRienGép@tH. Y WQMXFQWKXHUHSU p\Wmgecete GHV U
TXDOLWp GI{DMXVWHPHQW HVW MXJpH VDWLVIDLVDQWH
Appliquée aucontexte agroécosystémiqueite modisationpeutexpliciter les relations entre

les variables d®urniture de services écosystémiqueg( servicesupportdeproductionde

régulatior) et lesvariables agroécologiqueésultant @s pratiques agronomiqués.g, AC)

ainsi quede leur impact sures fonctions écologique®.g, fonctionnement du sol, de la

macrofaune)
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1.2 &DV G 1 pavNxu@aieCalédonie
1.2.1 Un archipel a milieu du Pacifique

La NouvelleCalédonie est un archipel situé dans lesueést du Pacifique, en Mélanésie, entre

le 18 et le 23 paralléle, & proximité dtropique du CapricornéFig. 13). La Nouvelle

Calédonie est entourée Wanuatuj NP DX QRUG GH Of$XVWUDOLH j HQY

et de la NouvellZélande 2000 km au sud. Affichant une superficie de 18575 km?, elle est la

troisieme 1le dPacifique sud en termes de superficie, aprés la Papadasieelle Guinée et

la NouvelleZélande /{1 DUFKLSHO FRPSUHQG XQ HerveQet pladieu® fdsS D O H
OffvOH GHV 3LQV DX ¥sBéleptanho@ét 28 iFe& logadt® (NaHTNga, Lifou

HW 2 XY pD. Gjarl§ Hevi#forme deux provinces administratives : la province Nord et la

province Sud. La province des fles Loyauté ttnsla 3™ SURYLQFH GH OYDUFKLSHC

Figure 1.3 a) Localisation de la Nouvell€alédoniedans le Pacifique &l (Google Erth,
2019), b)Localisation de lastation expérimentale de la OuengmifRPEUH GTH[SORLWD
agricoles epart de la surface agricole @par communée NouvelleCalédonigRGA, 2012).

Grande Terre, orientéerd-ouestsudeVW VIpWHQG VXU XQH ORQJXHXU G
largeur de 50 km. Elle est traversée sur toute sa longueur par une chaine montagneuse culminant
DX ORQW 3DQLp |j P &HWWH IRUPDWLRQ PRQWDJQHXVH \
Est et la c6teDuest. LacOte Estestexposée aux Alizéslle présenteun relief de pentes
abrupteselle est humideavecune végétation dense. Late Ouest, sous le vent, avec un relief
SODW j YDOORQQpPp SOXV VHF SUpVHQWH GHFi®D3),JHV SOL
SRQFWXpHV GH PDVVLIV PLQLHUV [/TpFRV\VWEBMWNeE RPLQD Q
1LDRXOLV SURSLFH j OfpOHYDJH H[Wsle(xdébrodss®. IDYRULVpH
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1.2.2 Un climat capricieux

La NouvelleCalédonie présente un climat sulpical. La température moyenne annuelle est
GTHQYLURQ f& /D SOXYLRPpWULH DQQXHOOH BVW GH
pouvant atteindre moins deD® mm pour certaines zones de late Ouest(Fig. 1.4)
principalement concentrée pendantdesix derniers mois de la saison chaed@lus de 4000

mm au niveau des sommets les plus élevés.

Figure 1.4 Diagrammeclimatique sur la période 20410 GH OD JRQH GiVaexXGH 6WI
France de la Ganghi).Lesmoyennes deagrécipitations mensuellésam) (histogramme) etas
températuremoyenns mensuells (°C) (courbe) sonteprésentées.

Généralementeuxsaisons etleuxinter-saisons se distinguent :

- une saison chaude et humide (décembre a avril), I'été austral, ou les pluies peuvent étre
intenses et accompagnékeyclones, et les températures maximales oscillent entre 28 et 32°C,

- une saison séche de transition (avril a mai),

- une saison fraichekdW SOXW{W VgFKH MXLQ j VHSWHPEUH Re OH)\
modéréeyoire faible,avec des températures comprises entre 15 et 25°C,

- une saison sechedqtobrejy GpFHPEUH DYHF GH WU g,delppecipitatians. YRLUH
Selon lesannées, les variations saisonniéres peuvent étre trés importantes, notamment sous
OfHIIHW GH SKpQRPQQHV SpULRGLTXHV © (O 1LxR & HW © /I
particuliérement séveres, notamment sur les zones basses des massifs mintéte d2uiest,

sont régulieremerdnregistréeses dernieres années.
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1.2.3 Des solgarticulierset contraignants

La nature des sols de NouveleDOpGRQLH HVW DWWULEXpH j OTDOWpUD
PDQWHDX GH URF #ldie dquifld&recbuvia H. @ RpD PLOOLRQV GTDQQp
tropical. La diversité des sols qui en découle est étroitement liée a la variété des substrats

rocheux sur lesquels ils se sont fornég.(1.5).

Figurel.5 Carte pédologique ddouvelleCalédonie GIDSUQqV O f$W O THé@®RhieOD 1R X'
(Fritsch, 2012).
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/I TDOWpUDWLRQ GH FHVY URFKHYV D DERXWL j OD IRUPDWLRQ
communes aux sols continentaux. Des sols magnésiens, voire-rhggeésiens, sont
communément rencontrés oursgport Ca/Mg dépasse 1/40, e keneurs en niek chrome,

cobalt, et manganese sont tres élevées. Ces sols sont généralement trés pauvres en nutriments
WHOV TXH OfD]RWH OH SKRVSKRUH HW OH SRWDVVLXP

/I MfpPURVLRQ DOLPHQWH OHV SDUWLHV EDVYV HotarieNpe8 D\VD JH\
les plains de la cote Qest de Grande Terre présentant des colluvions diversifiées das

massifs qui la surplombent. Les fluvisols (sols alluviaux) qui y sont rencontrés présentent
généralement des textures fines a grossieres, sont riches en matiere ordéséeélibrés et

carencés en phosphore et en potasse. Ces sols, proches des estuaires, sont ainsi enclins a
OfpURVLRQ TXL UHSUpVHQWH OD SULQFLSDE¢alddnensVH GH
pour partie inscritsau pd LPRLQH GH Og3008DumaseGH 3010)

La cbte Ouest de la Nouvelzalédonieestainsireprésentativee la majorit&es pressiongui

VIH[HU PH QMK H O O H canxidéva-tahureWhRiedhbtspots de la biodiversité mondiale
(Myerset al, 2000) Ellessontj OD IRLV GYRULJLQH QDWXUHOOH FDUDTF
OfpURVLRQ QDWXUHOOH GHV VRé&Wwén@f HW GHW Dp SR VYR GEHN\R U
humaine,notammentvia OTDFWLYLWp PLQLQqlénd, [e© BeustdeHivoddsR & IRQF
OfDJULFXOWXUH

1.2.4 Uneagriculture en construction

En Nouvelle&DOpGRQLH GHX[ IRUPHV GBE R MRDAXEMWVKELWL FROMA
PDUFKDQGH LQVpUpH GDQV OHV FLUFXLWV FRPPHUFLDX]
majoritairement pratiquée en tribkanaks Cette derniére, majoritairementivriere, peut

également étre destinée aux échanges et aux ventes de proximité (marchés communaux, de
tribu, vente directe).

La superficie agricole utgée (SAU) représentaiten 2012, 182 026 ha, soit 1% de la

superficie de la Nouvell€alédonie(RGA, 2012) /9 p O HextéhdiHprincipalement bovin,

occupe une place importante par la surface qui lui est consacr#ed®ta SAU en 2012). La
production de céréaleprindpalement localisée sur la cotei€st de Grande Terrestdasée

trés majoritairement sur le mais a destin®Q GH O D OL P H @oilg stRiQubIQ LPD OH
au développement agricole sont multiples : une faible attractivité du domaine agricole, un
fonFLHU GLIILFLOH GYTDFFqV XQH pWURLWHYV et feriesVDLVRQ
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laissant peu de surfaces cultivables, et un climat tropical avec lequel il faut composer,
FRQWUDLJQHQW HW OLPLWHQW r@dta@qoNieh® RSSHPHQW GH OF!
Le secteur estapendansoutenu notamment au traveles plans de relance ayant pour objectif
OYDXIJPHQWDWLRQ GH O Y RXDWRNRXIL DQMNQ 6 M HBQOMHPREDMDGEH W D
La production céréalierequi concerneessentiellement Iproductionde mais grain, a été

multipliée par 4 en 10 arpour atteindre 1878 tonnes en 201@®avar, 2019)La production

de maistendant asatisfaire les besoins locaube déeloppement de la filiere céréaliese

poursuit a travers la diversification des cultures. Amés del50 tonnes de sorgho, riz et blé

ont été produites en 2018t en 2019 (SudMag, 2018)Cette reconstruction et diversification

des systemes de production, parallelengelat structuratiores filieresyvisent arenforcerla

production agricol@éccalédonienneput en cherchant@réserver au mieues ressourcest
OfHQYLURQQHPHQW

/IH GpYHORSSHPHQW GHalé&ifiii&a EbghmeRek débd Odd anné@610, en

réponse a des problématiques rencontrées par les producteurs céidalipesté de fertilité

des sols, érosion, compétition importante des adventices, colt du travail du sol élevdedébit
FKDQWLHUV G1LP S ODpoerd VeheRed clinthtifue OetoReBbiakia, 2009)

Le déveORSSHPHQW GH FHWWH W Hes lo@anisHdeVr§dHarovelACH SRV p V
CIRAD), un FHQWUH G TH [ SAdddaPElc@rapbi¥\guiRatravers deux plateformes
expérimentales, SRXU REMHFWLIeGHHpS RODPHIMHHEQ °XYUH WHFKC(
S UL QFL SH ¥in@él capdgtrdikalesréférenties techniques locaux et surdes organismes

de développement agricotfu territoire (Direction du Développement RuradDDR) de la

province Sudétablissements de formatiagroupements de producteurs;.e DILQ GIDVV XUHL
WUDQVIHUW GH FHV UplpUHQWLHOV W HF &Qompaghevhem X[ SUR
techniceéconomique des systemes de productihW G{RUJDQLVHU XQH DQLPD
autour des problématiqgueshnoontréesDes mesures incitatives et de soutietammenpour
OYDFKDW GH PDWpULHO DJU L6&REDaEMENEL Riked ¥n plataprésP LY GLU
plus de cinq anglusieurs diagnostics agronomiques réalisés auprés des producteurs céréaliers
concernésont fait p W ukVce@din nombre de freins d¢ leviers Les producteursemblent

notamment satisfaits des bénéfices teatvdconomiues liésau matériel agricolemais

Q@lisent principalement entechniques culturales simplifiéenjplanation de couverts
végetauxconcernainsiune faible surface de leur parcellaire (couvégétalmonospécifique

en interculturgsaison chaudeje dolique(Lablab purpureulsou niébé {igna unguiculat®

peu compétitif avec les adventices, difficilemerdlovisable, produisant une biomasse
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relativement faible et peu persistante dans la culture suivdPde)ailleurs, une prise de
conscience croissante du r@le sol et de la biodiversit@u sein des systémes de production,
XQH YRORQWp G HiotJqge6 Mittddtsl de fiadn\eh @aitvide technique de la mise en
SODFH G td. coteHérg tes derniéres années

1.3 Questions de recherche éndarche
1.3.1 Objectifs et questions de recherche

Face a la nécessité de concevoir des systemes de culture pHFF¥EX H X[ GH OTHQVYLUR(
OTDJULFXOW Xtidr] aGralefs Re® Wdis pilidds qui la composent, a un rdle majeur a

jouer. Plusieurs études antérieures sotiligné OfLQWpUrW GH FKRdavs3les GH V\\
contextesle productiorvariés(Chabert and Sarthou, 2020; Garbathl, 2017; Hobbe®t al,

2008; Palmet al, 2014; Scopeét al, 2013; Séguet al, 2006) &HSHQGDQW OfYLPSDF
pratigues sur les processus écajogs et les services induits santerdépendants et
HIWUrPHPHQW YDULDEOHYV GIXQH VLWXDWLRQ j XQH DXWU
H Il HW ¥ dig&fisk&deouvers végétauxnorts etvivantsen AC sur le sol, la macrofaune et

les cultures,notamment dans les conditions pédoclimatignés-calédoniennes(climat

subtropical semaride, sols magnésienghercher a diversifier les systemes de culjur® DL G H

de pratiqguesaméliorantla santé du sol ela santédes plantes nécessite une meikeur
compréhension des déterminants des fonctionsgicoes, et de leur variabilitée.g, selon les

conditions climatiques, la durée depuis laquelle elles sont mises en plaeacore
Odebcement de cultures associeBs)LQ GI{DVVXUHU XQH JHVWLRQ RSWLPD
A travers une démarche originaléggrant approches fonctionneété systémique, cette these

vise arépondreala questiorsuivante:

Commentquantifier les relations entre pratiques, fonctions et services écosystémiques au

sein de sdc complexe®

Dans le contexte spécifique de la céte Ouest de la Not@alkdonie, troissousquestions

sont apparues importantes a aborder afin de détermides siystemes céréaliers basés sur les
SULQFLSHV GH O71$& SHUPHWWHQW RX QRQ GH PD[LPLVHU

Sousquestion 1 : Quels sont les impactsde sdc en ACsur la santé du sol et les
performances agronomiques?
Hypothése 1 L 1$ &ermet uneamélioration de la santé du set une réduction de

O T H Q K H toadtiBah®uive performance supériewamparée a celle en labour
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/19$& HVW SURPXH SRXU DPpOLRUHU OD UpVLOLHQ%H GHV V.
OfHQYLURQeYHPXID VD T WWFHID X Y U Lo ehfnidiQaNanG dt\amélR it

productivité du systemeCependant, un@pprochecombinant évaluation fonctionnellet
systémiqueest nécessaire afin de mieux comprendre les relations entre pratiques, fonctions et
services écosystémiques.R XV XWLOLVRQV LFL OTRXWLO %LRIXQFWRR(
via trois fonctions i(e., transformation du carbone, recyclage des nutrisjenaintien de la

structure du sol)Nous combinons a cedsultatsune modélisation par équations structurelles

(SEM) afin de caractériser les relations entre les différentes composanteq[ig.sd6).

Figure 16 6 FKpPD GX PRGQqOH GfpTXDWLRQ &tisshtViesXrélatiood) HO O H \
étudiéesentre préques culturales, santé du sol et performances du systéme de ctifture.
labour, AC: agriculture de conservation.

" D X Wrt) d n8dessité de considérer les interactions entre les propriétés gathysiaques

et l'activité biologique du sadst une limite de Biofunctool® que nous avons aberdéine

analyse de la macrofaune du sbh biodiversité fonctionnelle, notammentlleede la
PDFURIDXQH GX VRO MRXH XQ U{OH ®¥lp@tidmds msan@iu GDQV
sol (Benderet al, 2016; Culiney, 2013; Lavelleet al, 1997) Elle participe a différents
SURFHVVXV pFRORJLTXHV HW FRQWULEXH j OD SURGXFWI
PFRV\WVWpPPLTXHV UpJXODWLReposE laR@stsrHUVLWp « $LQVL

Sousquestion2 : Quelssont lesimpacts de sdc enAC sur la diversité fonctionnellede la

macrofaune du sol et les performanceagronomiques?
Hypothese 2 : l1$& D XQ HIIHW SRVLWLI VXU OYDERQGDQFH HW OIL

ameliorant le fonctionnement du solcenduisant &in rendement supérieur a celui en labour.
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A traveas cette étude, nous proposoHSW pY DO XR QV Orindiatelkivite@ami@disH G |
fonctions de la macrofaune du sak( dégradation de la MGQJpQLHULH &nd, OfpFRV
régulation de ravageurs), appekervices de la macrofaune dal $§SMS), permettant de
FRPSDUHU GHV VGF HQ |a¢ahte Ries\plaBtfdnEdnplErvéntiedetisur la

santé du soktdes performancesFig. 1.7).

Figurel7 6 FKpPD GH OfpYDOXDWLRQ SHUPLVH SDU OTRXWLO ¢
pratiques culturales, sarda sol, santées plantes et performances du systeme de cultlire.
labour, AC: agriculture de conservatipBMS : services de la macrofaune du.sol

Un des criteres de durabilité auquel les adooécologiquesioivent répondre est celui de
O fiiéidrice df Xi¥Htio® des ressourcesd., eau,azote Jumiere, surface)Bien que des études
aienW PRQWUp TXH OM@ & BIHQ BH W ADEL\4Y Sparids en AC sous couvert
végétalvivant (ou intercroppingyeste encore peu compris @dcumenté Se pose alors la

question

Sousquestion3:QXHOOHYV VRQW OHV SHUIRUPDQFHYV HW OfHIILFLE
de sdcen AC sous couvert végétal vivant ?

Hypothese 3: L 1 $ &ous couvertvégétal vivant présente une plus grande efficience
dIXWLOLVDWL R Qe.Galyadotd, WivhRpgwf&dd sonduisant a des performancies

sdcsupérieures a celles en labour.
NousévaluonsO fH I I L FLXWEGLE D W L R Qe.Gélyazdtd ivhiRpsurade €t des

SHUIRUPDQFHV GH FHV SUDWLTXHV FRQWUDVW¥tphsY | O9YLC
structurelles (SEM) OTpFKHOOH GX VG F e8dh¥ BiaprdsRrigvlBH UpV XPp

33



Figurel8 6 FKpPD GX PRGqQOH GYpTXDWLRQV VWUXFWXUHOOHV
pratiques culturales, ressources disponibles et performances du systéme deCduitiatsour,

AC : agriculture de conservation, NUE H 1| L F L H QW BIWG RQN GLEROrgmigR&MtH

par équivalent surface

1.3.2 Démarcheet dispositifsexpérimentax

1.3.2.1 Choix des couverts végétaux

Un couvert végétal vivant pérenne

Dans le cadre de cette étude, une expérimentation préliminaire a été réalisée en 2017 visant a
faciliter et préciser le choix despeces deouverts végétaux, notamment désas de sdc en

AC sous couvenégétalvivant (intercropping)un « screening> deonze modhatés Ge§peces

ou mélange G { HV Sdifféfrexts de couver” végétauxa été réalisé (Tableau 1.2, et

illustrationsFig. 19).

Tableaul.2 Couverts végétaux testés en association avecais.
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Le choix des espécesété réalisé de faconrétégrer les especes dont les semences pouvaient
étre facilement amssibles en NouveHl€alédonie,et en tenantcomptedes connaissances
GIH[SHUWYV G HdS& $yRt@ses bibkiogrdphigdasily D O X ey¥pécBR pré&sdntant
des caractéristiques morphologiques aériennes et raciagmésri contrastéese(g, especes
tempéréeys tropicales, avec port ramparg dressé/s volubile, vitesse de développement
lentevs. rapide, espéces a grawss fourragevs mixtes)a été proposéeees couverts végétaux

a base déegumineusedHabaeae pérennesont apparus comme étantanmtéreimportant et
déterminantdu fait des nombreux services reconnus que peutragpeette famille botanique
et@aSHUVSHFWLYH GTDVVRFLDWLR @apitairéme&tl \ faxile deX UHV D S
graminéesRoaceak Les criteres retenus pour la sélection de ce couvert vésgétighbrésentés
ci-apres (Bbleaul.3) :

Critéres de sélection de couverts végétaux
Couverts végétal vivant (CAM) Couverts végétal mort (GAM)
Mélange d'especes, avec proportiélevéede
légumineuses
Espéces annuelles
Semences accessibles (approvisionnement et prix)

Espéce de type tropicéiéveloppement favorisé en saison chaude)
Développement en toutes saisons, et limité ¢
saison fraiche

%o S

Légumineuseen priorité
Espéces pérennes

Développement en saison chaude uniquement
*lo- 0 €35 Ku ¢85 ~¢}0oe u Pv ¢] veU §
besoins emutriments)
Date de semis en début de saison chaude
Systéme racinaire raixte » (fasciculé et
pivotant, superficiel et profond)

HAE SC%

Systemes racinaires divers et complémentaires

Semis simple (possible a la

volée et au semoir a petites graines)

Vitesse de développement lente & modérée

Vitesse de développement rapide

Adapté a un compromis entre concurrence
élevée avec les adventices et limitée avec la|
culture de mais

Concurrence maximale avec les adventices

Capacité de recouvrement du sobyenne

Capacité de recouvrement du sol élevée

Vigueur faible @ modérée

Vigueurélevée

Densité de semis relativement faible

Densité de semis relativement importante

Port non volubile

Ports divers et complémentaires

d}o &E v8§ of[}u G P

Capacité a sedgénérera partir de la

Cycles tardifs pour retarder au maximum la

production de semences

montaison

Valorisation potentielle en fourrage (paturage, foin ou enrubannage)
Espéce mellifere
Tableaul.3 Criteresde sélection desouvers végétaux pour des systemes de culture en
agriculture de conservation sous couvert végétal mortP®H et vivant (CALM).
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/fTHVVDL D pWp PHQp DX VHLQ GH OD VA48, Is& Qnepp&plld LPHQW
de 3.84 ha divisée en 4 blocs (960 m2 chacun), chaque bloc incluant 1 régptticelle
élémentairefle3 m x 16.25 m (48.75 m?) de chaque mod4Hig. 1.9).

Figurel.9 Dispositifexpérimentaeét illustrationde quatre espécds couverts végétaux vivants
aux traitfonctionneldifférents: a) LuzerneMedicago sativg b) Vesce veluéMicia villosa),
c) Trefle blanc Trifolium repensg d) Stylo Stylosantheguianenss).

Le suivi et la notation de différents traits fonctionnels des modalités de couverts végstasx

RQW pWp UpDOLVpPpV SHQG DR@ds)@dntS&deisi derijdsdeViydie) feX O W X U H
mais suivant (semis direct de m&26/06/17) Un trait fonctionnel est une caractéristique
PRUSKRORJLTXH DQDWRPLTXH SK\WLRORJLTXH RX SKpQR
individu, quipossedeGHY OLHQV GLUHFWV RX LQGLUHTEM3sanbeY HF X QF
reproductionsurvig (Violle et al, 2007) La mesure de traits fonctionnels peut étre utilisée

pour quantifier la niche écologique despecesi.e., le type, la quanttéGH UHVVRXUFHV TX
consomme ela zone spatiale ou les ressources sont consomm\deie and Jiang, 2009)

Pour des raison®gistiques,le suividurantle cycle du mais d0 étre pontuel; il est ainsi

incomplet et principalement focalisé sur la fin du cycle du m@isx stades floraison et

maturité.

Des notations de peuplement, hauteur, recouvrement du sol, biomasse et état végétatif a la fin
GX F\FOH GX PDwV RQW pWp UpDOLVpHV /D VI\QWKdVH GH F

codes couleur est présentéalessouq Tableaul.4) :
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Tableaul.4 Résultats des notations des traits fonctionnels des différentes modalités testées
(moyennes des notations réalisées aux stades floraison et maturité duCodésiouleur

vert: valeurs leplusfaibles,rouge: valeurdesplus élevéesNotationGH OfpWDW j OD ILQ ¢
de mais 0: sénescentl: en cours de sénescence, 2spnce de repousses vivanteyjiaant.

Les résultats de cette évaluat@rtmis en avant le potentiel du styldtylosanthes guianenyis

HQ WDQW TXH FRXYHUW YpJpWDO YLYDQW GDQV OTREMHF
contexte donné.e stylo aprésenté des valeurs intermédiapesr les criteres retenus, pouvant
permettre un compromis entre développement du couvert végévahpétition avec laulture

de rente. Il anotamment montré une bonne adaptation aux sols magnésiensjchae n
écologique opposée a aeliiu mais cultivéresaison fraihg un développment permettanin

compromis entre concurrence élevée avec les adventices et limitée avec la culture uleemais
certaine olérance j O T R P Edl DnkHapacité a seégénérera partir de production de
semencesCe choix G fpddésa égalementontribuéa la conception du sdc AC sous couvert
végétalvivant (CA-LM) GH OfH[SpULPHQWDWLRQ V\VWqgPH

Un couvert végétalvigoureux, compétitif et diversifié avant destruction

En parallelea la sélectionG TH V Slg Eddwérivégétal YLYDQW XQ WUDYDLO GTH[
chez les producteude la régionD pWp UpDOLVp GDQV OH EXW GH SUpFLV
mélangs G { H V Sqricerhvat le couvert végétal mort.

Suite a de multiplegchangesavec les producteurgxperts synthesesbibliographiqueset
expérimentations au champs critéres retenus pour ce couvert végatal présentés dans le

37



tableau 1.3. Un couvert végétal mort annuel de saison chaude, présentant une tagsaititée

de compétition envers les adventiétsit recherché.

Ce travail réalisé en partemaravec les agriculteues les différents acteurs conceraggonné

lieu j OTH[SpULP HQW\ROHLR@ONGIVWK Q PpODQJIH :@kramirkte 8@ FH V
légumineuses sorgho Sorghum bicoloy, crotalare (Crotalaria junceg, niébé {igna
unguiculatd, etdolique(Lablab purpureus Ce couvert végétalevaitpouvoir répondre aux
différents besoinsles systemede productionprésentset notamment a celui de producteurs
souhaitant réaliser une transitiaie leur systéme de production ve@$& meleinge
Ce$pecesa été utilisé au sein du sdc AC sous couvert végétal n{@A-DM) de
OfH[SPULPHQWDWLRQ V\VWqPH

1.3.2.2 Dispositifsexpérimentaux

&H WUDYDLO GH WKgqVH VIDSSXLH j OD IRLV VXU XQH H[SpU
analytique.Afin de faciliter la compréhension de la démarche expérimentale mobitsge,
expérimentationsont décritesau sein de ce paragraphmuisplus lagement détaillées dans

chacun deshapitresou elles sont traitées

Une expérimentation systemepour pYDOXHU OfLPSDFW GHV VGF VXU OD
macrofaune du sol

Pour répondre aux deux premieres questions portatesperformances €D { L P SHD W $&

sur la santé du sol et la macrofaune du sol, une expérimentation sysiwiedasupporfpour

la mise en place de différents outils et mesures. Cette expérimentatianiaéeté&n2011 au

sein de la station expérimentale de la Ouenghi (Chtest de la Nouvell€alédonie) de
O$GHFDO 7FH&§EHQYRIREMHFWLI GH FHWsystémeegsgelpb®/eirQ WD W L |
évaluer les performances agronomiques, économiques et environnementales de sdc
représentatifs de la production céréaliére ded#nréLa productioncéréalierese caractérise

par des rotationscourtes voire de la monoculture, trés majoritairement basée sur la production

GH PDwV JUDLQ OYDEVHQFH GI{XWLOLVDWLRQ GH IHUWLO
O LU UL Ipeviméen@tion gohsiste en une parcdlel.2 ha divisée en 3 blocs randomisés
comprenantes 3 modalités testéesur une superficieelémentairede 1200 m2 (24 m x 50 m)

pour chaque répétitioffrig. 110).
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Figure1.10 Dispositif H{fSpULPHQWDO HW LOOXVWUDW4durén GeHa OTH[Sp
station expérimentale de la Oueng@ioogle Earth, 2019) CT : labour, CA-DM : AC sous
couvert végétal mort, GAM : AC sous couvert végétalvant.
En 2018, tois sdca base de masont évaluégFig. 1.11) :
i) Monoculture de mais en labour, représentant la pratique de référence de laG&yion (
ii) Production de mais en AC sous couvert végétal nitDM),

iii) Production de mais en A§bus couvert végétal vivarCA-LM).

Figure 1.11 lllustratiors GH OYLQWHUFXOW XU ROIBVG H5 X0 TR FSOoH) LAPXHIQAWKE
systeme Trois systémes de culture sont évaluésbour (CT), Agriculture @ conservation

sous couvert végétal mort (GBM), et sous couvert veégetal vivant (€M). HotMix :

mélange de 4 espéces annuelles, Stgltylosanthes guianensis
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/I THQVHPEOH G,HdilférerRianile® sydicmeés ehC et CT,a été misen place a partir
de 2011La succession culturale d@ § H[ S p tidnRebt Qréééneii-apres (Tableau 1.5).

Modalité 2011 2012 2013 2014 2015 2016 2017 2018
CT Cp/Mz Cp/Cm Cp/Mz Cp/Mz/Sg Cp/Mz/Sg Cp/Mz Mz Mz
CADM Cp/Mz Cp/Cm Cp/Mz Cp/Mz/SgCp/Mz/Sg Cp/Mz  Cp/Mz Hm/Mz
CALM Cp/Mz Cp/Cm Cp/Mz Cp/Mz/SgCp/Mz/Sg Cp/Mz  Mz+Lz Mz+St

Tableaul.5 AssolementGH OfTH[S pULP H Qdubcague@dditd/ Gmgl&ddur,CA-

DM : agriculture de conseation souscouvert végétal martCA-LM : agriculture de
conservatiorsous couvert végétal vivant.2vimais Zea may} Cp:niebé(Vigna unguiculat

Cm: squashQucurbita maximg Sg: sorghoorghum bicoloy, Lz: luzerne Medicago sativg

St: Stylo Stylosantheguianensiy Hm: HotMix: sorghoniébé dolique(Lablab purpureuk

et crotalaire Crotalariajuncea 3~ VXFFHVVLRQ DQQXHOOH 3" DVVRFL

La modalitéCA-LM sous couvert vivant de stylétéinitiée en 2017 apres avoir été menée
commela modalité CA-DM depuis 2011, eaprées XQH LPSOpPHQWDWLRQ SUpO
couvert vivant de luzernéMedicago sativanon convaincante en 2017. La conduite derces

sdc varie en termes de travail du sol et de couverts végé@UWLUULJIJDWLRQ OD IHUW

protection des ctiires sont identiques pour les tred.

Une expérimentation analytique SRXU pYDOXHU OfHIILFLHQFH @4 XWLOLYV
sdcen AC sous couvert végétal vivant

'DQV O Rde raiter'MalW URLVLqQPH TXHVWLRQ pYDOXDQW OHV St
GIXWLOLVDWLRQ GHV UHVVRXUFHYV HQ $& VRXV FRXYHUW Y,
a été mise en place en 2018 au sein de la station de la O(eigghi3). /TH[SPpULPHQWDWL
consbte en une parcelle de 3.84 ha divisée en 3 blocs (1280 m2 clhasdainiséschaque

bloc incluant 1 répétition (parcelle élémentaire) de 12 m x 26.81@r(2) dechacune des

gquatremodalités testéegFig. 112).

Les quatremodalitésévaluéesont:
i) Monoculture de mais, représentant la pratideieeférence de la région (MMC)
i) Monoculture de stylo$tylosanthes guianensiSMC),
iif) Association maisstylo (MSI) (intercropping)

iv) Association marstylo enfertilisation azotée réduite &9 % (MSkown).
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Figure 1.12 Dispositif expérimental et illustratiendes modaltéesGH OfH[SpULPHQWL
analytique: a) MMC : monoculture maid)) SMC : monoculture stylog) MSI : association
maisstylo, d) MSlzown : association maistylo avecfertilisationazotéeréduite.

1.4 Organisation du manuscrit

Le manuscrit est structuré quatrechapitresTrois chapitressontt pGLJpV VRXV IRUPH G
scientifiqgueset traitentde chacune des thématiques évmaprécédemment (Fig. 1.13) : i)
LPSDFWV VXU OD VDQWp GX ViRiGpatity sS HhUnaRrofRubeQdk 4ol eGH O 1
SHUIRUPDQFR\N)GHIORBBRQFH GIXWLOLVDWLRQ GHV UHVVRXI
sous couvert végétal vivarEnfin, un quatrieme edernier chapit de discussion générale

permetde faire unesynthese des résultats préseetégsm WUDYDLO UplIOH[LI VXU OfDS
utilisée Une mise enperspective scientifique de I'étudet ses implications pour le

dévelppemente systemesn AC estégalement abor@é
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Figurel.13 Démarchegénéralale la théseeprésentant schématiqguement les spuestions et

leur positionnement au sein du manustms servicegcosystémiques évalués sont rappelés
services de production (rendement de biomasse), services de régulation (contréle des
bioagresseurs [adventices, ravageurs]), et services support (cycle des nutriments et des
ressources)sdc: systeme de cultur€T : labour, MMC : monoculture majAC : agriculture

de conservation sous couvert végétal mort-{@A) et sous couvert végétal vivant (&@M).
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2 Impact de systémesle culture en AC sur la santé du sol et lers performances

agronomiques

&H FKDSLWUH HVW SUpVHQWpP VRXV OD IR b&cPdgteGayecQ DUW I
modifications modérées a venpour publication dans la revugoil and Tillage Research

Journal

Ce chapitre répond asous TXHVWLRQ SDU OfpY®H O W QY UG B 0D Y IDRONX
et des ingractions entre les composantes de sdc permettant une meilleure compréhension des
SHUIRUPDQFHY DJURpPpFRORJLTXHYV GH FH W\SH GIDJULFXOW

En sesituantdan®fOH FDGUH GITDQDO\VH SURSRYVpY0G 2i@agualile KD SL W |
HW TXDQWLILHU OHV UHODWLRQV H QedfohetiotsH sBiBWLTXHV
production de services écosystémiqudésR XV DSSOLTXRQV FH FDGUH GITDQ
contrastés sdc conventionnel en labo(€€T), en ACsous couvert végétal mort (CIBM) et

vivant (CA/0 DX VHLQ GTXQH H[SpULPHQWDWLRQ V\VWgPH LQL
En 2018, nougvaluonsWRXW GYDERUG OYLPSDFW GH RWHVOWRMIRW VOV G
Biofunctool®, un set de dix indicateurs au champ caractérisant les fonctions de maintien de la
structure du solderecyclage des nutriments @ transformation du carbonblous évaluons

ensuite le dévelomgment des adventices et les composaiéaendemerde la culture de mais.

Enfin, nous nousommes appuyésur la modélisation par équations stunelles (SEM) afin

de définir les relations entre Ipgatiques, fonctions et services rendus pasdes
/IfpYDOXDWLRQ GH OD VBQWO BXUVRGHPBDPWVOWGH FOMW HX U %L
VXSpULHXUHY HQ $& TXTHQ & /R QYWD DXHHOVBDRNPPBLTYTH B WH G
et indirects sur la santé du sol améliorant les performances du sdc en comparaison avec le

labour, engendrant unmméement 1.3 fois supérieur en AC.
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Abstract

Conservation agriculture (CA) is one strategy with whicthtsustainability and productivity

can be achieved by improving soil health. However, soil health and soil multifunctionality in
such cropping systems remain poorly understood. A randomizeehioededesign experiment

was set up in 2011 to assess thatrehships between three matbased cropping systems,

soil health and cropping system performances in New Caleddaize is the main cereal crop
grown for animal feed in New Caledoniawo CA practices: direct seeding in a mixed species
dead mulch (CADM) and stylo living mulch (CALM), were assessed and compared with a
conventional tillage (CT) system. In 2018, soil health was evaluated using Biofunctool®, a set
of 10 infield tools that assess soil carbon transformation, structure maintenance agwk nutri
cycling functions. The performances of the three cropping systems were assessed by monitoring
weeds, maize growth and yield components. Structural equation modeling (SEM) was used to
disentangle the links between agricultural management, soil healdtlcrapping system
performances. The Biofunctool® soil health index (SHI) was generalljoldGigher under

CA than under CT. Cropping system management had both direct and indirect effects on soil
functioning and crop productivity leading to a-fddd higher yield under CA than under CT.

The direct and indirect effects of CA systems on soil health had positive impacts on ecosystem
services. Such integrative approaches that account for the relationships between cropping
system components enable a bettedarstanding of the impacts and the performances of

practices and support adaptive agricultural management.

KeywordsCover crop; Living mulch; Magnesic fluvisol; No tillage; Soil functions; Systemic

approach

45



2.1 Introduction

Agricultural practices are key drivers of agroecosystem functions and their negative impacts
have increased in recent decades. The land use changes, the intensive use of chemical inputs,
and the fragmentation of habitats have contributed to the deplésorl tertility, biodiversity,

water quality and availability, and to the magnitude of climate ch@iAgey et al, 2011,
Rockstrémet al, 2017) These rapid changes have also had positive effects including increasing
food production at global scale, but strong traffe have been observed, particularly in
environmental compartmen{Jilman et al, 2011) Soil is one of the key components of
ecosystems and is under serious pressure from human activities. To mitigate the negative
impacts of agricultural systems, some approaches promote agronomic technical levers such as
soil congrvation practices or agrofores{Adtieri and Nicholls, 2013; Wezel and Soldat, 2009)
Agriculture represents less than two per cent of the gross domestic product of New Caledonia
where the economy is mainly driven by the nickel induand the service sectdSEE, 2016)
However, islands in the South Pacific need to increase their agricultural production to respond
to population growth and to increasing demand from the commercial gbttioay, 2001;

Naidu, 2010) Like in many developing countries, agricultural intensification in these islands
has had positive impacts on agricultural production and food se¢Niaigu, 2010; van der
Veldeet al, 2007) Unfortunately, agricultural intensification in New Caledonia, a hotspot of
biodiversity(Myerset al, 2000) has also had detrimental impacts on soil and water respurces
including significant soil erosio(Dugain, 1953; Losfel@t al, 2015)

Conservation agriculture (CA) is a farming system that promotes minimum soil disturbance
(i.e., no tillage), maintenance of a permanent soil coaed, diversification of plant species
(FAO, 2014) Through the application of these three principles, the maintenance and
improvement of soil functioning is driven by (i) high and continuous production of above and
belowground biomass, (ii) a permanent soil cover which supports a continuous flow of nutrients
and organic compounds and improves the water balance, and (iii) enharideidlsgical

activity which regulates carbon transformation, soil structure maintenance, and improved
nutrient cycling. CA is being promoted to improve the resilience of cropping systems and
reduce their negative externalitig¢$obbset al, 2008; Lal, 2015b; Ségwet al, 2006) CA can

help reduce physical, chemical and biological soil depletion and productior(leabteet al.,

2014; Scopeét al, 2013; Sitholeet al, 2016; Thierfelder and Wall, 2012}A practices are

thus a promising way to reduce thegative impacts of agriculture, especially on soil, while

conserving production and ecosystem serviPéselkowet al, 2015; Verhulset al, 2010)
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The relationships among practices, soil health, crop performances and ecosystem services are
poorly described in the literatu(Palmet al, 2014; Ranaivosoat al, 2017; Verhulset al,

2010) Multifunctional assessments are needed to better understand the relationships between
cropping system management, soil kbeaand crop productivity. Appropriate sensitive
indicators to key biological processes should be selected to assess agrosystem
PXOWLIXQFWLRQDOLW\ 6RLO KHDOWK LV GHILQHG DV 3WKH
and quality food and fibre toggtHU ZLWK WKH GHOLYHU\ R (KRMeWite) HFRV\\
et al, 2008) Although many approaches are available to assess soil Hdalimazeaet al
(2019a)proposed an integrative, multifunctional, and easily transferable approach, named
Biofunctool®. Biofunctod? makes it possible to assess the three main soil functions identified

by Kibblewhiteet al (2008) i) carbon transformation, ii) nutrient cycling, and iii) soil structure
maintenanceavith a core set of ten ifield and lowtech indicators. To properly assess cropping
system performance, compartments such as weed and crop development need to be included.
Weeds are indeed a major factor affecting yi€ldsasdalest al., 2007)and weed control is one

Rl WKH IDUPHUTV P DL Qrdf §Qdmtgibabe, 20Q7; NithbleF{ 2015; van

Heemst, 1985)0On the other hand, grain yield is the main indicator used by farmers to assess
the performance of their syste Combining these measurements should help understand the
synergies and tradeffs between the components that may affect cropping system
performances.

We hypothesise that CA practices have both direct and indirect effects on weeds and crop
productivityby influencing soil health, thereby increasing the performance of CA compared to
that of CT. The overall objective of the study was to conduct an integrative and quantified
assessment of the relationships between contrasted-besed cropping managemene.,
conventional plougibased tillage (CT), and CA with a diversity of cover crops and

managements), soil health and cropping system performances in New Caledonia.

2.2 Materials and methods
2.2.1 Site description

The study site is located at the Adecal Technopole Ouenghi experimental station in
Boulouparis, South province, New Caledonia (21°53'50" S, 166°06'45" E). The west coast of
New Caledonia is characterised by a sanu subtropical climate with a cool, dsgason from

May to September, and a warm, wet season from December to April. Intense rainfall associated

with thunderstorms peaking in austral summer are usually followed by recurrent drought
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periods from October to November. Data from the Ouenghi Meétaace station were used to
characterise the meteorological conditions. Mean annual precipitation between 2011 and 2018
was 909 mm with the majority of rainfall occurring from February to April. In the same period,
the monthly average minimum and maximum penatures were 17 °C and 29 °C, respectively.

Soll is classified as a silty loam soil according to the USDA classification with 33.6% sand,
51.6% silt and 14.8% clayE(ro-analyselaboratory soil analysis, 2011). It is a magnesic
alkaline soil (pHawer = 8.1) with high concentrations of My (exchangeable magnesium
accounts for 76% of cation exchange capacity) and Ca/Mg = 0.3 (K/Mg = 0.01). The average
bulk density (in the @40 cm layer) was 1.01 + 0.08 g érandsoil organic carbon (@0 cm

depth) was 28. + 1.1 g kgt (LAMA laboratory soil analysis, 2017).

2.2.2 Experimental design

The experiment was set up in 2011 to assess the agronomic, economic, and environmental
performances of contrasted cropping systems representative of cereal production alesg) the
coast of New Caledonia, characterised by short rotations, absence of organic amendment, and
important production of maize grain. A randomised block design experiment was used
consisting in three treatments with three replicates and a plot meas@@@gni2 (50 m x 24

m) for each system (Supplementary information, Fig. A.1).

Three maizebased cropping systems were tested: (i) maiea (mays..) monocropping under

CT, which is the main practice in the region, (ii) maize production under CA with siéeding

of maize in a dead mulch (GBM), and (iii) maize production under CA with direct seeding

of maize in a living mulch (CAM). All three cropping systems began in 2011, andI(QA

began again in 2017 after having been managed undddNlAreatment sice 2011 and a
preliminary use oMedicago sativa.. as living mulch in 2017 (Supplementary information,
Table A.1). Their management differed in terms of soil tillage and cover crop use, but irrigation,
pesticide, and fertiliser applications were unifolmigation and fertiliser applications were
adjusted to maximise crop biomass production. Crop residues were not exported in all the
cropping systems, and soil was ploughed once a year with a mouldboard plough to a depth of
2580 cm under CT.

The cover aops were cultivated during the wet season (Janudgril) under the two CA
treatments, whereas no cover crop was sown under CT (conventional fallow) (Supplementary
information, Table A.2). In 2018, all cover crops were sown on tHeo2danuary with ao-

till seeder (Semeato PD 17). The cover crop used undebDkgAonsisted of a mix of four
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species: sorghunSprghum bicoloi.. Moench, cv. sweet jumbo; sowing density 15 kgHha
sunnhempGrotalaria junceal., cv. crescent sunn; 10 kg-Hacowpea Yigna unguiculatd..

Walp., cv. ebony; 10 kg M3, and lablabl(ablab purpureud.. Sweet, cv. highworth; 15 kg ha

1. The cover crop used under €M was stylo Stylosanthes guianengisibl. Sw.; 10 kg ha

1. The mouldboard plough was used on th€ dPMarch 2018 before maize was sown under
CT. Under CADM, the cover crop was terminated by rolling combined with herbicide spraying
on the 28 of April 2018, 15 days before the maize was sown. Undeil@Athe maize was

sown directly in standing green styldhe aboveground biomass of the cover crops was
assessed before maize was sown and ranged from 22.6q# &&{DM) ha'lto 2.5 + 0.8dwm

ha! under CADM and CALM, respectively. Under CADM, 100% of the soil surface was
covered by mulch at sowirand about 80% under CIAM.

In all cropping systems, maize was grown during the dry, cool season @&gpgember) with

223 mm cumulative precipitation during the crop cycle. Maize was sown or"the May

2018 in 76cm rows, using a ntll seeder (JumiJM3090 PD). A hose reel irrigation system

was used to supply additional 290 mm of water on 13 occasions. The water balance method
was used to determine water amounts, and irrigation uniformity was controlled by rain gauges.
Herbicide treatments includgite- and postemergence herbicides. RPeemergence herbicides
were applied immediately after sowing, while reduced rates ofgmostgence herbicides were
applied 10 and 31 days after sowing (DAS).

2.2.3 Soil monitoring and analysis

Biofunctoof’ consists in a ae@ set of 10 functional indicators that assess three main soil
functions(Thoumazeatet al, 2019b) We used four indicators to study the impact of each
cropping system on soil carbon transformation function in order to estimate the labile fraction
of the soil organic carbon (permanganate oxidizable carbon (PG¥W@))et al, 2003) basal

soil respiration (SituRe&p (Thoumazeawt al, 2017) andsoil biological activityusingthe

bait lamina test (scored from 0 [no degradation] to 1 [complete degrad&lionjg, 1990; van
Gestelet al, 2003)and the green tea bag (GTB) score (adapted Keuskampet al (2013).

For the bait lamina method, we used the standard substrate, made of cellwioles, bran
flakes and active carbon (70:27:3). Bait laminas were incubated in the soil for seven days, and
for the analysis, we used the average of holéq@2 cm) only, as it was the only depth that
allowed us to significantly distinguish the treatrtee(Supplementary information, Fig. A.2).
The GTB indicator consisted in tdecomposed fraction of green tter a burial period of 30
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days. We then used three indicators to study the impact of each cropping system on soil
structure maintenance funatidy assessing soil aggregate water stability (AggSoil) at a depth
of 0-10 cm (sored from 1 [poor] to 6 [high stability[Herrick et al., 2001) water infiltration
(Beerkan)(Thoumazeatet al, 2019b) and soil structure (visualvaluation of soil structure
(VESYS)) in the 80 cm layer (scored from 1 [good] to 5 [poor soil structui@))imaraeet

al., 2011) The VESS consists of visually assessing the size and porosity of aggregates, the
strength of aggregates, the presence of roots and the coloursailtHaénally, we used three
indicators to study the impact of each cropping system on soil nutrient cycling function. We
quantified available ammonium {NH4") and nitrates (\NNO3") in the soil after extraction with

1M KCI (Maynard et al, 1993; Thoumazeaet al, 2019b) Soil nitrate dynamics were
evaluated using the anion exchange membrane (AEM) method and a 10 day burial period
(Qian and Schoenau, 2002; Thoumazeiaal., 2019b)

Except for the VESS, soil samples were collected in June 2018 inlibed soil layer. Three
sampling points (internal replicates) were collected per plot giving a total of 27 soil samples for
Biofunctoof’ analysis (except for available nitrogen-kNH4*, N-NO3") for which only one

replicate per plot was analysed).

2.2.4 Agronomic data collection

Weed biomass was assessed using a quadrat sampling method at four maize stages: sowing, 6
leaf (25 DAS), flowering (80 DAS), and pelsarvest. In each repetition (three repetitions per
treatment), three quadrats of 0.25 m? were delimited to count weeds. b\d@mass was then
determined for each sampling period after drying at 80 °C until constant mass was reached.
Maize density was monitored weekly in three subplots per repetition (three repetitions per
treatment) on two contiguous maize rows two metelength (3.04 m2) from emergence to the
8-leaf (35 DAS) stage.

At harvest on the same subplots, thousand kernel weight (TKW) was measured at random from
the grain lot of five maize plants per repetition (three repetitions per treatment). Three
subsamples per repetition of one hundred kernels were dried at 80 °Constdnt mass was
reached and weighed. TKW was then standardized to 13% moisture content.

The yield was recorded at random from five maize plants per repetition (three repetitions per
treatment). The ears were counted, and tsdredled. The kernels of daear were dried, and

weighed. The grain yield was calculated as follows and standardized to 13% moisture content:
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2.2.5 Statistical analysis

All statistical analyses were performed using R software 86 Development Core Ban,

2008)

First, each Biofuncto8lindicator was studied separately using a lireared effects model
(package Ime4Bateset al, 2015). Treatment was defined as fixed factor and replicates (plots
and internal replicates) as random factors. After checking theatityrof the model residuals

and the homoscedasticity of the variance residuals, ANOVAs were run using the car package
(Fox and Weisberg, 2011)his was followed by aposk RF PHDQ FRPSDULVRQ XVL
test with Bonferroni adjustmefitiothornet al, 2008)

After studying each indicator separately, indicators were computed within a principal
component analysis (PCA) (FactoMineR packdbgé,et d., 2008). The last step of analysis
consisted in calculating the Biofunct8aloil health indeXSHI), according to the methodology
defined byObriotet al (2016)andThoumazeaet al (2019a) First, a weight was applied to

the PCA variable to give the same weight to each soil function. The scoring function of the
indFDWRUV zZDV EDVHG RQ WKH 3PRUH LV EHWWHU " UHVSRQ
ZKHUH WKH 30OHVV LObroteVaMv2916) TADSHI XNal Ganged from Agw)

to 1 high soil health After calalation of the index, a variance analysis of the contribution of
each soil function to the final score was run usingwag ANOVA.

Next, we used SENGraceet al, 2012, 2007jo explicitrelationships from a web of possible
causal pathways, including direct and indirect effeetsveen practices (CT and CA systems),

soil health and croppimngystems performance. GBM and CALM were grouped into a single
cropping system modality (CA). The three Biofuncfbabgregated functions.€., structure
maintenance, nutrient cycling, and carbon transformation) were used in the SEM as soil health
indicators. Cumulative weed aboveground biomass during the maize cycle, maize thousand
kernel weight (TKW) and grain yield were used as cropping system performance parameters
for the SEM. Weeds are a major factor that affects yileasdalest al, 2007) TKW was

used to assess maize growth performance, providsight into the strength of late competition
(Meynard and David, 1992%rain yield expresses the overall conditions of the crop cycle, and

is the main indicator used to assess system productivity. Strength and directionality (positive or
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negative) of the relationship between valestare indicated through the path coefficients. The
SEM was performed using the piecewiseSEM packbgieheck, 2016)

2.3 Results

2.3.1 Impacts of the cropping systems on soil health

For carbon transformation, mean POXC and SituResues as well as bait lamina scores
were significantly higher under the two CA cropping systems than under CT @ &apldhe
GTB score was significantly higher under €M (0.46 + 0.03) than under CT (0.43 £ 0.02)
but did not significantly differ fronCA-LM (0.45 + 0.02).

Carbon transformation

POXC SituResp® Laminas GTB
Treatment  (mgc kg soil?) (Absorbance difference (Score) (Score)
mean sd mean sd mean sd mean sd
CT 1070.5a 27.1 0.87a 0.05 491a 4.0 0.43a 0.02
CA-DM  1124.4b 27.0 0.96b 0.06 8.71b 4.3 0.46b 0.03
CA-LM 1122.2b 34.3 0.95b 0.06 7.17b 4.0 0.45ab 0.02
ANOVA P<0.001 P<0.001 P<0.001 P<0.001

Tableau 2.1 Biofunctool® indicators of soil carbon transformation per treatment. CT:
Conventional Tillage, CA: Conservation Agriculture with direct seeding in Dead Mulch (CA

DM) or Living Mulch (CA-LM). POXC: Permanganate OXidizable Carbon, SituResp®: basal

soil respration, Laminas: lamina bait degradation, GTB: fraction of Green Tea Bag
decomposed. The analysis was conducted intb@ €m layer, except for laminas (in th&0

cm layer) and GTB (at a depth of 8 cm); n=9 for each treatment; sd: standard deviation.
Dill[HUHQW OHWWHUV LQGLFDWH VLIQLILFDQW GLIITHUHQFHYV

Concerning structure maintenance, the same trend was recorded for the three indicators (Table
2.2). Mean VESS scores were significantly higher for soils under CT (2.11 £ 0.4) suggesting
thatsoils were less structured than under CA soils (1.45 + 0.3 and 1.28 + 0.3-foMGéhd

CA-LM, respectively). Mean AggSoil scores were significantly lower undesdl (1.22 +

0.4) than CA soils (2.00 = 0.8 and 2.15 = 0.9 for-BM and CALM, respectively). Finally,

water infiltration was twefold lower in soil under CT (93.4 + 20.5 mL rifinthan in soil under

CA (176.5 + 71.5 and 2269 117.3 mL min' for CA-DM and CALM, respectively). No
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significant differences were found in VESS, AggSoil, and Beerkan scores betwdaN@Ad
CA-LM.

For nutrient cycling, the mean AEMOs" score was twdold higher under CT than under CA
(20.4 + 6.4vs.10.5 + 4.0 and 9.8 + 5. J PRI for CA-DM and CALM, respectively)
(Table2.3). In contrast, the concentration ofN\H4" was twafold higher under CADM than

under CT (6.1 + 0.2 mg Kgvs.2.6 = 0.3 mg kg). The concentration of NOs tended to be
higher under CA than under CT but the differences were not statistically significant.

The PCA performed on the 10 functional indicators allowed to separate the treatments (Fig.
2.1). The differences between Biofunct8dhdicators appeared rimy between the CT and

CA cropping systemd.otal variability was represented at 45.7% on the first axis and at 14.2%
on the second axis. The difference in soil health between the two CA cropping systems and CT
was mainly based on indicators linked witte tfirst axis: AEMNOs and NNH4" (nutrient

cycling), VESS and AggSoil (structure maintenance), and POXC (carbon transformation).

Structure maintenance

VESS Beerkan AggSoil

Treatment (Score) (mL min') (Score)
mean sd mean sd median sd
CT 2.11b 0.4 93.4a 20.5 1.22a 0.4
CA-DM 1.45a 0.3 176.5b 71.5 2.00b 0.8
CA-LM 1.28a 0.3 226.0b 117.3 2.15b 0.9

ANOVA P<0.001 P<0.001 P<0.001

Tableau 2.2 Biofunctool® indicators of soil structure maintenance per treatment. CT:
Conventional Tillage, CA: Conservation Agriculture with direct seeding in Dead Mulch (CA

DM) or Living Mulch (CA-LM). VESS: Visual Evaluation of Soil Structure, Beerkan: water

infilt ration, AggSoil: soil aggregate water stability. The analysis was made iflther@ layer,

except for VESS (in the-80 cm layer); n=9 for each treatment; sd: standard deviation.
‘'LITHUHQW OHWWHUY LQGLFDWH VLIJQLILFDQW GLIIHUHQFHYV
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Nutrient cycling

AEM-NOs N-NOs N-NH4*

Treatment d-nog cm? d) (mg kgh) (mg kgh)
mean sd mean sd mean sd
CT 20.4b 6.4 10.9ns 4.1 2.6a 0.3
CA-DM 10.5a 4.0 14.7ns 2.2 6.1b 0.2
CA-LM 9.8a 5.0 14.7ns 3.2 4.7ab 1.3

ANOVA P<0.001 P=0.4 P<0.001

Tableau2.3 Biofunctool® indicators of soil nutrient cycling per treatment. CT: Conventional
Tillage, CA: Conservation Agriculture with direct seeding in Dead Mulch-0\W) or Living

Mulch (CA-LM). AEM-NOS-: nitrate evaluated with anion exchange membrardH4+, N-

NOS3-: available ammonium and nitrate. The analysis was conducted intfect layer,

except for AEMNOS3- (at a depth of 8 cm); n=9 for each treatment except fbiH4+ and N

NO3- where n=3 per treatment (no internal replicates); sd: standard deviaifi@nent letters
LQGLFDWH VLIJQLILFDQW GLIIHUHQFHY DFFRUGLQJ WR 7XNH

Figure2.1 Principal component analysis of the impacts of the cropping system on soil health.
a Variables factor map. POXC: Permanganate OXidizable Carbon, SituResp®: basal soil
respiration, Laminas: lamina bait degradation, GTB: fraction of Green Tea Bag decomposed,
VESS: Visual Evaluation of Soil Structure, Beerkan: water infiltration, AggSallaggregate

water stability, AEMNO3: nitrate evaluated with anion exchange membrane, NNH4, NNO3:
available ammonium and nitrate.

b Individual factor map. CT: Conventional Tillage, CA: Conservation Agriculture with direct
seeding in Dead Mulch (GAM) or Living Mulch (CA-LM).

Note: AggSoil median score aneR@m depth laminas score were used to run the PCA.
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Biofunctool’ SHI values for CA treatments were abdu-fold higher than unde€T (mean
value of 0.4/5.0.5) (Fig.2.2). For the nutrient cycling anthe structure maintenance functions,
the main differences were observed between CT and CA with mean CA scor&8M@Ad
CA-LM) 20% and 46% higher than under CT, respectively. Concerning soil carbon
transformation function, only the GBM score was signifiantly higher than CAM and CT,

representing an increase of 12%.

Figure2.2 Biofunctool® Soil Health Index (SHI) per treatment. CT: Conventional Tillage, CA:
Conservation Agriculture with direct seeding in Dead Mulch {@M) or Living Mulch (CA-
LM). n=9 for each treatment. Standard error of the index is given for each tredhifienent
letters indicate significant differences at P<0.05 according to TYihést.

2.3.2 Performance of the cropping systems

The cumulative aboveground weed biomass differed significantly among the three treatments
with higher weed biomass under CT (meatue of 12.7 + 0.7pf ha') than under CAM

(1.6 + 0.1 $m ha') and CADM (6.5 + 0.3 pm hal) (Table2.4).

Maize density also differed significantly among the treatments: the maize plant population was
higher under CALM (10.3 = 0.5 plants ) than undeCT (9.0 + 0.4 plants ) andCA-DM

(8.0 £ 1.1 plants ).
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There was one ear per plant for all the maize plants sampled. The kernel weight per ear was
significantly higher under CAM (158.6 + 25.5 g) than under @AM and CT (125.8 + 18.2

g and107.8 = 21.0 g, respectively). The TKW followed the same trend and was significantly
higher under CADM (388.2 + 7.5 g) than under both &M and CT (364.2 £ 12.9 g and

355.1 + 16.3 g, respectively).

Maize grain yields ranged from 972.0t ha' underCTto 12.7+ 2.9t hatand 12.9 1.8t ha

Yunder CADM and CALM, respectively, and were significanthygher under the two CA

treatments than under CT.

Weeds Maize density Kernel weight TKW Yield
Treatment (tcumulative pvha®)  (plants ) (g eart) (9) (t hal)

mean sd mean sd mean sd mean sd mean sd

CT 12.7¢c 0.7 90b 04 1078a 21.0 355.1a 163 97a 20

CA-DM  6.5b 0.3 8.0a 1.1 158.6b 255 3882b 75 127b 29

CA-LM 1.6a 0.1 10.3c 0.5 1258a 18.2 364.2a 129 129b 1.8

ANOVA P<0.001 P<0.001 P<0.001 P<0.001 P<0.001

Tableaw2.4 Cropping system performance indicators per treatment. CT: Conventional Tillage,

CA: Conservation Agriculture with direct seeding in Dead Mulch @MW) or Living Mulch

(CA-LM). Weeds: Weed cumulative aboveground dry matter during crop cycle, Maize density:
Maize plant population, Kernel weight: Total kernel weight per maize ear, TKW: Maize
Thousand Kernel Weight, Maize yield: grain yield; n=9 for each treatment; sd: standard
deviation.'LITHUHQW OHWWHUYV LQGLFDWH VLIQLéstFDQW GLIIHUE

2.3.3 Links between practices, soil health, and cropping systerormance

7KH 6(0 ILWQHVYV LQGH][ ZDV Wt 0.Q55),laRds@ o thg RAVrlatioh§hpav H V W
tested were significant (Fig.3). SEM revealed significant links between agricultural practices

and soil health: CT had a negative influence onssaitture maintenance (path coefficient =

0.55) while CA had positive effects on carbon transformation and nutrient cycling (path
coefficient = 0.38 and 0.33, respectively). SEM also confirmed significant links between
agricultural practices and cropping system performances: CT had agasipact on weed
development with higher biomass collected (path coefficient = 0.40) whefdaada positive

influence on TKW (path coefficient = 0.46). Finally, SEM highlighted significant links between

soil functions and cropping system performances with a positive correlation between nutrient
cycling and weed development (path coefficient 36). However, no significant indirect

effects of soil health on maize crop performance emerged.
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Figure 2.3 Structural Equation Modeling (SEM) linking the cropping system, soil health, and
FURSSLQJ V\VWHP SHUIRUPDQFH )LVKHUYV & Gl 3
CA: Conservation Agriculture systems (direct seeding in dead mulch and living matlch n
differentiated). Weeds: Weed cumulative aboveground dry matter during the crop cycle, Maize
Yield: grain yield, TKW: Maize Thousand Kernel Weight. The arrows indicate unidirectional
relationships between the variables (direct effects of one varialtlee mthers). Green arrows
indicate significant positive effects, red arrows indicate significant negative effects, and grey
arrows indicate nosignificant relationships at P=0.05. Path coefficients are indicated adjacent

to the corresponding arrows. Arrawdths are proportional to the path coefficients.
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2.4 Discussion

2.4.1 What are the impacts of CA cropping systems on soil functions?

The Biofunctod? set of indicators was used to assess the impacts of cropping systems on soil
health. First, higher POXC and SRas|® scores were measured under CA treatments than
under CT. POXC is sensitive to management practices, and mainly depends on the amount of
residues returned to the s(@longiornoet al, 2019; Chaet al, 2002) Plant material including
above and belowground biomass and living organisms mainly contribute to the labile carbon
fraction. The higher basal soil respiration observed in soils under CA can be explained by the
increased labile carbon fraction, whicimatlated microbial pools andctivity (Balotaet al.,

2004; Bongiorneet al, 2019) Bait laminas and GTB bioindicators shalgreater biological
activity in CA cropping systems than under CT. Concerning laminas, feeding activity was
mainly observed in the-@ cm layer. This vertical feeding pattern has already been reported in
the literature and the-® cm layer was mentioned a key laye(Gongalskyet al, 2004; Hamel

et al 5 Ret ldlQ2010) In our system, the vertical patterancbe explained by the
effects of cover crop residues on the soil surface and root systems of dead and living mulches
that may affect specific organisms such as earthwdias Gestelet al, 2003)and soill
mesofaungHelling et al, 1998) and then reflected in the bait lamina score. Conegrthe

GTB indicator, only CADM had a higher score than CT. €@ thus enhanced
decomposition of the green tea at a depth of 8 cm thanks to soil biological @ttt al.,

2018) The larger quantity of mulch under €M (22.6 tm hat) than under CALM (2.5 tom

ha') may have had a positive effect on the environmental variablgs $oil moisture)
resulting in differences in soil biological activirroita et al, 2013) The differene in mulch

quality (N contents: 1.14% and 2.82% of DM for ©M and CALM, respectively) is also an
important factor that may have influenced the activity undesDBAcompared with CALM
(Lienhardet al, 2013; Nemergutt al, 2010; Pascaudt al., 2010)

The VESS, Bedkan and AggSoil indicators were significantly improved by CA management.
The absence of tillage combined with the presence of plant residues on the soil surface, and
living or dead cover crop root systems globally improved the structure maintenancerfuncti
(Indoria et al, 2017; Tivetet al, 2013) The addition of residues and mulches stimulated
microbial activity, which, along with root exudates, enhanced aggregate stdtality015b;
Zuberet al, 2017) In contrast, tillage destroyed soil aggregates, thereby incgeslaking and

pore clogging, which could reduce porosity and infiltration rétechell et al, 2017; Rosolem

et al, 2016)
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Measurement of thAEM-NOs indicator provided key information on nutrient cycling in each
system(Le Cadreet al, 2018) Indeed, comparetb other measurements such as nitrate and
ammonium extracted from the soil, the quantity of nitrate adsorbed on the membrane-was two
fold higher under CT than CA. lon exchange membranes aim at mimickingrptadirtg
systems and hence plant nutrient abBong(Qian and Schoenau, 2002)illage may expose
previously protected organic matter which may then serve as a substrate for microbial growth
(Rovira andGreacen, 1957ktimulating mineralisation and nitrificatig@alderonet al, 2001;
Muruganandanet al, 2010) explaining higher nitrate dynamics under CT. However, this
tillage-induced itrate dynamics can lead to N losses through denitrification and nitrate
leaching, which could explain the smaller amounts of availabiNHN" and NNOs™ from soil
extraction measured under ¢Boulakiaet al, 2019; Calderoret al, 2001; Chatskik and
Olesen, 2007; Ruan and Robertson, 2013)

The differences in soil functions observed between CT and CA management are in general
agreement with those obtained in the study conductedhiaapet al, (2019 in Cambodia

using Biofunctod? under CT and various CA practices. The contrasted pedoclimates (red
oxisol vs. magnesic fluvisol; wet tropicals. semtarid subtropical) emphasise the robustness

of the method.

At multivariate and Biofuncto8lindex aralysis scales, the results generally reflect the trend
observed at indicator scalee., the improvement in soil functioning was mainly observed
between CT and the two CA systems (DM and CALM). The Biofunctoof index showed

better soil health under Cthan under CT. The three soil functions also mainly reflected the
difference between CT and CA. However, the carbon transformation function undeviCA

did not differ significantly from that under CT. This may be directly linked to the quality and
the lager quantity of the biomass inputs under-DM than under CALM and CT, although

the living root biomass may have affected soil biological activity and carbon turnover under
CA-LM. Thus, no significant differences in SHI were observed betweefand CALM
probably due to the relatively recent implementation of theL®&Acropping system (2 years).

2.4.2 What are the impacts of CA cropping systems on crop performance?

CA has significant and positive impacts on soil functions that are likely to produce similar or
even higher crop yields than CThierfelderet al.,, 2015; Triplett and Dick, 2008n this study,
regardless of the croppimgystem, maize yields were generally high compared to current
average farm yield of 9 t HaMoreover, maize yields were #@8ld higher under CADM and
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CA-LM than under CT. These results are consistent with those of other studies, in which the
positive mpactof CA on crop yield was also demonstrafedl, 2014; Pittelkowet al, 2015;
Ranaivosoret al, 2019; Rusinamhodat al, 2011) At the same time, these results contrast
with other studies with mixed conclusiofBrensteinet al, 2012; Pittelkowet al, 2015;
Thierfelderet al, 2015)that may arise from geographical and environmental patterns of CA
implementation, duration, quality and quantity of the bior@ssputs(DeFeliceet al, 2006;
Fujisakiet al, 2018; Grubeet al, 2012; Thierfeldeet al, 2015)

In the present experiment, the physicalriga of the high biomass input of the dead mulch
under CADM may have reduced maize emergence compared with CT anAdMCA hick

mulch could hamper crop emergence due to poor sedccontact, and early season insect
damaggBezuidenhouet al, 2012; Pantojat al, 2015) In contrast, maize density with direct
sowing in standing green stylo under €M was higher than under CTebause it avoids the
formation of a slaking crust and provides better maize emergence conditions.

CA-DM produced a better yield in terms of kernel weight and TKW. The large amount of cover
crop residues under CBM provided better growth conditions at grdilling and enhanced
available resources for maize due to less competition thanks to lower maize density and reduced
weed development, increased soil water infiltraaodwater holding capacitfRanaivosoret

al., 2017) In comparison, higher yield was also observed undet®Acompared with CT,

with similar kernel weight and TKW values. This suggests the same late cycle crop conditions
as CT with advantages in the early stages due to better weed control, reducedrioofati
slaking crust(Scopel and Findeling, 2001; Sithat¢ al, 2016; Verhulset al, 2010) with

higher maize density and complementarity of styld maize during the growth perigBirteeb

etal, 2011; Edyet al, 1977) A short period (2 years) of GBM practice may not be sufficient

for the soil to reach a new equilibrium and may thus fail to provide all the effects related to

cropping system servicé&ruberet al, 2012; Heet al, 2011; Machadet al, 2008)

2.4.3 Systemic approach of CA cropping systems

SEM analysis was used to obtain a systemic understanding of how tillage and residue
managemet affected maize yield. SEM confirmed direct causal relationships of management
practices on soil functioning revealed by BiofunctodCT had the strongest factor on soil
guality by reducing structure maintenance, disrupting soil aggregation and structure, exposing
the labile carbon pool encapsulated within the aggregates to microbial oxidation, increasing
slaking and reducing water ilfation (Mitchell et al, 2017) In contrast, CA pasvely
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influenced carbon transformation and nutrient cycling functions. In this way, CA systems tend
to increase carbon transformation, highlighting the potential of carbon accumulation of the
system(Cheesmaset al, 2016; Lal, 2015b; Powlsaat al, 2016) primarily due to stabilisation

of the biomass inputs and protection of the carbon pool from microbialdrarafon(Fujisaki

et al, 2018; Virto et al, 2012) Concomitantly, this could lead to a higher nitrogen
concentration in the top soil, thereby promoting crop growth supported by a higher structure
maintenance function under CA systems, and consequently fnmiirogen losses compared

to under CT{Calderdnet al 2001; Chatskikh et Olesen 2007)

In the short term, management practices had direct effects on the performance of the cropping
systems. During the early stages of maize growth, more weeds was recorded under CT while
the physical barrier and the allelopathy effect of dead or living muhderuCA systems
reduced weed pressufaltieri et al, 2011; Burgos and Talbert, 1996; Murpétyal., 2006)

On the other hand, SEM highlighted a positive effect of CA systems on TKW. The period from
flowering to grain filling is highly sensitive tevater stress, and the higher kernel weight was
the result of better conditions under CBolafios and Edmeades, 1996; NeSmith and Ritch
1992) Mulch was shown to be an effective way to reduce soil evaporation and to moderate the
temperature at the surface of the soil, which, along with the higher infiltration rate, improved
wateruse efficiency notably during the maize grain fillipgriod (Hartkampet al., 2004)

These results emphasize the ldagn indirect effets of soil health on cropping system
performances, highlighting the importance of weed managekvemveret al (1992)reported

that nutrient availability could influence the duration anteekof weed competition. Weeds
could have responded positively to nutrient availability (mainly N and P) possibly due to
differential nutriertuse efficiency compared with crofBajwa et al, 2015; Sheibani and
Ghadiri, 2012) Conversely, by promoting faster growth of the crop, which in turn, increased
crop competitiveness versus weeds, nutrient cycling could reduce weed develffanget

al., 2014) Further, as crop density influences yield, the different maize populations in the
treatments may have reduced the relationship between TKW and yield. As a result, different
growing conditions at early and late crop stages were triggered, leading to better growing
conditions and higher maize yield under CA than unde(Kl&ledianet al, 2012) Finally,
cropping system performances depended simultaneously on theeshorirect &ects of
agricultural practices, and subsequently on the direct and indirect impacts on soil health
improvement and related ecosystem senPégapet al, 2019; Sitholeet al, 2016)
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2.4.4 Toward the quantification of linkages between soil health, productivity, and ecosystem

services

This study is the first to link agricultural practices and soil functions to agroecosystem
performances. The comprehensive libletween agricultural practices, soil functions and soil
ecosystem services were tested with the SEM approach. This study provides first insights into
the quantification of ecosystem services provided by soil which remains a key question in the
literature (Adhikari and Hartemink2016; Palmet al, 2014; Vereeckest al, 2016) In our

study, the link between soil health and plant productivity was not significant and cropping
system management was the main direct factor explaining differences in yield components.
However, with same fertilisation and irrigation management, the c@%pping systems
improved the overall crop conditions leading to a higher yield than under CT. Further
understanding of the indirect effects of agricultural practices and soil health on crop
productivity are needed. Lortgrm agronomic trial would make fossible to apply such a
systemic approach and would be particularly helpful in quantifying the links between system
management, soil functioning and crop productivity. Finally, we focussed on the links between
soil functions and productivity, but othecasystem services also need to be tackled, for

example, pest regulation, pollination, or biodiversity maintené@habert and Sarthou, 2020)

2.5 Conclusions

In this study, three contrasted annual cropping systems, (CIDM@Aand CALM), were
assessed and compared in ape@r experiment on a magnesic fluvisol in New Caledonia.
Overall, theresults identified marked differences between the impacts of CT and CA
management on soil functioning. The soil health index (SHI) wa$old3higher under CA
systems than under CT although it did not differ betweerDBAand CALM, probably
because the &LM cropping system only began 2 years ago, and due to the relative importance
of short and longterm effects of CA on system performance.

By combining these results with the application of SEM, we identified the framework of the
relationships between isfunctions and crop yield sensitive to cover crop and tillage practices.
Our results suggest that, as strong drivers of yield performance, CA practices have both a direct
and indirect influence on soil health, thereby improving system performances edmtp&T.

In the short term, cropping system management can have both direct and indirect effects on soil
functioning and crop growth conditions. The different cropping systems induced different

conditions at the early and late stages of the maize crap.bé&lter overall crop growth
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conditions under CA systenfinally led to a 1.3old higher maize yield under CA treatments
than under CT. In turn, soil health, through the nutrient cycling function, contributed positively
to weed development, but had no akge impact on crop yield at the time scale of our
experiment.These findings indicate that CA systems are a promising alternative to the
conventional plougtbased system with positive impacts on soil health and production services
in the magnesic fluvid@ontext of the west coast of New Caledonia
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3 ,PSDFWV G/KOTPBDERQGDQFH O BsfahttémhelsdeVdap HW OHV WU

macrofaune du sol

&H FKDSLWUH HVW SUpVHQWpP VRXV OD IRUPH G{XQ DUWLEFC

Ce chapitre nous permet de répondresolss TXHVWLRQ SDU OfYfpYDOXDWLRQ
VXU OD PDFURIDXQH GX VRO j WUDYHUV XQ RXWLO IRQFW
relations entrepratiques culturalessanté du sol, santé des plantes et performances

agroécologiques.

Aprés avoir DSSOLTXp OH FDGUH GYDQDO\VH ®MRBRM)pdeD X[ WUR
OYH[SPULPHQWDWLRQ V\VWgPH QRXV HQ FRQFOXRQV TXH C
supérieures aellesHQ &7 OLpHV j XQH DPpOLRUDWLRQ GH ®D VDQW
aussi influenceet expliquerles performances de ces sdc. Nous proposons dans ce chapitre
GYifpYDOXHU OLPSDFW GH OD PDFURIDXQH GX VRO VXU OHV
1RXV pYDOXRQV OYDERQGDQFH HW O D.eGdélfiti/brdslvevspdeGH OD F
terre, ravageurs ennemisnaturels) pendant le cycle du mais en 2018. Afin de caractériser
OMLPSDFW GHMlisdh6 B TIQRXN[ 9 SRXU OTDERQGDQFH OfLQGH
GLYHUVLWpP HW OTLQGH[ %LRIXQFWRR @SFBRX¥XNX RQVDMM @ GD
SMS (Soil Macrofauna@&yvices) afin de traduire trois fonctioogsde la macrofaune du sol

(i.e., décoPSRVLWLRQ GH OD 02 LQJpQLHULH GH OfpFRV\VWqPH
NosrésultatsPRQWUHQW G XQH S DicatdurINBHplus Dedddux EbiGshpédeit Q G

HQ $& TXTHQ &7 'f{DXWUH SDUW OHV QLYHDX[ GddaBpJkWV V
IRUHXUV GH OfYpSL WUDGHNLVYBDPWIKRHVUS OXEDIWILSRRQU B E QW F
Enfin, O §p Y D @esDaltioRentrBiofunctool®, les iveaux de dégats sur mais WS

montredes effets positifs sur la santé du sol et la sde&plantespouvant expliquetes

performances des sdc en AC.
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Abstract

Soil macrofauna activity playan essential role in ecological processes supporting soil health
and contributing to sustainable agricultuirgiensification Conservation agriculture (CA) is
promoted as an alternative system to revert soil degradatiao araintainthe productivity of
maizebased farmingystemsf the west coast of New Caledonia. The objeatizéhe study

was toassesthe effects of CAss conventional tillage (CT) on soil macrofauna abundance and
diversity, with a focus on the suitability of a soil macrofaunaises (SMS) index, and on
cropping system performancas( crop health and yield). Since 2011, CA treatments under
dead (CADM) and living mulch (CALM) are compared to theonventionalCT practice. In
2018, soil macrofauna was sampled during the n@izke. In addition, maize damagdaack
cutworm and maize borer damages)d yield components were monitored. Index V, for
abundance of the macrofauna functional groups, (detritivores, earthworms, pests, and
natural enemies), Simpson index for diversind Biofunctool® soil health index (SHI) were
calculated. We proposean SMS index to assess the impact of cropping systems on soil
macrofauna functioninglhis index integrates abundance and diversity indicators to monitor
changes in three key macrofeufunctions i(e., decompositiorof organic matterecosystem
engineering, and pest control) using multivariate analysis (PCA) weighting. Firstly, as an
integration of abundance and diversity scores, SMS index showed a morefthdrmigher

score undeCA systems (mean of 0.8) than under CT (0.3), with no significant differences
between CADM and CALM. Secondlythe assessment ofaize damagehighlighted higher

pest control under CAespecially fomaize borers. Thirdly, SHI, maize damage and SMS index
analysis showed positive effects of soil macrofauna functioning on soil health and plant health
explaining higher CA system performances. SMS index provides a relevant tool that could be

useful foranintegrative assessmenttbieimpactsof agriculturalpractices.

KeywordsCover crops, Soil health, Plant health, Functional biodiversity, Macrofauna services
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3.1 Introduction

Soil macrofauna includes organisms like earthworms, millipedes, centipedes, ants, spiders,
slugs, snails, termites, Coleoptera, Isopoda, Dermaptera, Lepidoptera and Diptera larvae that
play an essential role in the maintenance of soil functions and agradydroductivity(Bender

et al, 2016; Culliney, 2013; Lavellet al, 1997) These organisms are known to support
various ecological processes and related ecosystem services. For example soil arthropods are
known as key factors influencing comminution and mineralisation ¢fvout the stimulation

of microbial activity (decomposition of organic matter), formation of soil structure and porosity
(ecosystem engineers) and control of crop pests and diseases (regulation service) in agricultural
ecosystemgBrussaardet al., 2007; Lavelleet al, 2006; Schowalter, 20165timulating,
conserving or restoring the activity of soil macrofauna using appropriate crop management
practices is thus viewed as a way to maintain and improve soil health and cropping system
performances.

With the intensification of arable land use over the last decddgsadation of soil through soil
erosion and depletioaf soil fertility have emerged as major issues for the sustainability of
agricultural production systems in New Caledoflzugain, 1953; Losfeldet al, 2015)
Alternative models of crop managementch asonservation agriculture (CA) are needed to
better manage soil functions and ultimately related ecosystem sef&ltes and Nicholls,

2003; Chabert and Sarthou, 2020; Garletchl., 2017) Although soil macrofauna response to

CA could vary among agroecosystems and geographical context, there is some evidence that
the abundance and diversity of soil macrofauna under CA systems are greater than under
conventional tillaggBrévaultet al, 2007; Henneroet al, 2015; Ranaivosoet al, 2017;
Sitholeet al, 2018) Higher abundance of arthropods, and particularly the subterranean network
of tunnels built by ecosystem engineeesg( earthworms, ants) improves soil porosity and
waterholding capacity, shapes and regulates activiiesnicroorganisms, facilitates root
penetration, and prevents surface crusting and erosion of tlsmithart, 1992; Castellanos
Navarreteet al, 2012) However, the abundance and diversity of crop pests and their natural
enemies exhibit inconsistent responses to @ranagemen{Benderet al, 2016; Kladivko,

2001; Langellotto and Denno, 2004; Ranaomst al, 2017) A deep understanding of the
effect of CA on abundance, diversity, and functional traits of soil macrofauna is necessary to
better manage associated ecosystem services and ultimately improve the perfaymance

cropping systems.
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A comprénensive approach assessing the multifunctional performance of a given cropping
system is required to evaluate its sustainability. This involves considering multiple criteria and
interconnected agroecological outp(@arbachet al, 2017; Huangt al, 2015) From such a
perspective, integrative functional indicators are useful tools to link soil management to soil
functions and provision of ecosystem services for crop production. For example, Biofunctool®
(Thoumazeawet al, 2019b)has been designed to assess soil health based on the integfatio
three main soil functionsi.¢., carbon transformation, nutrient cycling and structure
maintenance) assessed by a eweof ten functional indicators. Similarly, the abundance,
diversity and functional traits of soil macrofauna could be reliabieatats for evaluating soll
health by being closely related to soil processes as well as being sensitive to chsoijaadh

crop managemenin addition, these indicators could be used to assess the impacts of cropping
systems on soil and plant healtle Grootet al, 2010)

In this study, the abundance and diversity of soil macrofauna were astmsbeee contrasted
cropping systems including conventional tillage (CT), CA under dead mulciD{@pPand CA

under living mulch (CALM). We hypothesized that CA would have a positeffect on soil
macrofauna abundance and diversity, leading to enhanced soil ecological functions such as
decomposition of organic matter, ecosystem engineering, pest control, and ultimately crop
yield, compared to CT. We assessed the suitability of@exinf soil macrofauna functions as

an integrative tool to compare cropping systems or to drive them in a way that improve soil and

plant health, crop productivity and agricultural sustainability

3.2 Materials and methods

3.2.1 Study site and experimental design

The study site, experimental design and cropping systems were previously detailed by
Kulagowski et al (Accepted) Briefly, the study site is located in the Adecal Technopole
Ouenghiexperimental station at Boulouparis, South province, New Caledonia (21°53'50" S,
166°06'45" E).Three maizébased cropping systems were studied: maiza (maysL.)
monocrop under CT, which is the local farming practice, maize under CA with direct seeding
in a dead mulch (CAM), and maize under CA with direct seeding in a living mulch {CA
LM). The experiment was conducted under a complete randomized block design, with three
replicates of 1200 frper treatment. The three cropping systems were implemamt2@tlil,
except for CALM that was initiated in 2017 with alfalfdlgédicago sativd..) as living mulch

after having been managed like OM since2011
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Cover crops under the two CA treatments were sown on 24 January 2018 witifl agealer
(Semeato PD 7) while bare soil was maintained under CT (cultural practices are detailed in
Table S1). Cover crop used under-OM consisted of a mix of four specie€sorghum bicolor

L. Moench,Crotalaria junceal., Vignha unguiculatd.. Walp andLablab purpureud.. Sweet.
Non-selective herbicide was sprayed on the cover crop undddi@An 20 April 2018. Cover
crop used for living mulch under CIAM was stylo ($ylosanthes guianensfaubl. Sw.).Above
ground biomass of cover crops was assessed before maize sowinggeatifram22.6 + 8.8

and 2.5 + 0.8 t dry matter hainder CADM and CALM, respectively. Mouldboard plough
was operated under CT on 19 March 2018 to a depth $02&m.

Maize was sown on 7 May 2018 in-¢é rows, using a ntll seeder (Jumil JIM3090 PDA

hose reel irrigation system was used to supply additional 290 mm water. Fastac®
(alphametrine) and Dipel@Bgcillus thuringiensisubsp. kurstaki) insecticides were applied
10 and 14 days after maize sowing, respectively, to control the black cutégratig ipsilon
Hufnagel(Lepidoptera: Noctuidgg

In 2018, the Biofunctool® soil health index (SHI), based on ten functional indicators of soil
physical, biological and chemical properti€briot et al, 2016; Thoumazeaet al, 2019a)

was calculated for the three cropping systéfudagowskiet al, 2021) This index ranges from

0 (low) to 1 figh soil health Yield components of maize crop were also collected.

3.2.2 Macrofauna sampling method

Arthropod sampling was conducted in May, June and September 201&aht P4leaf, and
maturity stages of maize, respectively. Two pitfall traps were placed 20 m apart in between
maize rows in each plot, resulting to a total of six traps per treatistt.pitfall trap consisted

of 15 cm deep and 10 cm diameter plastic pots filled with water éhdrdps of soap and
detergeniBarber, 1931) Traps were protected by a roof. Pitfall traps were collected after 8
days for each trappingeriod. Pitfalls were emptied, closed and left in the same field position
between each sampling period. Sampled soil macrofauna included all animal organisms
measuring more than 1 mm. Collected arthropods were preserved in 70% alcohol and assigned
to funcional guilds based on species (or family) and feeding h@busawardana and Sarnat,
2007; Paulian, 199New Caledonian InvertebeReference CollectiorXavier Montrouzier
(CXMNC)).

In addition to pitfall traps, three samplings of earthworms were conducted in each plot at two

sampling dates (May and September 2018). The sampling method consisted in an excavation
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of a 25cm x 25cm x 30cideep soilmonolith (Bouché, 1972)Earthworms wer extracted

manually, counted and preserved in 70% alcohol.

3.2.3 Assessment of crop damage

Black cutworm damages were monitored weekly from maize emergence up to Aedde 8
stage, on plants from three subplots of 3 m? (two contiguous maize rows of two lsrejérs

per replicate (three replicates per treatment). Five maize plants per plot were randomly selected
at harvest to evaluate damage to cobs caused by maize HOstrigi& and Sesamiaspp.

(Lepidoptera: Crambidae and Noctuidae, respectively)).

3.2.4 Dataanalysis

To assess the effect of @#ased cropping systems (€M and CALM) on the abundance of
soil macrofauna, we calculated, for each functional gfoeep detritivores, earthworms, crop
pests and their natural enemies), the index V adaptedWrardle (1995, asfollows:

t/ Ya©

L————F
| [ yoE 1y, >
where Mca and Merare the abundance of different organisms under CADOAor CA-LM)
DQG &7 UHVSHFWLYHO\ 9 UDQJHV IURP i PD[LPXP LQKLEL

in CT cropping system) to +1 (maximum stimidat organisms were observed only in CA

cropping system), while O represents equal densities.

'LYHUVLW\ RI IXQFWLRQDO JURXSV RI VRLO PDFURIDXQD zZD
index of diversity (D) as followgViagurran, 1988)

a
&LsF I Ly
-
wherepi is the relative abundance of sfgs in a sample of species. This index is commonly

used to characterize species diversity and equitability in a community. The value of this index
ranges between 0 and 1 and represents the probability that two individuals randomly selected
from a samm@ will belong to different species. Thegherthe value, thénigherdiversity the

samplehas :H SUHIHUUHG WKH 6LPSVRQ RYHU WKH 6KDQQRQYV
more weight to evenness and common organisms, that were expected here, to most contribute
to key soil functions.

To test the effect of cropping systems on the abundancdieergity of soil macrofauna, but

also on maize crop damage, lin@aixed effect models we used (Bateset al, 2015)

S&URSSLQJ V\VWHBPVZD VLGHHGLIPHFGVRU DQG SEORFN"™ DV D UD
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distribution and the homoscedasticity of residuals were checked using SWalkirand
Levene test, respectively. ANOVAs were followed by a {fust mean comparisons using
Tukey with Bonferroni djustmentHothornet al, 2008)

A soil macrofauna index waomputed in two steps. The first step consisted in a principal
component analysis (PCA) including the abundance of each functional greyumdtural
enemies of crop pests, detritivore and phytophagous arthropods, and earthworms) as well as
diversity (D)for detritivores and natural enemi@< et al, 2008) The second step consisted

in calculating an index of soil macrofauna services (SMS) according to the methodology
described byObriotetal. (2016)andThoumazeaet al (2019a) Ecological functions such as
decomposition of organic matter.e{, abundance + diversity of detritivores)¢cosystem
engineering i(e, abundance of earthworms), and pest conire] &bundance + diversity of
natural enemies abundance of phytophagous arthropods). For abundance and diversity, we
made the assumption that the higher the valudigieerpositiveeffect on ecological functions

is, except for crop pests for which we assumed that higher abundance would negatively impact
pest controllt has to be notethat diversity of crop pests was not included in the PCA because
no consistent assumption was efitned on how this trait would affect pest control. A weight
was implemented on PCA variables to provide the same weight to each of the three ecological
functions. The SMS index ranged from O (low) to 1 (high provision of macrofenetkated
ecosystem seices). After calculation of the index, the contribution of each ecological function
(i.e., decomposition of organic matter, ecosystem engineering, and pest control) to the final
score was assessed using aoag ANOVA.

A PCA was then run to visualize thedationships between the studied ecological functioas (
decomposition of organic matter, ecosystem engineering, and pest camitiothe three
Biofunctool® indicators i(e., structure maintenance, nutrient cycling and carbon
transformation functions). In addition, general linear models (glm) were used to assess the
relationships between SMS (including ecological functions) and SHI (Biofunctool® soil health
index), crop damagand yieldMcCullagh and Nelder, 1989poisson or binomial distributions

with log- or logit-link function were adjusted for model fitting, respectively. Statistical analyses
were performed using R version 4.0.2 software, particularlycgithndFactoMineRpackages

(Fox and Weisberg, 2011)
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3.3 Results
3.3.1 Effect of CA on soil macrofauna abundance and diversity

The implementation of both GBased systems resultedaiigh increase of the abundance of
detritivores and earthworms (Fi§.1). There was also a mild to moderate increase of the
abundance of natural enemies of crop pests undeDMAand CALM, respectvely. CA-LM

showed a moderate decrease of crop pests whereaBMCAxhibited same density of
phytophagous compared to CT

Diversity of arthropod functional groups (not studied for earthworms) was generally higher for
natural enemies (mean of 0.9) than for detritivores and phytophagous (mean of 0.6) (P<0.001)
(Fig. 3.2). Within functional groups, the index did not differ amamngpping systems except

for detritivores for which the index was higher under CA systems (0.7 and 0.6 fDMCand

CA-LM, respectively) than under CT (0.89<0.001).

Figure 3.1 Index V (representinght level of response to GBM and CALM versus CT
cropping system) of the abundance of each macrofauna functional groups (adapted from
Wardle, 1995). CT: Conventional Tillage, CA: Conservation Agriculture with direct seeding in
Dead Mulch (CADM) or Living Mulch (CA-LM) (mean + 95 % confidence interyal
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Figure3.2 Simpson biodiversity index score of each arthropod functional group per treatment.
CT: Conventional Tillage, CA: Conservation Agriculture with direct seeding in Dead Mulch
(CA-DM) or Living Mulch (CA-LM). Different letters indicate significant differences
DFFRUGLQJ WR 7XNH\YfV WHVW 3

3.3.2 Effect of CA on soil macrofauna functional traits

The PCA performed on abundance and diversity of the four functional groups enabled to
separate the three cropping systems (Fig. Ehe difference between the two CRopping
systems and CT was mainly based on indicators linked to the first axis (Dim1): abundance of
natural enemies and earthworms, and diversity of natural enemies and detritivores. Indicators
of the second axis (Dim2)e., abundance of phytophagous aledritivores, best separated CA

DM than CALM.

SMS index ranged from 0.3 for CT to 0.7 and 0.8 for-M and CALM, respectively
(P<0.001) (Fig3.3). Decomposition of organic matter was higher i than in CADM

and CT (P<0.001). Ecosysteengineering was about Z6ld higher under CA (CADM and
CA-LM) than CT (P<0.001). For pest control, €@ and CALM scores were about +.and

1.6-fold higher than CT, respectively (P<0.01). Ecosystem engineering and decomposition of
organic matteespeclly under CALM were the most contributing functions explaining the
SMS index.
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Figure3.3 Soil macrofauna services (SMS) index per treatment. CT: Conventional Tillage, CA:
Conservation Agriculture with dict seeding in Dead Mulch (GBM) or Living Mulch (CA-

LM). n=3 for each treatment. Standard deviation of the index is represented for each treatment.
'LITHUHQW OHWWHUYV LQGLFDWH VLIJQLILFDQW GLIIHUHQFHV

3.3.3 Effect of CA oncrop damages

Figure3.4 Pest incidence on maize crop according to cropping system.

a) Damages of black cutwormdrotisipsilon) (damaged plants A).

b) Damages of maize bordd$triniasp., andSesamiap.) (damaged maize cobs (%)).

CT: Conventional Tillage, CA: Conservation Agriculture with direct seeding in Dead Mulch
(CA-DM) or Living Mulch (CA-LM). Different letters indicate significant differences
DFFRUGLQJ WR 7XNH\YfV WHVW 3
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The number oimaize plants presenting feeding damage caused by the black cutworm was
significantly higher under C/OM (1.1 damaged plants fithan under CT and GAM (0.3

and 0.2 damaged plants?hrespectively) (P<0.001) (Fi§.4a). Damage caused by borers on
cobswere about 14old higher under CT than under @M and CALM (P<0.001) (Fig.

3.4b).

3.3.4 Links between macrofauna, soil health and crop performances

The SMS index was positively correlated with SH{165=51.62, p<0.00}L(Table 3.1, Fig.

3.5). The SMS index waalsonegatively related to maize damage but positively to maize yield
(F@,25715.77, p<0.01; andF1,25=21.88, p<0.0lrespectively). Pest control and ecosystem
engineering indexes were positively linked with SHL 65=57.18, p<0.001landF,247=47.06,
p<0.01,respectively) and maize vyieldF@(25=11.63, p<0.05; and F,24=15.08,
p<0.05,respectively). Pest control showed a significant negative relationship with maize
damagek,25=29.14, p<0.01). Decomposition of organic mattedbtritivores did not show
significant relationship with SHIF1,23=0.04, p=0.80) neither with maize damage or yield
(F(1,2372.66, p=0.16; anf1,23=0.50, p=0.51, respectively).

Figure3.5 Principal component analysis of soil macrofauna services index effects on soil health
indicators.

a) Variables factor map. Soil macrofauna services (SMS) index, and soil health index (SHI)
i.e., nutrient cycling, structure maintenance, carbon turnovestaoen. Maize damages and
yield in blue are supplementary values, they are not used in the calculation of the PCA.

b) Individuals factor map. CT: Conventional Tillage, CA: Conservation Agriculture with direct
seeding in Dead Mulch (GAM) or Living Mulch (CA-LM).
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TableauB.1 Relationships between soil macrofauna services (SMS) index and related indicators
(i.e., OM decomposition, ecosystem engineering, pest control), and BiofuRictod!health

index (SHI), maize damage, and maize yield. GIm followed by Anova. ***P<0.001; **P<0.01,
*P<0.05.

3.4 Discussion
3.4.1 Soil macrofauna response@@

Our study showed that the abundaon€eoil macrofauna was significantly higher under CA

than CT cropping systems. This was particularly the case for beneficial organisms such as

natural enemies of crop pests, detritivores and earthworms. CA with cover crop residues

retention on the soil sface provide complex habitats buffering from environmental extremes

(microclimate) and offering a range of resources for different groups of arthr@Qlaodsert

al., 2007; Langellotto and Denno, 2004; Rypstral, 1999)

For natural enemies, habitat structure can play a role in mediating interactions occurring

between individuals, ifading their foraging success, the risk of intraguild predation, and the

outcome of competitive interactiorfinke and Deno, 2004; Schmidt and Rypstra, 2010)

Concomitantly, tillage can directly affect and reduce the population of beneficial arthropods by

habitat and reproduction site disrupti@®obertsonet al, 1994) CA-LM as a perennial crop

system is potentially more prone to a higher abundance response of natural enemies than are

ephemeral annual systems as-BWM and CT due to lower levels of disturbance. Thus, resident

populations of natuf&nemies may persist from year to year in perennial dfpsifkaet al.,

2006) In our study, while not significant, the abundance of natural enemies was higher in CA

LM compared to CADM. A possible explanation is that CIAV was initiated in 2Q7 after

having been managed like @M treatment since 2011. It is therefore possible that natural

enemies in CALM did not have enough time to builgh stable populations by the continued

presence of living mulch over time.

Several studies, including tee byBrown et al (2003)andHenneroret al. (2015)emphasized

that greater abutance of detritivores, and particularly earthworms, was observed iDNIA

and CALM than in CT soils. The presence of an abundant litter on the top soil (along with
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aboveground biomass and root residues) and the absence of tillage, which directly impacts
earthworms by the mechanical actions of the tillage operations, may have led to higher
abundances under CA systef@han, 2001; Pullemaat al, 2003) The fact that the abundance

of detritivore arthropods was higher in @M compared to CADM could be due to the
presence of the perennial stylo that enhanced decomposition, which consequently increased the
community @ structural decomposers.

Our results showed that GIAM presented a moderate inhibition of the abundance of
phytophagous arthropodghereas CADM had no significant effect. We found higher overall
abundance of phytophagous insects under CT andMAcompared to CALM. The lower
abundance of phytophagous insects underL®@Acould be explained by the fact that control

by natural enemiewas more efficient in the latter cropping syst@¢alagowskiet al, 2016;
Rendonet al, 2015; Schmidt anRypstra, 2010)Ratnadasgt al (2012)reported that plant
diversity in agroecosystenshould favour natural pest control through facilitation of the action

of natural enemies, but also perturbation of host location by pestdirect and indirect
architectural/physical effects.

Diversity of soil macrofauna functionalraups were equal between cropping systems for
natural enemies and phytophagous arthropods, but higher values were observed for detritivores
under CA compared to CT. Several studies have highlighted that diversity of soil macrofauna
was increased in crop@rsystems integrating no tillage with mulch, which could in turn affect
several important soil functions impacting crop yi@dévaultet al, 2007; WilsorRRummenie

et al, 1999) For example, diversity of decomposers can increase crop yield by enhancing
carbon and nutrient turnover and availabiliby Erops(Hattenschwileret al, 2005) The lack

of difference in diversity between the cropping systems for other functional groups such as crop
pests and natural enemiappearanore difficult to explain. Furthermore, there is no clear
evidence on how diversity within functional groups affect the provision of ecosystem services
and cropping system performand@atnadasgt al, 2006; Stinner and House, 1998pme
studies reported that simply increasing diversity within the habitat can exacerbate crop damage
(Gurret al, 1998; Landi%t al, 2000; Ratnadass al, 2006) whereas otér studies reported
higher ecosystem service supply, and especially pest regulegonulstet al, 20109 Wilson
Rummenieet al, 1999) Identifying key species, structure, and complementarities within soil
macrofauna communities could better link macrofauna diversity with crop performance. In a

metaanalysisl etourneatet al (2009)demonstrated that 71% of studies involving arthropods
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revealed positive effects of natural enemy richness on alpntith consistent effects in
agricultural systems.

The SMS index calculated by integrating abundance and diversity indicators to monitor changes
in three key macrofauna functions.e(, decomposition of organic matter, ecosystem
engineering and pest cook), was higher under CA compared to CT. Especially, decomposition

of organic matter and ecosystem engineering functions showed higher scores. Although
climate, soil type, nutrient and water availability are the primary determinants of organic matter
decomposibn rategArroita et al, 2013; Sixet al, 2004) the higher abundance and diversity

of organic matter decomposers communities (detritivores), as well as the quantity and quality
of availablesubstrate can explain the higher values of decomposition of organic matter function
under CA (Balota et al, 2004; Fujsaki et al, 2018; Lienhardet al, 2013) The higher
decomposition of organic matter index value underl@Athan under CADM could be linked

to the continuous type of feeding environment due to the perennial stylo that enhanced the
community of decompserqSitholeet al, 2018) to the high quantity of mulch under €2,

and to the quality of the biomass inputs (N contents:%.aAad 2.82% of dry matter for GA

DM and CALM, respectively). The absence of tillage in CA likely contributed to population
increase of earthworms in the absence of physical injuries, compared to CT. The ecosystem
engineering function is expected to impeosoil physical components and nutrient cycling
(Henneronet al, 2015; Peloset al, 2009) The ecosystem engineering function filled by
earthworms did not show however significant differences betweeDK2Aand CALM. This

result suggests that the differences in earthwabmndance were mainly due to physical
injuries caused by tillage tools which did not operate under any of the two CA systems. For pest
control, significant differences were found between CT andL®W CA-DM being not
significantly different from the othdwo systems. This result may be explained by the earlier
establishment of natural enemies in the stylo living mulch undetK@ALandiset al., 2000)

In contrast, the annual traits of the ©M cover crop may have not favad this earlier
colonization and establishment of the higher trophic level.

3.4.2 Effect of soil macrofauna on cr@amage

Damage caused by the black cutworm vegaificantlyhigher under CADM compared to the
other two systems. The high amount of dead mulch residues (22.6 t dry majtdefae
maize seeding may have provided suitable conditions for oviposition and larval survival under

CA-DM compared to CT and GAM. Although high abundance of natural enemies under CA
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populationshigh biomass inputsnder CADM may have provided an alternative habitat that
may have compensated the deelof cutworm populations due to regulation service provided

by predators. In addition, the presence of alternative food resources for natural enemies is
known to impact the consumption of target pests by arthropod predStorondsoret al.,

2002). In our experiment, alternative food provided by important comnesrat detritivores

or phytophagous arthropods under -OM, may have reduced the consumpti@and
parasitisatiorof cutworms by predators and parasitoids at early stages of maglegiaent.

Our results showed that both CA systems significantly reduced borer infestation compared to
CT. This suggests that dead and living mulches may have provided favourable conditions for
natural enemies of maize borers throughout the maize cyctitigwilly, living stylo under
CA-LM may have led to two other mechanisms reducing pest infestations as described by
Vandermee(1992) i) the disruptivecrop hypothesis, in which a second #wst plant species
disrupts the ability of the pest to attack its proper host plant species, and ii) toeopap
hypothesis, where a second r&ntable host plant species attracts the pest away from its

primary host thereby reducing pests on the maize crop plant.

3.4.3 Relationships between soil macrofauna, soil health, andpendprmance

The SMS index was positively correlated with SHI. The results exploring the relationships
between soil health and the macrofauna functions calculated to compute the SMS index, showed
that SHI was positively linked to both pest control and ecosystem engin&eroimns. This

result is in accordance witbulliney (2013)establishing that soil macrofauna can influence soll
physical structure, organic matter composition, and nutrient and energy flow. A hesdihie
could, in turn, impact the biocontrol function by favouring the colonization and establishment
of natural enemies. Surprisingly, links between soil health and decomposition of organic matter
function were not evident in this study suggesting thatitidicators used to compute this
particular functionj.e. abundance and diversity scores of detritivores, were not linked to the
underlying ecosystem functions of soil health, at least nutrient cycling and carbon turnover. Our
study highlights that thebandance and diversity scores of detritivores are good indicators to
discriminate the cropping systems but they do not seem to be the drivers of soil health functions.
Further research is needed to get accurate indicators of the decomposition of orgimic ma

function as relevant proxy of the ecological services provided.
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The SMS index was negatively related to maize damage but positively to maize yield. Higher
levels of soil cover through dead or living mulch under-KVW and CADM systems can
explain prelation before and after sowing of ma{#earsons and Tooker, 2017; Rivetsl,

2016) CA systems increased plant diverdityough cover crop species during the fooop

period under CADM, and also during maize crop cycle under-CM. Increased plant species
diversity can improve pest contral bottomup (.e., plants more tolerant or resistant to pest
attacks) and toplown effects (.e., higher natural enemy effectivene@Ratnadasst al., 2006;

Tooker and Frank, 2012Yhe cover crop bottorap effectsvia detritivores abundance and
activity enhancement can also make crops to be more tolerant and/or resistant to pest damage
(Ratnadasset al, 2012) Litter biomass inputs under CA can have positive effects on
biogeochemical cycles (nutrient cycling) through the decomposition process and rate
(Hattenschwileret al, 2005)which can in turn affect plant physiology and the processes
affecting plant defence such as, plant growéhjmproved plant nuttion by increasing uptake

of nutrients and tolerance to herbivory, and pladuced systemic resistance. the response

of plants to cope with biotic stress mediated by beneficial microbes living in the rhizosphere
(Crutsingeret al, 2006; Tooker and Frank, 2012)

Interestingly, our results shodea significant relationship between pest control and maize
damage suggesting that the indicators used to compute this function were indeed good
indicators of the pest regulation service. Magnificant relationships were found between
decomposition of @anic matter, ecosystem engineering functions and maize damage. This
suggest that the pest regulation service operated mamipp-down instead of bottorap
processes in our particular system.

Finally, SMS index was linked to maize yield through pusitielationships with pest control

and ecosystem engineering functions as a result of the effect of macrofauna activity on soil
properties and maize damage. This result highlights the importance of taking into account both

soil and plant health componeris important factors that influence crop yield.

3.5 Conclusion

This study highlighted the macrofauna response to three contrasted cropping systems (CT, CA
DM and CALM) in a 8year experiment in the west coast of New Caledonia. CA systems (CA
DM, and CALM) offer a complex habitat leading to higher abundance of natm@mies,
detritivores arthropods and earthworms. Response of phytophagous group was inhibited under
CA-LM and neutral under CAM. Although no differences in diversity were found for natural
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enemies and phytophagous groups, diversity response wascsigttyfinigher for detritivores

under CA systems than under CT. The SMS index showed large differences between CT and
CA management on soil macrofauna functioning with a more tHald higher SMS index

under CA systems than under CT. No significant diffiees between CBM and CALM

were observed. The ecosystem engineering and decomposition of organic matter functions were
the most contributing functions explaining <A difference.

Crop damage were differently impacted between the cropping systemslyyaea late

season pests: higher damagbderved omaize seedlings by black cutworms were present
under CADM, and significant less maize cob damage of maize borers at harvest were present
under CA systems compared to CT. This pest regulation secaiceexplain CA vyield
advantages. A tedown control effect of macrofauna under CA systems, espewiallyest

control function, highlighted the indirect effects of macrofauna on cropping system
performances.

Lastly, relationships of SMS index with Biofctool® SHI and maize damage were
characterized. Wemphasized thaiombined effects of SMS index on soil and plant health can
help to evaluate cropping system performances. Characterizing plant and soil vieealth
functional indicators couldontribute toanintegrative approach of cropping systems offering

a simple and powerful tool to quickly assess land management impacts and allow fora better

informed answer to new issues as they arise.
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4 $PpOLRUDWLRQ Guilisxtidd dies ressdu@cefi.eGslirface, azotelumiére

et surface en AC sous couvert végétal vivantintercropping)

&H FKDSLWUH HVW SUpVHQWpP VRXS%udb ARwehy GTXQ DUWLFC

Ce chapitre répond a Isousquestion 3sur OfpYDOXDWLRQ @&XWQ DHM DM LIHRIF
ressources de systéemes en AC sous couvert végedalt \assoation de cultures) gtermet

de caractériseles relations entrenodes de gestion des sdc, disponibilité dessourceset
SHUIRUPDQFHV GH OfDVVRFLDWLRQ GH FXOWXUHV

'H OD PrPH PDQLqQUH TXIDX VHLQ GX FKDSLW&ITDQB@RXMN DS
VHLQ GTXQH H[SpULP Hréals&wh. ROO8 CeQD &pivilmdnkakion permet

G 1 p Y D Qexairipatdiiatre sdc : monoculture de mais, représentant la pratique de référence

de la région (MMC), monoculture de stylo (SMC), association stgle (MSI), association

maisstylo en fertilisation azotée réduite de 30 % (M%&H). Cetteanalysepermet) GfpY DO XHU
@INILFLHQFH GYXWLOLYV Day e&iQazGté] Wumieke VauviRagd) Beddystémes en
association de cultures comparaison avec unenoculture de majgtii) de caractérer les

relations entre conduite de sdc, disponibilité des ressources, et performances.

1RXV UpDOLVRQV WRXW GIYDERUG OH VXLYL GHV FRPSRVDQ
stylo.Nous caractérisorensuie OTHIILFLHQFH GIYXWLOLVDWLRQ GH OTHDX
GH OYD]RWH [B8(rfackl LER) e ces sdEnfin, nous nous appuyons sur la
modélisation par équations structurelles (SEM) afin de dé&forimment les performances de

O 1D V V RIE tunukek so@eéterminéepar la disponibité enressource etparles modes de

conduite des systemes.

/IHV UpVXOWDWY PRQWUHQW TXH <ybifiativentexdfféréne@nteH P DwV
les sdc en associatiate cultureset en mooculture. Cependant les sdc AR sous couvert

végétal vivantassociant la production de biomasse du spiésententX Q JDLQ GYHIILFLH
GIXWLOLVDWLRQ GH %4G0dE @eX € Heg20 Pb déssdrfacejutilisé§.D Q D O\V H
systémique rével&icHV OLHQV GH FDXVDOLWp GLUHFWV HQsWUH OD
les ressources du sol et de la lumidra. complémentaritéG § D F T X HasLr@étoRrces,
notamment ereau eten lumiere, des sdc en associatiod T HV We paiuné plus Wrared
HITLFLHQFH GITXWLOLVDWLRQ GH OYD]RWH HW Xe€ék SURGX

comparées a la monoaute.
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Abstract

Agroecological intensification is based on ecologically complex cropping systems aimed at
addressing sustainability challenges. Intercropping, e.g., geeeainial legume combination,

relied on an improved resourcse efficiency may promote crop diversity thereby stabilizing

or increasing Yyields. This study assesses the effects of intercropping on resource use efficiency
compared with monoculture, and deseslyelationships between cropping systems, available
resources, and intercropping performances. Four treatments were tested:styhaize
intercropping with, and without reduced nitrogen fertilisation (MSI70%N and MSI,
respectively) were compared with mai@ddMC), and stylo monoculture (SMC). Water use
efficiency (WUE), light use efficiency (LUE), nitrogen use efficiency (NUE), and land
equivalent ratio (LER) indicators were computed. Maize and stylo yield components were
monitored. Structural equation monhg (SEM) was used to test how intercropping
performances (i.e., biological efficiency and NUE) were mediated by resource availability
linked to cropping system management. At harvest, mean maize grain and stylo biomass yield
did not significantly differ Btween the treatments. Despite a higher trend under MSI treatments,
mean system total DM biomass and grain (19.4-1)hdid not differ significantly between
treatments. MSI treatments enabled a 20% gain in light;4b20gain in nitrogen and a 20%

gainin land-use efficiency. SEM highlighted direct causal links between system management,
and soil and light resources. The higher NUE and overyielding in intercropping were intimately
mediated by a combined effect of water and nitrogen resource acquahitiimg system
biomass production. Approaches that investigate direct and indirect systemic mechanisms and
performances are needed as decision support tools to better design and manage complex

cropping systems adapted to the west coast of New Caledonia.

KeywordsNitrogen fertilisation, Perennial forage legume, LER, Integrative approach,-Crop

livestock system
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4.1 Introduction

Future agricultural sustainability will be achieved through a balance of productive,
environmental, and socioeconomic iss(lashtfouseet al., 2009; Tilmaret al, 2011) Among

these, improved resource use management and cropland productivity have been identified as
crucial to close the yield gap of main cereal cr@dseller et al, 2012) Agroecological
intensification of agriculture should therefore define sustainable pathways towards increasing
water, light, nitrogen, anéhd use efficiency.

Maize is the main staple food for people in many developing countries and is also used as a
fodder crop and as an industrial raw material worldwiianumet al, 2014) Maize is a
popular cop mainly because of its adaptability, high yields and valuabf@dguctyShiferaw

et al, 2011) Cereal production in the New Caledonia archipelago (South West Pacific) is
mostly based on maize. The main island, Grande Terre, covers 16 700 km2 of which 10% are
utilized agricultural land (UAL). Maize is mainly grown on tidéest coast where extensive
cattle farming also holds a prominent position occupying 96% of the UAL.

Intercropping,i.e., growing two or more crops together on the same land at the same time is
expected to significantly optimize cropping systems thankgtehyields on a given land area
(Willey, 1990) with diversification offering better protection against crop failiftassenet

al., 2017; Hauggaartlielsenet al, 2008) Intercropping maize and annual legumes is widely
documented, wibh can be explained by the complementary mineral nutrition of the two crops,
their importance worldwide, and the fact they improve reseame landuse efficiency(Li et

al., 2001; Zhangt al, 2011) Legumes are also kegexies in promoting ecosystem efficiency
(Ducheneet al, 2017; Malézieuxet al, 2009) However, the impacts of perennial legumes
intercropped with maize on the enall efficiency of the cropping systems have rarely been
described and need wider attention.

Stylo (Stylosanthes guianenghsibl. Sw.) is a perennial legume cultivated in many tropical and
subtropical regions, including New Caledonia, mainly as a fonaggEdye, 1987)Perennial

and annual crops have different physiological traits, root spatial distribution and nutritional
requirements(Jeuffroy and Ney, 1997)Perenniblegumes may have greater ability than
annuals to exploit residual water and subsoil nutrients that the main cash crops cannot reach, to
withstand drought, and to produce additional biomass. The advantages of perennial legumes
include no recurring estabhment costs, opportunity to grow two crops simultaneously without
using additional land, improving soil health through their continuous root adtdatggowski

et al, 2021; Rao and Bthuva, 200Q)while maintaining or increasing the maize yigiteeb
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et al, 2011; Hasseert al, 2017) Despite the ecosystem servicesvided by maizdegume
intercropping, adoption by farmers remains relatively low due to initial concerns about
interspecific competition or yield variability, technical complexity or cultural preferences
(Alomia-Hinojosaet al., 2018; Bedeket al, 2019; Lienhed et al, 2020)

The objectives of the present study were thus (i) to assess the effect of twebassde
intercropping systems.¢., with and without reduced nitrogen application) compared with
maize monoculture on resourceg.( water, light, nitrogen, and land) use efficiency, and (ii)

to explore the relationships between agricultural practices, use of resources, and cropping
system performances. We hypothesized greater resource use efficiency in intercropping

systems leading tnproved system performances compared to maize monoculture.

4.2 Materials and methods
4.2.1 Site description and experimental design

The study site is located at the Adecal Technopole Ouenghi experimental station in
Boulouparis, South province, New Caledonia°@R50" S, 166°06'45" E). Soll at the site is
classified as a silty loam soil according to the USDA classification with 33.6% of sand, 51.6%
of silt and 14.8% of clay. It is a magnesic alkaline soilgar= 8.1), with high content of Mg
(exchangeablenagnesium accounts for 76% of cation exchange capacity) and Ca/Mg = 0.3
(K/Mg = 0.01). The climate on the west coast of New Caledonia is-aethsubtropical
characterized by recurrent drought periods exacerbated by ESdthern oscillation events,
which pose a threat to agricultural developm@uavarercet al, 2012) Four treatments were
tested: (i) maizedea mayd..) monoculture (MMC), which is the main cropping system in the
region and was used as the control treatment, (ii) sBtpidsanthes guianensisubl. Sw)
monoculture (SMC), i) maize-stylo intercropping system (MSI), and (iv) maiztylo
intercropping with only 70% of N fertilisation (M®knN). The experiment was conducted under

a complete randomized block design, with three replicates of 3p@mreatment.

4.2.2 Croppingsystems management

Croppingoperations are detailed in Table S1 (Supplementary data). GanRéry 2018, stylo
was sown in all treatments at a rate of 10 k¢ insing a netill seeder (Semeato PD 17). Stylo
aboveground biomass was measured five daysdeaiaize was sown and represented a mean
dry matter (DM) biomass of 1.4 t tano significant difference was observed between

treatments). Stylo was then close cut to the ground and exported from the MMC plots. On May
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7, 2018, using a noll seeder (JumiJM3090 PD) with 7&&m row spacing, maize was sown in

all treatments, directly into standing green stylo in the MSI treatment.

A hose reel irrigation system was used in all treatments so the maize crop did not experience
water stress over the course lo¢ experiment (Fig. S1). N fertilisers were applied as follows:
urea (46% N) was broadcast 18 days after sowing (DAS) at a rate of 350*kg hk the
treatments; ammonium sulphate (21% N) was applied 51 DAS at a rate of 300 kglién

MMC and MSitreatments.

4.2.3 Data collection

4.2.3.1 Crop growth, biomass and grain production
Stylo aboveground biomass was assessed using a quadrat sampling method at three maize
stages: @eaf, flowering, and maturity. In each replicate (three replicates per treatment), stylo
fresh biomass was collected from three 0.25 m2 quadrats and dried at 60 °C until constant mass
was reached to determine stylo DM biomass.
Maize density was monitored weekly from emergence to the mdiaf 8tage in subplots
measuring 3.04 m#.€., two contiguous maize rows of two meters length), with three subplots
per replicate.
Maize root biomass was determined from three randomly selected maize plants per replicate.
The maize roots were collected to a depth of 30 cm at-thaf&tage, and dlowering. The
maize roots were washed in tap water and dried at 60 °C to constant mass before the DM
biomass of the maize root system was determined.
Maize aboveground biomass was determined using five randomly selected maize plants in the
3.04 m2 subplts (.e., two contiguous maize rows of two meters length) with three subplots per
replicate at the feaf stage, at flowering, and finally, at maturity. The aboveground biomass
was dried at 60 °C to constant mass.
The maize shoetoot ratio (SRR) was caltated at the maize-&af and flowering stages.
Grain yield was recorded using five randomly selected maize plants per replicate. The ears were
counted, and the husks removed by hand. The kernels of each ear were dried at 60 °C to constant
mass, then weighed. Maize grain yield was calculated as follows:

"fes<tZHQSFU L feRtiqeld fre— W TR LS E s
where Maizgensityis the crop plant density (plants3n Ear number the number of ears per

maize plant (ear plaf), and Kernel weight the weight of the grain per ear (¢)ear

87



4.2.3.2 Available resources for crops

4.2.3.2.1 Water resource

Daily precipitation data were collected from the Ouenghi M&emce station, and the amount

of irrigation water was recorded throughout the maize crop cycle. Soil water content was
monitored at a depth of 2@ncusing time domain reflectometry (FieldScout TDR 350, Aurora,

IL, USA). Six sampling points per replicate (three replicates per treatment) were monitored
using a transect sampling method every week fromleef 2tage to maize grain maturig@4

May to 14 September 2018).

4.2.3.2.2 Photosynthetically active radiation (PAR)

Photosynthetically active radiation (PAR) was measured using an AccuP/AR [[Pecagon
Devices, Pullman, WA). Data were recorded at four maize stagestf,612leaf, end of
flowering and matuty. Each value was the average of three successive readings per replicate
(three replicates per treatment). Measurements were taken undeskgleanditions between

10 am and 2 pm to avoid the influence of neighbouring plots and minimize sun zengh angl
variation among plots.

4.2.3.2.3 Soil available nitrogen

Soil available nitrogen (NNO3” and NNH4") was monitored five times at a depth e2@ cm,

and twice at a depth of 24D cm. In the @0 cm layer, one composite soil sample per sampling
date and replicatetiree replicates per treatment) was pooled using seven soil subsamples
randomly collected using a 2 cm diameter auger. In thé026m layer, the composite soil
sample was made of four subsamples randomly collected usingradsameter auger per
replicate(three replicates per treatment) and sampling dde soils were then sieved through

a 2 mm mesh and analysed at the LAMA IRD Noumea laboratory.

4.2.4 Indicators of cropping systems performance and resource sharing

4.2.4.1 Water use efficiency (WUE)
Soil waterstorage (SW) in the soil profile was calculated using the equation:

oo L Ajg B H 't
Z K H Uigithe soil water content of th& layer (%), and Zthe i" soil layer depth (mm).

Relative soil water content (RSWC) was calculated as:

W [
Wlg~

“u;
where SW is the soil water storage in 20 cm depth layer monitored (mm), ancti®ield

capacity of the same layer (mm). FollowiGhaiet al. (2009) three water stress levels were
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determined by the RSWC in the maize root zone: slight stress: 0.6, medium stress: 0.5, and
severe stress: 0.4.
The water use efficiency (WUE) index was then calculated as follows:

)o_:l:o
f<e fRZZ " <%of—c'e

where System BM is the totaboveground DM biomass and grain produced in the system

o %0t 7L V;

(kgom ha?), Rainfall the cumulative rainfall during the maize cycle (mm), and Irrigation the
amount of irrigation water supplied (mm). Runoff was negligible during the maize cycle and

was consequentinot considered

4.2.4.2 Light use efficiency (LUE)
Intercepted PAR (IPAR) was calculated as folld@allo and Daughtry, 1986)

L s F —SPMs sy W,

E mtc
where PARboveand PARoungare the incident PAR intercepted by the crops above and below
the canopy (W M), respectively.

Cumulative light intercepted (LI) during the maize crop cycle was calculated as follows:
a
. ?6; L |'
-
where PARboveand PARsoundarethe incident PAR intercepted by the crops above and below

E‘mth Kpmslb - X,

the canopy (W m), respectively.
Finally, light use efficiency (LUE) was calculated as follows:

)o_:l:o
g % L———— 3%

where System BM is the total aboveground DM biomass and grain produtesl siystem
(kgom ha?), and LI the cumulative light intercepted during the maize crop cycle &V m

4.2.4.3 Nitrogen use efficiency (NUE)
Nitrogen use efficiency (NUE) index was calculated as foll(Mall et al, 1982)
>eo — :t °
o %eg %o L————— 1z,
_t_gj_‘jc
where System BM is the total aboveground DM biomass and grain produced in the system
(kgom ha?), and Nuaiabiethe amount of soil available N in the40 cm layeand the amount of
N coming from the fertilisers (kghal).
Partial factor productivityf nitrogen (PFPN) was used to assess cropping systems efficiency

more specifically related to N application. PFPN was calculated as fqadavet al, 2003)
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where System BM is the total aboveground DM biomass and grain produced in the system
(kgom ha?l), and Neriisersthe amount of Nriginating from the fertilisers (kgha?l).

4.2.4.4 Competitive ratio (CR)

The competitive ratio (CR) measures the degree of competition of one plant over another in an
intercropping system and was used to assess possible competition of stylo over maige (CR

in the MSI treatments using the following form@&ahlaet al, 2009; Willey and Rao, 1980)

U7zijobe
DL Ui7ijob&Bijobe
?' U7cw pl
Ui7cW_pkf3cW_p[

where Y.syio and Yi-maizearethe aboveground DM biomass yields of stylo and maize in the

'S

intercropping systemdi ha?), Yssyioand Ysmaizethe aboveground DM biomass yields of stylo
and maize under sole croppingy(tha?), and kyio and maizethe proportion of the area occupied
respectively by stylo and maize in the intercropping system at maize sowingsAgGRter

than one indicates a competition of stylo over maize in the intercropping system

4.2.4.5 Land equivalent ratio (LER)
The benefit of intercropping on yields was assessed by calculating the land equivalent ratio
(LER), an index of intercropping advantage and a reflection of the degree of interspecific
competition or facilitation in an intercropping system. LER was caledlas followgLi et al,
1999; Vandermeer, 1992)

L g?k_gxcE Pgrwjm

g?k_gxc g?qrwjm

'S §

where Y.maizeand Ysmaizeare the maize grain yields under intercropping and sole cropping
systems respectivelyogi hal), Yisyoand Yssyothe stylo biomass yields under intercropping
and sole cropping systems respectivelym (hal). An LER greater tharl reveals an
intercropping advantage or demonstrates that interspecific complementarity (or facilitation) is

higher than interspecific competition so that intercropping increases greateskgtficiency.

4.2.5 Statistical analyses

All statistical analyses were performed using R software 3.Development Cordeam,
2008)
First, each indicator was studied separately using a imeard effects model (package Ime4,

(Bateset al, 2015). Treatment wadefined as a fixed factor and replicates as random factors.
90



$IWHU FKHFNLQJ WKH QRUPDOLW\ RI WKH PRGHOfV UHVLC
residuals, ANOVAs were run using the car packégex and Weisberg, 2011Yhis was
followed by a poshoc mean comparison using a Tukey test with Bonferroni adjustment
(Hothornet al., 2008)

A glmer (package Ime4Bateset al, 2015) adapted to repeated measures over time based on
the Poisson distribution was applied for N available in t#0 @m soil layer, and IPAR
measurements. Treatment was defined &ged factor and replicates as random factors. The
factors tested were treatment, date, and interactions between the factors.

We used structural equation modeling (SEMjaceet al, 2012, 2007)o explain the possible
causal pathways between cropping systeras MMC and MSI), available resources for crops

(i.e., cumulative soil water content, soil available nitrogen, and LI during the maize crop cycle),
and cropping system performances.(LER and NUE). MSI and MSd«nWwere grouped in a
single cropping system modality (MSI). Strength and directionality (pesiti negative) of the
relationship between variables are indicated by the path coefficients. The SEM was performed
using the piecewiseSEM packa@efcheck, 2016)

4.3 Results
4.3.1 Crop growth, biomass and grain production

There was no difference in maize density between the tratgm@emean density of 10.2 plants
m2 was recorded in all the treatme(iisble4.1).

The SRR at the maizel6éaf stage was significantly higher under MMC (5.4) than MSI and
MSl7o%n (3.7 and 3.6, respectively) due to significantly higher root biormager MSI and
MSl7006n(0.63 and 0.58 @ plant?, respectively vs 0.48pg plant* under MMC). There was

no significant difference in the maize SRR between the treatments at maize flowering stage.
There were no significant differences in maize abovegrdDM biomass between the
treatments at harvest (mean value of g2ha?), maize grain yield (mean value of 12gmt

ha?), and system total aboveground DM biomass and grain (mean value af\i8af)
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Tableau4.1 Maize density, shoetoot ratio, biomass, grain production, and system total
biomass production per treatment. MMC: Maize monoculture, MSI: Mstide intercropping,

MSIl70%n: Maize-stylo intercropping with 70% N fertilis@n. Maize SRR.eat 6-leaf maize

stage shoetoot ratio, Maizeiomass Maize aboveground biomass at harvesis (hal),

Maizeyain. Maize grain yield @gm ha'), System BM: Total aboveground DM biomass and grain
produced in the systemp(t hat); n=9 for each treatment; sd: standard devigtios: not

significant 'LITHUHQW OHWWHUYVY LQGLFDWH VLJQLILFDQW GLIIHL

Stylo aboveground DM biomass was not significantly different between the two MSI treatments
regardless of theampling dates, and decreased from gvdhia! at maize sowing to 0.15x
ha' at maize harvest.

CRsmvalues oMSI treatments remained lower than one from the maieafistage to maize
harvest under the two MSI treatme(fsy. 4.1).

Figure4.1 IPAR and CRm per treatment during the maize cycle. MMC: Maize monoculture,
MSI: Maizestylo intercropping, MSbewn: Maize-stylo intercropping with 70% N fertilisation.
IPAR: Intercepted photosyntheticalactive radiation (%), C&x Competitive ratio of stylo
relative to maizen=9 for each treatmenDifferent letters indicate significant difference
according to ANOVA (P < 0.05)
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4.3.2 Relative soil water content (RSWC) and water use efficiency (WUE)

RSWC at alepth of 20 cm did not differ significantly between the treatments during the maize
cycle (Fig. S1),and was continuously above the maize water stress level during the 2018
growing season.

WUE did not significantly differ between the treatments withean value of 40.1 kg mm*
(Table4.2).

Tableaud.2 Resource use efficiency indexes per treatment. MMC: Maize monoculture, MSI:
Maize-stylo intercropping, MSben: Maize-stylo intercropping with 70% HRertilisation. WUE:
Water use efficiency (kga mmt), LUE: Light use efficiency g W), LI: Cumulative light
intercepted during maize cycle (W3n NUE: Nitrogen use efficiency (kg kgn™), PFPN:
Partial factor productivity of nitrogen (kg kgn™), LER: Land equivalent ratio; n=9 for each
treatment; sd: standard deviatioms: not significant Different letters indicate significant
GLIITHUHQFHV DFFRUGLQJ WR 7XNH\TV WHVW

4.3.3 Cumulative light intercepted (LI) and light use efficiency (LUE)

IPAR differed beNZHHQ WKH WUHDWPHQWY GXULQJOWKH RIL]H F\F

3 DQG YDULHG VLJQLILFDQWO\ DFURVVAZHHNYV GHS
df = 3, P < 0.001)Fig. 4.1). IPAR was higher under MSI treatments than under MMC
WUHDVWPHQWGI 3 S D UW OO0 DD@esDD W DAL KHH VWD JHV

LI was significantly higher under MSI and M&kn(844.5 and 857.9 W 1) respectively) than
under MMC (709.7 W ) (Table4.2).

There was no significant diffence in LUE between treatments: mean value 2.

4.3.4 Soil available nitrogen and nitrogen use efficiency (NUE)

6RLO DYDLODEOH QEWOWPMIHQ GQRGV&RW GLIIHU VLIQLILFDQW
GXULQJ WKH PDL]H F\FOGH WUKDWPH@MFE.B28H$YDLODEOH
QLWURJHQ YDULHG VLJQLILFD&QWO), @i E D, R ¥\0.004Kdep&ndirgNV G D
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on the fertiliser application dates, with a tendency to be higher under MMC than under MSI
treatments, and reached a peak on 18 June 2018.

Soil available nitrogen in the 200 cm layer did not differ significantly betweerettieatments
before maize sowing, mean value 30.5vRgsoi?, but after maize harvest, was significantly
higher under MMC (34.6 mgkgsoii ) than under MSI and MShen(29.4 and 27.7 mgkgsoir

! respectively)Fig. 4.2b).

NUE ranged from 61.5 kg kgnt to 89.3 kgwm kgnt, and increased significantly in the
following sequence: MMC < MSI < M%wn(Table4.2).

PFPN under MSboen(118.6 kgm kgnt) was significantly higher than MSI (90.1 dsgkgn™?)

and MMC (80.0 kgw kgn™).

Figure4.2 . Soil available nitrogen (NNOs", N-NH4") per treatment on (a)}80 cm, and (b)
20-40 cm depth (mg kg sof). MMC: Maize monoculture, MSI: Maizstylo intercropping,
MSlzo%n: Maize-stylo intercropping with 70% N fertilagion. © | H UeWap@idatfonn=3 for
each treatmenbDifferent letters indicate significant difference according to ANOVA (P <
0.05).
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4.3.5 Land equivalent ratio (LER)

Regarding land resource management, LER of misiyl® intercropping ranged from 1.23 to
1.15 under MSI and M%dwn,respectivelyTable4.2).

4.3.6 Links between agricultural practices, available resources, and cropping systems

performances

6(0 ILWQHVYV LQGH][ ZDV V LR£02Y), emdGiX\of thée V7K tatidhshipg testad
were sigificant (Fig. 4.3). SEM revealed significant links between agricultural practices and
resources that were made available for crops: MMC influenced positively soil available
nitrogen content (path coefficient of +0.64) and negativelyQ.I’'8). Significantinks between
agricultural practices and cropping system performances were also confirmed: MSI had a
positive impact on LER (+0.57). SEM highlighted significant links between available resources
and cropping systems performances through positive influginseil water content on NUE
(+0.4) and, interestingly, through negative influence of soil available nitrogen content on NUE
(-0.39). Finally, SEM revealed a positive influence of LER link with NUE (+0.75)

Figure4.3 Structural equation model (SEM) relatiagpping systems, available resources for
crops, and cropping system performances VKHU fV & -valu&D.24).3IMC: Maize
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monoculture, MSI: Maizetylo intercropping (two MBtreatments non differentiated). Soil
Water: Cumulative soil water content at a depth of 20 cm (mm), Soil Nitrogen: Cumulative soil
available nitrogen in the-20 cm layer (mggsoi!), LI: Cumulative light intercepted (W 1),

LER: Land equivalentatio, NUE: Nitrogen use efficiency (kg kgn®). The arrows indicate
unidirectional relationships between the variables (direct effects of one variable on the others).
Green arrows indicate significant positive effects, red arrows indicate significaativeeg
effects, and grey arrows indicate msignificant relationships at P=0.05. Arrow widths are
proportional to the path coefficients

4.4 Discussion
4.4.1 Intercropping effects on resource use efficiency

First, considering that water conditions prevented anyenaater stress occurring in 2018, the
intercropping systems showed no significant effect on WUE. As water is the medium that
transports all soibased resources, water is the most limiting factor for plant production
(Vandermeer, 1992} ight interception may also exert a strong influence on soil water content
via the plant canopy by affecting evapotranspiration rates, and inversely, through the effects of
soil water on canopy development; consequently, nutrient uptake, light and water use are often
correlated in cropping system studi€awvigliaet al, 2004; Keating and Carberry, 1993; Morris

and Garrity, 1993)

Maizesstylo intercropping resulted in increased light interception by the canopy during maize
vegetative stages {@&nd 12led stages), as shown by the high values of IPAR under MSI
treatments. This higher interception was due to a higher LAI, and resulted in increased soll
canopy cover compared with the maize sole qffiley, 1990) In turn, under the MSI
treatments, the cumulative LI was higher than undir srops. Intercrops are known to result
from greater interception of lighffTsuboet al, 2001; Willey, 199Q) This could result from
complementary use of space when the crops differ in their aerial architecturall vs short

crops) and of time when crops have life cycles that diffeheir timing €.g, early vs late
maturing)(Keating and Carberry, 1993; Tsubbal, 2001) In accordance with other studies,

in the present study, the LUE of intercropping systems did not differ from that of maize as sole
cropas intercropping generally follows the LUE pattern of the dominant ¢tot al, 2013;

Watiki et al, 1993) For the lower, shaded cropsd, stylo), it was reported that the LUE was
sometimes affected, potentially as a result of competition for other resources, water and
nitrogen. Asthe intercrop had a 20% higher LI and the same LUE as sole maize, the overall
efficiency of light use in intercropping was equivalent to that in maize monoculture.

As soil nitrogen levels were similar in all the treatments at the beginning of the experiment, soil

nitrogen monitoring emphasized that mastglo intercropping reduced nitrate accumulation
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in the soil profiles during the growth period compared with soééze. These results are
consistent with those of other studies that also showed higher residual soil nitrogen content
under sole crops than under intercroppioget al, 2001; Zhang and Li, 2003)his could be
explained by a greater nitrogen uptake by intercropping than by sole crébpéigl, 2001)
Perennial stylo and annual maize were selected because their root morphologies and
physiologies are different.¢., they do not compete for the same resources). Perennial stylo has
a long tap roofLesturgezt al, 2004; Meijer and Szabados, 198t is efficient for obtaining

water and nitrate at greater depths than the fibrous maize roots. Stylo may thus obtain water
and rnutrients that leach below maize roots, thereby increasing total resource uptake when the
two species are grown together. The NUE of the intercropping was higher than under the sole
maize. It is widely recognized that intercropping of cereals and legumeisnpaove NUE
(Chenet al, 2017) Many experiments have shown that ceteglme intercropping acquires

more N than cereal monoculture, part of which originates from the air, and therefore does not
compete with N acquisition by the ceréghnet al, 2006) Facilitation is the mechanism that

may result in increased NUE in artercrop, particularly in poor soils. The input of nitrogen
from the legume into the soil could result from both atmospheric N fixed by stylo, thus reducing
competition for soil NDucheneet al, 2017) or even through rhizodepositiare. the release

of organic and inorganic compounds from living ro(fsistecet al, 2010) Several studies

have investigated the enrichment of the soipddl by rhizodeposition under intercropping
through Ntransfer from the legume to the cereal and reported increasing amounts of-legume
derived N in the cereal crop over time, even if this process is still not well unde(gtadicer

et al, 2003; Wicherret al, 2008) Additionally, reduced N fertiliser inputs in the M&)n
treatment led to a higher PFPN. It has been demonstrated that appropriate N reduction can have
several benefits, including increasing NUE, reducing N losses, and maintaining grairnyields
legumecereal intercropping systems, suggesting that intercropping enables both profitability
and sustainabilityChenet al, 2017; Luoet al, 2016)

In our study, intercropping increased the total yield per land area compared to maize sole crop.
This effect could be partly attributed to resource use complementarity between the different
crops(Szumigalski and Acker, 2008However, the advantage of LER was lave.( LER

around 1.2). This was partly related to the low biomass production of dtgio maize
flowering in the intercropping system, mainly due to competition for light. Therefore, as maize
dominated stylo, the performance of the dominated ¢repgtylo) had most influence on total

LER, and on total biomagslaynes, 1980as supported in our study by the comipeti ratio
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of stylo over maize (C&n), which was consistently under one and decreased over the

intercropping period

4.4.2 Indicators of resource use efficiency

First, RSWC established that maize did not suffer of any slight stress at any stage of the growth
period. The WUE index, which links plant carbon gain to water use through harvest yield,
finally did not differ between the treatments.

As aresponse to canopy size and structure, the LI index revealed that more light was intercepted
under MSI than under MR throughout the crop cycle. Finally, no difference in LUE was
found between the treatments. No more biomass was then accumulated under MSI despite the
LI advantage probably due to the relative overall high yield of maize. Under other limited
resource contlons, LUE might be more affected by increased competition between the
component crops for other resour¢€suboet al, 2001; Watikiet al., 1993)

According to system management, the higher NUE under stylo and maize intercropping
confirmed that the additional biomass gwotion was not only linked to the nitrogen extracted

from the soil(Moll et al, 1982) Therefore, the efficiency with whidhe N derived from the

soil N pool was converted into grain yield by maize was described by the PFPN index.

LER can be interpreted as the biological efficiency achieved by growing two crops together in
the particular environment uséllead and Willey, 1980)Density and intercropping pattern

also determined the relative LER contributions of the maize and stylo in the cropping system.
A LER greater than one might also be linked to other, often unaccountedifermrddited to
improved product quality, rotational advantages, flexibility in the allocation of crop and forage
resources in mixed farming systems, and reduced business risks. LER is thus a useful practical
way to assess the results of intercropping erpents and to help to find the best intercropping
design for a particular context.

Combining available resource dynamic indicators collected throughout crop growth with yield
component indexes could thus identify the relationships between resource cisaaffand

the agronomic performance of intercropping

4.4.3 Systemic approach of the intercropping system

A SEM analysis was conducted understand how intercropping management affected
cropping system performances. SEM confirmed direct causal relationghipanagement

practices on soil and light resource use efficiency. MMC exerted the strongest influence on
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resource exploitation through a negative effect on LI. This negative influence revealed the
advantage of intercropping for the interception of lighe do the complementary use of
aboveground space of the crop mixture especially during early maize gftsuboet al,

2001; Willey, 1990) By contrast, MMC exhibited a higher soil nitrogen accumulation leading

to a higher residual soil N content at the end of the maize cycle. Thus, MSI systems with mixed
root systems explored a deeper and larger volume of soil thereby increasing totaleresou
uptake and reducing nitrate leaching when these two species are associated. This was first
highlighted by the higher root biomass under MSI systems than under MMC attfentaize

stage. This result is consistent with those of other studies thatndénated the roots of
intercropped maize were limited laterally, but had a greater root length density when cropped
alone (Li et al, 2006) or the higher maize shoot and root biomass highlighted positive
interactions with the legumg.atati et al, 2016) An overyielding process has been found in

the dynamics of root length, distribution and corresponding shoot biomass in intercropped
maize(Li et al, 2013) A process may occur in which the legume releases organic acids and H
ions to mdilize soil P that facilitates its uptake by the associated cereal roots, leading to
corresponding overyielding of cerdalia et al, 2013) At maze flowering, the SRR sampling
method, which was limited to the top 30 cm layer, did not allow to assess the whole root system.
In addition, sowing stylo three months before maize could have enhanced complementarity in
the MSI treatments. First, becauselales are not well developed in its early stages, stylo would
thus not have had sufficient ability to fix atmospheric nitrogen and could have been in direct
competition with the cash crop for mineral nitrogen during this early p€¥iogin et al,

2002) Then, after three mon] JURZWK DQG WKH XVH RI D UROOHU FUI
stylo residues began while the intercropped maize plants started to grow, thereby limiting
nitrogen competition or even providing substantial amounts of resources directly to the
rhizospherdHinsingeret al, 2011) This could have enhanced the early development of maize
despite competition.€., especially for light) between the two species.

Management practices exhildtelirect effects on system performances as evidenced by high
LER values under MSI treatments. This increased yield per land area relied on complementary
resource use based on plant traits that were efficiently integrated in the intercrop. The overall
systen biomass yield did not differ between the treatments, although MSI yields tended to be
higher than under MMC, especially with the same fertilisation. Other studies have demonstrated
higher yields under intercropping than under sole @rapet al, 2006; Smith and Carter, 1998;

Zhanget al, 2011) Designing maizestylo intercropping where competition is not necessarily
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an issue, as long as complementarity and facilitation are stronger than competition and
improved the overall use of resources, remains a challenge to enhance forage and grain
production performanc@Bedoussaet al, 2015; Duchenet al, 2017)

Resource acquisition also revealed indirect effects on cropping system performances, primarily
on NUE. Interestingly, soil nitrogesontent had a negative relationship with NUE, emphasizing
potential loss of soil N that is not used for increased biomass production by the system. In
addition, soil water contributed positively to NUE, revealing the strong dependence of these
two componats on resource use complementarity.

In our experimentthere was clearly a combined effect of water and nitrogen resource
acquisition, responsible for the high NUE closely linked to higher biomass production under
intercropping systems, as confirmed yR values higher than one. Therefore, light resource
partitioning between stylo and maize directly responsible of the biomass production led to the
overyielding trend observed under intercropping. These findings indicate that intercrop
performances reliedn direct impacts of agricultural management through crop pattern and
intercrop resource use functions simultaneously contributing-aio resulting from
complementarity, thereby limiting interspecific competition. A better understanding of the
relationshp that drives resource partitioning among component crops will help identify
appropriate agricultural practices to improve intercrop functions, profitability, and to move
towards improved resilience of cropping systems

4.4.4 Intercropping limiting factors

Although intercropping is often more productive than monoculture and could be one way to
achieve sustainable farmifig etal., 2013; Szumigalski and Acker, 2008% profitability can

vary depending on the selection of the associated species, planting rates, irrigation, fertilisation
regimes, and spatial arrangement. The disadvantages of intercropping may therefdwedbe lin

to practical managemeliiGliessman, 1985).g. staggered planting, extra work during the
intercropping period that is not usually realized, or complex option of pesticidine different
intercropped species. Another concern is that despite the mixture, the individual components
need to be chosen with care, varieties that were developed for monoculture may only provide
limited information about their potential in inteopping conditiongSantallaet al, 2001;
Vandermeer, 1992)Furthermore, farmers who wish to miydplanting patternse.g. strip
intercropping system, may also have to adjust their mechanization practices, or may even lack

mechanized alternativéiybal et al, 2019) In this context, the economic impacts of existing
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and potential intercropping alternatives would need to be evaluated, considering that adopting

new practices also depends to a large exterconomic and sociological factors

4.5 Conclusion

The results of this study showed that masido intercropping improved resource use
efficiency, with notably a 20% gain in intercepted light, a4®06 increase in nitrogen use
efficiency, and a 123% gain in land use efficiency. Although the grain y@fiantercropped

maize did not differ from the yield of sole maize, intercropping increased the total yield per
land area compared to the maize sole crop, highlighting the contribution of stylo biomass in the
cropping system.

Our integrated SEM approadteintified the relationships between intercropping management,
available resources during crop growth, and cropping system performances. Direct causal
relationships of management practices on soil and light resources were demonstrated reflecting
complementey use of aboweand belowground space use by the intercrop. The combined
effect of water and nitrogen resource acquisition was closely linked to biomass production and
drove higher NUE and overyielding trend under intercropping. However, an appropiaée m

stylo intercropping pattern at the right timescale still needs to be consolidated to insure
sustainability over time. As an alternative to the usual annual cropping system, perennial cereal
legume intercropping could be a relevant system that inesgsftort and longterm system
performances and have advantages for mixedloreptock farming systems of the west coast

of New Caledonia
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5 Discussion générale eperspectives

5.1 Rappel des obftifsde la these
Cette thésa eu pour objela mise HQ ° X @Middapproche originale combinant analyses
fonctionnelle et systémique afin de mesurer et quantifieelasonsentre pratiques culturales,
fonctions et services écosystémiques au sein de sdc complexes. Cette dérésmienéeau
sein du contexte spécifique dkrivisols magnésiens de la cét@uest de la Nouvelle
CalédonieDYHF SRXU REMHFWLIV GYfpYDOXHU
i) O 9 Ld? 8eDsystemeséréaliersen AC vs. en kbour sur la santé du sol et les
SHUIRUPDQFHY HQ WHUPHV GH SURGXFWLYLWp j OTpFKt
i) la réponse fonctionnelle de la macrofaune dws@sdifférentssdc etleurs effets
sur la santé des plantes
i) OTHIILELX\W E @ Ly/rBsdbureedt |&sHberformances agronomiques de sdc

en AC sous couvert végétal vivant.

Le dispositif expérimentakitué au seide laVWDWLRQ H[SpULPHQWDOH GH OD
Technopolereposit & la fois:

i) sur une expeérin@ation systeme, établie en 20@BDQV OH EXW GYpYDOXHU OH
agronomiques, environnementales, économiquesddeontrastés représentatifs de la région

de la c6teOuest de la WuvelleCalédonieLe sdccéréalierde référence est caractérs un

systeme a rotation courte, basécipalemensur lacultureirriguéede maigrain avec labour

annuel e DEVHQFH G{XWLOLYVDW L PeuxGldaterhbbis, \basés) s s TX H V
S UL QFL S H ¥or étudég @ir&systemeouscouvert végétamort (CA-DM) et le second
souscouvert végétal vivariCA-LM),

i) sur une expérimentation annuelle R QW @rahytgXxe@ idermis en 2018, GéYaluer
OTHIILFLHQFH GT1XWLG.e\BUazRL luGidrguttheeV B R XMHALHYY GTXQ V\V\
sur couvert végétal vivanassociantmais et stylo maintenu vivant(intercropping) (sdc
égalementeprésentétD X VHLQ GH OTH[SpULCRHQYWDWLRQ V\VWqgPH

5.2 Rappel des principaux résultats

Nous montrons ijjueles sdc en ACGA-DM et CA-LM) présentent deeffets positifs sur la
santé du soli. maintien de la structure, recyclage des nutriments et transformation du
carbone) et sur la productivité en comparaison avec le systeme conventionnel de référence

labour, ii) que la macrofaune du sol montresdelations positives a la fois avec la santé du sol
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et la santé des plantes en Agpliquantla performance de ces systemes, et iii) que des sdc en

AC sous couvervégétal YLYDQW LQWHUFURSSLQJ RQW XQH PHLOOH
ressources, lumiere, azote et surfacésentantes possibilitéprometteusede diversification.

Ces systemesn AC ont montré une fourniture dervicesécosystémiquesg.e., servies

support, de régulation et de productior) comparativement supérieua ceux du sdc de

référerce.

5.2.1 /1 $ &dessdcperformantsetaméliorant lssanté du sol

/ITH[SpULPHQW®ayerRiQla\cdMpirgison des tgus (sdaconventionneén labour

(CT), en AC sous couvert végétal morCA-DM) et vivant CA-LM)) aprés 8 ans
GYLPSODEp20MMILIRY¥ OXDWLRQ GH OD twB@QnstipnSe., MamenEDVpH \
de la structure, recyclage des nutriments, et transformation du carbone) viac®iof&n

révéle un indexde santé du sqiSHI) 1.3 fois supérieur eAC TXTHQ &7 VDQV GLIIp!
significativeentre CADM et CA-LM.

En combinant ces résultats a une modélisation par équations struct(&&le§, nous

proposons un cadreriginal GIDQDO\VH V\VWpPLTXH SHUPHWWDQW GF
relations entre fonctions du sol et sergice régulation, etle productionen lien avec les

pratiques de labour etfd$ &Nos résultats montrewgue O 1$& SUpVHQWH GHV HIIHW
indirects sur la santé du sol améliorant les performances du sdc en comparaisetahoec
HQJHQGUDQW XQ UHQGHPHQWC apparait ¥insf XognprishealtXriatideQ $& /1
performante au sdc de référentzas le contexte de la co@uest de IdNouvelle Calédonie

5.2.2 La macrofanedu sol contribue@® D SHUIRUPDQFH GH OY%$&

/TH[SPULPHQW aWerRsEG YpVIVNQRHU OD U p SIRIQMadrdfRu@eFddoR Q Q H O
auxtrois sdcprécédentsLes systemes eiC ont engendré une complexification des habitats
résultant en une abondance des ennemis naturels, des détritivores et des vers de terre supérieure
au sein de ces systéemea.réponse des phytophages était inhibé€AHM et neutre elCA-

DM. Concernant la diversité, bief Jddcune différencee soit observépour les ennemis

naturels et les phytophages, calieétait supérieure eAC par rapport adabour pour les
détritivores.Cette plus grande diversité de détritivores peut étre en padmnsable des

réponses fonctionnelles de la macrofaune et des services supérid@s EALQGLFDWHXU 60
(services de la macrofaumiel sol)montre une différence importante de réponse fonctionnelle

entre AC et labour (CT), présentant des valeurs 2 fagpérieures eC. Les fonctions
103



GILQJpQLHULH GH OfYpFRV\VWqP Hmaténe deganiqgdniRiBusm VLW LR C(
principalement a cette différence.

Une différence entre les ravageurs de début et de fin de cycle de la culture de mais a été
mesurée XQH 1UpTXHQF Hle&$gas 9I® nottuedaiRi@oles sur jeunes plants de
maissupérieure eAC estmesuré, DORUV TXH OHV GpJkWV GHV IRUHXUV (
enAC comparativemerdu labour Cette régulation plus importante A& peut expliquer les

gains de rendement mesuréss Eets « top-down » de régulatiorvia un biocontrolefavorisé

en AC peutexpliquer les effets indirects sur les performances desmsslen lumierepar
OYDSSURFKH V\V Wpdatdéveldpi®r auraalG thapitre 2

La caractérisation des relations ent@ L Q G LBiofuetblo®U les dégats sur mais et

O YL QG EMPwenrX e la combinaison des effets de la macrefawnla santé du sol et

la santé des plantemgendraine meilleure compréhensiale la performance des sdc. Cette
caractérisation des effeisbottomup » et « top-down» de la macrofauneia des indicateurs

intégrés et fonctionnels peut contribuer a wwaluation VA\VWpPLTXH GH OfLPSDF
performances des sdc. Cela peut pemaetinsi de développer des outils simpkaptéset

sensiblegux pratiques culturalesnenant &anecompréhension approfondie sdc contrastés

5.2.3 Une dficience df XWLOLVDW L R QuhNduttii&hR& sbEtouventV

végeétal vivant supérieures a cel@@smonoculture

Les résultats de cette étude analytigue montrent QUED V V RdeLmag LeR Qe stylo
(intercropping) SHUPHW GYDPpOLRUHU OYHIILFLHQFH GIXWLOLVDW
% delumiere interceptée, 20245 G TD]RWH X W L O L% gde striaceGaloriség. Bien

TXH OH UHQGHPHQW HQ JUDLQV GH PDwV GH OYfLQWHUFUR!:
VHXO OYfYDVV-RML\DWLER G DWW G D XJP H @WdliMaléntsuddd® G HP H C
(LER) VRXOLJQDQW OfLPSRUWDQ Fd¢ da ktylo & ®id BUGKFWLRQ GH E
| ®pprochesystémiquebasée sur lanodélisation par équations structurell8&EM) a permis

de FDUDFWpULVHU OHV OLHQV HQWUH, edressdwoasldiRrpniBlés O 1D V)
pendant le cycle cultural et les performances dulssk dfets directs des pratiquesilturales

sur les ressources liées au sol et a la lumiere ont étié&pjakflétant la complémentarité de
OTXWLOLVDWLRQ GH OD VXUIDFH agstidnde@J B VBAR DIV R QU [
stylo reste encore @erfectionner, GHVY WUDYDX[ VXU OfDJHQFHPHQW CGC
OYDVVRFLDWLRQ G DeQampo fictiveiebt ppermdtihe de Propdseéd une alternative

performantgour les systémes cérealiegn-calédoniens. Cette association de cultum@sant
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une céréale annuelét une culture de Iégumineuse fourrageérennepourrat présenter une
alternatiYH G YL QW pJU D Wlew@eaadapteF u0cdnhiekied glycultureélevage
caractéristique dia c6te Ouest de la Nouvel@alédonie.

5.3 Plusieurs types de résultats
5.3.1 Apports scientifiques

De nouvelles connaissances sur le fonctionnementsdelc en AC

/ITH[SPULPHQWDW L Rrig évaliawdm el pluSiéuks services écosystémigiees
maniéresimultanéecomparantAC au labour, montre que f $ &résentedes performances
supérieures, a la foen termes dservicessupport,de régulation et de production, en relation

DYHF GHV YDOHXUV GYLQGLFDWHXUV IRQFWdSR&EGHHOV VXS
viennent complétede maniére originalele précédentes études soulignant la fourniture de
services écosystémiques supérgeeenAC (Chabert and Sarthou, 2020; Garbattal, 2017;

Hobbset al.,, 2008; Scopett al, 2013; Ségut al, 2006) en réalisant cette évaluation sur

bouquet deservices écosystémiquegi.e., ensemble de serviceggulierement observés
HQVHPEOH GDQV OH W H PBannéttd! ar R0 DRAMIsEpHEarnSD & H

2010) dans le contexte de sdc céréaliers sur sols magnésiens en NQalétenie
"IfDXWU H dspdgitF D SHUPLYV GH UpDOLVHU OfYfpYDOXDWLRQ GX
macrofaune de ces sdc contradtésimpacspositis GH Of$& VXU OD VDQWp GX VR
DYHF OHV FRQFOXVLR Q \téaBsfpiVi>$Enle chriteRt@strbchniaiyted:

culturaux variés (Pheapet al, 2019; Sitholeet al, 2016 Thierfelder and Wall, 2012;
Thoumazeatet al, 2019a) Par ailleurs, ette évaluation intégrée, permettant de capter le
fonctionnement dynamique du g#libblewhiteet al, 2008; Vogekt al, 2018) participe a la

meilleure compréhension du lien biodiverdib@ctionnement du sdbut en caractérisant les
interactions entre les fonctions et les différentes pratiques culturales ét{Rtiéaman and
Thoumazeau, 2020; Delga@aquerizoet al, 2020; Lavelleet al, 2006)

La réponse fonctionnellde la macrofaune du sol supérieereACen comparaison au labour

rejoint également les conclusionsd X WkeMadxévaluant des sden AC (Henneronet al,

2015; Ranaivosoet al,, 2017; Sitholest al,, 2018) La macrofaune du seabmprendun nombre
LPSRUWDQW GTRUJDQLVP Kldvdlle€f al RIQF W d [itapasitian lokdihble/ H V
GIXQ LQGLFDWHXU LQWpJUp SRXUUDLW DSSRUWHU GHV SHI

dynamiquedes fonctionsde la macrofaune du soét améliorer la compréhension du lien
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biodiversitéfonctionnement de la macrofaune en lien avepilasquegBrussaarctt al., 2007;

Lavelleet al, 2006; Velasquez and Lavelle, 2019)

Enfin, I fTH[SpULPHQW D W p&®is DeQchracténdeimeXddmplémentarité au sein de

sdc en AC sous couvert vivappuvant tendresersune prRGXFWLYLWp VXSpULHXUH
montré un certain nombre de travaugs e¢ésultatdlustrentle potentiel leO fLQWHBFURSSL
améliorerdurablementOHY UHQGHPHQWY WRXW dd @sédprGs@asé@ed W O I X W
al., 2017; Hauggaartlielsenet al, 2008; Liet al, 2001; Zhang and Li, 2003Tes travaux

précisent ces conclusiomnigns le cas fine association malégumineuse pérennsousdes

régimes de fertilisation azotée différents

Une approche originale

ITpWXGH GH O DsearRoed)éQdsyst&middie®adriculture demande des approches et

des méthodesappartenant a la fois muomaine GH OTDJURQRPLH, HY6HKE DpOHR -
du sdcafin de caractériser les processus gaosnts etevaluer O L P S xésVEddGsHr la

production de services et/ousdiervices écosystémiquéBoeraeveet al, 2020; Chabert and

Sarthou, 2020; Garbaddt al, 2017; Palomd&ampesincet al, 2018) Caractériser les effets

des pratiques en A@insi que les interactions existantes amenant a la productserdees
écosystémique®t savoircomment ils peuvent étre modifiés par ces derni@ssnécessaire

pour développer une compréhension approfortiigrédictivedes agroécosystemg@shabert

and Sarthou, 2020; Crahegxal, 2016; Garbacht al, 2017) Plus précisément, afin de mieux

analyse, adapteret évaluerles pratigues en AQI estessentielGH FRQQDLWUH OfYLPS
relativedesdifférentes composantes du sdc, et leurs interacsonis, santé du spties plantes,

et la fourniture de services support, de régulation, et de productio

8Q FDGUH GYDQDOa¥dd besé/su peR lintixdtbud utilisés ou proposés dans ce

travail, pourrait étre lesuivant(Fig. 5.1) :
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Figure5.1 Représentation schématique du modéle par équations structurelles (SEM) permettant

une analyse systémique globale et reliant pratiggeesé du sol et des plantes, services
PFRV\VWpPpPLTXHYV j OfpFKH @CO:HabBut, A\ d@tiayRure de Horiseraativrns U H
SMS: services de la macrofaune du sOLILFLHQFH G{XWLOUI3D W IGRHQ OG H DOXY [
(WUE), de la lumiere (LUE), LERrendemenparéquivalent surface.

Cette étudepropose via une approchesystémique intégreale caractériser les liens entre
pratiqgues culturales, fonctiongcologiques(liées au sol et sa macrofaunedt services
écosystémiqueservices support, de régulation, et de productjor® Tp F KH QyOikres@X VG F
peu conna dans la littératur¢Adhikari and Hartemink, 2016;dfm et al, 2014) Ce cadre
conceptuel original combne approchefonctionnelle (du sol et de la macrofaure et
modélisation $EM). /pY D O XI® Woudréds de services écosystémicpiasi permise,
prenant en compteonseulement le service de productiBrD LY DXVVL XQ FHUWDLQ QR
services écosystémiques(, services support, et de régulatigpgrmet de pouvoir considérer

la durabilité des systemes de maniére systéemiGuaheixet al, 2016; Ghaleet al, 2014;
Lavorelet al, 2015) Une compréhension approfondie des liens entre\mosiié fonctionnelle

et services écosystémiques aisisi proposeafin de prédireO § L P &P pratiques culturales
surles communautés écologiquetdes fonctions écologiques des agroécosystémes, ainsi que

surles services écosystémiques engendreés.

De nouveaux indicateurs intégrés
Cette étude XWLOLVp O TR ®{Pheap¥al, RODONRoVFaRe@t al, 2019b, 2019a)
Une multitude de méthodé G pY DO XD W L Rl éiste ddDmyj@it@tantba&ex sur
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une vision additive depropriétés physiques, chimigs et biologiques des splagrégées

ensuite aG LU HV G §uHdeBaddlygeéy statistiques multivarig&oran, 2002; Velasquet

al., 2007) nepermetant SDV GYpYDOXHU OH IR QFW LsBI(KQbteWRt®tv G\QDP
al., 2008; Thoumazeaat al, 2019b; Vogelet al, 2018) Biofunctool® est une approche

intégrée, basesur un set de liddicateurs, penant en comptles fonctions portées par les
différentes composantes dul stleurs interaction§Thoumazeaet al, 2019b) Les critéres de

sélection de ces indicateuFsR Q V L V W H Q)Woign#liés a axi frioi@dsvune des trois fonctions
SHUPHWWDQW G 1 p i@l©dgeidéfidelpKithb@wWhipe eGaX (2088%i.e., maintien

de la structure, recyclage des nutriments et transformation du carijopelventtre mis en

place sur le terrainr(situ DILQ GpYDOXHU OH IRQFWdoRsiidlesHQ W U p H (¢
UDSLGHV GY{HPSORL SRXUt HiResyR les difietéhtd adiebrs QeHtBridin
(Braumanand Thoumazeau, 2020; Thoumazeaal, 2019b) Utiliser Biofunctoo® dans le

contexte desols magnésierdeNouvelle Calédonie contribue a la robustesse et a la généricité

GH O TR X WréctdemmhbPn@aivhis une évaluation de la santé du sol en Avec des
SUDWLT Xad seicde&@ntextes pédoditigues variegPheapet al, 2019; Thoumazeau

et al, 2019b, 2019a)Toutefois ce cadre G § D Q Bdblignéd la nécessité de considérer les
interactions entre les propriétés physatomiques et l'activité biologique du sshns pour

autant que cette derniére soit quantifiée et caractérjisgeV {DJLW @ Bigurctool® L W H

gue nous avons abordé@ une analyse de la macrofaune.

De laméme maniereO  RSIWS (sgbvices de la macrofaune du)se¢ propose d'étre construit

VXU FHWWH GpPDUFKH GYLQWpPpJUDWLRQ GITLQGLEDWHXUV
responsabkdefonctionsécologiquestelles quela régulationdes ravageurs, la démposition

GH OD PDWLQqUH RUJD @ DT A RR/BrOasqanEt plQA06rtauline, 2013;

Lavelleet al, 2006) La macrofaune du sol est également sensible aux pratiques culturales et

au climat(Brévaultet al, 2007; Ranaivosoet al, 2017) Elle traduit ainsi lesmpactsdes

choix de pratiquesulturalessur ID SURGXFWLYLWp GH OTDJURpPFRV\VWqPF
des plante¢de Grootet al, 2010; Swift and Anderson, 1994MS consisteenun indicateur

intégré du fonctionnement de la macrofaune du sol fasgois fonctions i) le biocontrole

des ravageurs par les ennemis naturels, ii) la transformation de la matiére organique issue
SULQFLSDOHPHQW GH OYDGEWLYLWhRrYRHWWHD UNWMKURERGHLQJIp
assurée par les ingénieurs du sGbmbiner ainsi évaluation de la santé du solia

Biofunctool®, et de la santé des plantea, SMS, permet une intégration et wwwmpréhension
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approfondiedu lien bialiversitéfonctions écologiqueg.e., desrelationsmacrofaune du sel
santé du sesanté deplante$ | O p F KH O O Het¥h Newagveclles Ydtiques.

5.3.2 Apports pour le développement

Des pistes de sdc performants

La productivité estun critére primordial de durabilité du systeme de production pour le
producteur /fHIILFLHQFH GYXWLOLVDWLRQ GHV UHVVRXUFHV HW
de la régulation des bioagresseurs smalementles facteurs de durabilité degstemegjui

sont sowentplus difficilesa rendre comptet mesure(Ducheneet al, 2017; Gabat d., 2015;

Henneroret al, 2015; Ranaivosoet al, 2017) En cela, notre étudeopose i) des réponses,

R+ O Bpgarait comme une alternative permettantfad@riserla fourniture de services
écosystémiquetmut en améliorant la santé du dahns le ontexte céréalieméo-calédonienii)

XQ RXWLO GYpYDOXDWLRQ GX IRQFWLRQQH RHies\eff@@sH OfDF\
engendrés sur la santé des plantes et la productiitt L. GHYV UpSRQVHV FRQFHUQ
des ressources les performancete sdc complexes combinant céréale annuelle et légumineuse
pérenne pouvant intégrer des systémes en polyculture élevage.

Lesrésultats expérimentapainsi quee travail initial de sélectiodes couverts végétaua la

fois en station xpérimentale et a la ferment permis de conforte HV FKRL[ GfHVSqFHYV
EDVH GIpOpPHQWY GH FR,Pasbm& HQ VW fh RKOH Gapiaf i il v B IS

réseay de producteurs conceméCela aengendré notamment tkveloppement du rfenge

G THV S qF H Vs@&bktaRaypeldHotMix (AnnexelV). Constitué deuatreespécesdont

trois Iégumineuses tropicalesdtalaire Crotalaria junceal.), niébé(Vigna unguiculatal.

Walp.) et ablique (Lablab purpureud.. Sweet) et dfin sorghofourrager(Sorghum bicoloL..

Moench), il estultivé en saison chaude (décembravdil) et détruit avant implantation de la

culture suivanteCe couvert végétal a particulierement moniné bonneadaptation aux sols

de la c6te Ouegiourune implamation en saison chaude, une valorisation fourragere possible
(possible en paturage, enrubannagefain), une compétition rapidet importanteavec les

adventices, et une persistance des résidus intéresgpaasedestructiorConcernant le couvert
végétalmaintenuvivant au sein deO { DV V RavécDa&VmasQles études préliminaiets
expérimentations suivantest aboutiau choix dustylo (Stylosanthes guianenyiprésentant
notamment une phénologie inversée a celle du feaigrairement a la luzerndédicago

sativg qui avait été utilisée en 20171)n caractére pérennet une capacité ae régénérer a

partir de ses semenggxaiget al, 2013; Edye, 1987; Meijer and Szabados, 19963 criteres
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de sélectiorapparaissant comme primordiesuite aux différents diagnostiagronomiquegt

échangegffectués en amont de cette étude.

Des outils pour les évalueet accompagner leur développement

/ITLQGHAG SHXW rWUH XWLOLVp FRPPH XQ RXWckLdsi€&EpYDOXDW
un indicateur intégré du fonctionnement de la macrofaune du sokbagéis fonctiongi.e.,

contrble des ravageurs, transf@mtion de la matiére organiquetj QJpQLHULH GH. OfpFRV'
$ WUDYHUV OTRXWLO 606 OfXWLOLYVDWLREsG fMe@&enFD W H X |
°XYUH HVW SURSRVpH /H SLpJHDJH GHV LQVHFWHYV j OTDLGH
des vers de terrevi6t OfH[WUDFWLRQ GH PRQROLWKHY GH VRO SHX
VPOHFWLRQ /TLGHQWLIIiskdesNbrRdss@EeR BEprafbhdlddaxondHié R
QpFHVVLWDQW OD FROODERUDWLRQ GYfH[SHUWYV HQ HQWRP
GH PRUSKRW\SHV EDVpYVY VXU OH UpJLPH DOLPHQWDLUH GHYV
région pourrait perm& WUH GH IDFLOLWHU OYLGHQWLILFDWLRQ HW
OTXWLOLVDWLRQ GYRXWLOV GH UHHKQD BBLLUWMHOEH SWRGHR V
GH VPDUWSKRQHY SHXYHQW pJDOHPHQW SHUPHWWUH GH |
de réaliser le classement des individus en groupes fonctionegls AGIIR (Inrae),
Insektenwelt (Nabu)). Cet outil reste a validerW j PHWWUH HQ °XYUH DX VHL
contrastés et de maniére répétée dans le temps, afin de conforter sa construction, sa robustesse

et sa représentativité des fonctions écologigues visées.

5.4 Limites et grspectives

Cette thése a reposé spilusieurs expérimentations menées au chgexpérimentation

systeme et analytiguedomplétées paO I XWLOLVDWLRQ GIL & @G mbHligé XUV [ R(
PRGpOLVDWLRQ [D¢IamodEfsdtivi fanéduaiidnsistucturelles (SEMpcune
decesdémarchesD SHUPLV GI{DSSRUWHU GHV LQIRUPDWLRQV FRPS
et la compréhension déisns entre fonctions écologiques et services écosystémiipiass

par cespratiques culturaledl est cependant important de soulignerliedgtes de chacune de

ces approchest lesnouvelles questions gierspectives de recherchedéveloppemergue

cela peut susciter.

Les résultats et affirmatiorabtenus lors de ce travaibnta nuanceret seront & confirme&n

effet,l fDFT XLV UWIPRIH GHHY VIHVW EDVpHmMEnetec2028a $eM&/ DLV D X
référence climatiqueet Qifique localisationgéographique ne permettent p&JTDVV XUHU OI
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JpQpULFLWp GHYV U p\ton@xelp@daclisdiguesNedhoivgleésHnésuresnt

été mises en place, au moipsur partie sur une expérimentation systeme présentant un
historique de 8 anslT1DQQpH FOLPNMWHVYWHFDUDFWpPpULVpH SDU XQH |
relativement pluvieuse et une saison fraiche plutot seclpeuetre condérée comme dans

la normale de précipitations et de températures de ces dernieres. dheées noter que
OfLUULJDWLRQ UpDOLVpPH HQ et ttilgéer daPSBOCESEmMesQW GLV 'S
productioncéréaliersde la cote Oueste la NouvelleCdédonie SHUP HW Gehlpavtd/ p Q X H U
ces variations inteannuelles. Cependaiilt sera intéressant de réalisenouveawes mesures

selon la méme approche et méthodoloBi¢r HF G D X W &t hviétesy @&ddr stix€ession

culturale, apres une périodeodnée, ce qui permettrailGH VYLQVFULUH GDQV XQ
systémique comparative (G/BAC), diachronique (évolution des valeurs dans le tempslg et
confirmerainsiles évolutions des systema®senteés ici.

Le recoursaun essai analytiqgue a permis de mesurer finement le partage des ressources au sein
GIXQH DVVRFLDWLRQ Gégalenedtty XLUPHS\D HW GH pO'D YORWUDWLRQ
OfLWLQDpUD LIUHKHYV WHNK@WXWV G Hlofngmdes pndic#bHsQaiabt Vel R Q
potentiel GH Of$& VRXV FR XYéipeviheYqepmipardes YagivhBs@§\fertilisation

azotée différentglans une méme situatioELHQ TXTLO UwHshsvhid, GaTLO/IRFKDHNU [H W
GTpWXGLHU VpSDUpPHQW OfLPSWVFOH GH| IFW DG X Qs GH VWHREKS
contextede changement climatique, les précipitations devraient globalement diminuer en
particulier dans les zones subtropicales, avec des épisodes de sécheresse plus longs, plus
intenses et plus fréquer(tSIEC, 2014) /&aluation de ces sdc sous des régimes de ressource

en eau limités serait pertinente.

Pour autant, adoptene approche systémiqtedle que proposée dans cette théssée sur des

outils fonctionnels et intégrga permis de mieux caractériser les performances et impacts de
sdc.Améliorer les liens entre les démarches de compréhension des systemes et la construction

G R X W L 8l¥/déeigibrpdbrrhit faciliterOH SLORWDJH GHV VG FahsiiorO fpY DO
agroécologiquéDuru et al, 2015b) Les outils utilisés, Biofuctool® et SMS, ont permis de
caractériser santé du sol et santé des plastes différentes pratiques culturalésreste

concernant SMS, a confirmerotammentla représentativité des fonctions évaluées par

O 1L Q G 1AmS&),\Me daxadtérisation de la santé des plantes basée égaleménfsuX WUHYV W\S't
de pegeage€.g, appareil de berlespieges englués, tente malaists. gpourrait compléter les
populatonspWXGLpHY HW DIILQHU OfpY DO XD brofaRr@ vairé deR Q FW LR

spécifier les groupes fonctionnels ou taxons les plus détermilatégrer lesautrespotentiels
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bioagresseurse(g, maladie¥ pourrait complér cette évaluation giarticiper a une meilleure
caractérisatiomle la santé des plante& HV RXWLOV G{DLGH j @ DL QpFULIURQ DS
sein de démarche$ fpY D O XD W L RdQcep¥dr ldé&J bc AHti-acteurs, et permettre
OYDFTXLVLWLRQ HW OD GLIIXVLRQ GH FRQQDLVVDQFHV ED)
progres scietifique (Andrieu et al, 2018; Descheemaeket al., 2019, 2016; Morainet al.,
2017; Relzeret al,, 2020) Celapourrait VI LQWpJUHU DX VHLQ GHitQr& eGpP DU F k
partagéequi pourrait étre basée sdes UpVHD X[ GTpFKDQJH HQWUH SURGXF
dispositifs expérimentaux existantet VDS SX\HU V XU méiQis¢ tEdHniguaizs Q H
systemes permettant de dépasser certaines questions oupfreuat émerger lors de la
trangtion agroécologiqueale systemes conventionnels vdes systémes en A@uru et al,
2015a; Lacombet al, 2018; Meynarett al, 2017; Périnellet al, 2021)
Dans le cadreonceptuelproposé, en utilisant des outils fonctionnels etlal modélisation

6(0 LO D pWp SRVVLEOH GTpWXGLHU G HdesDdglatiyenent QW p J U I
complexes. Ain de repenser les systenmisculture etle production dans leur ensemble, il est
important de les évalueselon des approchesnulti-criteres multi-services et multr
dimensiomelles permettant de documenter leur impact sur les différentes composantes de la
durabilité €économique, agronomique, sociale et environnemgr{faleu et al, 2015a; Gaba
et al, 2015; Garbacket al, 2017; Starlet al, 2018) Bien quela modélisation par équations
structurelles (SEM)iapermisune évaluatiorde bouques de services écosystémiques, nous
QIDYRQ\WEEYOFMQVHPEOH GHV VHUY klgHvllihRaidhEervicc&sD U OHV
culturels, non rarchands, te.). Des études complémentairabordant le domaine soeio
économique(e.g, SURGXFWLYLWp GX WUDYDLO FR€EWYoGl SURGX
domaine environnement#é.g, utilisation de pesticides, lixiviation,t@) permettraient de
caractériser davantage les performances de ces systemes et de réaliser une évaluation multi
critéres du systeme de cultubénsi, O 1 D S S O delck Bivdélds@ucturel sur un nompples
LPSRUWDQW GhRiérddtUes RivvhaiRed dborddsrmettraW OfH[WHQVLRQ GH
PWXGH j XQH pFKHOOH SOXV ODUJH HW VD UHFRQGXLWH V>
de variations interannuellddn des enjeux de la modélisationaes systémes sera de proposer
une visionintégrée mais simple de sgmes complexes permettant soit de produire des regles
GH JHVWLRQ JpQpULTXHit aydétoldgiGufsp dobBt@stiEnd uGcbhtexte
donné
Enfin, les systemes en AC étudiés sont basésine intégration importantieslégumineuses,

a la foisen tant que plantes de serviesinterculturest en associatiofFrankeet al., 2018;
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Mawois et al, 2019; Meynarcet al, 2017; Vanlawe et al, 2019) Mieux comprendre les
SURFHVVXV ELRORJLTXHV PLV HQ °XYUH DX VHLQ GH FHV
GIYDLGH j OD (prrekarnpknieu Ratodsera fixation symbiotiquegu maitriser les

équilibres entre les compopDQWHY GX VGF GDQV OH FDGUH GYDVVRFLD
GHV HQMHX[ HVVHQWLHOV j O DefFspdetp JI@QH RHIQ WDjQ@/D OW X v
des Egumineusesa la fois dans des systemes tempé@tegopicaux (Klerkx et al, 2012;

Lienhad et al, 2019; Verretet al, 2020) Leslégumineusesontun levier de la transition
agroécologique incontournable, pouvant tendre a rendre les systemes plus durables, dont
OfLQWpPJUDWLRQ DX[ DXWUHV GLPHQVLRQVesGGdépedddleGXUDE|

changement.
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6 Conclusion générale

Ce travail VI DM R WK ®XY PHQpPHV VXU O071$& HQ FRQWULEXDQW |
sur le fonctionnement de ces systemes, leur impact sur difféerentes composantes de

O 1D JUR p F, Bt\euvc’pgdidia produire des services écosystémiques

Cette étude apermisGIDFTXpULU GHV FRIQREDIAPWY GIMWHO® HAX S HOHR UP D
dans le contexte céréalier de la Nouw€lkédoniegii) de proposer et de mettre &X'Y Unid

démarche origiale intégrant approches fonctionnelle et systémigisant a quantifier les

relations entre pratiquesulturales fonctiomement écologiquest provision de services
écosystémiques au sein de sdc complesteis) de proposeH W G | ¥é¥ audls & BHELA la
décisionutilisés dans une perspectisle gestiordes systemeagricoles Le développement de
FHWWH GpPDUFKH UHSHREDCSW G XRXOWPDOVLORXDWDLRRW SHUPH\
création de référentielechniquesen lien avec les pd WHQDLUHY HW DFWeHXUV Gf
SDVVHU GYfRXWLOV JpQpUDQW GHV GRQQpPHY DSSOLFDEOHYV
SOXV JpQpULTXHV SRXYDQW V{DSSO ICaxinpliq@ bed Yax@wtV FR QW
de recherche en agronomie, en écologie, mais augsistionde la connaissance.

'"IDXWUH gSietes\permd@AMVEMDOXHU OHV SH UdtRiaRdIhlfakeheGtH VG F
OYHIILFLHQFH GIXWLOLWDVdLfBudhitufe HI¥ baliglety RIX s$¢vided
eécosystémiquesen particulier ceux dont dépend le revenu agricoke, production de

biomasses et gestion des bioagresse@s)travail illustre ainsies besoins a la fois dans le

domaine de la recherche, du déveement, mais aussi sociétal, de pouvoiconstruire des
agricultures reposant sur des intrants écologiques (fonctions et services) permettant de satisfaire

les besoins de productigagricoles tout en préservant les ressources, et pouvoir se doter de
moyens de compréhension et de pilotage de ces systBeaembreix travauxde recherche

dont cette étudejllustrent OD QpFHVVLWp OD SHUWLQHQFH HW OfF
agroécologiques, notammenten ACIDSSURIRQGLVVHPHQW @fiquesBRQQDL VYV
les processus écologiques qui stersdent la performance de ces systémeaiesinécessaire

(mais pas suffisante) pour accompagner la transition agroécologique des systemes agricoles en

NouvelleCalédonie.
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7 Annexes

Annexe | Chapitre 2 Supplementary readings

Treatment 2011 2012 2013 2014 2015 2016 2017 2018
CT Cp/Mz Cp/Cm  Cp/Mz Cp/Mz/Sg Cp/Mz/Sg Cp/Mz Mz Mz

CA-DM Cp/Mz Cp/Cm  Cp/Mz Cp/Mz/Sg Cp/Mz/Sg Cp/Mz Cp/Mz  Hm/Mz
CA-LM Cp/Mz Cp/Cm  Cp/Mz Cp/Mz/Sg Cp/Mz/Sg Cp/Mz Mz+Al Mz+St

Table A.1Crop sequences according to treatment. CT: Conventional Tillage, CA: Conservation Agriculture with direct seeding indbead Mul
(CA-DM) or Living Mulch (CA-LM). Mz: maize gea mayd..); Cp: cowpeaVigna unguiculatd..); Cm: squashGucurbita maknaD.); Sg:

sorghum Sorghum bicoloL..); Al: alfalfa (Medicago sativd..); St: Stylo Stylosanthes guianengiaibl. Sw.); Hm: mixed species cover crop:

sorghum, cowpea, lablabgblab purpureud.. Sweet), and sunnhem@rptalaria juncea/ 3" DEBYRBOUXFFHVVLRQ 3" FURS |

115



Date

Operations

11/1/2018
24/1/2018
25/1/2018

19/3/2018
19/4/2018

25/4/2018
27/4/2018
7/5/2018

8/5/2018

18/5/2018

22/5/2018
24/5/2018
07/6/2018
27/6/2018
20/10/2018

Fertilisation: 300 k ha of 10-12-24 N-P-K fertiliser

Only for CA¥ treatments: direct seeding of cover crop

Only for CA treatments: use of Cambridge roller and herbicide treatment:
Robust® 2 L ha (glyphosate 360 g L), Chardol 600 0.5 L Ha(2.4 D 600 g )
Only for CT%reatment: ploughing to a depth2%-30 cm

Only for CA-DM ‘treatment: use of Cambridge roller and herbicide treatment:
Robust® 1.5 L hé (glyphosate 360 g L), Chardol 600 0.5 L Ha(2.4 D 600 g L)
Fertilisation: 1 500 kg hlaof gypsum

Only for CT treatment: use of rotavator to a deth-405cm

Maize sowing (cv. CS Frontal®): 103 500 seeds ha

(seed treatment: Vitavax® 200FF (Thiram 198 % ICarboxine 198 g 1))
In-furrow starter fertilisation: 100 kg thaof 0-46-0 N-P-K fertiliser

Only for CA treatments: use of Cambridge roller

Herbicide: Prowl® 3 L h& (pendimethalin 400 g L)

Only for CA-DM treatment: Herbicide: Robust® 1 L héglyphosate 360 g L), Chardol 600 0.5 L Ha(2.4 D 600 g L)

Only for CA-LM &treatment: Herbicide: Callisto® 0.2 L hgmesotrione 100 g L)
Herbicide: Callisto® 1 L ha (mesotrione 100 g L)
Insecticide: Fastac® 0.3 L hgalphamethrine 50 g L)

Insecticide: Dipel® 1 kg ha (Bacillus thuringiensissubsp. kurstaki, 54%: 32000 Ul/mg)

Fertilisation: 350 kg ha of urea (46% N)

Herbicide: Callisto® 0.3 L hia (mesotrione 100 g L), Basagrarfbentazon 480 g L)
Fertilisation: 300 kg haof ammonium sulphate (21% N)

Harvest

¢ &7 &RQYHQWLRQDO 7LOODJH

Table A.2 Main crop management practiagsed during the experiment.

— &% ' & R @D B UONOON KRG BRBUMUE O W X U H

o

&$
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Fig. A.1 Experimental layoutCT: Conventional Tillage, CA: Conservation Agriculture with
direct seeding in Dead Mulch (GBM) or Living Mulch (CA-LM).
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Fig. A.2 Lamina bait degradatiorCT: Conventional Tillage, CA: Conservation Agriculture
with direct seeding in Dead Mulch (GBM) or Living Mulch (CA-LM). * indicates significant
differences aP DFFRUGLQJ WR 7XNH\YV WHVW
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Annexe Il Chapitre 3 Supplementary readings

Table S1. Main crop management practices used during the experiment.

119



Fig. S1 Principal component analysis of cropping system effects on biodiversity and abundance
of each macrofauna functional group.

a) Variables factor map. Abuadce of natural enemies, detritivores, earthworms, and
phytophagous are showed. Detritivores Simpson, and Natural enemies Simpson: detritivores
and natural enemies Simpson biodiversity indexes, respectively.

b) Individuals factor map. CT:d@ventional Tillage, CA: Conservation Agriculture with direct
seeding in Dead Mulch (GAM) or Living Mulch (CA-LM).
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Annexe Il Chapitre 4 Supplementary readings

Table S1. Main crop management practices carried out during the experiment.
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)L 65HODWLYH VRLO ZDWHU FRQWHQW 56:& DW D GHSWK R
FURS F\FOH UDWLR 00& ODL]H FRRQRRXDOGM(HHBFWRSSDOL]
ODLIMHW\OR LQWHUFURSSLQURDLWKIDQMV 'HUWDQGWMWE GHYLDYV
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Annexe IV Chapitre 5
Fig A5. Fiche techniquéu couvert végétal HotMix
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Fig A6. Article La Calédonie Agricolé67 JuinJuillet 2019
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