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Titre : Contribution des pollinisateurs damssgroduction de colza et de tournesol en zone ateldgire et Val de

Sévrextitre (en francais)

Mots clés: Pollinisation, abeilles sauvages, abeilles domestiques, syrphe, agroécologie, intensification écologiques

Résumé: La pollinisation entomophileest essentielle pour |
production de 70% des cultures a travers le monde. Cepend
contribution des pollinisateurs dans la production agricole r
peu renseignée ainsi que les insectes impliqués. De plus, lo
la contribution des pollinisateumsst quantifiée, le bénéfice e
calculé a des échelles biologiques ou dans des condi
simplifiées qui peuvent étre non représentatives des bénéfi
OTpFKHOOH GH OD SDUFHOOH 3DU DI
les pollinisateurs et les atiques agricoles ne sont généralem
SDV SULVHV HQ FRPSWH /TREMHFWLI
quantifier la contribution des pollinisateurs directement dans
parcelles agricoles dans deux cultures fréquemment retrouvé
Europe, le colzat le tournesol. Ces estimations sont réalisét
OfpFKHOOH GH OD SDUFHOOH DLQV
FRPSUHQGUH OHV PpFDQLVPHV TXL ¢
SURGXFWLRQ DJULFROH &HV pWXGH®
les principay pollinisateurs de ces deux cultures.

Dans un premier temps, nous avons quantifié le bénéfice
pollinisateurs dans les rendements de tournesol et de colza.
montrons que le colza et le tournesol partagent une méme ¢
de pollinisateurdes aleilles domestiques. Les abeilles sauva
VRQW DXVVL GYILPSRUWDQWYV SROC
pollinisateurs augmentent les rendements de colza de plus d¢
HW FHX[ GX WRXUQHVRO GH j Ofp
de la plante, que ceis pour le colza ou le tournesol,

les pollinisateurs augmentent le succes de pollinisation et do
nombre de graines par planteans un deuxiéme temps, no
avons comparé le bénéfice des pollinisateurs par rapport a
des pratiques agricoles enrrtees de rendement et de Qe
monétaires dans les parcelles de colza, tout en regardan
précisément leurs possibles interactions. Nous montrons q
EpQplILFH GHVY SROOLQLVDWHXUV GD
celui des pratiques agricoles exceptéec les insecticides qt
réduisent la contribution des pollinisateurs. De plus, n
montrons que les polik DWHXUV VRQW GYLPSR
rendement et des revenus agricoles en augmentant le bénéfi
DJULFXOWHXUV GH Y SDU KHFWD
pratiques peuvent étre trés colteuses pour ces mémes agrict
Finalement, no¥ pWXGLRQV OfHIIHW GHV S
lipidique des graines de colza qui est une autre facette ¢
production agricole. Nous montrons que les abeilles domesti
améliorent la qualité des graines en augmentant le pource
G 1 D F L G nsatuids Dovt en réduisant les acides gras-ten
saturés. Pour certaines années, les abeilles domesi
augmentent aussi le pourcentage de lipide par graine.

En conclusion, nous montrons que les pollinisateurs
essentiels a la production agiiea la fois sur le rendement, ¢
revenus agricoles et sur la qualité. Plusieurs mesures doiven
mises en place pour promouvoir les pollinisateurs dans les mi
DJULFROHYV GDQV OH EXW GH OHV SL
agricole durable par ces deux cultures.

Title : Contribution of pollinators to oilseed rape and sunflower production in the zone atel&n& et Val de Sévre
Keywords : pollination, wild bee, honeybee, hoverfly, agrocecology, ecological intensification

Abstract: Insect pollination is essential for over 70% of crc
around the world. However, the contribution of pollinators to ¢
production and the insects involved in crop pollination have ra
been studied. Moreover, assessments of pollinator contribu
havemostly been conducted on a small scale or under simpl
conditions, which do not represent the real contributions at
field scale and do not take into account possible interact
between pollinators and farming practices. The aim of this stu
to quantify directly under field conditions, the contribution
pollinators in two crops frequently cultivated in Europe: oilse
rape and sunflower. Estimations are realized both at the plan
at the field scale to understand mechanisms that incraage
SURGXFWLRQ 2XU VWXGLHV LGHQWLI

In a first step, we quantified the contributions of pollinators
oilseed rape and sunflower yield. Oilseed rape and sunflc
share a pollinator guild the honeybee. Wild bees also riease
oilseed rape yield. Pollinators increase the yield of oilseed rag
up to 35% and of sunflower by up to 40%. At the plant sc
pollinators increase pollination success and consequently
number of seeds per plant.

In a second step, we compdrfor oilseed rape the yield and tl
monetary contributions of pollinators and farming practices
taking their potential interactions more accurately into acco
We show that the benefits of pollinators and farming practice:
yield were additive exapt for insecticide use, which decreased
contribution of pollinators. In addition, we show that pollinat
ZHUH LPSRUWDQW FRQWULEXWRUV W
JDLQ E\ Y4 SHU KHFWDUH ZKLOH
expensive for farmers

Finally, the effect of pollinators was studied on oilseed rape :
quality - another component of crop production. We show 1
honeybees improve seed quality by increasing the percenta
unsaturated fatty acids in seeds and decreasingsednsa¢d and
saturated fatty acids. In some years, honeybees increased al
percentage of lipids per seed.

We conclude, pollinators are essential for crop production
increasing both yield monetary gain and quality. Sever
measures must be taken to paiepollinators in agricultural lanc
in order to conserve them and ensure sustainable crop prodt
for these two crops.

Université Bourgogne Franciigomté
DYHQXH GH OfT2EVHL
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Introduction
A. [TLPSRUWDQFH GHV VHUYLFHV pFRV\WVWpPLTXHV SRXU O

1. /TpYROXWLRQ GH Of1DJHMW RPXROW XRIFDFRGHXWKDITHQYLUR

Les écosystemesagricoles ou agroécosystemes fournissent de nombreuses ressources
nécessaires au maintien et au développement des populations humaines, comme par exemple
une partie déa nourriture consommédu carburat GHV ILEUHV SRXU OfLQGXVW
(Zhang et al., 2007)es populations humaines qni se développed UKFH j OTDJULFXOW X
domestication de nombreuses especes végétales et animales créant une Eabbeirde
nourriture dans le temgdhrall et al., 201Q)Ce développement va étre tres important apres
la seconde guerre mondiaeune période ola population humainpassede 2.5 milliards a 7
milliards G § K D E (o¢br® X010 Gerland et al., 2014)Cette explosion de la population
humaine a pu se produire grace a la modernisation des pratiques agricoles. La mécanisation
GX PDWpULHO DJULFROH OYXWLOLVDWLRQ PDV\Wu¥s GH SU
pesticides(Pretty, 2008; Tilman et al.,, 200lDLQVL TXH ODPpOLRUDWLRQ YD
GIDXJPHQWHU OD SURGXFWLRQ DJULFROH VRLW HQ DXJPH
méme surfacec(-a-d. le rendementBrisson et al., 2010; Grassini et al., 2013; Ray et al.,
2012) VRLW HQ DXJPHQWDQW OD SURSRUWLRQ GH VXUIDFH\

FXOWXUHV RX SUDLULH YV CEtW augréntatiovt d8Rsxirfhces fagrizates D J H
lieu principalement dans les pays en voie de développeiRestty, 2008)

Ce PRGH GYDJa&ivE ¥ 0w X UH

limite depuis les années 2000, avece
stagnation des rendementsvoire une
diminution pour de nombreuses cultures
dans différentes régions du mondrg( 1.
Brisson et al. 2010; Ray et al. 2012,
Grassini, Eskridg & Cassman 2013)De
SOXV FHWWH PRGHUQLVDWLRQ GH OYDJULFXOWXUH D
GILPSRUWDQWHY H[WHUQDOLWpPV QpJDWLYHV VXU
OfHQYLURQQHPH®W masitHUUHVWUH
I MXWLOLVDWLRQ DERQGDQWH GH IHUWLOLVDQWYV HW
OfDXJPHQWDWLRQ GX QRPEUH GIYIDQLPDX]
GfpOHYDJH RQW FaBgM¥rtéCrig 1. Evolution des rendements pour 4 culture
2 production de gaz & effet de sef@ark (1°%11C2 |1 0 L )
ard Tilman, 2017; Matson et al., 1997; Stoate et al., 200&)te utilisation importante de
produits chimiques &@ontamine OHV VXUIDFHV (GErpebiet addR &V B, E1098)
mémelHV SRSXODWLRQV KXPDLQHV Y(NboldhfulowStamatVv@ W.L. RQ GH
2016) /I XWLOLYVDW((r&vé)l da Xol @rofend dugc retournement de la tesraussi
fortement réduit la fertilité des terre@Matson et al., 1997; Stoate et al., 2001)
LILQWHQVLIL BxWwr& @ égalemettfiddsidérablement impacté la biodiversité
animale et végétal@eiger et al., 201t estconsidérée comme la deuxieme cause de déclin
de la hodiversité dans le mondéaxwell et al., 2016) /TDXJPHQWDWLRQ GHYV
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DJULFROHV VITHVW IDLWH DX GpWULPHQW GHV HVSDFHV QD
la majorité des espéeces animales ou végéteger and li, 1992; Robinson and Sutherland,
2002) /1 H hbEifwles pesticides a été démontré sur plusiexsns G L Q Y HBakgidw U p V
et al., 2013)et de vertébrégGibbons et al., 2015)Le déclin de la biodiversité a de
QRPEUHXVHY UpSHUFXVVLRQV QpJDWLYHV VXU OH IRQFWL
naturels ou anthropisés comme les agrosystemegsaratipnséquence sur lesssources que
peuvent en rater les humains. En effet, la biodiversité anienal végétad est a la base de
nombrewesfonctions écologiques téks que la fertilité des sols ou la régulation du climat
(Altieri, 1999; Balvanea et al., 2006; Cardinale et al., 2012; Chapin et al., 2000; Foley et al.,
2005; Oliver et al., 2015; Soliveres et al., 2016)

'H SDU FHVY UpSHUFXVVLRQV QpJDWLYHV VXU OTHQYLUR
de la productivité des agroécosystérffedey et al., 2005¢t sa dépendance a desssources
limitées comme le phosphor@ordell et al., 2009)FH PRGH G{DJULFesOKUH LQW
en causeuant asa capacité aourrir durablementalpopulation humainé€Foley et al., 2005;
Godfray et al., 2010; Tilman et al., 2008 RQW OHV SUpYLVLRG@¢ a&®H FURLYV
milliards G 1 KD E L W D Q \(G¢érlazdt BIL. 2014)Il paraitdonc nécessaire de développer
de nouveauxnodes Gafjriaultures plusdurables (Godfrayet al. 2010); c.a.d.une agriculture
capable deproduire des biensur le long termgnourriture, bois, fibreout en réduisant
OTXWRQLPHDIX GH IHUWLOLVDQ Wt nadiinSridgPittyF20G8HYV G H V
Plusieurs auteursnt proposé un mod G D JULF X O \Wiénsificaiio§ £¢dlogique
GRQW OH adgmanhtetd Wiai@dhirles rendements tout en réduisant les externalités
négativeV GH O D JU seFse@amdédsErviee® écosystémiquésurnis par différents
organismes dont lefonctionspourraert étre comparable aux fertilisants ou aux pesticides
(Doré et al., 2011; Wezel et al., 2015)

2. Les services écosystémiqueld Wk iidghsification écologique» dans les milieux
agricoles

Les services écosystémiguee définismt commeles bénéficegmonétairesculturels, «
qgue les humains obtiennent des écosystéemes (terrestres ou aquatiqgeis soutiennent
directement ou indirectement leur survie et leur qualité d€Heéerington et al., 2010Ce
terme est apparu dans lasnéesl980 PD LV F 1 H VMileDufHEEo§y$tem Assessment
2005 la premiére large étwlcommande SDU Of2UJDQLVDWLRQ GHV 1DWLRQ
GH OTKRPPH VXU OHVspdilk¥, \qu&e ¥ val S§ pOpidixrider. A partir de
ce momentles recherchesur les services écosystémigué R Q W V | DvihErpdana etrall
2010)etde QRPEUHXVHYVY H[SHUWLVHV VXU SstpidéfenduSadx OD ELR
sociétés sont en coursSDU H[HPSOH O }P8liy ®lat il éh@lodiversity and
(FRV\VWHP 6HUYLFH ORM)Y DONPW(LRQ )UDQoDLVH GHV (FRV
Ecosystémiqus).
Les services écosystémiquemnt class& en 4 catégories(Millenium Ecosystem
Assessment 2005; Harringtehal.2010):
X /HV VHUYLFHV GTDSSURYLYVLR QHieH&QosysitRe¥or®HV SUR
OHV UHVVRXUFHY HQ HDX OHV K\GURFDUEXUHV OH ER
pour les agroécosystemes, etc.
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X Les services de régulation sont les bénéfices obtenus par la régulation des processus
écosystémiquesomme & régulation du climat, desaladies,O  p U,Rt¢.L R Q

X Les services cultels VRQW OJTHQVHPEOH GHV EpQpILFHV QRQ
écosystémes. Ces bénéfices peuvent étre un enrichissement spirituel, la réflexion, la
création, etc.

X Les services de supgo¥ RQW OfHQVHPEOH GHV VHUYLFHV TXL SF
autres services comme le cycle des nutriments, la formation des sols, etc.

La provision des services écosystémiques est fortement étutdige les agroécosystemes
(Boerema et al., 2017).es agroécosystemes sont principalement usiliSédo U O § ErRvBeP H
du sevice GYDSSURYLVLR-@AreEl RiHWMctida fod Vidurritusede fibres, et §
agrocarburamst Différents services, principalement classifiés comme étant des sedéces
régulatiors ou de suppod pourraient étregérés pour augmenter la productione dces
ressource¢Zhang et al., 2007)Cesprincipauxservices sonfvoir Zhanget al. 2007; Power
2010pour une liste non exhaustive des services écosystémiques dans les milieux agricoles):

X La structure et la fertilité du sant unréle important sur la quantité et la qualité de la
production et sont régudé par & nombreux organismémicro-organismes ou vers
de terrg.

X La disponibilité en eauessentielle au développement des plantes utiliséeslakmns
cultures réguléepar la communauté végétale et la communauté biotique du sol en
modifiant la structure de celai.

X Le contrble biologique des pestes de cultugss laaussi assuré par une multitude
G TR U JD Qdraigpéey, oiseaux, chausasurig. Il vise a réguler tous les
organismes qui peuvent avoir un impact négatif sur la production agficotzrons,
pyrDOHV OHV PpOLIJgWKHV «

X La pollinisation,dont dépend un certain nombre de cultures pour la production de
graines, de fruitsetc, est assuepar divers animaugmouches, abeilles, chauve
souris, papillons de nuit

/ Y« intensification écologiqgue pURSRVH GIDXJPHQWHU FHV GLIIpUHQWYV
la présence eD fDER QG D Q F H |1& bhSe HeVcBgyprotdsglie Kremen (2005 pour

XQH OLVWH sGf Rl JanQitd/d3sdciés)et de réduire en partie ou totalement
OTXWLOLYMWUIDRQNGE FKLPLTXHV HW OTXWLOLVDWLRQ GHV F
carburant§Bommarco et al., 2013)/ D E R Q @eDc@sFddpecgmurrait étrefavoriséepar

différentes mesures FRPPH O 9§ oK JdedH &avddnid/ sematurels pour le contréle

biologique (Holland et al., 2017)la réduction du labour pour les organismes du(Zober

and Villamil, 2016)ou O fLP SO p P HQ W D WeurkRr€po@® Hes pbilgsaielxs(Blaauw

and Isaacs, 2014Y f«intensification écologique pourraitamener ain systeme gagnamnt

gagnant> («win-win » en anglaiskentre biodiversité et production agricqleower, 210)

maisle réle de la plupart de ces especes dasgsservices reste peu cor{hlortal et al., 2015;

Noriega et al., 20173e méme que les facteurs paysagers ou les pratiques influencant la
présence de ces espéd¢ewlland et al.,, 2017) 'H SOXV ORUVTXH OH U{OH G°
LGHQWLILp OD TXDQWLILFDWLRQ ILQH GH VD IRE6EFEWLRQ
rarement réalis®(Fig 2, Boeremaet al. 2017; Noriegaet al. 2017) &fHVW OH FDV SR
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service de ¢ollinisation2 TXL UHVWH G D QifesEadtbniéaRaXdesdcsiftipmdes
pollinisateurs dans les parcellekisé et al. 2013; Noriegaet al. 2017) Ces processus
écologiques ne dépendent pas simplement de la diversité des organismes mais aussi de leur
interactions entre eux et avec leur environnemaantgui peut rendre le service difficile a

guantifier (Gaba et al., 2014; Tignakis et al., 2008)Cependant OfLPSOpPHQWDWLR
Odintensificationécologique» dans les miliewagricolesdépend ded quantificatiorfine de

ces servicesinsi quedes processus écologiques a la base de-@gGarbach et al., 2017,

Guerry et al., 2015; Posner et al., 2016)

Fig2 1RPEUH GYDUWLFOHV VXU OH EpQplLFH GHV LQVHFWHYVY F@GDVVpV
méthodologie utilisée pour la quantification du service (pas quantifié, proxies (description des communautés de
pollinisateurs dans les parcelles), directement quantifiés ou quantifiés expérimentalement, issuNtwiegaet al.2017).

B. Le service de pollinisation dans les milieux agricoles
1. Pollinisation et diversité des systémes de reproductian

La pollinisation est le passage du pollen is&ula structure male de la flefles
antherepa la partie femell¢les stigmates ,0 VIHQVXLW OH GpYHORSSHPHQW
qui va permettre aux gameétes malésellules spermatiques)\ GIDWWHLQGUH OH
femelle OTRRV &Kppsddge du paHQ SHXW VH IDLUH SD&&dDeOORSROO
SDVVDJH GX SROOHQ GHV DQWKqUHV GfXQH SODQWH HW
autopollinisation, le passage du pollen de la partie mafenstlle GIfXQH PrPH SODQWH
DPgQH j OfY oW RIlb APRXS GIDXWRIpFRQGDWLRQ HW GTDOOR
OfLGHQWLWpPp GH OD SODQWH GHV H\VGCapBwilie R QW XQH L
2005) avec le plus souvent des fleurs males et femelles ssp@arrett, 2010) 44% des
plantesont une allofécondation stric{&oodwillie et al., 2005t pour les 42% des plantes
restantes elles ont un régime de fécondation mixte ou le tauf @ ¥vdimiation ou
G 1D O ORI p VaRet @rfaNdtiénQles espec@Soodwillie et al., 2005)Ces plantes ont le
plus souvent des fleurs hermaphroditeas€ D YHF OD S U p¥di epldti@gho@WKqUH
méme fleurBarrett, 2010)
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2. Les pollinisateurs des milieux agricoles

a. Une diversité restreinte de pollinisateurs dans les cultures

La plupart des plantes sont dépendantes de wedte pollen pour leur pollinisation.
Le vent (pollinisation anémophiledst le principal vecteur abiotiquenais ce processus de
pollinisation est présenthez seulementl0% des plante¢Barrett, 2010) Les principaux
vecteus de pollen sonten fait les animaux notamment les insecteollinisation
entomophilg. Ce type de pollinisatioooncerneplus de 80% desplantes(Kearns et al., 1998;
Ollerton et al., 2011)
Plus de 30@00 espéces de pollinisateurs ont été identifies le mond¢Nabhan, Gary;
Buchmann, 1997yeprésentantles taxonsaussi divers queales oiseauxdes reptilesdes
mammiferes en passant par de nombreux invertébrés comme les coléoptdégsdtgreres
ou les dipteresParmi les pollinisateurs, les abeilles (ordre dgsénopteréssontles plus
fréquenes visiteusegles fleurqWinfree et al., 2011)Les abeillegeprésentent entre 17 500
et 30000 especes dans le mon@déichener, 2000; Winfree et al., 201&) 960 espéces en
France(Kuhlmann et al., 2015) es dipteres sont leteuxieme9plus importants visiteurs. lls
représergntplus de 15M00 espéces dans inonde dont legrincipaux représentanseraient
les syrphegWinfree et al., 2011)En France, les syrpha@eprésentent 500 espe¢€Esistella
Martin et al., 208).

Fig3. 1IRPEUH GYREVHUYDWLRQV RX GH FDSWXUHV GHV GLIIpU HQa\es aigddns
et (b) le chou chinois estimé par deux méthodetifférentes: un comptage visuel et des captures avec des piéges a
couleurs. LeV SULQFLSDX[ JHQUHV K\PpQRSWqUHV FDSW X UpApidaCall&daeet Y p V
Halictidae (issue deHowlett et al.2009)
Ces deux groupesont les principaux pollinisateurstrouvés dans lesultures(Howlett et al.
2009; Radeet al. 2015 Fig 3). Dans ue étude portant sur 18 cultures différenteacleret
al. (2015)montre que la hiérarchigu nombre devisites aux culturesstconservée entrkes
abeilles et les dipteremvec62% des visites GR QW SRXU OYDEwOIesH GRPH'
abeilles LH QRPEUH s@¢§ idoliSisgedrsvisitant les culturesest faible comparé a
OfHQVHPEOH GX QRPEU HKIlegred &1.529 ERHavmbhire i SuQMOELdes
décrivant les pollinisateurs des cultures du monde entdH XOHPH QW HVSgFHV G
debourdonsRQW pWp UHWURXYpHV VRLWexistante&tswulémMes2§-HYV G D
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de ces especes représentent plus des 95% des Vi§itesS Biganty & Mandelik (2015)kes
especesontmajoritairement des especes nichant au sol, avec un régime oligol€ctigue
se nourrissantlu nectar et du pollen venant de différentes espéces de platt@sant en
colonie (primitivement socia) Michener 2000)

b. /THIILFDFLWp SROOLQLVDWULFH GHY LQVHFWHYV
/TLQWHU D F WablihiQatebi® @D WhEl Velation mutualiste ou les plantes fournissent
pollen et nectar aux pdalisateurs alors que les pollinisateurs transportent et dispersent le
SROOHQ GDQV OfHVSDFH SHUPHWWDQ \(Fagg§ brid Wxrnu¢t) OD U
Pijl, 1979) /D UHSURGXFWLRQ GTXQH SODQWH HVW VRXYHQV
pollinisateus, la spécialiv D W L R (H G &ldil&d une seulespece delante étant rare
dans les réseaux plantesllinisateurgBosch et al., 2009; Fontaine et al., 2009y HIILFDFLWp
pollinisatrice @s communautés de pollinisateurs differe selon les especes qui les composent
(Gomez et al., 2010; Rader et al., 2012%fficacité pollini VDWULFH G{XQpeuFRPP X QI
étre décomposée en trois pastie L OfTHIILFDFLWp LQGLYLGXHOOH GH SF
de pollinisat RQ GTXQkEt HVYEqPOHHIILFDFLWp SROOLQUWIWWLEFH Gt
et al., 2010; Willcox et al., 2017)

X [THIILF D Rudigte A€ @ollinisation est
déterminée par la quantité de pollen déposée en
une seule visite LHY(PDQ HW DO :LOOFR]
et al., 2A7). Cette quantité de pollen dépesé
est fortement corrélée a la pilosité des
pollinisateurs (Stavert et al., 2016t de la
concordance entre la morphologie florale %fg tg_;;”pz'ﬁiiﬂ?se;nf‘ grance quede (Urbant
celle des pollinisateurgSolisMontero and (Hamelia Patens, issue de http:/aggi
ValIejo—Marin, 2017) /eﬁ(empleclassiqueest horticulture.tamu.edu/galveston).
la fleur a long tube qui ne pe@étre pollinisée que par les pollinisateurs a larey
langue Fig 4). Pour une méme espea pollinisateursil a été montré quieur taille
détermine la quantité de pollen transportée et di@fficacité pollinisatricgJalker et
al., 2016) PDLV FHWWH UHODWLRQ @Q4rsehlLey &W.H2085Bn HQWUH
général, les abeilles sont beaucoup plus efficaces que les syrphes pour transporter du
pollen(Rader et al., 2015; Sahli afbnner, 2007)

X IfHIILFDFLWp SROOLQLVDWULF Hon GffixaQitd indiMidSeljé H GpSH
multipliée parle nombre de visitepar plante de cette espece HT(PDQ HW DO
Willcox et al., 2017) Parmi les pollinisateurs ce sont en généralles abeilles
domestiques qui effectuent le plus de visdass les parcellg®Brittain et al., 2013a;
Garantonakis et al., 2016; Garratt et al., 2014b; Pisanty et al., 2016; Rader et al., 2009;
Woodcock et al., 2013)Ceci estpotentiellementdd au grand nombre Gafeilles
domestiquesvivant dans une seule ruchmais cela peut dépendre de la culture
(Garratt et al., 2014b; Rader et al., 2015)

X IMHIILFDFLWp SROOLQLVDWULFH GH OD FRPPXQDXWp
pollinisateurs de différentes espéeegpolliniser une plante a un temps et unreitd
donné 1HY(PDQ HW DO : L Q0Bl& eompiand 2 €omme de leurs
effetsainsi quede leurs interactionsDe nombieusesculturesmontrentune meilleure
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productonORUVTXIXQH ULFKH FRPPXQDXW gMalihg&R@OLQLVD
Gratton, 20%; Rogers et al., 2014Plusieurs mécanismes de complémentarité ont été

mis en évidence entre les pollinisateurs. Cette complémentarité peut étre temporelle

les pollinisateurs ne butnt pas aux mémes horair@8brecht et al., 2012; Frund et

al., 2013; Hoehn et al., 2008)u spatialeles différentes espéces neibant pas aux
mémesemplacements da plante (Brittain et al., 2013a; Hoehn et al.,d8) oudela
parcelle(Pisanty et al., 2016 Cette complémentarité peatissiVIH[SULPHU j WUD"
les températures auxquelles butinent les pollinisat@usd et al., 2013; Rader et al.,

2013) ou la vitesse du ver(Brittain et al., 2013aa laquellecertains pollinisateurs

VRQW SOXV VHQVLBOHY pFOH IOAIHXW GAVQWHUDFWLRQV
ont été aussnis en évidencdans lesultures deournesolgCarvalheiro et al., 2011;

Greanleaf and Kremen, 200@t GafnandiergBrittain et al., 2013b)Sur ces cultures,

les abeilles sauvages augmentent le nombre de visites des abeilles domestiques par
plante et ainsi leur efficacité poligatrice en obligeant les abeillesndestiques a aller

visiter une autre fleur lors de leur rencontre sur une méme fleur.

c. /[YLPSRUWDQFH G Hnaturéspe deQrégsouxcesHIarales pour le service
de pollinisation

La présence des pollinisatewtans les parcellesa dépendre de larésence de leur habitat et
des ressources florales nécessaires a leur
reproduction (Winfree et al., 2011)Que ce
soient les abeilles ou les syrphes, ils sont
souvent associés aux milieux ouveiginfree
et al., 201).
/ 1 KD E Ld&asD Vdbeilles domestiquesest
principalementune ruchedont la présence est
GpWHUPLQpH SDU OfYKRPPH (Q HIIHW OHV
SRSXODWLRQV VDXYDJHV GTYDEHLOOHV GRPHVWLTXHV
dites «férales» sont trés peu présentes dans les
milieux agricoles (Oleksa, Gawrd/ NL
7TRILOVNL VXLWH j OfY{DSSDULWLRQ GX SDUDVLWH
Varroa destructoren Europe et aux Etatsnis
gui a décimé les populations (Padtsal. 2010).
La distance des ruches aux parcelles
déterminent leuabondancedans les parcelles
agricoles(Cunningham et al., 2016pPour les Eiagtufélthz?tiC(); eng? [l)aE\ééUGlgg)?mGr%ggsﬁ(
SROOLQLVDWHXUV VDXYDJHywpocpbucLvp GHV HVSqEHV o QV XV
entre les études sur les paysagesinjlujencent poIIinisatgurS visi_ta_nt I_es cultures ,e_t donc\responsat

, . du service pollinisations (supérieur a 5% de
la presence de ces insectes dans les par-celvisites,point noir) et les espéces plus rareme
Dans ue symhése de 29 étudeéiaribaldi et retrouvées. d_ans les cultlL'Jres (inférieur a 5% des visite

, . . losange grisissue deKleijn et al.2015)

al. (2011) a montré que le nombre de visites
des pollinisateurs ainsi que le succés de pollinisation diminuaient avec la distance aux
éléments semmaturels (haies, forét, prairie). Cette diminution du nombre de visites est
corrobaée par une autre étude sur 23 cultures, mais cette diminQifm Elpas M/ succes

de pollinisation des plantgRicketts et al., 2008)Alors queKleijn et al. (2015, Fig 5)ont
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montréqueles visites degrincipaux pollinisateurslans lescultures ne sont pasfluencées

par les éléments sematurels.La diminution desvisites avec la distance aux éléments semi
naturelsSRXUUDLW GpSHQGUH GH OD J]RQH JpRJUDSKLTXH GH (
beaucoup plus importante dans les zones tropicales que dans les zones téBasbéddi et

al.,, 2011; Ricketts et al., 200&n zones tempées, les abeilles nichent plutét dans le sol et

seraent moins dépendantes des éléments swturels type bois ou haie que les espéces
tropicales(Potts et al., 2005)Finalementl fHI11HW G Xpdaiaitvdidr-en fonction de

O 1L G HQ WInMareuG(Carivedar et al., 2013)naisles traits déterminant cette réponse

(taille du corps, niveau de sociabilit&€stent pour le moment peu identif{@artomeus et al.,

2017)

Les études sont par contre en accordlsuble des ressources floralassir le maintien des
pollinisateurs dans les paysages agricoles et surrde dans le service deollinisation

Plusieurs études ont montgéie les paysages agricoles qui ont des ressources florales plus
LPSRUWDQWHYV SUpVHQWHYV QDWXUHOOHP H&d&s BaKdes P SOD Q
fleuries) ont une diversité et une abondance en pollinisateurs plus importante ce qui se traduit

par une augmentation des visites de pollinisateurs dans les cultures dépendantes des
pollinisateurgBlaauw and Isaacs, 2014; Feltham et al., 2015; Motzke et al., 2016; Norfolk et

al.,, 2016) En effet, il a été montré que ces ressources supplémentaires aungnteente
reproduction des pollinisateu(Bukovinszky et al., 2017)De plus cegessources florales
supplémentai® SHXYHQW DXJPHQWHU O D Wbl B polinidatdps GH OL
(Motzke et al., 2016; Norfolk et al., 2018)es cultures a fleurs fournissent elles aussi une

grande quantité de ressources pour les pollinisa(Raeguier et al., 2015; Rollin et al., 2013;

Todd et al., 2016¢e qui augmente laeproduction des pollinisateufidolzschuh et al., 2013)

En augmentantal taille des populations de pollinisateur€§ D S U p \WuheQcEItdre Go§ut

faciliter la pollinisation de la prochaine culture en fle(Bsab et al., 2017; Haussler et al.,

2017; Riedinger et al., 2014)outefoissi une trop grande quantité de cultufiesirissent en
mémetemps,celapeutse traduire parXQH GLOXWLRQ GHV SRO@taQdtVDWH X L
al., 2017; Holzschuh et al., 2016)

3. Importance de la pollinisation entomophiledans la production agricole

a. (II1HW EpQpILTXH j OfpFKHOOH GH OD SODQWH
Les pollinisateurpeuventaugmente OH QRPEUH GH IUXLWYV SDU SODQWH F

les pasgtquesles fraiseou les melongGaribaldi et al., 2013; Rader et al., 20a8)si que le

nombre de graines par fruit comrolkeezla moutardg/Atmowidi et al., 2007)u la féverole

(Garratt et al., 2014b)La pollinisation entomophile peut également se traduire par une
augmentation dSRL GV P R\H Q(e®. fesgpmhieX&avattet al. 2014a ou la myrtille

Bos et al. 2007) ou unemodification de la qualité de la producti¢@hautaMellizo et al.,

2012; Stein et al., 2017) /HV WUDLWYV DVVRFLpV j OD TXDOLWp YDULH
plante. Par exemple, la pollinisation entomoplaleéliore OTDVSHFW HVWIEpWLTXH
(Klatt et al., 2014pu diminue la quatité de graines vides dans le sarrg8iartomeus et al.,

2014) CependantlL O Qt$ iHdd.de consensus sur les effets de la pollinisation entomophile.

En effet, plusieurs études ont montré des effets négatifs des pollinisat@uts poids, la

gualité des graines ou des fryBittain et al., 2014; Garratt et al., 2014a; Zou et al., 2Q17b)
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Les mécanismes quentrainent la modification OTDXJPHQWDWLRQ &XaOD GLP
quantité, du poids, ou de la git@ldes graines ou des fruggite a la pollinisation des fleurs

par les pollinisateurgestent peu étudiésPlusieurs études ont avancé un mécanisme

G 1 L @sydrmentpréférentiel dans les graines issBgsX QH SROOLQLVIOhauRQ HQWR
Mellizo et al., 2012; Stein et al., 201¢y FHWWH JUDLQH Valdp@linigatianvVVXH G
SOXW{W TXH GIXQH DXWRSROOLQLVDWLRQ (QelhukHW OHYV
G 1D O OR S R(adsuk) &t\AID Y008 Wang et al., 1998aisils peuvent aussi augnter

le taux d D X W R S R QE2vaQx ev &. V2Q1R;®arron et al., 2000¢ plus OTLPSRUWDQFH
OfRUIMERBOHQ SRXU OD SROOLQLVDWLRQ G CGhengGetl RUWHP
al., 2015; Dogterom et al., 2000; Niesenbaum, 199B)est aussipossible que certains
compromis(voir Encadré 1au sein de la plantmeénent a un effet négatif des pollinisateurs
commeentrele nombre de graines et le poids des gradleelza(Zou et al., 2017b)

Encadré 1.

Un compromisG 1 D O O pi &rdadedf@ en anglais) est, en évolution et en écologie,
contrainte entre dewoy plusieurs) traitslont les valeurs ne peuvent étre maxéasen
méme temps, &-d. lorsque la valeur du trait A» augmentela valeur du trait &8 »
diminue(Roff and Fairbairn, 2007; Stearns, 1989)H FKRL[ GH OYLQYHVW
« A » plutdt que dans le traitB» va varier selon les espegcespulations ou individysce
TXL YD DPHQHU j GHV VWUDWDpJIOHZ |3 Tiaotes R DAl
compromis ont été étudi€ommeceuxentre le nombre de graines et le poids des grg
(Jakobsson and Eriksson, 2000k la croissance de la plante et la défensatre
O Tkivdarie (Zust and Agrawal, 2017)Cependant ces stratégies rmtspas forcémen
fixéesDX VHLQ GYXQH HVSqFH 'HV YDULDWLRQV SRX
HQWUH LQGLYLGXV GT1XQH P «plEsti¢tit® Sreghdtypiohe) c.8.@ U
FDSDFLWp GTH[SULPHU SO XV L H Xloctidd {opud ihEVméte \éspéd
Ces variations entre individus peuvent étresdu@ne adaption locae ] OTHQYLU
(biotique ou abiotiquejRoff and Fairbairn, 2007; Stearns, 198®mme & présence ou no
despollinisateurgWes®lingh, 2006)

b. Contribution du service de pollinisation des culturgs O fpFKHOOH PRQGLDOH
rendement et économie
La proportionde culturs dépendntes
des pollinisateursest de 70 % a
O 1p FKHO O HKI&XetRRR Q0GH
et 84% j OYpFKHOOH GH Of(XURSH
(Williams, 1994) La dépendace aux
pollinisateurs varie avec OfHVSqFH
cultivéee notamment avec leur
W R O p U D Q¥édorjdadidh(-ig.\6. R
Klein et al. 2007) Les cultures les
plus dépendantesux pollinisateurs

Fig 6. Niveau de dépendance des 70 cultures a la zoogami
(issue deKlein et al.2007)



sont les cultures a fruits se@randes), a fruittharnus FHULVHYV SRPPHV « HW OH’
huiles (tournedp moutarde Gallai et al. 2009) Ces cultures ne représentent que 35%ade |
production agricole mondialélein et al., 2007) La majorité de la production vient de
culturestotalementautofécondecomme le blé ou le riyui sontproduites sur delus larges

surfaces. Néanmoins, cette étude ne prend pas en compte la qualité nutritideselle
productions Certaines vitamines ou antioxydants nécessaires a la santé humaine sont issus
des fruits ou des graines venant de plantdgvéesdont la pollnisation dépend seulement
desinsectes(Eilers et al., 2011)Plusieurs études ont cherché a évaluer monétairement le
service de pollinisation. Eestimant la contribution des pollinisateurs pour la production

totale de chque culture et en multipliant pkr prix de ventes des fruits et des graines par
continentsjes études ongstimeé leservice de pollinisatioentre127 et PLOOLDUGV GTH>
par ansoit 10 % de la productiomgricolemondiale(Bauer and Sue Wing, 2016; Gallai et al.,

2009) En prenant en compte la différence de prix detevgatus finement entre pays, le
VHUYLFH GH SROOLQLVDWLRQ D pWp HWAL DRI BIQGAI B 1 H XRJILRO
(Lautenbach et al., 2012).a contribution des pollinisateurs a la production agricude

cessent de ctwe depuis les anné&890 (Lautenbach et al., 2012y XLWH j OTDXJPHQWD\
surfaces agricoles dépendantes des pdlieigs(Aizen et al., 2008)Cette valeur varie
spatialemenen fonction de la quantité de cultures dépendantes des insectes. Ainsi la Chine

fait partie des pays les plus dépendamts pollinisateurs (Fig7.a, Lautenbachet al. 2012;

Pottset al. 2016) $ O Y pF KH O Oél sdnvidz Qle pdlliviishtion est estimé a 2.3 a 5.3
PLOOLDUGY(CMEMKQRYWqUH GH OT(QYLURQQHPHQWcE&H OT(Q!
qui représente entre 5.2 a 12% de la production pour la Flampeutour méditerranéen est

la partie de la France dont les surfaces agricoles sont les plus dépendantes aux pollinisateurs
(Fig.7b 0((0 OLQLVWQUH GH OT(QYLURQQHPHQW GH Of(QHUJL}

Fig 7.(a) Contribution du service de pollinisation a la vente des production agricoles en US$ parR&WVDUH SR>
2000 (issue d®ottset al.2016). b 9DOHXU GX VHUYLFH GH SROOLQLVDWLRQ HQ ¥
SRXU OfDQQpHtmodfiédy¥(XB OLQLVWqUH GH OT(QYLURQQHPHQW GH Of

Cependantles contributios des pollinisateursrarient fortement pour me méme culture
SRXYDQW DOOHU GH ] SDU H[HP SOHrégrxH dansl SURG
Gallai et al. 2009) alors queds estimationprécédentesont isses GTXQH PR\HQQH JOR|
entre plusieurs études portant sur une méuftere Outre la différence de pollinisateurs entre

20



les parcelles qui moddila contribution des insecté@somez et al., 2010; Rader et al., 2Q12)
ces variationgpeuvent venir eppartie des méthodesiliséespour estimerla contribution des
insectes

C. Limite sdes études sur le service de pollinisation

O0DOJUp O 1 LdkSRIinsaE@s$ dans la prodiion agricole, leur utilité eshal
reconnuepar les agriculteur€Chen et al., 2017; Misganaw et al., 2017; Munyuli, 2@t Bst
donc raremenprise en compte dans la conception des systemes agri@alssin et al., 2015;
Breeze et al., 2014ela pourraitvenir des méthodes utilisées pour estimer le bénéfice des
pollinisateurgyui peuvent étre erroré et ne sontpas réalisés a une échelleet dans des
conditionspertinents pour les agriculteur€n effet,plusieurs critiques ont été émises sur la
facon de calculer la contribution des pollinisateurs aux productions agr(@vkeze et al.,
2016; Holland et al., 2017; Noriega et al., 2017)

1. Les méthodes

Une large diversité de méthodes a été utilidées les études qui ont chekchestimer le
service de pollinisatioffLiss et al., 2013; Noriega et al., 2010es méthodes peuvent étre
classés en3 catégoriegNoriega et al., 2017)

x Reposant sur @ proys: Ces étudegelatent les observations fdoitiancs, de
richesss, oudu nombre de visites des pollinisateul@nsles parcelles agricoleqLiss
et al.,, 2013; Noriega et al., 201TQes métriques servent de pyogour évaluer le
service de pollinisatioet sontsouvent utiliséspour décrireO fHIITHW GX SD\VDJH
visites des pollinisateurs dans les cultyi¢slland etal., 2017)

x Les méthodes expérimentalesDans cette catégorieles contributions des
pollinisateurs sonévaliges par éux méthodesa SUHPLqUH HVW OTXWLOLVI
GDQV ODTXHOOH OHV SODQWHV GYIXQH FXOWHKUH VRQ\
supérieure a 1 n{Clement et al., 2007; Jauker et al., 2012; Oz et al9RMans une
GHV FDJHV GHV SROOLQLVDWHXUV VRQW LQWURGXLWYV
PLV 'DQV OD VHFRQGH PpWKRGH XQ ILOHW HVW XV
SROOLQLVDWHXUV VR L(BbsjetGal], PBOTH G HXQ G HEIATa BHIEK U
al., 2014a)de la plante entie¢8tein et al., 2017)oire de plusieurs m{Bishop et al.,

2016) 8QH DXWUH SDUWLH GH OD SODQWH RX &D SODQ\
laissé@ sans exclusiomes pollinisateurs etes derniersnaturellement présentians

O THQ Y L U ReuwditddhQwhir visiter les fleurs. Qule que soit la méthode

utilisée, la contribution des pollinisateurs a la productitenla planteest obtenue par

la difféerence entréa production de la plante (atnepartie de la plante, toujours selon

O 1 p F KaireOa0ddsaux pollinisateurs et celle sans ac@sespollinisateurs. Cette
FRPSDUDLVRQ S Hpow W c@Etfire, ilratiQ ddidépendance de la culture

aux pollinsateurs(Breeze et al., 2016)Jn ou plusieurs traits peuvent étre uttisé

pour calculer cette contribution (ex. le succés de pollinisation, le poids total de graines

DX PO «

x Les estimations directes &8HV pWXGHV UHJDUGHQW OYDXJPHQWD)
GIXQ RX SOXVLHXUV WUDLWYVY GH OD SODQWH OLpV j
pollinisateurs Ce gradient peut étre naturel ouc@DU ODMRXW GH UXFKHV
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(Lindstromet al. 2016) La contribution des pollinisateurs est estimée en comparant la
différence de production entre les parcelles avec peu ou pas de pollinisateurs et celles
avec beaucoup de pollinisateuisig 8, Vaissiére, Freitas & Gemmillerren 2010)

Fig8 5HODWLRQ HQWUH OYDERQGDQFH GHV SROOLQLVDWHXUV HW
calculée par la différence de rendement entre les parcelles avec peu de pollinisateurs et celles avec beaucol
pollinisateurs (Figure issue et modifié de Garibaldi et al. 2016).

2. Avantageset biais respectifs

Ces méthodes présentedifférents avantages mais sont sowwia différents biais qui

pourraient modifier la contribution des pollinisateetsleur importance dans la production

agricole. Ces biaist cesavantages varient selon la méthatiésée

x [TXWLOLYVD Wslcen@nde HorBhteRIE visites des pollinisateurs par parcelle est

une méthode peu colteusetermes de matériel et de temps. Cepend@anf XWLOLVDWL
de proys Q T H[S pes Tediéh entre les pollinisateurs, la fonction de la pollinisation,
HW OH EpQpHWHUHXDPHMQJIJULFXOWHXU UldQ@d@bre 8eQW pW
YLVLWHV RX OTDERQGDQFH GHV SROOLQLVDWHXUV QH
de pollinisation de la fleuf(King et al., 2013) 'H SOXV OfHIILFDFLWpP SROC

chaque polliniseeur varie entre especes et entre cultufe |« /THIILADFLWp

pollinisatrice des insectes). Par exemple, le succes de fructification de nombreuses

cultures ne dépend pas des abeilles domestinmadge leur visite dans les parcelles
(Garibaldi et al., 2013)

X [ITXWLOLYVDW larQ atts¢hcé dulpiésence de pollinisateastsune méthode
plus colteuse en temps (mise en place dade et des pollinisatedrst en matériel
(achat des cages et des padlateurs). Cette méthodeermetde quantifier et de
comparer la contribution de différentes espétepollinisateurgClement et al., 2007;
Jauker et al., 2012)u de différents assemblagde ces espécéalbrecht et al., 2012)
pour OD S UR G XfeWnéme cuktgre. Toutefois, cette méthode peut forcer
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O TLQWHU D pallibiBat@us QUNQ@aUHaESsttres rarement observéBanda and

Paxton, 1991)Une modification du comportement des pollinisateurs sous cage a été

aussi obsene (Kunjwal et al.,, 2014) 3DU H[HPSOH O9YDEWsteOeOH GRPH

moyenne 7.7 fleurs dmoutarde bruneBrassica junceppar minute sous cage alors

gue le nombre de viseeen moyennest del0.7 fleursin natura GRQF OTXWLOLVD\

pollinisateurs sous cageeut diminuerOTHIILFDFLWp GikKdng®R& @l QLVD W

2014) )LQDOHPHQW OYDERQGDQFH GHYVp&Rsot@dnQleésy DWH XL

parcelles agricoles/ f{XWLOLVDWLRQ GH Ithadle WoirsHataser&ddUH X QF

tempset en argentOD SUpVHQFH GHV SROOLQLVD/WXWU LY DPPVLE

de différentes mailles de filet permet de décomposer la contribution des insectes a la

production en fonction de leur tail{akamoto et al., 2012Yyoire de différencier la
FRQWULEXWLRQ GX YH®@WWiayy SH Janfdrx RORIER Bl Q LV D

sont connus pour regindre une partie du pollen recu par la plante via le (daaobs

et al., 2009; Wragg and Johnson, 201d) entréiner des changements de conditions

microclimatiques(Martin et al., 2013t impacter négativement la production de la

plante sous filetPar exemple, 30% du pollen @yperustenaxamené par le vent est

retenu par le file(Wragg and Johnson, 2011)

/I THVWLPDWLRQ GLUHFWH GH OD FRQ#®VO 1 H KXW MR FEHH \C

SD\VDJHV YDULpV SDU H[HPSOHnatdrél3 $uHUdR&ne sEefpOp P H

GTpWXGH S RBrXddadieit \deHQllinldateurs suffisammeantrastépour établir

la relation entre pollinisateurs et productio@GIXQH PBPXOWXRKDW GTXQ QRI

important de ruches pour créer ce gradient.

Ces études sont réalisésst en conditiols expérimentalgc.-a-d. queles cultures sont

mises en place par les équipes scientifiques, ou les ressources (fertilisantgt eau)

pesticidessant controlés entre les différentgplicas GH O fH[ S pW)4oH @ H

condition naturellec.-a-d. directement dans les parcelles des agriculteurs, ou les

ressources varient en fonction des pratiques agricBsconséquent, les études en

conditions expémentales pourraient ne pas prendre en compte la complexité des

systemes agricoles dans la contribution des pollinisateurs. Dephliggurs études

ont montré que les pratiques agricoles pouvaient déterminer la présence des

pollinisateurs(Boreux et al., 2013pu modifier directement leur contribution, par

exemple en faisant varier les ressources d(iTswhburini et al., 2016)

Que ce soit pour les méthodes utiliske®t cages, les filets oled estimations directes

dans les parcelles agricoles expérinentals O fpFKHOEGHD QKX U SODQWH

a laquelle est estinada contribution des pollinisateurs peut surestimesa@usestimer

la contribution des pollinisateurke trait le plus souvent utilisé pour estinmatte

contribution est le succés @ellinisation ou de fructificatiorfGaribaldi et al. 2013;

Ricketts et al.,, 2008CH WUDLW QYfLQWqJUH SDV OHV FRPSURPL

GTXQH 8tOdewp Wadc amener a une surestimation de la contribution des

pollinisateurs (QFDGUp IMPFKHOOH GH OD SODQWH LQWGqg.

mais la variation de taille enttes plantes doit étre contrélée puisque le bénéfice net
SURGXFWLRQ WRWDOH GH JUDLQHV j OfpFKHOOH GX S|

SODQWH SURGXLVDQW IOHXUV HW XQH ®SJpRRHO ER &

OD SODQWH QYLQWqJUH SDV OD GHQVLWpPp GH SODQWtEF
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parcelle(Kayad et al., 2016) &HWWH GHQVLWp SHXW rWUHe& TDLOOF
production de graines par plantdele & une compétition pour les ressources entre

plantes (Deng et al., 2012)/ p F K #eQa0pdrcellesSHUPHW GYIYLQWpJUHU OfF
ces compromiet de ces variationde densité de plarganais la contribution des
pollinisateurs ne pewdtreévaluéeque grace a un gradient de pollinisateUes filets

ou les cagerme pouvant pas étrdilisésa cette échelledDe plus,évaluer la production

a cette échelle peut étre colteux car elle néedesramassagees plants sur de
JUDQGHYV VXUIDFHVY SDU H[HPSOH OYDFKIN#étr@&f XQH PL
et al. 2016) Cette tache peut étre réalisée par les agriculteurs et les métriques de la
production (généralement le rendement patadrey sont ensuite récupésépar des

enquétes aupres de ces mémes agricul{&@amesDay and Gratton2016)et donc

limiter les codts

Relier la production agricoly OfpFKHOOH GHNQRIJSDAIPEHRQEDIEFH R X
richesse des pollinisateudirectement dans les champs des agricultesemsble étre la

méthodela plus précise pour calculer largribution des pollinisateurdansles productions
agricoesCf{HVW j FHWWH pFKHOOH TXH OHV DddJdquieK @mitH XUV H\
@dhellela plus pertinenteles études qui ont estimé le bénéfice des insectes a cette échelle
restent rarg(pour la féverolédCunningham and Le Feuvre, 201@)cannebergéGainesDay

and Gratton, 2016t le café(Veddeler et al., 2008) 'f{DXWUHV pWXGEsAd RQW p\
grande échelldsupérieur a 10 m2 Garibaldi et al. 2016; Lindstromet al. 2016) mais

Q TH QJ @& HaH@@AWE déa parcelle Finalementla majorité desgpublicationsont étudié

O fdt diés pollinisateurs sur les traits qui déterminent le rendentemombre de fruits, le

SRLGV GHV IUXLWV « PDLV HGQGUH M qu&li® de B HDXEBRXS SO X
(Bartomeus et al., 2014; Brittain et al., 2014; Klatt et al., 2014; Stein et al., 200F/PEVHQFH

de la prise en compte dmte variablepeut amener a une seestimation du service de
pollinisation puisque la qualité de la production peut modifier la valeur de la récolte
(Bommarco et al., 2012)

Dans cette thése, nous allons nappliquera quantifierla contribution des pollinisateugsla
production, a la fois en terrmale quantité et qualité de rendementpour deux cultures
dépendantedes pollinisateurs, le colzet le tournesgldirectement dans les parcelles des
agriculteurs Cette contribution sera calculée a différentes échelles (branche, plante et
parcelle) en utilisanplusieurs méthodesgiadientsde pollinisateurs eexpérimentation
GYH[FOXVLR@lefjssOTDLGH GH
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D. Le cas du colza et du tournesol

1. Importance dela production de colza et de tournesolG D Qagricifure

Fig9 (YROXWLRQ GHV VXUIDFHV HW GHV UHQGHPHQWY GH FRO]D Hay) GH WRXUC
depuis 1980 (données issues de FAOSTAT 2016).

Le colza BrassicanapusL.) et le tournesolHelianthus annuus ). sont deuxcultures
a fleurs annuelleenportantesdans les systemes agricol&lesrepréserant respectivement
en terme de surfaceespectivementOD gPH PLOOLRQV"GZpkntilloD UHV H
culture dans le mondea 5°™ (8 millions) et 3éme(18 millions) en Europe et la 3™ (1.5
millions) etla 7™ en Franc€0.5 millions FAOSTAT 2016) Depuis 1980,ds surfacest le
rendementGH FRO]D QH F HV \é&H RupeEt §iRxanhéeHMEWdkine stabilisation
GX UHQGHPHQW D pWp REVHUYpH HQ 3UmBQIHAfENE 8neLV X QH
GLPLQXWLRQ GH UHQGHPHQW HQWUH HW j OfpFKI
tournesol augmentdeslors. Les surfaces cultivées en tournesol sont quant a relées
stables depuis les années 198@ 9.)

2. Les déterminantsdu rendement de colza et squalité de production

a. Lescomposantslu rendement

La structure végétale différe entre le colza et le tournesgll®. Celavainduire une
élaboration du rendemedifférernte entre ces deux cultures$ échglle du pied, leqids total
de graines du colza edéterminéeSDU OH SRLGV PR\HQ GfXQH JUDLQH PXC
graines ce dernier étaniépendnt du nombre de siliques (fruit du colza) et du nombre de
graines par silique. Le nombre de siliques dépendlus dda tige principale, du nombre de
branches secondageet tertiaires (Fig 10a) alors que le nombre de graines par siliques
GpSHQG GX QR¢#$féchhds gaf feMrna®iHoment de la pollinisatiRechan, 1988)
Le poids ptal des grainesj O pFKHO OH parXxaillsurspasitivevhevit corrélé a la
biomasse du pied gdétermineen partie le nombre de fleurs par p{&dai et al., 2015)Le
UHQGHPHQWd¢ l&phréligdstbie¢hien multipliant le poids total des graines par
pied par la densité de plastie la parcelle (ou approximé au m2)
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/9 p O D E R U Dndeimend dGturbleldol est plus simpée il possede une tige unique avec

une seule téte ou se développdes milliers de fleurs (FiglOb) $ OfpFKHOOH GX SL
UHQGHPHQW GpSHQG GX SRLGV PR\HQ GYXQH JUDLQH HW
tournesal lls sont tous les deux positivement corrélés au diamétre de la téte de tournesol
(Marinkovic, 1992) Le diametre de la téte de tournesol est positivecmnéléau nombre de

fleurs a polliniseMarinkovic, 1992) Comme pour le colzaH UHQGHPHQW j OfYpFKH
parcelle est obtenen multipliant le poids total des graines par pied par la densité de plante de

la parcelle (ou approximé au m2).

Figure 10. Structure végétale (A) du colza (issue
de (Hebinger, 2013)et (B)du tournesol (issue et
modifiee du site internefjwww.svtauclairjj.fr)/

b. Les composants de la qualité de prmtion

Le tournesol et le colza soatltivéspour leurs graines riches en lipgdgtilisées pour
la consommation humaine ou legrocarburantgAbiodun OA, 2017) La qualité de la
production est déterming par le pourcentage de lipislades graines. Ce pourcentage
détermine la gD QWLWp GIKXLOH REWHQXH (Xaptun RA,\200O0H®s JUDLQH
lipides représentent prés de 45% de la graine pour le (R&thke et al., 20059t 3% pour
le tourneso(Botella Miralles et al., 1997)

La qualité nutritionnke de ces huilessecond parametre de la qualité de la production
de colza ou tournesadst déterminée pdeur composition en acidgyras En effet, es acides
JUDV VRQW DVVRFLpV j GLIIpUHQWYV HIIHWV EpQhés TXHV R
compositions différent entre ces deux cultuf@ahreis and Schéfer, 2011e colza est
principalement composés § D FgkaG Honoinsaturés(principalement acide oléiqu&0%)
suivi par lesacides gras polysaturés dons lprincipauxsont OfDFLGH @RBROpPLTXH
O 1D F L GlisholBn@&e1D%) et complété par leacides grasaurés (6%t transsaturés
(1%) (Adamskaet al. 2004; Jahreis & Schafer 2011; Orsavetal.2015) Pour le tournesol,
OH SURILO GYTDFLGHYV Jle Dppe deHa@ieyI¥y lvayidtéHclassiqDds @t les
variétés oléiques. Les variétés classiques sont richesides linoléique (72%) suivis par
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des acides alphdinoléniques (27%) et saturés (12%immerman, Fick & Dakota 1973,

Jahreis & Schéafer 2011alors que les variétés oléiques sont principalement composées

G 1 D & dléigHes (80%) suives par desacides linoléique (10%) et des acides gras saturés

(<10%, Flagellaet al. 2002; Angeloniet al.2017) Lesacides alphdinoléniqueet trans sont
TXDVLPHQW LQH[LVWDQWYV et GlaQridé@yadnirhedt-tie@arétév R X U Q H
(Zimmerman, Fick & Dakota 1973; Flagek# al. 2002; Jahreis & Schafer 2011; Angel@ui

al. 2017) Le ratio «xoméga 6 sur omega»3est assi important dans la qualitéitritionnelle

GH O & la@éimposition en acide grdsn effet, des huiles trop riches en oméga 6
(principalementreprésentéS D dcid® finoléiquepour le colza et le tournegatomparé aux

omégas Jacide alphdinolénique)pewentamener & un épaississement du sang et a dg/ers
maladies cardiovasculaires, cancers « (Simopoulos, 2002)Un ratio inférieur a 5 est

conseillé pour un effet bénéfique sur la santé hum@maeopoulos, 2002)Ce ratio est de 2

SRXU O fKXL Oeésttzsldv&0OurDe tawkhesol (> 100) car les omégas 3 sont quasi
inexistans dans sa composition en hui{@ahreis and Schafer, 2011)f{DXWUHYV $SDUDPQqV
comme lesmicronutrimentspeuvent rentrer en compte dansgaalité nutritionnde des

huiles, comme la vitamine E, importante pour lutter contre certaines maladies (Weber,
Bendich & Machlin 1997) et présente en plus grande quantité dans les graines de tournesol
gue dans les graines du colza (respectivemerefhis 30 mg pour 1009).

Tableau 1. Liste des principaux acides gras du colza et du tournesol clasgar grand groupes G D B ¢r&stssociga
leurs effets sur la santé humaine

Classe acide (Carbone : Insturation

Principaux Acide gras

. - Effet bénéfique Effet nocifs Reference
- position premiere

insaturation)

Saturés

insaturé Eicosénoique (20:9) inflammatoires

Polyinsaturé Alphalinolénique (18:2

Acide gras

Augmentation des maladies
coronariennes, des maladie:
cardiovasculaires

Palmitique 16:0),
stéarique 18:0)

(Astrup and Dyerberg, 2011
de Souza et al., 2015)

Oléique (B:1-9), Diminution des maladies (Carillo et al,, 2012)
arrilo et al.,
Réduction des maladies (Van Hoorn, Kapoor &
inflammatoires, des maladies Kamphuis 2008 alder and
cardiovasculaires, augmentatio Yaqoob, 2009; Jandacek,
des agents anticancéreux 2017; Ruxton et al., 2004)

Linoléique (18:26),

3)

Augmentation du surpoids che
les enfants et leurs méres, d¢  (anderson et al., 2010; de
maladies coronariennes, de: Souza et al., 2015)
maladies vasculaires

Elaidique { C18:1-9)

3. Role des pratiques agricoles et de la pollinisation entomophile sur le
rendement de colza et de tournesol

a. Importancede la pollinisation entanophiledans la production de colza et de
tournesol
/HV TOHXUV GH FRO]D HW WRXUQHVRO VRQW KHUPDSKURG!
F 9 Hdid capable G{DXWRSR O ltapx GO WXWER S R @D béaucdpWluR Q
important chez le colzantre 53 et 83%Becker et al., 1992jjue chez le tournesantre 35
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et 53.5%(Javed and Medhi, 1992; Roumet et al., 20CBtte différencpeut VI H[SOLTXHU H
partie par n systéme de protandrie sesyinchrone des parties maktsfemelles décrit chez

OH WRXUQHVRO dHW LK}&E@®&quenlgnbt@ité de lgpartie male et femelle
estpartiellementasynchiong ce quiOLP LW H Oif§diochWeesIRa@<D &ulsi pollinisé par

le vent (Renard & Mesquida 1982; Hudeweet al. 2014), ca hauteur d&8 a 12 % des
UHQGHPHQWY &H SURFHVVXV GH SROOLQLVDWLRQ QYfHVW
La contribution de la pollinisation entomophile aux rendements varie fortement entre études

et cultures. Pour leRO]D HOOH YDULH GIXQ HIIHW QXO MXVTX
(Tableau 2). Pour le tournesol, la contribution minimale des pollinisateurs est de base plus
importante que pour le colza, elle va de 20 a 226%. Que ce soit pour le tournesol oy le colza

la méthode la plus utilisée pour estinoatte contributionHVW OfXWLOLWBWLRQ GH
7TDEOHDX /IHV PpWKRGHV TXL XWLOLVHQW XQ JUDGLHQW
calculer la contribution des pollinisateurs fournissent deisnasons plus faible (< 20%,

excepté pouSabbahi, de Oliveira & Marceau (200§ue les études qui utilisent des filets.

Cette différence de contribution entre les deux méthodes pourraient venir de biais inhérents a
ces méthodes (lire la partieLimite desétudes sur le service de pollinisatign Cependant

ces biais sont rarement estim@artomeus et al., 2014; Bommarco et al., 20Bur le

tournesol, la variation des estimations de la contribution des pollinisateurs entre &udes n
semblent pas étre déterminée par la méthode utilisée.

Les traits les plus communément utilisés pour calculer la contribution des pollinisateurs sont

OH SRLGV GH JUDLQHV j OfpFKHOOH GH OD SODQWH RX C
tournesolil sYDJLWRG®Y GHV JUDLQHV j O plésHétie@ crh@lldluOD S OD(
succes de pollinisation (Tableau 2). Les études qui ont estimé la contribution des
pollinisateurs sur le succes de pollinisation dans le tournesol ont des contributions plus
importantes (Tableau 2) possiblement car ce trait ne prend pas en compte le compromis qui
HILVWH HQWUH QRPEUH GH JUDLQHV HW SR(I&WuiRetHQ G X
al.,, 2017) *OREDOHPHQW OHV pFKHOOHV SRXU HVWLPHU OD FR
pas les variations de densité de plantes entre parcelles (Tableau 2, proeptadstrom et

al., 2016)mais cette échelle (quadrat de 50m?) ne prend pas en compte les variations de
densité de plantes intgzarcellairegKayad et al., 2016)

Les études sur le colza et le tournesol sont en majorité cantonnées a des études expérimentales
et sont donc rarement réalisées directemems tks parcelles des agriculteurs (7 études sur 18
SRXU OH FRO]D HW pPWXGHV VXU SRXU; @idontvilkuod QHV R O
GHVY SROOLQLVDWHXUYV QYD MDPDLV pWp pYDOXpH j OTpFKH
la part degollinisateurs dans les rendements de colza et de tournesol reste incertaine.
JLQDOHPHQW OfYHVWLPDWLRQ GH OD FRQWULEXWLRQ GH C
production de colza ou de tournesol est restreinte a quelques études. Pour, & énldas

ont montré que la pollinisation entomophdeigment OH SRXUFHQWDJH GTKXLOL
(Bartomeus et al., 2014; Bommarco et al., 2012; Marini et al5;20% et al., 2008t 2

études pour le tournes@Aslan et al.,, 2010; Nderitu et al., 2008)ontent des résultats
VLPLODLUHV $XFXQréhliggdv/ 3UG ld qQdlite nptvitionnelipar exemple, la
composition en acides grasgt donc une partie de la contribution des pollinisateurs a la
production du colza et du tournesesteinconnue.
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Tableau 2 Résumé des études sur la contribution desopinisateurs sur les rendements de colza et de tournesol. Les cases en
signalent une absence de données. Les variétés utilisées pour le colza sont tauescompatibles et sont classées entre varit
conventionnelle (Conv) et hybride (Hyb). Pour letournesol, les variétés sont classées comme smlfnpatible (SC) ou seH
LQFRPSDWLEOH 6, /H WUDLW XWLOLVp SRXU FDOFXOHU OD FRQWULEX\
méthodologie identifie la méthode utilisée pour déterminela contribution (lire « Limite des études sur la pollinisation»), la
FRORQQH H[SpPULPHQWDWLRQ GpWHUPLQH VL OTH[SpULHQ F dleld chathps:t) puDdaris \dg
parcelles plantées pour cette occasionexpérimentd ». PTD signifie Poids Total des Graines, @P : gradient de pollinisateurs
Fi : pose de filet, @: cage avec pollinisateur et B : ruches ajoutées

b. Les pollinisateurs impliqués
Que ce soit le colzawle tournesol, ces deupantes fournissentdes ressources
nectariféres et polliniguesn importantesguantité pour lesinsectessauvagegRollin et al.,
2015; Todd et al., 201@&u domestiquegRequier et al., 2015; Rollin et al., 2018)ne large
GLYHUVLWpapifidnQcdlBdptareésmouches et abeillgvisitentlesfleurs decolza ou
detournesol(Bommarco et al., 2012; Carvalheiro et al., 2011; Rader et al., .2ZDd5{efois,
la majorité des étudawe fournit TXTXQH GHVF WFRPWXRQ@ XOMp ODNLQVHFWHYV
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FXOWXUHYV P DpagceQX qucdod Yedpbhddbles de la pollinisation des cultires.

effet, tous les insectes qui visitent fE=urs de colza ou de tournesol ne sont pas forcément

des pollinisateurdJne étude anontré que parmi les insectes qui visitaiéed fleurs de colza,

60% G 1 H Q Whe pbridiXrit pas de poll¢Bhifflet et al., 2011)

'"HX] PpWKRGHY SHUPHWWHQW GfpWDEOLU OH OLHQ

OTXWLOLVDWLRQ GH FDJH DY HFs8iRigif |« QinteRIve MtXddy/syrP DLV V
|le_service de pollinisation) et les gradients de pollinisateuRlusieursespéces ou guilde

Gnsectes ont été identidécomme des pollinisateurtu colza(Tableau3), maisLO QYH[LVWH
pas de consensus entre les études (Tal#palies abeilles domestiques augmentkes

rendements de colza sous cage ou lorsque des ruches sorgsapragdes parcelles, mais
FHWWH DXJPHQWDW eF0OQH @RHYIWGIXQ miBddéSde M@poirGHtBuE R
(Tableau3). Pour les abeilles sauvages, seules des études en cguErroigde mettre en

évidence leur effet bénéfiqusur les rendement de colmaais uniquementpour le genre

Osmig qui semble étrgpeu présenin natura dansles parcelles de colz8ommarco et al.,

2012; Samnegard et al., 2016; Zou et al., 2013bluks deux étudeséalisésen cageont

pWXGLp OfHIIHW GHV ERXUGRQV VXU OHV UHQGHPHQWYV
contradictoires (Tablea@). Les syrphesont montré un effet positif sur les rendements de
FRO]D TXH FH VRLW JUKFH j OfXWLOLVDWI|(Riea@3 Cd& DIJHV R
est étonnanpuisque plusieurs études ont compkaér efficacité pollinisatrice du colza

G 1 Ds{uliidishteurs et ont montré qeetteefficacité était plus faibleque pourlesabeilles
domestiquedes abeilles sauvages ks bourdongGarratt et al., 2014b; Jauker et al., 2012)
'"{DXWUHV pWXGHV RQW PRQWUp TXH OTHQVHPEOH GHV SR
augmentat les rendements de colza (Tablegumais Q Y L G H (o¥¢ pddmiH €@$\Vinsectes

lesquels étaient les principawontributeurs. Finalement XQH VHXOH pWXGH D PRQ
bénéfique déa diversité depollinisateurs sauvages sur le colza (Tabl®au

Les études qui ontherché a identifier les pollinisateurs du tournesmwit beaucoup

moins nombreusegque pour le olza. La majorité des étudesmontré un effet positif des

abeilles domestiques sur les rendemetsournesqlexcepté une étude (Tabledu /fHIIHW

des abeilles sauvageardes rendements de tournesol est plus contrasté (TaB)edies

abeilles sauvges araient une efficacité moindre popolliniser le tournesol et leur bénéfice

viendrait en partie G § Xffet synergiqgue avec les abeilles domestiq(@seenleaf and

Kremen, 2006) (Q HIIHW OD SUpVHQFH GIDXWUHV SROOLQLVDW
des abeilles domestiques sur les tétes de toureesinsj leur efficacité(Carvalheiro et al.,

2011; Greenleaf and Kremen, 2006y {HIIHW SRVLWLI GH OD GLYHUVLWp
prodiction du tournesol(Tableau3) pourrait venir en partie de cette synergie entre abeilles
domestiques et sauvages. Seule une étude en cage a montré que les bourdonsemitgaentai
rendements et pouvat avoir un effet plus important que les abeilles dstgees(Aslan et

al.,,2010) PDLV FHW HII dtéve@i§ D nstidd D L V
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Tableau3 5pVXPp GH OfHIIHW GHV SROOLQLV D WdéXourkesdhselorOdgutlde Rie gdimisateuds.
métrique utilisée pour les pollinisateurs peut étre une abondance (A), une richesse (R), ou un nombre de visite (V). Lesrie
présents dans la communauté de pollinisateurs sont précisés si la communip GH SROOLQLVDWHXUYV

Uniguement les études qui ont établi ou chercher a établir la relation entre la métrique des pollinisateurs et un trait
production (succés de pollinisation, graines au m?) sont présentées dans ce tablea. DXJPHQWDWLRQ HQW
pollinisateurs et le trait de production peut étre nulle (0, case remplie en rouge) ou positive (+, case en bleuj H.I I H
SROOLQLVDWHXUV HYV Wcag#/oXi GeLtidl/e DaxculiureleQur@ §ofrnbinauté delpnisateurs ajoutée (Ca), un ajout
de ruchesdans le paysage (RUURX O D QD O\\kg@denDIRIQERKPGD QFH R X epéllinkatdusWGP)L.Wp G
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c. Interaction entre pratiques agricokeet pollinisation entomophile

ID SURGXFWLRQ GH WRXUQHasRsBulemént @dpenBeriz$D QIHV
pollinisateurs.Les rendements de colza et de tourneBcK JPHQWHQW DYHF OfDSS
plusieurs fertilisants O § D {AbWadH et al., 2008; Rathke et al., 200&) phosphoréLickfett
et al., 1999; Zubillaga et al., 200&8)le potassiun{Amanullah and Khan, 2010; Cong et al.,
2015) Les mécanismes qui permettent cette augmentation (augmentation du nombre de
grans GX SRLGV GTXQH JUDLQH VRQW S HiXcampiordit @wve GDQV ¢
nombre de graines et qualité des graines est observé lorsque les fersiisdntilisés en
grande quantitéen effet, le pourcentage de lipglpar graine est dimirpour le colza avec
OYDXJPHQWDWLRQ GH O1Ddakavaed & XobrndseADb&RIL 8V alS R008, OH
Rathke et al., 2005)
Les rendementde tournesol et de colza augmentent daatensité de planteen augmentant
le nombre de graines par farros et al.2004; Kuai et al., 2015; Zhang et al., 20b®)Igré
une corrélation négative entre nombre de graines par pied et densité de plantes.
/I DXJPHQWDWLRQ GH OD GHQVLWpP SDU SD WFqdalit® #esSRX U UL
graines possiblemend( a la compétition etne plants (Zhang et al., 2012)

DIDXWUHYVY SUDWLTXHV FRRARRBHW RRWGEODILYYYMHWIOQF GE KM UE
S R S X O D &\eRtiQegR & f5efttes ravageurstrowés dans les parcelles de cottade
tournesol(Bijanzadeh et al., 2010; Michaud eta 6LPLU HW DO =KD
2017) peuvent influencer la présence des pollinisateluess insecticides ne sont pas
spécifiguesaux insectes ravageur®lusieurs insecticidespeuventréduire la survie des
abeilles domestiqudsienry et al., 2012; Woodcock et al., 20B)si que celle des bourdons
et des abeilles sauvagé€Soulson et al., 2015; Ben A. Woodcock et a016; Woodcock et
al., 2017) Ces insecticides peuvent par exemple rédaineproduction des reines chez les
bourdons(Woodcock et al., 2017)et réduire le nombre de bourdons qui veisiter les
parcellegStanley et al., 2015u diminuere taux de retour des abeilldemestiquesa rucre
(Henry et al., R12) Toutefois, il aété montré que les parcelles traitées par des insecticides
pouvaent étre plus attractiveepour les pollinisateurs can réduisnt les insectes ravageurs
TXL VDWW D TggdthQf\raix ke [ndeniRr¥ de fleurdisponibles pour les pollinisateurs
estplus importanfinsi que la quantité de nectar dans ces flfiirglstrom et al., 2017)De
facon similaire, G D XW U HV c&urie W HanXitéd \de semigpourraert augmenter la
présence des pollinisateurs dans les parcelles en proposant des ressources florales plus
importantes. La réductiRQ GYI{KHUELFLGH SHXW LQGLUHFWHPHQW
pollinisateurs dans les parcelte$1Q UpGXLVDQW OD Sdhp¥iagacele@gH® GYHQW
ci pourraitétremoins attractive poues pollinisateurgNorfolk et al., 2016) 2 XWUH OfpWXGH
Stanleyet al.(2015) SHX GpWXGHV RQW PRQWUp XAQiHis&ienGparl LFDWLF
ces pratiques.

Finalement, certaines pratiques pourraient modifier directement la contribution des

pollinisateurs plutdt que leur présenceomme le choix des variétéBour le tournespdeux
types de variétés sont utilsgéles variétésautaincompatibles (seulemeatlofécondatioi et
les variétés autofertiles (fécondation croisée et facbodation. Les variétés auto
incompatibles par définition, sontplus sensibles aux pollinisateurs que les variétés
autofertiles qui peuvent comperide OYDEVHQFHH@HVSBD O LGH. WOWEW RSR OO
le colza, deux types de variétés sont utds@ar les agriculteurs les variétés dites

32



«conventionndés » issues de croisement entre ¢celz& TXQH PrPH OLJQpH HW O
« hybrides restairés » issues du croisement de deux lignées. Plusiudesont montré que

les colzas«conventionnels étaient plus dépendantdes pollinisateurs que les colzas
hybrides(Lindstrom et al., 2016; Matrini et al., 201&3r ceuxci sont capables de compenser
OYDEVHQFH G H(MaRnDeD &l.Q20VDUINeHaxitce\etude a montré que cet effet était

plutét d0 a une différence entre variéeésne dépendait pas dype de variet¢Hudewenz et

al., 2014)

E. Objectifs et plan de thése
1. Problématique

Le service dgollinisationdélivré par les insectes est capital pour la production agricole
(Gallai et al., 2009; Klein et al., 2000 ependant dans la plupart des études qui ont cherché a
guantifier le bénéfice issu di pollinisation entomophileles méthodes utilisées sont
soumises a différents biais, ou legpérimentations sont réalisées a des échelles trop petites
TXL QH VRQW SDV IRUFpPHQW UHSUpVHQWDWLYHV GH OD
parcelle. De plus, la majorité des études sont réalisées en condijpérimentalg c-ad.
dans des contions simplifiées par rapport aux parcelles agricoles et ne prennent pas en
compte les possibles interactions entre pratiquggolesHW SROOLQLVDWHXUV [H
réalisées directement dans les parcelles agricoles peniwai GIDLOOH X @igaleWUH OIL
RULJLQH GH OYDEVHQFH GH SULVH HQ FRPSWH GHV SROC
systeme de productidiustin et al., 2015; Chen et al., 2017; Misganaw et al., 2017)
/I TREMHFWLI SUHPL KHdoa @hicG-HH WWBIQWKgMHU OfLPSRUWDQFH
entomophie dans la production de colza et de tournesol dans des conditions les plus réalistes
possible, cad. directement dans les parcelles des agriculteurs. Les parcelles utilisées dans
nos expérimentationserontchoisies le long de gradients de différentsné@nts du paysage
FRQQXV SRXU GpWHUPLQHU OD SUpVHQFH GHV SROOLQLV
gradients de pollinisateurs sur lesquels les parcelles ont été choisies. Ce gradient de
pollinisateurs nous permettra de quantifier le bénéfice detmbollinisateurs sur le rendement
de colza et de tournesol a une échelle pertinelateparcelle. Le rendement, ainsi que les
différentes pratiques agricoles réalisées dans les parcelles ont été obtenues grace a des
enquétes aupres des agriculteurs. Be@ TXrWHYV SHUPHWWURQW GILGHQWLI
qui peuvent modifier la contribution des pollinisateurs.
'DQV FHV PrPHV SDUFHOOHV OD FRQWULEXWLRQ GHV SRO
SODQWH &HV H[SpULPH@WanW kife@m guss hpdektifled @Hra@dtes
plantes qui sont modifiés par les pollinisateurs (succés de pollinisation, nombre de graines,
SRLGVY PR\HQ GHV JUDLQHV « DLQVL TXH GIDXWUHV WUDL
les densités de p@WHY PDLV QpDQPRLQV QpFHVVDLUHYV j OTpODEF
dereier OD PHVXUH GX EpQplLFH GHVY SROOLQLVDWHXUV FDOF
parcelle.
Toujours dans ces mémes parcelles, des filets serontssibsé excluredifféerentsprocessus
GH SROOLQLVDWLRQ &HWWH DSSURFKH DXUD SRXU EXW G
entomophile par rapport aux autres processus de pollinisation (vent et autofécondation) et
SHUPHWWUD GfLGHQWL I Le-héthode M aEchriribiion Qas nsdt€s\walcujéd- H W W
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SsbU FHWWH PpWKRGH VHUD FRPSDUpH j FHOOH REWHQXH
déterminer SIOfXWLOLVDWHRY GWUHOHWRR\HQ ILDEOH GYpYDOXEF
des pollinisateurg OfpFKHOOH GH OD SDUFHOOH &HWWH FRPSDUD
OTXWLOLVDWLRQ SUpSRQGpUDQWH GHV ILOHWV GDQV O]
entomophile dans la production agricole.

/IfHITHW GHV SROOLQLYVDW H X Wwvalité HiésDgradin¥sy ¥ La fpo¥DsOrXe V XU
pourcentage de lipides par graine et sur leur composition en acide gras, qui restent pour le
moment peu étudiés. Les filets ainsi que le gradient de pollinisateurs seront utilisés pour
TXDQWLILHU O T Hatduis\et GeHI® p8liRiGaton @hty¥mophile sur la qualité des
graines.

Finalement, tout au long de ces études, en utilisant deux méttiiffdesntesde captures des

insectes, nous chercherons a déterminer quels sont les pollinisateurs importants dwloolza e
tournesol qui pour le moment restent en débat. Leurs contributions relatives seront évaluées
HQ H[FOXDQW OHV SROOLQLVDWHXUV VHORQ OHXU WDLOO
tailles de mailles.

2. Plan de thése

La thése sera organsén4d FKDSLWUHV UpGLJpW. VRXV IRUPH GYDUWLF

Chapitre 1: Les abeilles augmentent les rendements de colea conditions réelles de
culture

Auteurs: Thomas Perrot, Sabrina Gaba, Maryline Roncoroni, Jean Gautier & Vincent
Bretagnolle

Cette étudeuantifie le bénéfice des pollinisateurstermesde rendement dans la production
GH FRO]D j OTpFKHOOH GH OD SDEleidentdid-hussiés jprindipabK HOOH
pollinisateurs ainsi que les mécanismeg OYfYpFKHOOH G Hui @dbmetde®D Q WH
OIDXJPHQWDWLRQ@QGXFKHQGHRFHHQ @D SDUFHOOH

O Ce chapitreest publiédans la revuégriculture, Ecosystem and the Environment

Chapitre 2: Quantification H{SpULPHQWDOH GH OfHIIHW GH OD SROOLC
les rendementgde tournesol UpFRQFLOLHU OHV HVWLPDWLR®de ] OfpFK
la parcelle

Auteurs: Thomas Perrot, Sabrina Gaba, Maryline Roncoroni, Jean Gautier, Alexis

Saintilan & Vincent Bretagnolle

Cette etude quantifie le bénéfice des pollitases ertermesde rendement dans la production
GH WRXUQHVRO j OfpFKHOOH GH OD. Ele igertfe @udsildsV j Ofpl
SULQFLSDX[] SROOLQLVDWHXUYV DLQVL TXH OHV PpFDQLVPEL
OYDXJPHQWDWHR® GO YgFHFXGEHHWOH GH OD SDUFHOOH
O &H FKDSLWUH IDLW efra/sienHajeu@Etxndla Deviw RSO End
Applied Ecology
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Chapitre 3: Une solution basé sur la nature en pratique : une modélisation écologique
et économiquemontre que les pollinsateurs sont plus efficaces que les produits
agrochimiques dans la production de colza

Auteurs: Rui Catarino, Thomas Perrot, Vincent Bretagnd&abrina Gaba

Ce chapitrequantifie la contribution relativdes pollinisateurst des pratiques agricoldans
la production de colzat réalise une évaluation économique du service de pollinis&mn
chapitreidentifie aussiles principales pratiquesyricolesqui peuvent modifier la contribution
des pollinisateurs.

O &H FKDSLWUH IDLW O$eRBEMHSE®DIGN @ES WLFOH TX

Chapitre 4. Les abeilles domestiques améliorent la qualitée la production de colza
Auteurs: Thomas Perrot, Vincent Bretagnolle, Valérie Febviatnick Matejicek,S&phane
Grégoire& Sabrina Gaba

Cette étude dBiUPLQH O9YHIIHW GHV SROOWLQlza/dn\andlystny leg XU OD
variations de pourcentagegle lipides et de composition en acide grhss effets des
SROOLQLVDWHXUV VRQW TXDQWLILpY OH ORQJ GYXQ JUD
experLPHQWDWLRQ GYfH[FOXVLRQ GHV GLIIpUHQWY SURFHVVX
OfYHIITHW GHYVY SULQFLSDOHY SUDWLTXHYV DJULFROHYV
O &H FKDSLWUH IDLW OYREMHW G X BroBeddivd. 6F el Royall V HU D
Society London B
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Matériel et méthode
A. 6LWH GTpWXGH

Fig. 11. Localisation de la Zone atelier €laine et Val de Sevre»
Toutes les expérimentations ont été réabstans la Zondtelier «Plaine& Val De Sévre»
(ZA PVS, Fig 11,Bretagnolleet al. 2018) G H j &ITHVW XQH J]RQH GH
comptantl3 000 parcelles partagées entre 450 exploitants. Les surfaces agricoles représentent
87 GH OD ]RQH &THVW XQH DJULFXOWXU M. |28doRdsleBIESOHPHQ
tournesols représentent respectivemamimoyenneé8% et 10% des culturegle la A PVS
(Bretagnolle et al., 2018 ependant des paysages variés se cotoient, allant de grandes zones
céréalieres, avec des parcelles de trés grandés BUFHV HW Sds¥miGatur&sp(BSNQ W
haie, bois, Fig 12) a des zones agricoles plus extensives avec des parcelles de petites tailles
HW XQH ODUJH SURSmhivauteR @t @ Thesghid® 120 We plus, une large
partie de la A PVS est classée Natura000(Fig 11)qui offre des aidesux agricultures pour
promouvoir une agricultur@lus extensivecomme le passage en agriculture biologique.
ITRFFXSDWLRQ Gdée plartecultiég Havishdetieparcelle agricole, les éléments
sani-naturel ESN), les habitations) est répertaiéhaque année depui894

Fig. 12. Exemple de paysage de laZPVS
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B. Choix des parcelles
Le choix des parcelles été réalisé en tenant
compte de troigradientpaysagers

- LaTXDQWLWp GY(63 ERLV HW KDLH

- La quantité de prairge

- La quantité de parceben

agriculture biologique

Ces éléments ont tous morge influence
sur la présence des pollinisateurs dans
différenies études (pour les ESiNe Féon et
al., 2010) pour les prairiegBennett and
Isaacs, 2014) pour les cultures en
agriculture bidogique (Holzschuh et al.,
2008).
Les métriques du paysagsont calculées Fig. 13. Fenétre glissant utilisé pour la sélection de paysag
dans des carrés dekin2 (Bretagnolle et aI.,aVec desas de 200m
2018)en utilisant une fenétre glissan{&ahrig et al., 2011; Pasher et al., 2048¢c des pas
de 200m (Fig 13). Une fois ces nr@ues calculéegpour chacun des carréan tirage
aléatoire est réalisé. Entre 40 et 60 paysages (carrés de 1km?2) sont choisis par année. Ces
SD\VDJHV VRQW FKRLVLV SRXU PD[LPLVHU OH FRQWUDVW|
corrélation des métriqguestre elles. Les paysages avec une autoroute, ou avec une proportion
trop importanteGhtbitatios RX GH IRUrwW VRQW H[FOXV GX WLUDJH 8Q
m entre chaque paysage sélectionné est respectée. Le tirage est réitéré chague année. Les
payVDJHV VPOHFWLRQQpPV OfDQQpH VXLYDQWH “waBRQti¢ FKRLVI
OTDQQpH S(Bip B4 CragE\WhHdque carré, entreet3d parcelles sonsélectionnégs
chacune appartenant a uppe de culture différent (colza, tournesol, c&¢émds et prairie)
et les agriculteurs propriétaires de ces parcelles sont appelés pour obtenir leur accord en vue
de mettre en place les expérimentations.

Fig. 14. Les paysages sélectionnés de 2013 et 2014

38



C. Les expérimentatiors:
1. Les captures de pollinisateurs

'HX[ PPWKRGHV FRPSOpPHQWDLUHYVY RQW pWp XWLOLVpHV S
pollinisateurs visitant les cultures de caea de tournesols. La premiere méthadasiste en

la mise en place deégesdecouleurs pan trapen anglaisWestphalkt al.2008) Cesont des

bols en plastiqueremplis GfHD X VDY R @ QeHiKf&drhteS Ebul@wgbley, jaune, ou

blang pour prendre en compte les préférences de couleurs chez les pollinidAtesiizhal et

al., 2008) lls sont placés sur des p&s en bois a la hauteur de la végétafidestphal et al.,

2008) De 2013 a 2015, lgsantrapssont placés au bord et au centre de la parcelle (50m) et a

partir de 206, seuk les pantraps au centre de la parcelle sont installés. Chaque bol de
couleur est doublé par position (Fig 15). Les-praps sont laissés 4 jours dans la parcelle.

Les pantraps sont placés danssl parcells de colza ou de tournesol au moment lde

floraison mais aussi dans les parcelles adjacentes pour éviter la diutiom effet attractif

des captures de pollinisateurs au milieu des colzas ou des toulitsntchuh et al., 2016)

&HV SDUFHOOHV VHURQW XWLOLVpHV SRXU HVWLPHU OfD
parcelles de colzas et de tournewlir(Chapitr@et@. Lespantrapssont connus pour sous

0 ) Qo

P Ty -
P Centre de parcelle

6 ......... —>

P
P 4 ....................................... ’

(@) O ) Bord de parcelle

é ......... _>

<«-—> 7TUDQVHFW
O:: ¢ 3DVuUDSV

Fig. 15. Position des piéges a couleur (pamaps) et des transects filet
fauchoir dans les parcelles

estimer fortement OYDERQGDQFH GHV D HKWdslalHet! alg REA)PWIL T X HV
compléter les captures de pollinisateurs par lestizgus, une seconde méthode est utilisée.

Les pollinisateurs sont capturés par des filets fauchswedp nétle long de transestde

50m (Westphal et al., 2008Les transects sont réasgl bord et au centre de la parcelle (Fig

15) et a partir de 2016, un transect supplémentaire est réalisé a 20m (Ftg 201132014,

les pollinisateurs sont capturés sur 50 tentatives représentacbbf de filets> fauchoirs. A

partir de 2015, les pollinisateurs sont capturés sur 10 minutes par transect sans prendre en
compte le nombre de tentatives de captures. Tous les po#immisasont capturés par filet

fauchoirs excepté les abeilles domestiques qui sont cesnpgiiellement Chaque transect

HVW FKURQRPpWUp SRXU VIDVVXUHU GTXQs Ightge WisGH FDS
TXTIXQ LQVHFWH HVW Fé&tavétd UpH Q\HH PISYV RGHR P RW &videle OTLQV H
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placer dans un tube pour une identification fut@es transects sont réakggurobtenirdes
conditions optimales de capture des pollinisatearsyd. par temps ensoleillé avec une
températue supérieure a 15°C et des vitesses de vent {aNdstphal et al., 2008)

Une fois les pollinisateurs capturés, ils sont ramenés au laboratoire et idgifiéles
entomologistes professionnels. Quatre guildes de pollinisateurs sont particulierement ciblées
les abeilles domestiques, lesurdons, les abeilles sauvages et les syrpessindividus sont
déterminés a I'espece sauf les abeilles sauvages de 2013 ef.28ont déterminées au genre
mais encore en cours de détermination a l'espéce.

2. La contribution des pollinisateurs

a. Les metriques de production du colza et du tournesol

La contribution des pollinisateurs va étre calculée a différentes échelles. Lenesnde
OfpFKHOOH GH OD SDUFHOOH HVW REWHQX SDU HQTXrWH
GIH[SPULPHQWLRQV HQ s éhquéateS péinetEddgdde it FIORIK p UL U G H\
informations sudes pratiques agricoles réalisées dans leseflas (fertilisants, pesticides,
variétéssemées « Ces enquétes sont disponibles de 2013 a 2016.

/HV H[SPULPHQWDWLRQ YV s§ S0rf pdréUks@©201 &3 0D urSe:bl etV H

de 2015 & 201pour le tournesol Pour le colza, 6 plantemt étéchoisies a deux différentes
positions, au bord de la parcelle et a 20m dans la pa(8gtiar position)Pour les tournesols,

4 plantes suune méme ligneont été sélectionnéeds 3 ou 5 positions différentes selon

O 1 D Q®pweitions en 2015 (bd de la parcelle, 5, 15, 35 et 75 m) et 3 en 2016 et 2017

ERUG GH OD SDUFHOOH HW P /HV H[SpULHgd@\WVDWLRQG

et 5 jours avant la récoltde la parcelle pards agriculteursles branches sous
expérimentations et la plante compléete a partir de 2015 sont récoltées pour |Caaida

tournesol, la plante complétest ramasséet ramené au laboratoire. Différentes métriques
sontalors mesurées etlculés; le succes déuctification, le nombre de graines par silique,

le poids moyen des graines, la biomasse de la plante et le poids total des graines par pied,
ainsi que le pourcentage de lipstkt la composition en acidgras des graines pour le colza

le diametre des tétes de tournesol, le poids moyen des graines, le nombre de graines et leurs
poids par plante pour le tournesol.

Ces différentes métriques de la productsmmt utiliséespour calculer la contribution des
pollinisateurs.

b. /HV ILOHWIidhsGfH[FOXV
Desfilets avec différentes tailles de maillest étéposé sur lesbranches deolza et sur les
tétes detournesol DI L Q G T H\¢dhttibRitibl) des processus de pollinisatjmar les gros
pollinisateurs(« GP»), les petits pollinisateurg PP»), le vent(«V ») HW OYDXWRSROOLC
(«AP»). ITpFKHOOH ¢ fillrkDestXpbb@i@et g@lon la culture. Pour le colza, les filets
vont étre posés sur la méme plante mais sur des brasebesdaireslifferentes (Fig 16).
Pour le tournesol, uresl typedefilet sera posé par plante (Fig 16) mais les différentsstype
de fles VHURQW SRVpV VXU GHV W RHJIQHUNR DancieHX oidaBuPH OL.
une plante déournesolkervira de ttmoirHW UHIOqQWHUD OHYV eklpidedgugddeGH O T HQ
pollinisation (« GP+PP+V +AP », Fig. 16).Un filet a grands mailles (taille = 3 mm, Fig.
16) est utilisé pour empécher la pollinisation des gros pollinisate®B{¥ +AP », Fig. 16).
Un filet a petits mailles (taille = 0.6mm,Fig 16) empébe la pollinisation de tous les
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pollinisateurs (&/ +AP », Fig 16). Finalement, un tissudsmolux» (Prantek France, Fig 16)

est utilisé. Ce tissu permehiqguementes échanges gazeux et empéche tous les processus de
SROOLQLVDWLRQ VDXAP®, ¥ X6)LR Sormbr©deQraitéeper varier en
IRQFWLRQ GH OfDQQpH YRLU FKDSLWUH , ,, ,9

Par un jeu de différenseentre ces traitements, la contribution des différents processus de
pollinisation estestimée. La différence entre le conéet le traitement grande maille donne

la contribution des gros pollinisateurs, cellérehe traitement grande maille et petite maille
GRQQH OD FRQWULEXWLRQ GHV SHWLWYV SROOLQLVDWHXUYV
donne la contribuRQ GX YHQW /D FRQWULEXWLRQ GH OYDXWRSI
production sous @smolux». Cette production peut étre calaik partir de différents tres

du colza ou tournesol OH VXFFqV GH SROOLQLVDWLRQ OH SRLGV
obtenues sont divieé par le contréle pour obtenir un pourcentage qui pourra étre comparé a

celui obtenu a plus grande échelle comme le rendement grace aux gradients de pollinisateurs.

Fig.16 X ]e%o}e]18]tv ¢ ](( & vSe (Jo S [ &£ ou°]}v 0 % }oo]v]e 8§

c. Le gradient de pollinisateurs
Cette méthode est similaire a cell®posé parVaissiere, Freitas & Gemmillerren (201Q)Elle
meten relation une métrique de production de la
culture (colza ou tournesol) a une métrique
représentant les pollinisateurs. Différentes
métriques peuvent étre calculéegpour les
pollinisateurs leurabondancéotale, par guilde,
par genre ou la diversité goFL 1L T X Ha «
métrique de production peut éteerendement a
OfpFKHOOH GH OD SDUFHOOH OH VXFFqV GH
SROOLQLVDWLRQ j OfpFKHOOH GH OD SODQWH OD TXDQWL
de lipides par graines ou méme la contribution
des pollinisateurs calcudé dans la partie
précédentdvoir Chapitre I, II, IV, Fig 17)Le Figurel7. Relation entre la métrique dves pollinisatveur
bénéfice des pollinisateuestcalculégrace au " VuééEluz o]8 K >“VO]L,J:,VSG
modele statistique entre la métrique drelation prédite par un modele statistique et la bande
production et la métrique des pollinisateurs. LE €1 ©llvs EA oo by (Jion.
bénéfice est déterminé en soustrayant la valeur du trait de production pal@ularaaximag
des pollinisateurs (B dans Fig 17) a la valeur du trait pour la valeur méides
pollinisateurs (A dans Fig 17).a contribution en terme de pourcentageest obtena en
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divisant le bénéfice précedemment calculé par la valeur du traitodection pour la valeur
minimale (A dans Fig 17). Un intervalle de confiance du bénédicele la contributiompeut
rwWUH REWHQX JUKFH j OTLQWHUYDOOH GH FRQILDQFH GH Ol
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Chapitre | :

Les abeilles augmentent les rendementke colzaen conditions réelles de
culture
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Avant-propos et résumeé du chapitre 1

Plus de 70% des plantes utilisées pour la production agricole sont dépendantes des
pollinisateurs pour leur production de graines. De nombreuses études ont cherdbhérdagva
contribution des pollinisateurs dans les rendements de ces cultures en utilisant différentes
méthodes. Néanmoins, ces expérimentations sont pour la plupart réalisées en utilisant des
méthodes pouvant comporter différents biaissur de petites eEdHOOHYV QILQFOXDQW
potentiels compromis entre les différents traits des plantes ou les variations de densité de
plante La plupart des études sont réaliséescondition simplifié ne prenant pas en compte
les potentielles interactions entre pollatisurs et pratiques agricoles et donc pouvant amener
a une estimatiorbiaisée GH OJLPSRUWDQFH GHV SROOLQLVDWHXUYV
premiere étude, nous nous sommes intéressés au bénéfice des pollinisateurs dans les
rendements de colzeCette cilture est tresprésentedans les agrosystemdsancais et
européens et sa surface ne cesse dérerba contribution des pollinisateuasix rendements
de colzaa été évaluée par de nombreuses étotss les bénéfices des pollinisatevasient
tres forement entre étudesHV SROOLQLVDWHXUV SRXYDQW QYDYRLU D
JUDLQHV RX D@ GCRIAEWOMXYVTHIPOXV OH EpQplLFH GHV SRO
pYDOXp j OfpFKHOOH GH OD SDUFHOOHcel@shRlQisatewd RQ Up
dans les rendements du colza peu renseignée. Similairdesepgllinisateurs impliqués dans
la pollinisation du colza varient entre études

Dans cette étude, la contribution des pollinisataursendement de colzst a la fois
esSWLPpH j OTpFKHOOH @ Do KSHO@™@MW B HD O@UdadEM @O H  *U K F
pollinisateurs, nous estimons qoes dernierpeuvent augmenter les rendements de colza a
OfpFKHOOH GH OD SDU FeHtf@(Odd déud c&OexttémeEsHdradient de
pollinisateurs $ OfpFKHOOH GH OD SODQWH OHYVY SROOLQLVDWHX
et ainsi le nombre de graines par plante malgré un compromis entre le succes de pollinisation
et le nombre de graines par silique. En utilisastfdets a cette méme échelle, la contribution
des pollinisateurs est similaire a celle obejiuO fpFKHOOH GH OD SDUFHOOH P
REWHQX TXYDSUqV DYRLU SULMsHQO fRWE /icattBWaR@HQM V E
Cette expérimenteon nous permet aussi de déterminer que le principal processus de
SROOLQLVDWLRQ GDQV OH FRO]D HVW OYDXWRIpFRQGDWL
complété par la pollinisation par le vent.

Les principaux pollinisateurs du colza dans notre B pWXGH VRQW OHYV
domestique®t les abeilles sauvages (principalement le gémagoglossujn 1RXV QIDYRQV
trouvé aucun effet desyrphes confirmant que leur efficacité a polliniser le colza est plus
faible que celle des abeilles. La contribatielative des gros pollinisateurs (associés aux
abeilles domestiques) calcal&d UkFH j OTXWLOLVDWLRQ GHV ILOHWV HV
SROOLQLVDWHXUV DVVRFLpV j O.Ceadémdrte\guaNgs dbelids IHQ U H
sauvages (commnla majorité des genres saléess JHQUHYV GYDEHLOOH VDXYDJHV
egale avec les abeilles domestiques dans la pollinisation du colza.

&HWWH pWXGH FRQILUPH OfLPSR UWaWrbdRdeiehde coBa 8V DOH Gt
la nécessité de lestégrer dans les systemes agricoles.
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Abstract

Oilseed rap€OSR,Brassica napus.) is a common crop found in many European

agricultural landscapes. It is pollinated by a wide variety of insects, but the reported
contribution of pollinators to yield varies widely eten studies (from 0 to 50%). Moreover,
such a contribution has seldom been estimated at the field scale in real farming conditions.
We analysed OSR yields in response to insect pollination; over four years, at two different
scales: farm fields and indiwdl plants. We used both empirical and experimental
approaches along a gradient of pollinator diversity and abundance. The empirical approach
was based on farm surveys (151 fields) while the experimental approach used various
pollination exclusion method®70 plants in 101 fields) to estimate the relative contributions
of insect, wind, and seffollination. The OSR yields were positively correlated to total bee
abundance and bee genera diversity, through improved fruiting success and plant seed mass
(afteradjusting for plant biomass). Hoverfly diversity and abundance, and bumblebee
abundance did not have any effect. The main OSR pollinators in our study were honeybees
(Apis melliferg and wild beesl(asioglossunspp). Yields were increased, on averageupy

to 37.5% R7.7% to 47.5%at field scale when bee genera diversity increased from a single
genus to more than 10 genera (haap data). Insect pollination contributed about 30% of
plant yield. SeHpollination and wind pollination accounted for thenagning 70%, with seif
pollination being the major contributor. Our study demonstrates that pollinator diversity and
abundance, at least at very high levels, have a major effect on OSR yields. This suggests that
establishing a monetary value for pollinatiservices in OSR farming systems could be used
to balance the cost of managing seratural habitats or meadows to maintain bees and other
pollinators.

Highlights
x Pollination by insects increased oilseed rape yield at field scale by up to 35%.
X Insects mproved pollination success at plant scale.
X Bee diversity (at genus), and honeybee and wild bees abundances contributed most.
X Monetarised pollination services can be used to balance the cost of conservation of
pollinator habitats.

Keywords

Agroecology, Bmblebee, Hoverfly, Ecosystem services, Honeybee, Lasioglossum,
Pollination
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1. Introduction
In most angiosperms, pollen transfer depends on an{@4éston et al., 2011)and this holds
true for both wild and domesticated plant species, of which 70%alleator dependent
(Klein et al., 2007) The economic value of pollination service has been estimated at 10%
Ya ELOOLRQ RI \HDUO\ JOREDO ARIAOeE alD 200R)bigW XU D O

particularly important for the yield of many small fas (Garibaldi et al., 2016)The
dependence of crop yields on insect pollination, however, varies widely between crops, from
independent to obligatglein et al., 2007)Pollinators not only increase yields by increasing
seed set, but they may also entenmp qualityBartomeus et al., 2014and stabilise food
production either in timéGaribaldi et al., 2011pr spacgDeguines et al., 2014However,
despite the global importance of pollinators for food production, pollination is rarely taken
into acount in the development of farming systems or praciiBeseze et al., 2014partly
because it is difficult to disentangle pollination by insects from other factors that affect yield
(Marini et al., 2015) Additionally, there may be an order of magnitwaeiation in the effect
of insect pollination on yields within a particular cr@paflai et al, 2009) This variability is
explained by the spatial variation of pollinator communities, leading to a spatial variation of
pollination potential and pollen rhitation (Goémez et al.,, 2010)reducing agricultural
production(Wilcock and Neiland, 2002)

Oilseed rape (OSRBrassica napud..) is the fourth largest oil crop in terms of
production in the world and the most common in the European URAOSTAT, 2014)
OSR is not only pollinated by insects but also by wind andpsgdlination (Becker et al.,
1992; Mesquida and Renard, 198@jind pollination is the transfer of pollen from one plant
to another by passive wind transport, while gafiination is the diect passage of pollen
between the male and female parts of the same flower or between two flowers on the same
plant There is huge uncertainty in estimates of the relative importance of insect pollination
for OSR yields, with reported values ranging froegligible(Samnegard et al., 201&) 50%
(Araneda Duran et al., 201®ith a range of values in betweé¢Bartomeus et al., 2014;
Bommarco et al., 2012; Lindstrom et al., 2016; Stanley et al., 2013; Zou et al., .Zl0igta)
is no accepted explanation feuch a high variability, which may result from farming
practices(Marini et al., 2015) plant varieties(Hudewenz et al., 2014)or variation in
pollinator communitiegRader et al., 2015)he major pollinators also depend strongly on the
study being hoaybees Apis melliferg, bumblebees, wild bees or hoverfligarratt et al.,
2014; Lindstrom et al., 2016; Zou et al., 2017Bactors affecting OSR vyields include
pollinator visitor ratgBartomeus et al., 2014; Woodcock et al., 20bh8parby honeybeees
(Lindstrém et al., 2016)and bee diversitgZou et al., 2017b)in addition, the measurements
used to estimate the effects on OSR yields varied between studies, from being a small part of
the OSR plan{Stanley et al., 2013}otal seed production petant(Hudewenz et al., 2014;
Zou et al., 2017h)or a set of OSR plants from either small (< 2 Agneda Duran et al.
2010, Bommarco et al. 2012, Bartomeus et al. 20t4grge (> 50m2Lindstrom et al. 2016
field section (in this latter study, onflge contribution by honeybees was investigated). So far,
to our knowledge, no study has ever quantified the effect of pollinators on yield at field scale
for oilseed rape.

Here, we use, for the first time, a systemic approach by quantifying the effastof i
pollination on OSR vyields, at both field scale and individual plant scale, comliieitigcale
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yields and field scale assessments of pollinatidie used both empirical data obtained for
151 fields and experimental manipulation of pollination il I@lds. The yield estimates

from both methods were compared with pollinator abundance and diversity, obtained by
trapping in the fields. The OSR focus fields were distributed along gradients of landscapes
with varying concentration of meadows, samtumll habitats and organically farmed fields,
which are all known to affect pollinator abundance and dive(sitizschuh et al., 2008;
Kennedy et al., 2013; Steffdbewenter et al., 2002; Woodcock et al., 201By using
landscape gradients, we aimed to mage the variation in the pollinator community to be
able to quantify its effects on yield and identify the main pollinators involved. By measuring
various fecundity traits of the OSR plants, such as the fruiting success, seeds per pods, seed
unit weight ad seed mass, we also identified the traits that were most affected by pollinators.
Finally, we quantified the relative contributions of insects (lasgsussmall), wind and self
pollination at plant level. Our experimental design, changing pollinatondemces using
landscape variations as well as using pollinator exclusion, allowed us to i) quantify the effect
of pollinator rich landscapes on pollination rate, and ii) quantify the contribution of
pollination by insects at plant (grain biomass per pland field (yield) scales.

2. Material and methods
2.1. Study site, experimental fields and landscape context
Pollinator exclusion experiments ararming surveyswere conducted between 2013 and

LQ WKH /76(5 3=RQH $WHOLHU 30OD%tsfudy sité Dcate@ id tiieq Y UH ~
south of DeuxSevres district (Fig 1.a), central western France (Fig S.A,
http://lwww.za.plainevalsevre.cnrs.fr/, Bretagnolle et al. 2018). Only winter OSR is grown in
the LTSER, representing about 8% of the agricultural areg {R). Experiments were
conducted directly in commercial farm fields. Since we were interested in quantifying insect
pollination in OSR fields under normal conditions, we did not request any modification of the
farming practices. We used a moving wind@wandomly select 1 km? squarésalirig et al.,
2011)that represented density gradients of three environmental featuresiatenai habitats
(hedges and forest fragments), meadows, and organically farmed fields (obtained from the
French parcel regist®014). All these landscape features are known to strongly influence the
abundance of pollinatoréKennedy et al., 2013and were mapped in the GIS LTSER
(Bretagnolle et al., 2018Within the selected squares, an OSR focus field was then chosen, if
presenfusually, there was only one OSR fiel®n average, OSR fields were at 365 m (48 to
1152m) from the nearest OSR neighbour. Field size ranged from 0.65 ha to 28.5 ha (mean 6.3
ha). The selected fields had similar soil types according to the IGCS soilaveifable at
https://www.geoportail.gouv.fr/). In 93% of the fields the soil was calcareous and in the rest
the soil was red (with some clay).

A first set of 151 OSR fields (27 in 2013, 45 in 2014, 48 in 2015, and 31 in 2016) was
used for an empiricalssessment of the effects of pollinator abundance and diversity on crop
yield at the field scale. No field was used twice in the four years. We interviewed the farmers,
owners of the fields, to collect information on practicésti{izer, pesticides, and &R
variety) and yield at the end of each cropping season (during winter). A second set of 101
fields (15 in 2013, 29 in 2014, 27 in 2015, and 30 in 2016) was used for pollinator exclusion
experiments, of which 66 were also in the first set. The two sHtyedi because some
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farmers refused the survey or refused permission for the exclusion experiment. There were 28
varieties of OSR, mainly restored hybrid (88.7%) and conventional (11.1%). All OSR
varieties in this study could be s@ibllinated or crospdlinated.

2.2. Experimental treatments
Six individual OSR plants were selected in each field at two positions: one at the field edge
and one at 20m from the edge in the field core. These two positions were selected to assess
whether the distance from sematural habitats affected the pollination by insects (Woodcock
et al., 2016). For each individual OSR plant, three (2013), two (2014) and fouri8pP15
secondary branches were selected for pollinator exclusion treatments (Fig 1.c). There were
different numbes of branches in each year because we tested different exclusion treatments.
The branches were selected so as to be at the same flowering stage and adjacent or opposite to
each other. The various exclusion treatments alloweepséihation (SF), winepadlination
(W), smaltbodied (SP) and largeodied (LP) insect pollinators. One of the branches was
used as a control (570 branches in total) where all flowers could be pollinated in any way
(insects, wind and selEROOLQDWLRQ 3/3 63 : 6) h w& &désBdQiGaEUDQF
small mesh bag (0.6 mm mesh size, 517 branches), for which the flowers could only be self

SROOLQDWHG RU ZLQG SROOLQDWHG 3: 6)° , Q DQG
in large mesh bag (3 mm mesh size, 403 branchesyiagicselfpollination and pollination
E\ ZLQG DQG VPDOO LQVHFWYV 363 : 6)° JLQDOO\ LQ [

enclosed in a gagermeable Osmolux bag (Pantek, France) (272 branches), excluding all
except sefSROOLQDWLRQ 36 pach tréatment \Ra® @Qlicated for each plant (i.e.

two controls, two large and two small mesh treatments per plant). The branches were bagged
before onset of flowering and plants were visited weekly to adjust the bags, lifting them
upwards to cover new duture flowers while releasing those flowers that had faded. The bags
were completely removed after the last flower had faded. The operations were carried out
gently to avoid as far as possible any effect on pod development (Wragg and Johnson, 2011).
Branches were collected five days before the harvest. In 2015 and 2016, the rest of plant was
also collected to estimate the total plant biomass and total seed biomass. In 2016, six further
OSR plants were collected, three from the edge and three at 20mh&a@dde, from each of

the 44 fields monitored that year, to estimate the effect of pollinators on the total plant
production (see Appendix A for sample sizes and treatments for each year).

2.3. Oilseed rape fecundity trait measurements
In the laboratory, eaclselected branch (control or exclusion treatment) was stored in
individual paper bagsAll bags were left 48 hours in a climate chamber at 60°C. Three traits
were recorded for each branch: the fruiting rate (the ratio of pods per branch to the number of
flowers per branch: even if the flower is unsuccessful, the caudal peduncle is still present and
visible), the individual seed weight, and the number of seeds per pod. We assumed that four to
six pods per branch were enough to assess the number of seeod aed phe number varied
between years (average 4.84 pods per branch for 2013, 4.38 for 2014, 4.16 for 2015 and 3.51
for 2016). This was due to the variability in branch length (hence number of pods) as we
selected one pod every three pods on the brancltdonting the seeds. Individual seed
weight was obtained using three randomly selected seeds per branch (and per treatment),
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individually weighed to the nearest .01 mg. For the whole plant measurements in 2015 and
2016, we used the experimental plantscbsnbining their control and experimental branches,
plus the rest of the plant. In 2016, we also used the six OSR plants collected from each of the
44 fields monitored that year . We extracted all the seeds, counted and weighed them, and
weighed the rest dhe plant (without seeds).

2.4.Pollinator sampling

Pollinators were sampled by two complementary methodsirppe ad sweep netsPan
traps can be a good predictor of pollinator abundance especially the abundance of Halictidae
family bees (Toler et al.,a®5), as well as an efficient trapping method for investigating the
benefits of pollinators for chili pepper crops (LandaveBimzalez et al., 2017), strawberry
crops (Connelly et al., 2015) and oilseed rape crops (Zou et al., 2017b). Pan traps are,
howeer not effective for catching honeybees and their abundance is better estimated using
sweep nets (Rogers et al., 2014; Westphal et al., 2008). We used coloured paldstpisa(
et al, 2008) 12cm diameter, 10cm deep plastic bowls sprayed fluoresdéow y&AL 1026,
Euro industry Supply, Stuttgart, Germany), sprayed fluorescent blue (Sparvar 3107, Euro
industry Supply, Stuttgart, Germany) or left white. Different colours capture different
pollinators by their colour preferenc@d/estphal et al., 2008 he traps were mounted on
wooden stakes, with the height of the bowls being adjusted that they were at the vegetation
canopy(Westphal et al., 2008 he bowls were filled with about 600 ml of water with drops
of soap to catch insects. For a given figldn traps were set only once, left for 4 days and
removed afterwards. The pan traps were installed throughout spring (from April to June),
covering the OSR flowering period. Given that bees, in particular honeybees, but also
bumblebees and at least somddwiees, forage over large distances, we also sampled fields
near the OSR focal field to estimate the local pollinator community. Sampling bees on
neighbouring fields provides more robust estimates of bee abundance and the pollinator
community at the landsape scale (maximum of 2 km?), since sampling only the focal fields
may be biased by dilution, spillover or attraction to Q8RIzschuh et al., 2016Ywo arable
fields (mainly OSR and wheat) and meadows were surveyed. The number of fields surveyed
at a gven buffer distance was variable, between 1 and 8 fields at 1250m from each OSR focal
field (on average, 30 pan traps sampled in 3.4 fields; see Appendix B for robustness analyses).
In 2013 to 2015, we put 12 pan traps in each field (four of each dirdne ¢olours), six at the
edge and six 50 m from the edge in the core. For each position, the pan traps were grouped in
pairs of two randomly selected different colours, with the pairs spaced 25 m apart (Fig 1.b).
As the pollinator abundance and richnegsrbt differ between pan traps at the edge and in
the core for 2012015 (see appendix C), in 2016, the sampling effort was reduced to the field
core only and three pan traps were used, twice during the season.

In addition, 71 OSR fields were swept2015 and 2016. Two transects, one at the
edge and one 50 m from the edge of the field were swept (Fig 1.b) in 2015, and three in 2016
with an additional transect 20 m from the edge (see appendix A for the protocol used each
year). All transects were 50 mm ilength and the lasted 10 minutes, measured with a
chronometer to ensure equal sampling effort. Transects were swept between 8.30 am and 5.30
pm when the air temperature was > 15°C and the weather was sunny.
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All insects caught were identified in the labtory by professional entomologists, at
genera level for wild bees and species level for hoverflies. Bee species were identified in 2015
and 2016. As large numbers were caught in 2013 and 2014 (about 70% of the whole sample)
and identifying the species v&ry time consuming given that there are almost 300 species in
the LTSER Rollin et al. 2013)}he species were not identified these years. Four guilds of
pollinators were targeted: honeybeApié melliferg, bumblebees (geniBombu$, wild bees
(Hymenopera: Apoidea) and hoverflies (Diptera: Syrphidea). Abundance for each genus was
obtained by a nested averaging procedure, starting with mean count per bowl! colour and
position in the field (cores edge), then averaging per position in field, and finpéy field
(in 2016, pan traps were set twice in each field, and were thus further averaged). For each
focal field, this final average per genus was averaged with all other fields within a radius of
1250 m and within a time window spanning from day 90 (BW&rch) to day 170 (18/19
June), thus covering the full OSR flowering period every year (see Appendix B for a
sensitivity analysis of window size and time period). The total pollinator abundance was the
sum of all individuals caught. The total number ehgra caught was used as a proxy for the
diversity. A similar procedure was used for the sweep net samples.

2.5. Statistical analyses
We used a linear model to analyse the effect of farming practices on the crop yield of 151
OSR fields, including the main tdizers (nitrogen, phosphorus, potassium and sulphur),
pesticides (frequency of insecticide, herbicide, and fungicide treatments) and OSR type
(restored hybridrersusconventional). Only main effects were included (no interactions), and
stepwise selectiorfbackward and forward) was used to select only those variables with
significant or marginally significant effects on yield € 0.1). We then used linear models to
test the effects of total pollinator diversity, bee diversity, hoverfly diversity as welbtal
pollinator abundance, bee abundance and hoverfly abundance on vyields, accounting for the
farming practice variables selected at the previous step. Significant farming practice variables
were added as covariates as well as theirviiay interactionswith pollinator metrics. The
year and its interactions with pollinator metrigsre also included. The models were fitted
independently for pan trap and sweep net abundance data. In addition, stepwise multiple
regression was used to find those pollinaienera that most affected the yield among the
nine most common genera caught with pan traps or the eight most common genera caught
with sweep nets, corresponding to genera with abundances greater than 1% of the total
abundance. This help to account forliogarity between pollinator metridsy starting with a
null model and adding, step by step (forward selection), pollinators with the largest effect on
OSR vyield (all pollinators with a significant or marginally significant efigete kept in the
model). «RUUHODWLRQV EHWZHHQ SROOLQDWRUTY JHQHUD DUl

We then investigated, at plant scale, the plant fecundity traits that were affected by insect
pollinators. The traits were: the fruiting success, the average number of seeds per pod, the
avelaged seed unit weight measured on control branches, for all four years, as well as the total
seed biomass per plant, only available in 2015 and 2016. Total seed biomass per plant was
strongly correlated to plant biomass (Appendix Zhang and Flottmann, 26), thus we
adjusted the seed biomass for the plant total biomass using a linear regression between seed
biomass and plant biomass, both of which wegéx+1) transformed (Appendix D). Positive
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residuals of this model showed those OSR plants that produmcee seed biomass than
expected for their total biomass. The residuals (the seed biomass adjusted for plant biomass)
of the model were then used in further analyses. All these traits were averaged for each
position in the field. Then we used mixed lineapodels to explain fecundity traits as a
function of bee abundance estimated by pan traps, accounting for year (four values), and plant
position in the field (edges.core), and their twavay interactions with bee abundance, all as
fixed factors, and fiel ID as a random factor.

To quantify the relative contributions of the different pollination processes (i.e. insect,
wind and seHpollination), we used paired branch comparisons of OSR fecundity traits
(Wragg and Johnson, 2011)sing fruiting success dBe trait for calculation since this was
shown to be positively affected by pollinators (see results below). Fruiting success was
hierarchically averaged per treatment and then per field to obtain contributions at field level.
The contribution of wind pdihation was estimated as the difference between the traits for
3:6)" 37 LQG SROOLQDVWIRIOLBGDODWLWRHOIDQG 36)" WUHDW
contribution of sefF SROOLQDWLRQ ZDV EDVHG RQ 336)" DORQH 1 ,
no Osmolux tratment so the contribution of wind plus s8Sf ROOLQDWLRQ ZDV EDVHG
(N=44). The contribution of pollination by small insects was estimated as the difference
EHWZHHQ 363 : 6)" (ERGLEPOGAROOLQDWRUV DQG 3: 6)" 1
insects E\' WKH GLIIHUHQFH EHWZHHQ 3/2dld: pélliinatots)3and /D U JH
363 : 6)° 1 , Q WKHUH zZzDV QR ODUJH PHVK WUHDWPI
DOO LQVHFWYV zZzDV HVWLPDWHG DV WKH GLITHUHQFH EHWZI
The rdative contributions of each of the pollination processes were then obtained as the % of
the traits measured for the control brancfigertomeus et al., 2014; Bommarco et al., 2012)
In some cases, the difference in fecundity traits between treatmentegats/e, when, for
HIDPSOH IUXLWLQJ VXFFHVV ZDV KLJKHU LQ 3: 6)" WKDQ L
cannot theoretically exist, negative values were arbitrarily set to 0 where such negative
contributions exceeded5% (16.5% of 332 fruiting sucse values, see Appendix E).
Additionally as the fruiting success could be biased by the treatment protocol (e.g.,
mechanical effects), we also adjusted for this bias (as detailed in Appendix E) and checked for
the difference between unadjusted (uncorrectath, underestimating seibllination) and
adjusted values (corrected data, Appendix E).

In all analyses, pollinator abundance vag(x+1) transformed and fruiting rate was

arcsine transformed to ensure that the distributions were normal and horstiscedla
analyses were performed using(R Core team, 2015) 7KH 3VWDWV" SDFNDJH ZzZD
linear modelling, predicting values, model selection and stepwise multiple regression. The
SOPHU7HVW ™ SDFNDJH ZDV XV@@&neRdaetlaQHLBD)U PL[HG PRGHO

3. Results

3.1. Pollinator diversity
A total of 23,744 pollinators were caught over the four years in pan traps (average 6.7
ind/trap, range 1.36) within or near the focal fields. As expected, there was a strong variation
between fields in the numbef pollinators caught, from 0.33 to 43.19 individuals per pan
trap, a 134fold variation. Similarly, there was a téold variation in genera diversity. Wild
bees were the main guild caught (81.3%), followed by hoverflies (14.4%), honeybees (3.2%)
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and bumbgbees (1.1%). The most abundant pollinator genera has®glossun(62.9%),
Halictus (9.2%) andAndrena(7.8%). The complete list is given in Appendix C. In all, 19
genera of bees and 23 genera of hoverflies were caught. The sweep net method cap@ured 1,11
pollinators (average 6.5 ind/transect, rangef8) in 2015 and 2016n(= 71 fields), with

mainly honeybees (73.5%), hoverflies (19.3%), wild bees (4.6%) includagjpglossum
(1.34%),Andrena(2.6%) andHalictus (0.25%), and Bumblebees (2.5%), see émqix C.

The capture profiles of the pan traps and the sweep nets were completely different and gave
uncorrelated results (Appendix C). They were, therefore, considered separately.

3.2. Effect of fertilizers and pesticides inputs on OSR vyield
The OSR vyield atield scale (as declared by the farmers) was, on average, 3.14 tons/ha (range
1.95.2,n = 151) and varied between years {fz= 6.39,p < 0.001). Yield was significantly
affected by phosphorus fertilizef(1490= 6, p = 0.019, while the other fertizers (nitrogen,
potassium and sulphur), pesticides (herbicides, insecticides and fungicides), and OSR type
(see Appendix G, for interaction with pollinator metrics), had no significant effect on OSR
yield (allP > 0.11, see Appendix F for model selecjion

3.3. Contribution of pollinators at field scale
Once the main farming practices had been identified, we found that OSR vyield was
significantly and positively correlated with pollinator diversity measured using pan traps
(Table 1), especially bee divers(fjjable 1, Fig 2.a), but not with hoverfly diversity (Table 1).
There were no significant interactions between farming practices and pollinator metrics in any
of our models (Table 1). An increasing the number of bee genera from 1 to 10, was associated
with an increase in yield of 37.5% (range: 247.5%), about 1 t.ifa Each additional genus
was, therefore associated with an average increase of 0.11nt.®&R vyield. Restricting the
analysis to years 2015 and 2016, when bees were identified at spgeiespecies richness
had a similar, but nesignificant, effect (Appendix G). The number of genera was, therefore,
a better predictor of OSR yield than species richness. Total pollinator abundance also
increased the yield (Table 1), with bee abundancgnfaa greater effect than hoverfly
abundance (Table 1, Fig 2.b). Bee abundance had slightly less effect (slope@1%) tian
bee diversity (slope 0.18,-6/05): i.e. an increase of yield of one ton/ha would require nine
more genera but 29.4 more bedlultiple stepwise regression using the nine most abundant
genera indicated thdtasioglossumwas the probable main contributor; g=10.27,P =
0.0016, Fig 2.c), followed by bumblebees {£=3.44,P = 0.066) and the hoverflgupeodes
(F1’147=2.83,P = 0095)

There was also a significant positive correlation between yield and bee abundance
measured using sweep nets (Table 1) with an overall increase of 0.8t(2B&%, range:
15.641.6%, Fig 2.e), but the effect of bee diversity (species orsg@uel) was far less
pronounced and varied with the year (Table 1, Fig 2.d, Appendix G). Multiple stepwise
regression suggested that honeybees were the main contributor to yigkl6(FL, P =
0.015, Fig 2.f), rather thdmasioglossunas found for parraps. This is likely to be an artefact
of the low effectiveness of pan traps for catching honeybees: honeybetasaoglossum
accounted for 3.2% and 62.9% of catches in pan traps, and 73.5% and 1.3% of catches in
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sweep nets. Restricting the analysesiétd$ where exclusion experiments were carried out
(66 fields instead of 151) did not change any of the conclusions (see Appendix G).

3.4. Effect of pollinators on OSR fecundity traits at plant scale
For the control branches, a model taking into account bhesdabce, plant position and year
(and their tweway interactions with bee abundance), showed that bee abundance measured
by pan traps increased fruiting success:§E10.67,P = 0.002, Fig 3.a) while the year had
an equally strong effect {ks+~10.02,P < 0.001; see Appendix H for additional statistical
models). The number of seeds per pods was negatively correlategB98,P = 0.016, Fig
3.b) with bee abundance, but seed unit weight was not affecieg=#-003,P = 0.96, Fig
3.c). However, thencrease in fruiting rate was sufficient to increase the seed biomass
adjusted for plant biomass (= 6.86,P = 0.011, Fig 3.d). In addition the seed biomass
adjusted for plant biomass averaged per field was positively correlated toryreld.81,P =
0.04,n = 43). This suggested that OSR plants increase their investment in grain production in
preference to vegetative biomass production in presence of pollinators. No significant
interaction was found between bee abundance and plant position qPyedr.19 for both
interactions) for any fecundity trait. The results were the same when farming practices were
taken into account in the models (Appendix H).

3.5. Experimental quantification of insect pollination
Insect pollinators were estimated to have dbated 30% of the fruiting success (Fig 4.a) and
this contribution increased with increasing bee abundance (Table 2, Fig 4.b). Wind and self
pollination accounted for 70% of fruiting success (Fig 4.a). In 2015 and 2016, wind and self
pollination rates wer separated and sglbllination was found to have a far greater
contribution (66%) than wind (4.2%) (Fig 4). A positive correlation between pollinator
contribution and yieldr§ = 0.24,P = 0.05,n = 66) confirmed that an increase in pollinators
increasd the yield at field scale. We found that ladgmdied insect species (abdomen wider
than 3 mm) had a similar contribution (15.6%) to srbalflied insects (12%). Bee diversity
(for both pan traps and sweep netsdsioglossum(pan traps), and honeybee (®penet)
abundances all had a significant positive effect on the contribution of insects to pollination
(Fig 4.b, Table 2), confirming that honeybees were the main large pollinators while
Lasioglossumvere the main wild bee pollinators genus.

4. Discussion

Determining the role of insect pollinators is a central question for managing pollination
services in crop productiofKremen, 2005) Previous studies have already emphasised the
role of insect pollinators in OSR vyields, usually in fields with or withallimators(Araneda
Duran et al., 2010; Bommarco et al.,, 2012; Hudewenz et al., 2014; Marini et al., 2015;
Stanley et al., 2013)r correlating OSR yields with pollinator abundanBaromeuset al.

2014; Woodcoclet al. 2016; Zouet al. 2017) In most stdies however, the contribution of
pollinators was calculated for small area (exceipdstrom et al. 2016which may have
underestimated pollinator contribution, especially for OSR, a plant that shows high ability to
compensate for flower logPinet et & 2015) Here we combined empirical and experimental
GDWD FROOHFWHG RYHU IRXU \HDUV LQ IDUP ILHOGV WR
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different scales, field and plant. Our study shows that bees have a major effect on OSR yields,
with 35.7% higler yields in pollinator rich landscapes than in landscapes with almost no
pollinators.

4.1. Contribution of insect pollination to OSR vyield
Oilseed rape is a crop showing a modest dependence on pollinators, between 10% and 40%
(Klein et al, 2007) and self-pollination is dominant in OSKBecker et al., 1992)Using
genetic inheritance tests, setossing has been shown to be 53% to 87% depending on the
field (Becker et al.,, 1992)In our study, we found that seibllination accounted for
approximately 66% fatotal pollination, but varied between fields (95% CI = 30.8% to 100%).
Self-pollination and seftrossing are not directly comparable and we cannot infer whether an
increase in the contribution by pollinators replaced or supplemented the contribusiel of
pollination, although pollinators have been shown to increase ther@aging ratgBrunet
and Weet, 2006)Wind pollination contributed about to 4.2%. Only one other study has
guantified wind pollination in OSR and the values ranged fB3mto 12%(Mesquida and
Renard, 1982)Weak wind pollination in OSR has been linked to both the pollen and the
flower structures, which are more adapted to insect dispersal than wind digHesgal and
Cresswell, 2006)Using pollinator exclusion, we estimated tthpllinator contribution was
30%, close to the 37.5% increase in yield at field scale corresponding to the highest pollinator
GLYHUVLW\ LQ RXU VWXG\ VLWH 3ROOLQDWRU FRQWULEXW
practices. Conventional OSR Hasen shown to be more dependent on pollinators than hybrid
OSR(Lindstroém et al., 2016; Marini et al., 201ButHudewenz et al. (20)4nalysed a large
number of varieties and found that the contribution of pollinators depend more on the OSR
varieties hemselves rather than the OSR type (conventiegr@ushybrid). Studies including
farming practices have not agreed on whether farming practices affect the contribution of
pollinators: some authors found no interaction with pollinateas Gils et al., @16), as in
our study, while others found interactions between practices and pollifitarsi et al.,
2015)
Our results therefore clearly demonstrate that insect pollinators are an important component
of OSR vyield for farmers in our study area, inchegsyields by up to 0.8 to 1 ton.ha
depending on the method used to sample the pollinators (pan traps or sweep nets). The net
effect of pollinators in our study is thus slightly higher than that found in other studies
(Lindstrém et al., 2016; Woodcock al., 2016) from 0.4 to 0.6 ton.hg but far less than the
2.5 tons.hd found by Araneda Duran et al. (2010In our study, the increase in yield,
between 29% and 37.5%, depending on the method for sampling pollinators and the scale
(plantversusfield), is generally higher than increases reported sd&ween 12% and 20%
(Bartomeus et al., 2014; Bommarco et al., 2012; Samnegard et al., 2016; Zou et al.up017b)
to 30% Gtanley et al., 2093 This discrepancy may arise from differences in the nettibir
communities, since our study site has a very rich wild bee community, with more than 250
specieqRollin et al., 2015)Bartomeuset al. (2014 andWoodcocket al. (2016 found that
OSR seed production was positively correlated with pollinator nggitate, a parameter that
we did not measure here. It should also be noted that we used partial plant bags rather than
entire caged plantBartomeus et al., 2014; Zou et al., 201Akhich may also account for
part of the differences between this and p#tadies.
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We were able to identify which fecundity traits were affected by pollinators, and at
which scale (branch or plant), and were thus responsible for the increase of yield at the field
level. Two main traits benefited from insect pollinators: ingitsuccess and seed biomass
adjusted for plant biomass. As expected, pollinators increased fruiting success, potentially due
to more pollen brought by pollinato¢slayter and Cresswell, 2006hd better pollen transfer
that may increase owrossing rategBrunet and Weet, 2006ompared to wind or self
pollination. We also detected a traolé between the number of seeds per pod and the fruiting
rate, the number of seeds per pods decreasing with increasing presence of pollinators,
suggesting that the plamay not maximise all fecundity traits simultaneously. Other trade
offs have already been identified, e.g. seed unit weigimtumber of pods per planAfaneda
Duradnet al, 2010, or number of seeds per ped. seed unit weightZou et al. 2017).
Interestingly, total seed mass per plagjusted forplant biomass was positively correlated
with the presence of pollinators and field yiefahu et al. (2017 found a very similar result:
plant yield divided by straw (similar to plant biomass) was correlatéd wild bee
abundance. Our adjusted seed biomass per plant is actually fairly close to the harvest index
(ratio of seed total biomass divided by plant biomass), which has been found to be more
closely correlated with OSR field yield than with OSR plgigid (Degenhart & Kondra
1984). We found no effect of the position in the field on the pollination by insects, however
the distance into the field tested in our study was relatively sWalbdcock et al(2016, for
instance, the effect of the positiontiva higher distance (maximum of 200m), and found that
visits to OSR flowers strongly decreased with distance but only for bumblebee and hoverflies
(no effects were found for wild bees and honeybees). Interestingly, bumblebee and hoverflies
were not iderified as main pollinators in our study.

4.2.Which insects contribute to OSR pollination?
We found that higher bee diversity (genus level) resulted in higher OSR yields, possibly as a
result from niche complementarity since bees show different foraging tahypeferences,
or forage on different flowers according to the position of the flower on the (Haehn et
al., 2008) The effect of bee species diversity on OSR vyield has been reported ré£entbt
al., 2017b)and 20 of the most common bee speevese found to forage in OSKleijn et
al., 2015) Large bees, such as honeybees, are known to pollinate OSR and visit more flowers
than any other pollinatoréGarratt et al., 2014)We found that honeybees were the most
important pollinators, but unliketloer studies, did not find that bumblebees had any effect
(Garratt et al., 2014)This is perhaps because bumblebees were scarce during oilseed rape
blooming in our site, as already reported Rgllin et al. (2013. Although wild bees are
usually less abutant than honeybees in OSRq{lin et al, 2013, they spend longer on
flowers (Woodcock et al., 2013)nd, therefore, transfer more pollen during flower visits than
honeybees. Among wild beekasioglossum(from Halictidae family) had a fairly strong
effect, which is surprising since, unlikBsmia this genus has never been identified as an
important OSR pollinator(Garratt et al., 2014) asioglossums howeverknown toforage
extensively on OSRLe Féon et al., 2013; Woodcock et al., 2018pverflies were also
present in our pollinator community, however we did not find that hoverflies had any effect.
This can be explained by the fact that hoverflies are less effective pollinators fqGa8R!t
et al., 2014)
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4.3. Conclusions
We show here that OSR fieldls our study area are pollinator limited, both in terms of bee
(genus) diversity, and honeybee and wild bee abundances. Given the increase of OSR fields
worldwide and the pollination service supply limitations that have already been identified
(Breeze etl., 2014)and with the current decline in pollinatdiBotts et al., 2010jnproving
pollinator richness or abundance in general is becoming urgent, though problematic
(Bretagnolle and Gaba, 2015yimplification of agricultural landscapes leads to poor
pollination servicegConnelly et al., 2015)intensive farming practices are either directly
(Henry et al., 2012pr indirectly (Requier et al., 2013)armful to bees, and the maintenance
of seminatural habitats in the landscape is critical for wild b@ésnnedy et al., 2013)
However, plans for reducing pesticide use, improving or restoring-isatmial habitats in
farming landscapes and establishing wild flower stfijlaauw and Isaacs, 2014ave, so far,
remained limited. All these measures, whethbey are implemented through Agri
environmental Schemes or as greening components of direct payments under the Common
Agriculture Policy, still have costs. The merit of our study is that it demonstrates that
increasing pollinatoabundanceat landscape lel also has financial benefits for farmers,
since increase in production can be directly translating into gross margins or reBgnue.
accurately quantifying the yield increase as a function of pollinator abundance, we pave the
way for a monetary evaluahoof the pollination service in OSR farming systems that can be
balanced against the cost of managing landscapes to maintain bee diversity and pollinator
abundance within a land sharing framework, i.e. at the cost of reducing the area under crops.
Most pubic policies targeting wild bees aito exchange crop area for senatural habitats,
and use, therefore land sharing strate(@®en et al., 2005However, sharing land for bees
PD\ QRW QHFHVVDULO\ PHDQ WKDW IDUPHUi&ds bemdeH Q X H
income) will increase as shown by our study and another recent Bydgl(et al.2015)
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Table 1. Linear models ofOSR vyield as a function of pollinator dissity or pollinator
abundance (obtained by pan traps in 151 fields or sweep nets in 44 fields), year, phosphorus
fertilizer and their two way interactions with pollinator metrics. All abundancelmaré+1)
transformed. Significant effect® & 0.05) ae in bold.

Pan trap Sweep net Pan trap Sweep net

F P F P F P F P
Total diversity 3.99 0.048 140 0.25 Total abundance 7.75 0.006 4.52 0.042
Year 6.93 <0.001 0.01 0.92 Year 4.85 0.003 0.01 0.92

Phosphorus fertilizer  7.07 0.009 7.09 0.011 Phosphorus fertilizer 7.28 0.008 8.04 0.007
Total abundance x

Total diversityxyear  0.24 0.87 4.68 0.037 year 0.35 0.79 3.07 0.088
Towldwersix 7 g4 g13 7z rowlabundancex o600 003 085
phosphorus fertilizer phosphorusertilizer

Bee diversity 1493 <0.001 0.17 0.68 Bee abundance 12.06 0.001 5.63 0.023
Year 455 0.004 0.02 0.88 Year 3.58 0.016 0.01 0.9

Phosphorus fertilizer 10.20 0.002  6.84 0.013 Phosorus fertilizer 7.54 0.007 6.72 0.013

Bee diversity x year  0.18 0.9 6.97 0.012 Bee abundancexyea 0.12 0.95 3.58 0.066

Bee diversity x 048 049 102 032 Deeabundancex 038 054 020 0.66
phosphorus fertilizer phosphorus fertilizer

Hoverfly diversity 0.01 0.99 185 0.18 Hoverfly abundance 3.76 0.055 0.40 0.53
Year 6.96 <0001 0.01 091 Year 549 0.001 0.03 0.87

Phosphorus fertilizer 6.73  0.010 7.94 0.008 Phosphorus fertilizer 7.98 0.005 9.71 0.003

Hoverfly diversity x 014 0.94 037 055 Hoverfly abundance x
year year
Hoverfly dlversn.y. X 019 0.66 000 0.96 Hoverfly abunda.lrjce X
phosphorus fertilizer phosphorus fertilizer

2.07 011 0.78 0.38

0.01 0.93 2.81 0.1
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Table 2. Effect of bee diversity, bee abundance aadioglossuntaught by pan traps and
sweep nets on the contribution of all pollinators, large pollinators and small pollinators,
respectively, to fruiting success. A linear model was used. All abundancésyape-1)
transformed. Significant effect® & 0.05) are in bold.

Pollinator contribution  Large pollinators contributior ~ Small pollinators contributior

Value F P Value F P Value F P
Pan trap Bee diversity 0.033 7.52 0.007 0.01 0.89 0.37 0.026 5.03 0.028
Bee abundance 0.23 10.47 0.0017 0.14 5.3 0.024 0.073 1.27 0.26
Lasioglossum 0.2 10.93 0.0013 0.11 3.78 0.056 0.087 2.14 0.15
Sample size (Field 101 72 72
Sweep nel Bee diversity 0.057 5.62 0.021 0.066 20.88 <0.001 -0.009 0.026 0.61
Bee abundance 011 28 001 0.15 13.61 <0.001 -0.039 0.71 0.44
Honeybee 01 227 0.14 0.13 11.45 0.0019 -0.035 0.59 0.45
Sample size (Field 55 55 55
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Figl. D 7KH VWXG\ VLWH WKH /76(5 €RQ6g9g¥WHOVKRBZBQDLRH
crops and the monitored OSR fields in 2015 as an example. (b) The study design, showing the
plant, pan trap and sweep net transect locations within the field. (c) Design of pollinator

exclusion experiment for OSR plants, showinggbsition and types of pollinator exclusion
treatments.

Fig 2. Effect of pollinator community metrics estimated from pan trajgy éand sweep nets
(d-e) on OSR crop yield. All abundances kg (x+1) transformed. The colour lines indicate
the linear regessions between yield and pollinator for 2013 (red, square dot, dashed line),
2014 (green, round dot, solid line), 2015 (blue, triangle dotddskhed line) and 2016
(purple, diamond dot, dotted line). The black line shows the relationship averageldeover t
four years. The black line is not drawn where the regressions are not significant.

Fig 3. Effect of bee abundance estimated from pan traps on different OSR fertility traits,
averaged at field scale. The traits were measured for the control brasya@n¢hwhole plant

(d). The coloured lines show the linear regressions between OSR fertility traits and bee
abundancelgg (x+1) transformed) for 2013 (red, square dot, dashed line), 2014 (green, round
dot, solid line), 2015 (blue, triangle dot, eidshed he) and 2016 (purple, diamond dot,

dotted line) where these are significant. The black line shows the relationship averaged over
the four years. Lines are not drawn where the regressions are not significant.

)L D 5HODWLYH FRQWURBXONLDDPOM RQ GURHFBHN@WVSRYHU W
I[UXLWLQJ VXFFHVV %R[HV VKRZ XSSHU DQG ORZHU TXDUWL
(ITHFW R EHH(Idy BxQtamsfimEd)RQ FRQWULEXWLRQ RI SROOLQD\
LV WKH OLQHDU UHJUHVVLRQ
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Appendix

Appendix A. Study sites and summary of the data that were collected for this study for each
year.

Fig S.A.gives the location of the study site in France.

-

IRXYHC
$TXLWLEL

Fig S.A.Geographical location of Zon&elier «Plaine & Val de Sévre in the Nouvelle
Aquitaine region, France.
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Table S.A Summary of the data collected for each year, where a treatment was not applied or
a measurement was not made for a given year, the cell is shaded.

Year

2013 2014 2015 2016

Farm survey 27 45 48 31
OSR manipulation Control branch 126 148 118 178
Large mesh branch 124 107 172
Small mesh branch 100 132 112 173
Osmolux branch 107 165
Plant measurements Plant measurements 172 419
Branch count 420
Pan trap Edge 6 6 6
Core 6 6 6 3
Number of sessions per field 1 1 1 2
Sweep net Edge Yes Yes
20m Yes
50m Yes Yes
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Appendix B. OSR yield at field scale and pollinator community metrics foeddft time
periods and spatial windows.

We explored the effect of the time period and spatial window, that was used to estimate
pollinator community metrics, on the effect of these metrics on yield. Three time periods were
tested with pollinator data fropan traps. Pan traps were first set up from the day 90 each
year (30/31 March) to day 180 (28/29 June). Each year, this period covered the entire
flowering period of oilseed rape and beyond. Three time periods were tested, i.e. pollinators
caught by parréps were estimated with captures starting from day 90 until day160 (end of
flowering), until day 170 (10 days after the end of flowering), and until day 180 (20 days after
the end of flowering). The effect of the spatial window used to estimate pollotatonunity
metrics was tested using four buffer areas with radii 1000, 1250, 1500 and 2000 m. The effect
of pollinators on the yield was also tested for pollinator metrics estimated by pan traps in the
OSR field only (Om). 20 linear models were used t@sgtigate the effect of bee and hoverfly
diversity and bee and hoverfly abundanog(x+1) transformed) on OSR yield at field scale.

The effect of bee diversity was stronger at 1250m, for periods to day160 and to day 170 and
was weaker or absent for othradii and the period to day 180 (see Table S.B). Bee
abundance had an effect for radii from 1000 to 2000 m and this effect was significant for the
periods to day 160 and day 170 (Table S.B). The abundance and diversity of bees detected
with pan traps onlyn the OSR fields had no effect, showing the importance of estimating bee
abundance and bee diversity at landscape scale. Hoverfly diversity and abundance had no
effect for any period and buffer size (Table S.B). We, therefore present results for afadius
1250 m around the focal field for a period between day 90 and day 170.
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Table S.B.Effect of bee and hoverfly diversities and bee and hoverfly abundances on OSR
yield for different spatial buffers and time periods. All abundancetog(e+1) transforned.
F-value are given as negative if the coefficient is negative thus R? (percentage of variance
explained) are giverSignificant effects are in bold and represent as followR:<0.01; * P

< 0.05; * P <0.01; ** P <0.001

Time period of 160 days

Spatial radius Om 1000m 1250m 1500m 2000m
OSR focus field 78 125 144 150 151.00
Average total number of pan trap 832 2498 28.04 33.30 44.12
in buffer

Average number of fields surveye 1 585 326 387 513
in buffer

Bee diversity 1.49 9.02** 12.89** 5.05* 1.45
r2 1.92 6.83 8.32 3.30 0.97
Hoverfly diversity 0.44 0.98 1.12 0.07 0.09
r2 0.57 0.79 0.79 0.05 0.06
Bee abundance 0.77 7.87** 9.23** 12.60** 16.47***
r2 1 6.02 6.10 7.85 9.95
Hoverfly abundance 0.02 -0.06 -0.31 -0.65 -1.57
r2 0.02 0.06 0.22 0.43 1.04

Time period of 170 days

Spatial radius Om 1000m 1250m 1500m 2000m
OSR focus field 78 132 151 151 151
Average total number ofpantrap g )3 55 g3 30.35 36.70 48.87
in buffer

Average number of fields swyed 1 301 344 417 553
in buffer

Bee diversity 0.99 7.94** 13.41%** 5.67* 0.86
r2 1.28 5.76 8.26 3.67 0.57
Hoverfly diversity 0.02 -0.20 0.00 -0.91 -2.28
r2 0.02 0.15 0.00 0.61 1.51
Bee abundance 0.45 8.88** 11.34** 13.76%** 16.57***
r2 0.47 6.40 7.07 8.46 10.01
Hoverfly abundance -0.14 -2.86+ -3.30+ -3.98* -8.62**
r2 0.19 2.16 2.17 2.60 5.47

Time period of 180 days

Spatial radius Om 1000m 1250m 1500m 2000m
OSR focus field 78 135 151 151 151
Average total numbeof pan traps 9.83  31.24 35.46 43.35 58.74
in buffer

Average number of fields surveye 1 315 364 4.48 6.07

in buffer
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Bee diversity

r2

Hoverfly diversity

r2

Bee abundance

r2

Hoverfly abundance
r2

0.23
0.3
-3.45*
4.35
0.22
0.29
-5.39*
6.62

1.99
1.47
-4.83*
3.9
2.48
1.83
-9.46**
6.64

6.53*
4.20
-2.60
1.72
3.65+
2.39
-10.37*
6.50

1.74
1.15
-5.46*
3.53
5.39*%
3.49
-10.03**
6.31

0.00
0.00
-6.04*
3.90
7.83**
5.00
-16.30%**
9.86
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Appendix C. Effect of pan trap position in field on pollinator catatddist of the pollinators
caught using pan traps and sweep nets.

We explored the difference in pollinator abundance and diversity between pan traps at the
edge of fields and in the core for 2013, 2014 and 2015. Pollinators were averaged for each
position(edge or core) and pollinator abundance and diversity were calculated (as described
in Material & Methods). Linear models were used with total pollinator abundance and
richness as dependent variables, year and position in field and théertwanteracon as
explanatory variables. Only the year had a significant effect on either pollinator abundance or
diversity P < 0.001). The position of the pan traps had no effect on total pollinator
abundance (fges= 1.42,P = 0.23, Fig S.C.1.A) or diversity (16s4= 2.62 P = 0.13, Fig

S.C.1.B). The interaction between year and position in the field had no significantffect (
0.28).

Fig S.C.1.Total pollinator abundance (A) and diversity (B) for pan traps placed at the edge of
field and those in the fieldore. %0 R[HV VKRZ XSSHU DQG ORZHU TXDUWLOF
LQGLFDWHY WKH PHGLDQ

This table (Table S.C.1) lists the pollinators caught in pan traps and sweep nets.
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Table S.C.1.List of pollinator genera caught using pan traps and sweep nets betw8&en 201
and 2016.

Pan trap Sweep net

Genus Catch Genus Catch
Lasioglossum 14927 Honeybee 878
Halictus 2188 Episyrphus 71
Andrena 1863 Eristalis 34
Eupeodes 1192 Andrena 31
Honeybee 750 Bumblebee 30
Sphaerophoria 737 Melanostome 17
Episyrphus 599 Lasioglossun 16
Melanostoma 422 Eupeodes 14
Bumblebee 260 Epistrophe 5
Eristalis 245 Halictus 3
Nomada 124  Chrysotoxum 3
Eucera 86 Meliscaeva 3
Pipizella 59 Bombyle 1
Sphecodes 46 Eucera 1
Scaeva 45  Melitta 1
Osmia 30 Nomada 1
Cheilosia 28 Osmia 1
Melitta 17

Merodon 14

Rhingia 12

Helophilus 11

Syrphus 10

Chrysotoxum 9

Hylaeus 6

Anthophora 5

Eristalinus 5

Xylocopa 4

Meliscaeva 4

Paragus 3

Xylota 3

Colletes 2

Eumerus 2

Ferdinandea 2

Chelostoma 1

Hoplitis 1

HoplOsmia 1

Megachile 1

Trachusa 1

Myathropa 1

Neoascia 1

Platycheirus 1

Xanthogramme 1
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Table S.C.2.Pearson correlation coefficient between the pollinator communities caught by
pan traps and sweep nets in the OSR focal fields.

Pearson correlatior P

Pollinator diversity 0.086 0.8
Bee diversity 0.09 0.41
Hoverfly diversity <0.001 0.98
Total pollinator abundanc 0.007 0.95
Wild bee abundance 0.21 0.085
Hoverfly abundance 0.1 0.93
Honeybee abundance 0.27 0.046
Bumblebee abundance 0.13 0.29

Fig S.C.2 shows the correlation between the total pollinator abundéoges-1)

transformed) aaght by pan trap and sweep nets each year (coloured dashed lines) and for all
years (black dashed lines). Total pollinator abundance caught by sweep nets is the dependent
variable, and total pollinator abundance caught by pan traps, year (two levelsg¢iand t
interaction are the explanatory variables.

Fig S.C.2.Correlation between total pollinator abundance estimated using sweep nets and
total pollinator abundance estimated using pan traps and linear regressions for 2015 (blue) and
2016 (purple) and lib years (black). The regressions are not significant.
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Fig S.C.3shows the Pearson correlation matrices between the nine most common genera
(log(x+1) transformed) caught by paraps (left) and between the eight most common genera
caught by sweep netgdht). The Pearson correlation coefficients are shown by colour
gradient. Positive correlations are presented in blue and negative correlations in red. * shows
that the correlation was significant.
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Appendix D. Adjustment of the total seed mass usingtttal plant biomass

We used a linear model to adjust the total seed mass using the total plant biomass and year (2
levels: 2015 and 2016) as explanatory variables. Total seed mass and total plant biomass were
log(x+1) transformed. Fig S.D.1 shows a strdimgar correlation between total seed mass

and total plant biomass {Fyp= 1618.28 P < 0.001,R2=0.75, slope = 0.98).

e 2015
e 2016

Fig S.D.1.Total seed mass as a function of total plant biomass and year.

The distribution of the residuals and standardiseiivals of the model revealed (i) outliers
(Fig S.D.2.A) and (ii) a fatailed distribution (Fig S.D.2.B). We therefore kept only values
with residuals between 0.5 ar@l5 (between the red lines in Fig S.D.2.A) for further
investigation. 4.97 % plants weethus removed from the analysis.

Fig S.D.2.Diagnostic plot of total seed mass model. (A) shows the plot of the residuals
against the fitted values and (B) shows the normal probability plot of the standardised
residuals (QQ plot). The dashed lines repeas the relationships expected (A) between the
residuals and the fitted values and (B) between the standardised residuals and theoretical
guantiles of a normal distribution.
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Appendix E. Detecting and accounting for possible systematic bias effect ¢f ames
Osmolux on fruiting success.

Mesh bags are known to have potentially negative effects on phytometerplawizage et

al., 2001; Martin et al., 2013; Sacchi and Price, 1988; Wragg and Johnson, 2B

effects are usually due to mechanical camsts that affect, in the case of OSR plants, pod
development. In our case, for instance, the additional weight of the mesh bag after rain could
bend the pods. Alternatively, the mesh may limit pollen transfer, even if the mesh size is large
enough to abbw pollen transfer, as the mesh screens the flowers. Such artefacts are inherent in
the use of mesh bags around flowers in pollination exclusion experi(hEwpage et al.,

2001; Sacchi and Price, 1988; Wragg and Johnson, 2011)

To detect potential trement biases, we first averaged fruiting success according to treatment
at the field scale, and plotted it against bee abundance (Fig S.E.1A). We expected that the
control branches (pollinated by s@ibllination (SF), wingpollination (W), small pollinats
(SP) and large pollinators (LP)) would show higher fruiting success than large mesh
SROOLQDWHG E\ 263 : 6)° IROORZHG E\ VPDOO PHVK 3: 6)"
control branches had a higher fruiting success than the bagged branches in all years
(Fig.S.E.1.A), but the order of the treatments was not always as expected. For instance, in
several cases Osmolux gave higher success than small mesh (Fig S.E.1A). This would
indicate a negative pollinator contribution, though it is typically an artefactiofy a mesh
bag. Such negative contributions were set to zero by replacing, for example, the small mesh
values by the Osmolux values when small mesh was less than Osmolux (flooring) unless the
difference was less than 5% which was considered to be wlighimeasurement error. A total
of 17 small mesh (i.e. 16.8% of all small mesh values) and 28 large mesh values (i.e. 38.4%
of all large mesh values) were thus set to Osmolux or small mesh respectively, but no
Osmolux value was changed. The results aftarihg are given Fig S.E.1.B.

Fig. S.E.1.Effect of bee abundanck@(x+1) transformed) on fruiting success for all years
(201316) and for all treatments (red= control; green=large mesh; blue=small mesh; purple=
Osmolux) for (A) raw data and (B) floateorrected data.

Even in the absence of pollinators, self and wind pollination should result in some fruiting
success. Therefore, the relationship between bee abundance and fruiting success for the
control plants should have a positive intercept. In #mesway, since our results showed that
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insect pollination had a positive effect on fruiting success, the slope of this relationship should
be positive when all years are taking into account. As expected, a positive relationship was
found between fruitingueccess and bee abundance with a positive intercept estimate at 0.65
(red line in Fig. S.E.2).

In absence of insect pollination (i.e. treatments that restricts pollinator access), the intercept of
the relationship between bee abundatmg(X+1) transforme) and fruiting success (green

line, Fig. S.E.2) should be equal to the intercept of the relationship for the control plants. A
difference in the intercept would indicate a systematic bias resulting from the treatment. As
shown in Fig. S.E.2, we detectedifference between the two intercepts. Differences were

also detected between the intercepts of the large mesh treatment and small mesh treatment,
between the intercepts of the large mesh treatment and the Osmolux treatment, and between
the intercepts athe small mesh treatment and the OS treatment. However, none of these
differences were significant. Differences were however found in the intercepts of the
relationships between years for a given treatment. We therefore used the difference between
the intecepts of the control (evaluated for all year) and large mesh relationships each year as
a measure of the bias (difference between control and large mesh intercept: 0.49, 0.06, 0.45,
0.37 for 201314-15-16). All values for all treatments were thereforereoted by adding this
difference, except for data collected in 2014 when small mesh was used as it was the only
treatment.

Fig. S.E.2.Fruiting success as a function of bee abunddogéxt1) transformed) for
controls (red line) for all year and largeegi branches (green line) for 2013.

The values with intercept adjustment are shown in Fig. S5.E.A. In some cases, adding the
difference in intercept resulted in large mesh values being higher than control values (ten
control values, 9.9% of all control es). The control values were, therefore floored to large
mesh (Fig. S5.E.B).After intercept adjustment, a total of 55 values were floored (16.5 % of all
results).
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Fig. S.E.3.Fruiting success for all years and all treatments for (A) values adjustbd by
intercept correction and (B) values adjusted by the intercept correction and floored

The relative contributions of the different pollination processes to the fruiting success were
30% for insecipollination and 66% for sefpollination when the correicins were applied

(Fig. S.E.4A). Without any correction, relative contributions were estimated to be 59% for
insect pollination (Fig. S.E.4A) and 41% for sptillination (Fig. S5.4A). These values are
higher (for insect) or lower (for seffollination) than is generally found in literature
(Bartomeus et al., 2014; Becker et al., 1992; Zou et al., 20héxse relatively high
discrepancies suggest that correcting for potential mechanical bias is required. To ensure that
our corrections gave consistent résuthe contributions of the pollination process were also
calculated for the number of seeds per pod (Fig. S.E.4C). As expected for a fertility trait
negatively affected by pollinators, insect contribution was insignificant (4.9%, Fig. S.E.4C)
compared teelf-contribution (90.7%, Fig. S.E.4C).

JL) 6 GRQWULEXWLRQ RI GLITHUHQW SROOLQDWLRQ SURFH'
ZLWK $ LQWHUFHSW DGMXVWPHQW DQG IORRULQJ % QR
DGMXVWPHQW

We then expleed how the effect of insect pollination on pollination success was affected by

keeping or removing all negative values (Fig S.E.5). We found that results were similar

whether or not the negative values were kept, with a pollinator contribution to pofiinat

success estimated as 28.1% when keeping negative values and 32% when they were removed.
Similar, we found similar results for estimating the contribution ofelination: 80.1 %

when negatives values were kept (Fig S.E.5.A) and 70.8% when negglties were

removed (Fig S.E.5.B).
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)L 6 GRQWULEXWLRQ RI GLITHUHQW SROOLQDWLRQ SURFH?
ZLWK $ LQWHUFHSW DGMXVWPHQW DQG ZLWKRXW IORRULC
QHIJDWLYH YDOXHV UHPRYHG
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Appendix F. Effect of farming practices on OSR vyield

We used a stepwise (backward and forward) model selection procedure (bpseaumn

criterion to identify farming practices having significant or marginal effect on giekd0.1).

OSR vyield was used as the dependent variable, and main fertilizers (nitrogen, phosphorus,
sulphur and potassium), pesticides (frequency of insecticide, herbicide, and fungicide
treatments) and OSR variety type (hybretsusconventional) as gtanatory variables. Only
phosphorus fertilizer had a significant effect on OSR yield (Table S.F). Other variables were
not kept in model.

Table S.F.Summary of model selection for the effect of main fertilizer, pesticide and OSR
variety type on OSR vyieldSorted in order of elimination of explanatory variables with
associategb-value. Only explanatory variables with marginal or significant effect were kept
(P<0.1).

Explanatory variable Order of elimination P

Frequency of insecticide treatment 1 0.68
Nitrogen fertilizer 2 0.69
Sulphur fertilizer 3 0.49
Frequency of fungicide treatment 4 0.28
OSR variety type 5 0.26
Potassium fertilizer 6 0.14
Frequency of herbicide treatment 7 0.11
Phosphorus fertilizer kept 0.015
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Appendix G. Effect of pollinators on OSR yield: supplementary models

A set of linear models was used to check whether the OSR variety type modified the effect of
pollinators on yield, even though the type had no direct effect on yield (see Appendix F). We
therefore used all modelSUHVHQWHG X Q GldntribwiehHof atliradts RaQfietd

V F D @ddihg the OSR type and its interaction with pollinator metfidge interactions
between pollinator metrics and OSR type had no effect (Table S.G.1) meaning that the effect
of pollinator metrics on yield was independent of the OSR variety type.

85



Table S.G.1.Results oflinear models ofOSR yield as a function of pollinator diversity or
pollinator abundance (obtained by pan traps in 151 fields or sweep nets in 44 fields), year,
phosghorus fertilizer, OSR variety type (hybridersusconventional) and their twway
interactions with pollinator metrics. Significant effed&s> 0.05) are in bold. All abundances
arelog(x+1) transformed.

Pan trap Sweep net Pan trap Sweep ne'

F P F P F P F P
Total diversity 401 0.047 133 0.26 Total abundance 7.73 0.006 4.44 0.042
Year 6.98 <0.001 0.01 0.92 Year 4.84 0.003 0.01 0.92
Phosphorus fertilizer 7.12 0.009 6.74 0.014 Phosphorus fertilizer 7.26 0.008 7.91 0.008
OSR variety type 282 0.095 0.03 0.86 OSR variety type 2.29 0.13 0.01 0.94
Total diversityx year 0.38 0.77 4.42 0.043 Total abundance x year 0.21 0.89 3.02 0.091

Total diversityx phosphorus Totalabundance x phosphoru:

i 036 055 0.13 0.72 i 0.36 0.55 0.03 0.87
fertilizer fertilizer
Total diversity x OSR variety 0.02 088 014 071 Total abundance x OSR variel 007 0.79 135 025
type type
Bee diversity 15.11 <0.001 0.17 0.68 Bee abundance 12.05 0.001 5.64 0.023
Year 460 0.004 0.02 0.88 Year 3.57 0.016 0.01 0.9
Phosphorus fertilizer 10.32 0.002 6.69 0.014 Phosphorus fertilizer 7.54 0.007 6.74 0.014
OSR variety type 1.91 0.17 0.10 0.75 OSR variety type 211 0.15 0.03 0.87
Bee diversity x year 0.20 0.89 6.82 0.013 Bee abundance x year 0.09 0.97 3.56 0.067
Beg .dlversny X phosphorus 057 045 100 033 Beg .abundance X phosphorus 020 0.66 023 063
fertilizer fertilizer
Bee diversity x OSR variety 165 02 111 03 Bee abundance x OSR variety 005 0.82 205 016
type type
Hoverfly diversity 0.01 099 175 0.19 Hoverfly abundance 3.76 0.055 0.38 0.54
Year 7.03 <0.001 0.01 091 Year 5.50 0.001 0.03 0.87
Phospheus fertilizer 6.80 0.010 7.53 0.009 Phosphorus fertilizer 7.99 0.005 9.21 0.004
OSR variety type 280 0.097 0.01 0.99 OSR variety type 255 0.11 0.00 0.94
Hoverfly diversity x year 0.18 091 0.35 0.56 Hoverfly abundance x year 1.92 0.13 0.81 0.37
Hoverfly diversity x 002 09 000 0gs Hoverflyabundancex 0.08 0.78 2.63 0.11
phosphorus fertilizer phosphorus fertilizer
Hoyerﬂy diversity x OSR 073 039 006 081 Hoyerﬂy abundance x OSR 000 0.95 001 0.93
variety type variety type

A second set of models was used for only the 66 fields with both farm surveys and pollinator
exclusion experiments to check if relation between pollinator metrics and OSR yield were still
significant using this reduced data set, common tb patts of the study. As can be seen in

Table S.G.2, the significance levels are lower (as can be expected because of smaller sample
size), but all the effects have a similar sign and magnitude. In particular, there are still positive
correlations betweetie abundance and diversity of bees and the OSR vyield (Fig S.G.1).
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Table S.G.2.Results oflinear models ofOSR yield as a function of pollinator diversity or
pollinator abundance (obtained by pan traps in 66 fields or sweep nets in 34 fields), year,
phogphorus fertilizer, OSR variety type (hybrigersusconventional) and their twaay
interactions with pollinator metrics. All abundances Bg(x+1) transformed. Significant
effects P > 0.05) are in bold.

Pan trap Sweep net Pantrap  Sweep ne
F P F P F P F P

Total diversity 2.74 0.104 5.18 0.031 Total abundance 2.59 0.113 9.59 0.004
Year 1.94 0.133 0.71 0.407 Year 1.35 0.267 0.83 0.371
Phosphorus fertilize 1.63 0.208 4.67 0.039 Phosphorus fertilizel 2.24 0.140 7.11 0.013
Totaldiversityx 25 0547 005 0.819 owdlabundancex ;6 41y 0.25 0.624
year year
Totaldiversityx 13 5160 006 0.813 o2 abundancex i, o6 eq 0.00 0.964
phosphorus fertilize phosphorus fertilizer
Bee diversity 6.58 0.013 1.68 0.205 Bee abundance 3.90 0.05 10.49 0.003
Year 0.74 0.534 0.46 0.504 Year 0.92 0.435 0.85 0.364
Phosphorus fertilize 2.85 0.097 3.93 0.057 Phosphorus fertilizet 2.41 0.126 5.04 0.033
Bee diverity x year 0.86 0.469 3.01 0.094 5:aerab“”dance X" 0.89 0.450 0.67 0.420
Beediversity X 4 g50179 037 0546 DCcCaPUNdancex oo oy 0.05 0.826
phosphorus fertilize phosphorus fertilizer
Hoverfly diversity 0.17 0.683 4.72 0.038 Hoverfly abundance 1.17 0.285 2.58 0.119
Year 2.38 0.080 0.78 0.384 Year 1.81 0.155 0.92 0.346
Phosphorus fertilize 1.49 0.227 6.72 0.015 Phosphorus fertilizer 2.33 0.133 12.16 0.002
Hoverfly diversity X o o3 0566 031 0580 HOverflyabundance , oo 4, 0.01 0.909
year X year
Hoverfly diversity x Hoverfly abundance

y y 0.36 0.549 0.13 0.724 x phosphorus 0.00 0.954 6.39 0.017

phosphorus fertilize

fertilizer
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Fig S.G.1 Effect of pollinator communitynetrics estimated from pan traps-B) and sweep

nets (GD) on OSR crop yield. The coloured lines show the linear regressions between yield
and pollinators for 2013 (red), 2014 (green), 2015 (blue) and 2016 (purple). The black line
shows the relationshipvaraged over the four years. Lines are dashed where the regressions
are not significant. All abundances #&g(x+1) transformed.

Finally, we tested the effect of the number of bee species on OSR yield fe2@D85vhen
identification at species level wavailable. Bee species richness did not affect OSR yield
significantly, either with pattraps €1,73= 1.11,P = 0.29, Fig S.G.2) or sweep nét(zs=
0.47,P = 0.5, Fig S.G.2).
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Fig S.G.2 Effect of the number of bee species estimated from pan(&ypsd sweep nets

(B) on OSR crop yield. The colour lines indicate the linear regressions between yield and
pollinators for 2015 (blue) and 2016 (purple). The black line shows the relationship averaged
over the two years. Lines are dashed where the mgnssare not significant.
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Appendix H. Effect of pollinator diversity and abundance, caught by pan traps, and farming
practices on OSR fertility traits

We used 6 linear mixed models to determine the effect of pollinator diversity (total, bee and
hoverfly diversity) and pollinator abundance (total, bee and hoverfly abundagfet1)
transformed) estimated by pan traps on the fruiting success of the control branch (averaged by
plant position) accounting for year and the plant position in the field dasviieir two terms
interaction with pollinator metrics. Field ID was used as a random factor. Bee abundance had
a stronger positive effect on fruiting success than bee diversity and total pollinator abundance
(Table S.H). Hoverfly abundance had an eftacfruiting success which varied with the year
(Table S.H), while increased hoverfly diversity reduced fruiting success (Table S.H).

Table S.H. Fruiting success of control branches depending on pollinator diversity and
pollinator abundance evaluated bynpmap, taking account of year and plant position (and
their twoway interactions with pollinator metrics). Thevalues of the linear models are
given as negative if the coefficient is negative. Significant effects are in bold. Apart from total
diversity, only significant single effects and interactions are shown <( 0.05). All
abundances ateg(x+1) transformed.

F P
Total diversity -1.68 0.2
Bee diversity 4.22 0.043
Hoverfly diversity -10.98 0.001
Total pollinator abundanc 6.85 0.01
Bee abundare 10.67 0.002
Hoverfly abundance -8.19 0.005
Hoverfly abundanc& year 2.84 0.04
N 194

We then used 4 linear models to determine the effect of bee abundance estimated by pan traps
on the fruiting success, seeds per pods, seed unit weight for thel boatrch and seed mass
per plant adjusted for plant biomass (averaged for each position in the field) accounting for
year, phosphorus fertilizer (the only farmers practices with significant effect on OSR yield)
and the plant position in the field as wadl their tweterm interactions. Field ID was used as a
random factor. Bee abundance had a significant positive effect on fruiting suecgass (L6,

P <0.001, Fig S.H) and a marginally significant positive effect on seed mass adjusted for
plant biomasg¢F; 71 = 3.27,P = 0.078, Fig S.H). Bee abundance had a marginally significant
negative effect on seeds per péd {1.= 3.08,P = 0.085, Fig S.H) and bee abundance had no
effect on seed unit weighf{ ;0= 0.18,P = 0.68, Fig S.H). No interactions weefound

between bee abundance and year, phosphorus fertilizer, or plant positior @R). The

effect of bee abundance on OSR fertility was similar to the models not using farming
practices (see results). Omgyvalue was different but this was maimlye to the smaller

dataset as farming practices were not available for all fields with pollinator exclusion
experiments.
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Fig S.H. Effect of bee abundanck@(x+1) transformed) estimated from pan traps on

different OSR fertility traits, averaged ag¢lfil scale. The traits were measured for the control
branch (AC) and the whole plant (D). The colour lines show the linear regressions between
OSR fertility traits and bee abundance for 2013 (red), 2014 (green), 2015 (blue) and 2016
(purple) where these asignificant. The black line shows the relationships averaged over the
four yearsLines are dashed where the regressions are not significant.
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Chapitre 1l :

Quantification du bénéfice des pollinisateurs dans les rendements de
tournesol par une agproche expérimentale: réconcilier les estimations a
OfpFKHOOH GH €dblaparte@®@WH j FHOOH
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Avant-propos et résumeé du chapitre? :

Le tournesol est une culture dont les rendements sont dépendants des pollinisateurs. Cette
culture est la troisiemen termes de surface en Europe et a donc un intérét économique fort.
Cependant la contribution des pollinisateurs dans les rendements de tournesol reste
incertaine; les pollinisateurspeuventaugmenter la production de grainds 20% ou la

doubler selores études. De plus, la majorité des études qui ont évalué la contribution des
pollinisateurs ont été réalisgen condition contrblée et sur des petites surfaces pouvant ne

pas refléterle bénéficedes pollinisateurs en condition réelle. Finalemeotnme pour le

colza, les pollinisateurs impliqués restent en débdte les étude®t particulierement
OYLPSRUWDQFH GHV SROOLQLVDWHXUV VDXYDJHV GDQV Ol
nous avons donchercle a évaluer la contribution des pollinisatewdans la production de

tournesol directement dans les parcefigicolej OD IRLV j OfpFKHO®RId&EH OD SI
la plante tout en déterminant les pollinisateurs impliqués dans la pollinisation du tournesol.
Cette contributiorestévaluéde lonJ G fgra@ient de pollinisateurs eh utilisant des filets.

Dans cette étude, nous nous sommes intérpiseparticulieremend deux composantes du
rendement du tournesol que sont le diamétre des tétes de tournesol et la densité de plante. Ces
deux conposantes peuvent augmenter les rendenmeésprésence des pollinisateursais

sont négativement corréléestre elles

Notre étude montre que les pollinisateurs peuvent augmenter les rendements de tournesols de

j OfpFKHOOH GH OD SDWARHOOH HWYIYPHRRKHODOH GH OD SC
méthode utilisé (respectivement le gradient de pollinisateurQef HIFOXVLRQ GHV SROC
par les filets &HWWH FRQWULEXWLRQ HVW pJDOHesgtpsiOOH Gt
importante que cadl du vent (22.2%). Les abeilles domestiques sont les principaux
pollinisateurs impliqués dans la pollinisation du tournesol alors que les pollinisateurs
sauvages contribuent peu. La présence des abeilles domestiques est en partie déterminée par
la densité&de plante mais pasSDU OH GLDPqQWUH GHV WrWdd\a plahte WR XU Q }
les abeilles domestiques augmentent le nombre de graines par tournesplemgpioids des
graines par maune fois la densité de plante prise en commpiggré un cormpromis entre le
nombre de graines et le poids moyen des graines.
&HWWH pWXGH FRQILUPH OfLPSRUWDQFH GHV DEHLOOHV Gl
oOfLQWpUrwW GH OHV SUpVHé&YHU GDQV OHV PLOLHX[ DJULFR
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scale estimates
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Abstract

Most crops grown in Europe, including sunflowefe{ianthus annulus ., benefit from insect
pollination. However, valuing this benefit is not straightforward since estimates for the increase
sunflower yield vary from 18% up to 100%. Most estimates have, moreover, been performed at plant
scale, a scale &t is not relevant for farmers who reason at field scale. In thisyiamr study, we
quantified the contribution of insect pollination to sunflower yield at field and plant scales in working
farm fields distributed along a gradient of pollinator diversitgl abundance. Pollinators were found

to increase field yield up to 40% (i.e. 0.7 t/ha) and by 31.3% at plant scale; the magnitude of effect on
yield being therefore similar at both scales. The pollinators increased the yield by increasing the
number of értilized seeds per plant with no significant effect on the unit mass of the seeds although
there was a tradeff between number of seeds and unit mass. Among pollinators, honeybees were the
main taxon impacting sunflower yield. Sunflower plant density avaisong determinant of yield, with
higher densities attracting increased numbers of honeybees. Using pollinator and wind exclusion, we
finally quantified the relative contributions of sglbllination (~40%), insect pollination (~35%) and

wind pollinaticn (~20%). Our results show, to the best of our knowledge, the first evidence of the key
role of pollinators in sunflower production at field scale in real farming conditions, and underscore the
need to maintain suitable conditions for pollinators in adjrical landscapes.

Keywords

Agroecology, Pollination service, Honeybee, Wild pollinators, Biodiversity, Wind pollination,
Sunflowers, Sefpollination
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Introduction

Ecological intensification of agriculture has been promoted as a way of reducing dhemica
inputs by relying on pest control and pollination as ecosystem functions, rather than on agrochemicals
(Bommarco, Kleijn, & Potts, 2013Up to 70% of crops and 35% of agriculture production depend on
insect pollination(Klein et al., 2007)that involvedomesticated pollinators such as honeybégss(
mellifera) and many wild bee@Saribaldi et al., 2013; Kleijn et al., 201%jowever, recent declines of
wild bees and honeybees and in the same time the increase of pollinated dependent crop area may
leadto pollination limitation at continental scal@izen & Harder, 2009)Despite strong evidence that
pollinators are critical for agriculture production, insect pollination is still ignored in the selection of
farming practices, farming systems and cr@@sen, Zhang, Liu, & Yu, 2017; Misganaw, Mengesha,

& Awas, 2017) One reason may be a mismatch between the viewpoints of farmers, who measure
yield at field scale, and researchers who quantify the contribution of insect pollination using proxies at
small field part Garibaldi et al., 2016)plant scalegBartomeus et al., 2014dr even smaller scales

(Bos et al., 2007; Garibaldi et al., 2013uch proxies may not accurately account for the capacity of
crop plants to compensate for a pollination defiBibs et al., 2007) nor for intra or inter field in

yield (Kayad et al., 2016)An estimate of the contribution of pollinators will only be meaningful for
farmers if the yield is measured at field scale along a pollinator grafliendgsiére, Freitas, &
Gemnill -Herren, 2011)Such studies are rarédinesDay & Gratton, 2016; Lindstrom et al., 2016)

Sunflower Helianthus annulus ), the major oil seed crop in EuroflfAOSTAT, 2014) is
highly dependent on pollinators whose contribution to yield is coms@leand has been estimated
from 18% up to 100% (i.e. doubling the yield). The dependence of the yield on pollinators has been
found to be weakDegrandiHoffman & Chambers, 2006; Tamburini, Lami, & Marini, 201medium
(Aslan, Yavuksuz, & Asian, 201@y strong(Carvalheiro et al., 201%aribaldi et al., 201685reenleaf
& Kremen, 2006) The variability may be the result of the different methods that were used to estimate
WKH SROOLQDWRUVYT FRQWULEXWLR Asldn &t aik2010)thaFrbay fokkeH QF O RV
plantpollinator interactions seldom occurring naturalBanda & Paxton, 1991)or using
experimental fields that may not be representative of farming pradi2egrandiHoffman &
Chambers, 2006; Tamburini et al., 201D)jrect esimates of the contribution of insect pollination to
sunflower yield in working farm fields are very rgi@arvalheiro et al., 201Garibaldi et al., 2016
Greenleaf & Kremen, 2006), and rarely consider the effect of plant density wahiibéldi et al.
2016Carvalheiro et al., 2011; Greenleaf & Kremen, 200B)e variability may also due to the
pollinator metrics used: honeybee abundaiiGeeenleaf & Kremen, 2006; Pisanty, Klein, &
Mandelik, 2013)wild pollinator diversity(Carvalheiro et al., 201 1yvild bee abundandgreenleaf &
Kremen, 2006; Hevia et al., 2016) or total pollinator abunda@egilfaldi et al., 2016)Variability
DOVR DULVHV IURP WKH PHWKRG RI HVWLPDWLQJ WKH SROOLQ
(Carvalheiro et al.,@1; Greenleaf & Kremen, 2006y seed masfCarvalheiro et al., 2011 hese
metrics do not take into account the tradiebetween number of seeds and their unit nf&asnburini
et al., 2017)At the field scale, yield is the product of plant densityt mass and number of seeds per
flower head. The latter depends on pollination success, thithead diametefMarinkovic, 1992)
being a confounding variable sinds average has been reporteddasreamg with plant density
(Ibrahim, 2012)while largerheadsattractmore pollinators(Pisanty et al., 2013Finally, sunflower is
also pollinated by selpollination (Javed & Medhi, 1992)and wind pollination, though their
contributions have never been differentiated (BggrandiHoffman & Chambers, 2006laved &

Medhi, 1992)

Our study aimed to fill those gaps by assessing the effect of insect pollination on yield at plant
and field scales in real farming conditions over four years using a single experimental design . Yield
may depend on both pollinatabundance and diversity, which are very different between fields. In
our study, fields were selected along gradients of landscapes with different densities-iéhtseahi
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habitats, meadows and organically farmed fields to ensure a wide range of poimatdances and
diversities(Kennedy et al., 2013)n each field, we performed pollination exclusion experiments to
determine the effectiveness of each type of pollination. We first assessed, at plant and field scales, the
relationships between the varuwomponents of yield to test for potential tradis, especially
between plant density, head diameter, number of seeds per head and seed unit mass. Then we
investigated whether pollinators (wild or domestic measured as abundance or diversity) increased
yield at field and plant scales, accounting for the t@ffie identified. Finally, we evaluated the
relative contributions of insect pollination, wind pollination and-pelfination on sunflower yields

for a range of pollinator abundances and diversities

Material and methods

Study area and field selection

Pollinator exclusion experiments and farm surveys were conducted between 2013 and 2017 in
the Long7HUP 6RFLDO (FRORJLFDO 5HVHDUFK VLWH /76(5 3=RQH $W
kmz2 study &e located in the south @euxSévredistrict, central western Fran¢Bretagnolle et al.,
2018) Sunflower represents about 10% of the agricultural area. Experiments were conducted directly
in working farm fields. Each year, we randomly selected 48Qol km? squares in the LTSER
distributed along three gradients of landscape features:-redomial habitats (hedges and forest
fragments), meadows and organically farmed fields. All these landscape features have been shown to
strongly influence pollinater(Kennedy et al., 2013)Ve used a moving window to select the squares
(seeFahrig et al., 201for the procedure used) to minimize ingradient correlations. Within each
square, one sunflower focus field was then selected when present. On averagefltueer fields
were 350 m apart (102 m to 1250 m). Field size ranged from 0.3 ha to 20.7 ha (mean 5.8 ha).
A first set of 97 sunflower fields (17, 5, 38 and 37 in 2013, 2014, 2015 and 2016 respectively) was
used for an empirical assessment of pollinaborsunflower yield at the field scale. A second set of 67
fields (23, 27 and 17 from 2015, 2016 and 2017 respectively), of which half were also in the first set,
was used for pollinator exclusion experiments. The two sets differed because not all facepted
either surveys or experiments in their fields in 2015 and 2016 (i.e. years where both surveys and
experiments were carried out). No field was used in two different years. Experiments were carried out
on 44 different hybrid restored varieties oh8awer, all of which were seffiertile. Most fields were
cultivated using conventional practices (98%), the others being organically farmed.

Measurement of yield components

Information on farming practices (fertilizers, pesticides, sowing density, vaopty) and
yield, for the 97 fields of the first set, were collected at the end of each cropping season by farm
surveys. In 2016 and 2017, just prior to harvest, the number of sunflower plants was measured in 1 m?
guadrats in the field border and at 15and 75 m from the field edge. Plant density at field scale was
then estimated by averaging the number of plants over the three quadrats. Sunflower plants (see
below) were collected five days before harvest. In the laboratory, head diameter (in mm) was
measured twice and averaged for analyses and then heads were stored in individual bags and left into a
heat chamber at 60°C for 48 hours. Seeds were removed mechanically from the heads, and fertilized
seeds were separated from empty seeds (arbitrary thresh6ldng) by seed density with a wind
machine (Batteuse petites graines, ATID, France). Then fertilized seeds were counted twice with a
seed counter (Contador 2, Pfeuffer, Germany). The repeatability between the two measurements was
extremely high (less #&n 0.1% difference), so we used the average. Total seed mass (using only
fertilized seeds) was measured (nearest 0.1 mg) and three individual fertilized seeds were randomly
chosen and weighed to provide the individual unit mass (average of the threes)veight
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Pollination exclusion experiments

In 2015, twenty sunflower plants were selected per field in rows of four plants at five different
positions (Table 1). In 2016 and 2017, only 12 sunflowers were selected at three positions (Table 1).
The distance fronthe edge was studied because insect pollination in sunflower has been shown to
decrease with distance from the edgevia et al., 2016)The four plants within a row were chosen to
be at the same growth stage (same overall height, same head flowerediaketh plant within a
given row was subject to a different treatment to estimate the contributions of large pollinators (LP),
small pollinators (SP), wind pollination (W) and spdllination (SF) at plant scale. We also used
manual (hand) pollinatiorHP) in some rows, with or without insect pollinator exclusion, to estimate
the effect of bagging sunflower hegifgragg & Johnson, 2011)
Within each row, one plant was used as a control (Table 1) with the flowers accessible to all
pollination process (LPSP+W+SF). The head of a second plant was bagged with a large mesh (3 mm
mesh size), preventing large insect pollination but allowing small pollinators (SP)pulintation
(W) and seHpollination (SF), while a third plant was bagged with small mesh®&gmm mesh size;
Table 1), preventing all insect pollination (W+SF). The fourth plant on the row was treated differently
depending on the year and plant position. Experimental design evolved throughout years to improve
our ability to estimate pollinatorontribution. Thus in 2015, it was bagged with osmolux, a tissue
allowing only gas exchange thus excluding all types of pollination bupe#ihation (SF). In 2016,
only the plant in middle position (15 m) was bagged with osmolux (Table 1): one athtretwo was
left open and hand pollinated (HP) with pollen from a neighbouring plant, while the other was bagged
with small mesh and hand pollinated. The bagged plant was either at the edge (Om) or the centre of the
field (75m) depending on the field. #8017, the fourth plants in the edge (Om) and centre rows (75m)
were bagged with osmolux, while in the row 15 m from the edge, the fourth plants were left open and
hand pollinated and a fifth plant was bagged with osmolux and hand pollinated (Table faritke
were bagged at the very beginning of flowering and removed after the last flowers faded, to avoid the
bag affecting seed formation. Sample size varied slightly because some sunflower plants died and
some bags, especially osmolux, were found opearor

Pollinator sampling

We sampled the pollinators using two complementary methods. Firstly, they were trapped in
pan trapgWestphal et al., 2008these were plastic bowls of 12cm diameter and 10cm deep filled
with c. 600 ml of water with drops of ap and left in the field during 4 days per fields. Pan traps were
three different colours (yellow, blue or left white) to catch pollinators by colour prefef@restphal
et al., 2008) The traps were mounted on wooden stakes, in the vegetadight (Wedphal et al.,

2008) and installed during summer to covering the sunflower flowering period”(3a6e to 29

August). Given that bees, in particular honeybees but also bumblebees and at least some wild bees
(Zurbuchen et al., 2010jorage over large diznces, we used other surrounding fields as well as the
focal field to estimate the pollinator community around the focal field, thus avoiding dilution, spill
over or attraction effectddolzschuh et al., 2016 raps were set in fields with sunflowers,ineaand
meadows. The number of fields surveyed at a given buffer distance was quite variabld Qdiglds

at 2000m from the focal field), with on average 28.8 pan traps in 4.0 fields. As pollinator abundance
and diversity did not differ statisticallyetween field edge and field core for 2€A@RL5 (Fig.A), in

2016 and 2017, the sampling effort was reduced to the field core with three pan traps placed twice
during the season.

We used sweepets to complement the pan traps, since pan traps may unuetessome
pollinators (e.g. honeybd®/estphal et al., 2008)n 2015, we swept two transects per field: one at the
edge and one in the field core. In 2016 and 2017, we swept three transects: at the edge, 20 m from the
edge and in the field core. All traeds were 50m in length and lasted 10 minutes measured with a
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chronometer to ensure approximately equal sampling effort. Honeybee was visually counted and other
pollinators were caught by sweep net. We stopped the chronometer each time an insect fexcept fo
honeybee) was caught to remove it from the swestpidentify it visually or put it into a tube for later
identification. We swept the transects between 8.30am and 5.30pm, when the air temperature was
above 15°C and the weather sunny.

Professional entoologists identified all insects caught in the pan traps at genera level for wild
bees and species level for hoverflies. For 20Q%7 only, we identified bees at species level.
Abundance per guild was obtained by a hierarchical average procedure, stédtingean count per
bowl colour and position in the field (cova edge), then averaging for each position in the field, and
finally for each field. This was then averaged with all other fields within a radius of 2000m from the
25" of June (day 175 ofear) to the 30 of August (day 240), covering the full sunflower flowering
period each year. The diversity was represented either at genera or species level. A similar procedure
was used for the sweep net captures. See Appendix A. for a descriptiompollittegor community.

Statistical analyses

We used linear models or linear mixed models (LM or LMM) for all analyses. As we expected
sunflower yield to be influenced by farming practices, we first assessed the effects these practices on
yield. Unexpectdly, none of the farming practices analysed here significantly affected yield (Table
C.2), hence they were not included further in the analyses. We then analysed the relationships between
yield (and various components of yield such as average head dipmé&tet density (only available
in 2016 and 2017) and sowing density. In these models, we accounted for the effects of year and
distance to edge as fixed effects. Distance to edge was nested within the field ID, and the field ID was
nested within year taccount for the sampling design (the distance to edge varied between years and
no field was sampled in different years). Next we investigated yield, with head diameter, plant density
and year as explanatory variables.

We also examined the relationshiptween yield components at plant scale to check for
potential tradenffs. Since the head diameter was expected to be the main driver of plant yield, we
analysed relationships between the head diameter and three plant yield components, the number of
fertilized seeds, the seed mass and the total seed mass per head. We used an asymptotic model to test
whether the yield components saturated with head diam#erused LMM since the field ID was
included as a random effect as repeated measurements (i.e., tifidréidual plants) were available
for each field. Distance to edge and year were also included as fixed effects.

To analyse the effects of pollinators on yield at field scale, we built several LMs with different
pollinator metrics, year and their intet@ns as explanatory variables. Pollinator metrics included
pollinator diversity (bees and hoverflies at genera and species levels), abundance per guild (honeybees
estimated by sweep nets, and wild bees, hoverflies and bumblebees estimated by pamdttats) a
abundance. We used regression to quantify the effects of various pollinator metrics on yield, with the
confidence interval obtained from the standard error of the model estimates, and compared the
predicted yield at the lowest and highest valuesagh pollinator metric. The most relevant pollinator
metric (honeybee abundance, see results) was then used to determine which sunflower plant yield
component was most influenced by insect pollination. We built LMs with each sunflower yield
component (nmber of fertilized seeds, seed unit mass and seed mass per m?) as successive dependent
variables, and honeybee abundance, distance to edge, year and the interactions with honeybee
abundance as explanatory variables. Given the predominant effect of tlmsveurifead diameter, it
was added as an covariate in the model. To explore whether number of pollinators could saturate or
decrease yield, we confronted a linear, a saturation and a humped model to analyse how sunflower
yield changes with pollinator abuntize. The asymptotic model, i.e. saturation hypothesis, was found
to be the best model (data not shown) and therefore kept for the analysis.
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To quantify the contribution of the different types of pollination, we used the number of
fertilised seeds per head a measurement of yield per plant for each experimental treatment, since
this parameter was the most affected by pollinator abundance. The use of bags as an exclusion
treatment may potentially bias the estimated yield. We performed a preliminary atmtlssk for
such bias and corrected the number of fertilised seeds to take into account the effects of the bias.
(Appendix B.). We then estimated the contribution of wind pollination as the difference between the
number of fertilized seeds (correctedues) in the treatment which excluded all pollinators and the
treatment allowing only seffollination (SF). The contribution of pollination by small insects was
estimated as the difference in the number of fertilized seeds between the large pollinasborexcl
treatment and the treatment which excluded all pollinators, while the contribution of pollination by
large insects was the difference in the number of fertilized seeds between the control and the large
pollinator exclusion treatment. The overall pmditor contribution was the sum of the small and large
pollinator contributions. The relative contributions of each of the pollination types were then obtained
as the % of the total contributiofBartomeus et al., 2014 a few cases, the differencetive
number of fertilised seeds between treatments was negative. Since a negative contribution cannot
theoretically exist, negative values were arbitrarily set to 0 when the magnitude of the negative
contribution exceeded 10% (Appendix B.). Setting thegatng contributions did not affect the
result (Fig G.5). Differences in the contribution of the different types of pollination processes were
tested using a LM and pelsbc test, with pollination type, year and their interaction as explanatory
variables

In all analyses, pollinator metrics ,head diameter and plant density were used as predictor were
log(x+1) transformed. Honeybee abundance and seed mass per niBg@erd) transformed when
used as response variable to meet normality and homoscegasttimptions. All analyses were
performed with R softwar@R Core team, 2015) XVLQJ 3sVWDW’™ SDFNDJH IRU OLQHDU
VWHSZLVH UHJUHVVLRQ DQG SRVW KRF W H(Kétsov@, BrécRieti UWHV W’
& Christensen, 2014F and pvalues of the LM (LMM) models are provided when we were interested
in the relevance of the model for all variables. Otherwise, these values are provided only for the
variable of interest.

Results

Components of sunflower yield at field and plant sales

6XQIORZHU \LHOG LQ IDUPHUVY ILHQ&Wye: DM, R, ahtlU D JH
did not statistically differ between years (L;9:=1.87,p = 0.14). We observed a high variation of
average head diameter between fields (17.7 cm, raB@25.4), a smaller variation between years
but not with distance from the edge of the field (Table 2). Average head diameter was not correlated
with plant density (only available in 2016 and 2017) when accounting for year and distance to edge
(Fe,1160057, p = 0.45), unlike previously published studies. Sunflower plant density was also highly
variable between fields (7.6 plants/m?, rangel®D3), slightly higher in 2017 than in 2016 (8&7
plants/m?) and increasing, though not significantly, fraslgeeto core (Table 2). Plant density was
unrelated to sowing density and other farming practices (Table C.3). Similar results were found for
head diameter (Table C.3). Finally, field yield did not depend neither on plant dénsyy 2.49,p =
0.13) n 2016 nor on head diameté&; §,~0.0.72,P=0.48) in 201516.

At the plant level, strong and positive relations were found between head diameter and number
of fertilised seeds, seed mass, or seed mass per head (ANMN), < 0.001, Fig.l.a.b.c).The
relationships were saturating for the number of fertilized seeds and head diameter and between seed
mass per head and fertilized seeds (Figit)the plant level therefore, larger heads yielded higher
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total seed mass (Fig.1.c), but there was also a-oHdetween the number of fertilized seeds and the
seed mass (Table 3, Fig.1.d) after accounting for head diameter.

Effect of pollinator abundance and diversity on sunflower yield at field and plant scales

Sunflower yield at field scale was significantly inased by honeybee abundance, for
both pollinator sampling methods (Fig. 2a,c; see Table D.2 for statistical tests), with saturation for
sweep net data. The yield increase between fields with lowest honeybee abundance (0.5
honeybees/transect for sweep nt)fields with highest abundance (116 honeybees/transect) was
41.1% (range 30-%1.2), i.e. 0.72 t/ha yield increase. Similar value was obtained with pan trap data
(41.5% increase, range 32.6, Fig.2). Given that the abundance data were obtainedinveh
predefined buffer zone and period (2000m radius and 65 days), we checked the robustness of our
results with varying spatial and temporal ranges: at 2000m, the relationships were independent of the
time, but the relationships were slightly weaker vatismaller buffer zone (Table D.1). Among the
other pollinators, only hoverflies increased sunflower yield, though this was due to 2013, a year where
hoverflies were particularly abundant (Fig.2.e; Table D.2). Wild pollinator abundance and richness
(eitherat genera or species levels), did not contribute to yield (Fig. 2.b,d; Table D.2). According to our
results, therefore, among bees, only honeybees affected sunflower yield at field level.

Next, we investigated which plant yield components were influebgdtbneybee abundance.

At field scale, honeybee abundance was not correlated with average head diBmeted (19,p =
0.28) for 201516-17, but honeybee abundance was correlated with plant deRgify=(4.52 ,p =
0.039, Fig.1.e) for 20147. At plant scale, accounting for head diameter as a proxy of total number of
flowers, honeybee abundance was significantly correlated with the total number of fertilized seeds per
head F;215=32.45,p < 0.001) with an increase of 31.3% between fields with Orieyloees/transect
and 116 honeybees/transect. This relationship was unaffected by distance of the plant from the edge
(interaction between honeybee and plant positignis= 0.2 ,p=0.65). As expected from the trad#
between the number of seeds and ithdividual seed mass (Fig.1.d), seed mass was negatively
correlated with honeybee abundance although not significhthy-€ 3.56,p = 0.06). However, the
positive correlation between honeybee abundance and total number of fertilized seeds was strong
enough to result in a positive correlation with seed mass per m? with a similar saturation to that
observed for the yield at field scale,; (.= 14.82,p < 0.001, Fig.1.f). Overall therefore, honeybees
increase yield by increasing the number of fertilisedds per plant which saturates with an excess of
honey.

Pollination processes and their contribution to yield

The contributions of the various pollination processes were significantly diffeffgpt, €
58.36,p < 0.001). SeHpollination (42.5%) andhsect pollination (34.5%) were the main contributors
to the number of fertilized seeds per head (F&y-3.arge pollinators (30.6%) such as honeybees and
bumblebees had more effect than small pollinators (4% Fig.3.a). Only 23% of pollination was
attribuied to the wind (Fig.a). The contribution of insect pollinators varied between years (18% in
2015, 43% in 2016 and 2017), as did that of other pollination procéssgs4.85,p = 0.008) except
small pollinators (interaction yegollination processks 3;5=14.15,p < 0.001). Honeybee abundance
(sweep net data) varied between years (2.44, 22.7 and 29.8 honeybees/tFapsecti3.32,p <

DQG WKLV YDULDWLRQ VLIJQLILFDQWO\ DIITHFWHG,MVWKH LQVEF

= 354, p < 0.001, Fig.3.b). The contribution of pollinators was marginally correlated with the yield
estimated at field scaléd{3s= 3.5, p = 0.07, Fig.3.c), confirming that the increase of pollinators
contribution at plant scale resulted in an increaséeiid at field scale.

103



Discussion

Our study revealed that honeybees were the main insect pollinator involved in sunflower yield:
increasing the honeybee abundance improved the relative contribution of insect pollination over other
pollination mechanismsand increased the number of fertilized seeds independently of the head
diameter.Barros et al. (2004also found that yield increased with the number of seeds per m? rather
than seed unit mass. Seed unit mass decreasesigmoficantly with increasing haybee abundance,
as a consequence of the tranfEbetween the mass and the number of fertilized seedBéaees et
al., 2004; Tamburini et al., 2017puch a tradeff is commonly found in plant¢Jakobsson &
Eriksson, 2000)Our results also showed thalant density was positively correlated with honeybee
abundance, while head diameter was not, suggesting that honeybees were more attracted by plant
density than plant size. Moreover, higher honeybee abundance still increased seed mass per m?
independelty of the plant density. Increasing plant density was also shown to increase vyield at field
scale, in agreement witBarros et al. (2004)Plant density is thus a key feature that must be
considered when studying sunflower yield and our results showhbatantribution of pollinators
cannot be directly estimated from pollination success or seed unit mass on their own.

Sunflower head diameter was found to be a strongly correlated with the number of fertilized
seeds and seed mass (see ®Mladnkovic, 1992. Allowing for the effect of head diameter, we found
that pollinators had a positive effect on the number of fertilised seeds, which was potentially due to the
increase of pollination success with increasing pollinator abundébagevalheiro et al., 2011;
Greenleaf & Kremen, 2006; Pisanty et al., 201Bpugh this was not directly estimated in our study.
Honeybee abundance was not positively correlated with head diameter, conveRisignty et al.
(2013) although they studied honeybee visits betwerallsand large flowers within the same field.
Surprisingly, we found that plant density was not negatively correlated with head diameter unlike
Ibrahim (2012) who found a negative correlation for plant densities between 4.5 and 9 plants per mz2.
Another stdly found that the number of flowers per head did not decrease with increasing density
above about four plants per m2 (Villalobos, Sadras, Soriano, & Fereres, 1994), well below the average
value (7.6 plants per m?) we found in our study. Possibly, as\zer@o correlation between fertilizer
dose and yield, soil resources were not limiting for sunflower development in our study. In addition,
we found that fields with a high density of plants had a higher pollinator abundance, being probably
more attractivedue to an increase in resource availability, as found for other f2etsas, Fort,
Escaravage, & Pornon, 2016)

The contribution of insect pollination was about the same level apdéifation, confirming
that modern hybrid sunflowers are highlylfdertile unlike wild sunflower speciegGandhi et al.,
2005) Other studies found similar results of 26% to 7qDBégrandiHoffman & Chambers, 2006;
Javed & Medhi, 1992)Since we estimated a relative contribution we cannot determine if the self
pollination rate is fixed or varies with pollinator abundance, which may increase outcrossing rate
(Wang, Yamasue, Itoh, & Kusanagi, 1998Ye also found that wind pollination contributed about
20%. Our study is the first to differentiate wind pollination fron-pelllination. Wind pollination has
not previously been demonstrated for sunflowers as they are particularly adapted to insect pollination
(Wojtaszek & Maier, 2014)Wind tunnel experiments would be necessary to confirm our result
(Cresswell & Osborne, 2@0).

7KH LQFUHDVH LQ \LHOG ZDV XS WR FORVH WR WKH SRO
scale (34.5%), i.e. an additional gain of 0.7 1,lglightly depending on the method used to sample the
pollinators (pan traps or sweep nets). This esénisit to our knowledge, the first at field scale. It
demonstrates the essential role of pollinators for farmers, though it is slightly lower than the increase
in yield estimated from plant (Carvalheiro et al. 2011) or snsathle experiment@Garibaldi etal.,
2016) even those were directly assessed in working farm fields. In plant scale studies, the increases
were 47% to 74% similar tGaribaldi et al. 2016 depending on the sunflower variety. However, in
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the Carvalheiro et al. (2011wild bees had agsitive effect. Other studies performed in farm fields
have evaluated the pollinator contribution for male sterile l@eenleaf & Kremen, 2008yhere
pollination entirely depends on insect or wind. Finally we found that sunflower yield depended mainly
on honeybee abundance, as already sh@wslan et al., 2010; Degrantioffman & Chambers, 2006;
Greenleaf & Kremen, 2006; Pisanty et al., 20¥®)verflies were found to improve yield in only one

out of the four years. Though such effect has not been fouotter studies, hoverflies are known to
pollinate other oil crops, such as oilseed réuker & Wolters, 2008Wild bees were sometimes
found to affect sunflower yield indirectly, by increasing the efficiency of honeybees in pollinating
sunflower(Carvalheiro et al., 2011; Greenleaf & Kremen, 2Qd8)t the direct effect of wild bees was
found to be fairly low compared to that of honeybéBseenleaf & Kremen, 2006; Pisanty et al.,
2013)

In conclusion, although the importance of insect pollinat@rstinflower production has been already
demonstrated using exclusion experimefAslan et al., 2010pr experimentally managed fields
(DegrandiHoffman & Chambers, 2006; Tamburini et al., 2Q1a0r study is the first to quantify how
insect pollination #ects at plant scale translate into yield at field scale in real farming conditions. In
addition, our results show that sunflower yield can be increased through the management of honeybee
hives and plant density without resorting to agrochemicals.
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Table 1.Summary of numbers of sunflowers per position and per treatment for 2015, 2016 and 2017.
There were four sunflowers per position except for the 15m position in 2017 which had five
sunflowers! indicates that the plants were hand pollinated

Plant position
Treatment Description (distance from | 2015| 2016 2017 | Total
field edge in m)
0 21 | 27+12° 14
. 5 20
Control Flowers. are_ accessible to 15 55 57 16414 234
pollination process +40"
35 23
75 20 | 27+18' 17
Large mesh bag (3mm), 0 19 27 15
preventing large insect 5 21
Large pollinator exclusion pollinatior? but aIIow?ng 15 19 27 16 233
small pollinators , wind 35 23
pollination and self
pollination 75 22 27 17
Small mesh bag (0.6mm), 0 16 | 26+15' 15
. o preventing all insect S) 19
:\)l(l(:ass?;t] pollination pollination but allowing 15 19 27 17 f:;
wind pollination and self 35 22
pollination 75 21 | 24+12' 17
0 17 11
Osmolux bag excluding all 5 12 120
Self-pallination only types of pollination but self 15 12 27 13" 3
pollination. 35 10
75 16 14
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Table 2. Summary statistics of linear models investigating variation of planitgersl head

diameter for field, year and plant positi¢hivalue significant (p < 0.05) are bold.

Head diameter (N = 227)

Plant density (N = 123)

P P
Year 7.75 <0.001 3.75 0.06
Plant position 2.85 0.095 2.99 0.092
Year : field ID 2.21 <0.001 1.75 0.04
Field ID: plant position 0.81 0.82 0.68 0.88
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Table 3. Summary statistics of linear mixed models investigating the4wffdeed mass per plant and
fertilized seeds, accounting for plant position and year. Field ID is useddamn variableP-value
significant (p < 0.05) are bold.

F P
log(Head diameter+1) 203.57 <0.001
Plant position 0.79 0.375
Year 4.27 0.015
log(Fertilized seeds+1) 20.46 <0.001
log(Head diameter+X)year 4.02 0.019
log(Fertilized seeds+Xyear 181 0.166
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Fig.1. Effect of head diameter on (a) fertilized seeds, (b) seed mass and (c) total seed mass per head.
(d) Tradeoff between seed mass (allowing for head diameter) and number of fertilized seeds. (e)
Effect of plant density on honeybee abdance. (f) Effect of honeybee abundance on the total seed

mass per m2 (accounting for by head diameter). The black lines show the relationship averaged over
the three years. 95% confidence bands are in grey. Lines for individual years are shown when year
effect is significantg < 0.05).

Fig.2. Effect of different pollinators estimated by-l§a sweep net or {e) pan trap method on
sunflower yield. The black lines show the relationship averaged over the four years. 95% confidence
bands are in grey.

Fig.3. (a) Mean (£ 95% confidence interval) of contributions of different pollination processes. Bars

with the same letter are not significantly different at 5% significance. (b) Effect of honeybee
DEXQGDQFH HVWLPDWHG E\ VZHHBQH® (RI® BWR RO LSIRED/OR. QDWW RRIC
on yield. The black lines show the relationship averaged over the three years. 95% confidence bands

are in grey. The dashed lines indicates a marginally significant relationshipg@.D®5)
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Fig.1.
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Fig.2.

113



Fig.3.
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Appendix

Appendix A. Effect of pan trap position in the field on pollinator abundance and diversity and
description of pollinators community

In 2013, 2014 and 2015, pollinator abundance and diversity at genera level were estsngtpdn

traps placed at the edge and in the core of the fields. To investigate the effect of position within the
fields, we analysed the effect of the year, the pan trap position in the field and their interaction on
pollinator abundance (log x +1 transied) and diversity at genera level (i.e. the number of genera)

with a linear model. Both abundance and diversity were significantly affected by the year (Fig.A.a,
Fig.A.b), but the position in the field, and the interaction with the year, did not sageifcant

effect. The diversity was higher in 2013 with 2.48 genera per pan trap against 1.78 in 2014 and 2.16 in
2015.

Fig. A. Pollinator abundance (a) and diversity at genera level (b) for pan traps placed at the edge and
in the core of the fieldm 2013 (red), 2014 (green) and 2015 (blue). Boxes show upper and lower
quartiles, horizontal line indicates the median. The year had a significant effect on both pollinator
metrics, but with a very low explanatory power (for abundance, adjusted R2=B,008; 2.74, P =

0.018 and, for diversity, adjusted R2= 0.028341& 8.59, P < 0.0001).

For 20132017, a total of 14,745 pollinators were captured in pan traps (mean 7.5 ind/trap,-range 0
209,n=1965) in a radius of 2 km around the focal fieldsro85 days (from 25June to 2% August).
Wild bees were the main guild (76% of all captures), followed by hoverflies (16.4%), honeybees
(5.2%) and bumblebees (2.4%psioglossun(62.5%) andHalictus (9.9%) were the main genera
among the 26 wild bee gera caught. In 2028017, when we identified bees to species level, 76 bee
species were caught wittasioglossum subhirtuif36.2%) and.. maluchurun{15.6%) being the

most common. As expected, the sweep net (ZMY) provided a different picture: 6,19dllmators
were caught (mean 31.4 ind/transect, rang800, N=197), mainly honeybees (93.8%; Table A lists
the pollinators caught).
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Table A. List of pollinator genera caught with pamaps from 2013 to 2017 and swemsgts from 2015

to 2017.

Pantrap

Sweepnet

Genus Catch

Genus Catch

Lasioglossum 9213
Halictus 1463
Eupeodes 990
Episyrphus 897
Honeybee 764
Bumblebee 351
Andrena 338
Sphaerophoriec 309
Melanostoma 97
Melitta 59
Scaeva 38
Eristalis 36
Hylaeus 30
Panurgus 23
HoplOsmia 20
Eristalinus 17
Osmia 11
Ferdinandea
Sphecodes
Megachile
Hoplitis
Eucera
Lithurgus
Nomada
ProtOsmia
Syrphus
Chelostoma
Heriades
Stelis
Xylocopa
Chrysotoxum.)
Helophilus
Meliscaeva
Neoascia
Paragus
Pipizella
Anthidium
Anthophora
Coelioxys
Tetralonia
Trachusa
Cheilosia
Eumerus
Heringia
Merodon
Platycheirus
Syritta

Xylota

=
-

P RPRPPPPPPPRPEPEPNMNMNMNMDMNNNNNDNNNNNDNOWSESPSOOOOO©

Honeybee 5807
Bumblebee 189
Lasioglossum 83
Sphaerophoric 56
Eristalis 21
Halictus 14
Andrena 11
Melitta
Eupeodes
Osmia
Panurgus
Chrysotoxum
Episyrphus
Helophilus

PR R RPRPND®
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Appendix B. Detecting and adjusting for biasn the number of fertilised seeds per head

The effect of pollinators on the fruiting rate is often assessed using mesh around the flowers
(Bartomeus et al., 2014; Carvalheiro et al., 2011; Degfdontiman & Chambers, 2006However,

the mesh may interfermechanically with fruitingJacobs et al., 2009; Martin, Reineking, Seo, &
SteffanrDewenter, 2013; Wragg & Johnson, 201\ first analysed whether the mesh had an effect

on our results, and, if so, we adjusted for it to reduce the effect on the igatiotifof the

contribution of the various pollination procesgéacobs et al., 2009; Wragg & Johnson, 2011)

If the mesh bags do not introduce bias or artefacts, then we should expect that the pollinator
abundance and the fruiting rate of bagged flowetse independent, since pollinators have no access

to the flowers. We checked whether the pollinator abundance (here represented by honeybee
abundance estimated using sweeps) affected the number of fertilised seeds per head for any of the
three baggig treatments: small mesh and Osmolux, that should exclude all insects, as well as large
mesh that should exclude honeybees that are too large to pass through. A linear model was used to
examine the effect of honeybee abundance (log x+1 transformed)phgaiposition, the interaction
between honeybee abundance and year and between honeybee abundance and plant position. We also
included the head diameter (log x+1 transformed), to allow for its positive relationship with the
number of fertilised seeds. Axpected, honeybee abundance did not significantly affect the number

of fertilised seeds when the plants were bagged with Osmolux (Table B.1). However, there was a
significant correlation between honeybees and the number of fertilised seeds with lang# oresh

bags and this depended on the year. In 2016 and 2017 the correlation was positive and in 2015 it was
negative (Fig.B.1). A possible explanation for the positive correlation may be that, when honeybee
DEXQGDQFH ZDV YHU\ KLJHKollingtioH, thelrefeBsé of pdlliehElIRidghbneybee

visits (Pierre et al., 2010)This is similar to wind pollination and so the Osmolux bagged flowers were
not affected. To test if the effect of honeybee abundance was similar for small and large mash bagge
flowers in 20162017, a second model was used with the number of fertilised seeds as the dependent
variable and honeybee abundance, treatment (small and large mesh), year (2016 and 2017), and the
interactions between honeybee abundance and treatmeeybleerabundance and year, and honeybee
abundance, year and treatment as explanatory variables. The effect of honeybee abundance did not
depend on either the treatment or the year (Table B.2), so the adjustments made this bias were the
same for both mesh gaand all years (see below).

Table B.1.Summary of linear model testing the honeybee abundance effect on the number of
fertilised seeds in plants with Osmolux, little and large meshes. All significant effec®.0Q5) are in
bold.

Large mesh Little mesh Osmolux

F P F P F P
log(Head diameter+1) 55,54 <0.001 46.51 <0.001 17.92 <0.001
log(Honeybee abundance+1) 3.12 0.079 9.32 0.003 0.10 0.753
Plant position 0.01 0.921 1.45 0.230 3.16 0.079
Year 1.44 0.240 0.38 0.686 11.15 <0.001
log(Honeybee abundance+1) : plant positiotr 0.41  0.522 0.81 0.369 0.01 0.909
log(Honeybee abundance+1) : year 11.52 <0.001 9.88 <0.001 0.08 0.920
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Fig.B.1. Effect of honeybee abundance estimated by sweep net captures, on theafdmtibsed

seeds per head (accounting for head diameter) for the three exclusion treatments: grey for large mesh,
yellow for small mesh, and blue for Osmolux for 2015, 2016 and 2017. Lines represent the asymptotic
relationship between pollinators arattflised seeds for each treatment.

Table B.2 Summary of the linear model testing the effect of honeybee abundance on the number of
fertilised seeds in flowers bagged with large or small mesh (treatment) taking account of the year
(2016 and 2017), tremient and sunflower head diameter. All significant effegts (.05) are in bold.

F P

log(Head diameter+1) 57.21 <0.001
log(Honeybee abundance+1) 24.27 <0.001
Treatment 0.08 0.772
Year 0.25 0.614
log(Honeybee abundance+1) : treatment 0.02 0.895
log(Honeybee abundance+1): year 3.41 0.066
log(Honeybee abundance+1) : year:

treatment 0.04 0.836

Another type of bias is the mechanical effect of the exclusion bag on fruit development. We used hand
pollination treatments to quantify this bias with tamalyses considering the effect of mesh bags and
Osmolux bags. To estimate the effect of the bags, we tested the difference of number of fertilised
seeds between hand pollinated sunflower and sunflowers hand pollinated and bagged with small mesh
(2016 datpand Osmolux (2017 data). We excluded head diameter from the analyses because the
mechanical stress may affect the head diameter: within each field sunflowers with similar head
diametemvere selected at the beginning of the experiment. Although the nuinteetilised seeds

was lower for bagged heads (149.3, 14.1%, fewer fertilised seeds with small mesh bags and 172.8,
25.8%, fewer fertilised seeds with Osmolux bags, Fig.B.2) this was not significant for either small
mesh bagsH; s;= 3.17,P = 0.12) orOsmolux bagsHK; »,= 0.97,P = 0.34).
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Fig.B.2.Mean (z confidence interval at 95%) of number of fertilised seeds per head in the different
treatments in (A) 2016 and (B) 2017.

Overall therefore, we detected two types of bias in the bag experimagtgnd increased fruiting

rate with increasing honeybees abundance and bagging decreased fruiting due to mechanical stress
(though this was not significant). In both cases, the magnitude of the artefact was about 25% change in
the number of fertilised segda moderate value (see alsmobs et al. 2009, Wragg and Johnson

2011) but high enough to be taken into account. We therefore adjusted for these when quantifying the
effect of insect pollination on sunflower yield.

In order to account for the bias pasfional to the honeybee abundance, we used a correction factor

for the number of fertilised seeds in the flows bagged with small and large mesh. This correction

factor was the intercept of the linear models (Fig.B.1), i.e. the number of fertilisedrséieelaibsence

of honeybees. We used data from 2016 and 2017: the data from 2015 were not included as no positive
effect of honeybee abundance was detected on the number of fertilised seeds. In the LMs, the number
of fertilised seeds in the small and largesh treatments was explained by head diameter and

honeybee abundance which had been shown to have a significant effect on the number of fertilised
seeds (Table B.2). The model intercepts were 401 and 390 fertilised seeds per head in 2016 and 2017
for an arerage head diameter each year. These were added to the residuals for the small and large
mesh treatments (Table B.2, Fig.B.3). There was no correction for Osmolux or for 2015.

119



Fig.B.3. Effect of honeybee abundance, estimated by sweep net captuties,ramber of fertilised

seeds per head in the three exclusion treatments: large mesh bag (in grey), small mesh (in yellow) and
Osmolux (in blue) for 2015, 2016 and 2017. The numbers of fertilised seeds in the large and small
mesh exclusion treatments werected to take account of the bias introduced by the honeybee
abundance. Lines represent the asymptotic relationship between honeybee abundance and the number
of fertilised seeds for each treatment.

To correct for the bias due to mechanical stresdirateaveraged the number of fertilised seeds per

head for each treatment in each field and then corrected those average values by the impact of the
mesh bags (14.1%) and Osmolux bags (25.8%). 14.1% of the fertilised seed count for the control
treatment vas added to the fertilised seed counts of the small and large mesh bagged heads and 25.8%
of the fertilised seed count for the control treatment was added to the Osmolux bagged heads. We
assumed that the effect of small and large mesh would be similae, @isl not test the large mesh.

We expected that the controls (pollinated by-pelfination (SF), wind pollination (W), small

pollinators (SP) and large pollinators (LP) would have more fertilised seeds per head than large mesh
SROOLQDWHG E\IREBOR&Z)HG E\ VPDOO PHVK 3: 6)" DQG 2VPROX]|

controls had more fertilised seeds per head than other treatments in all years (Fig.B.4.a), but ranking of

the treatments was not always as expected. For example, in several cases Badoigier

fertilised seed counts than small mesh (Fig.B.4.a). This would indicate a negative pollinator

contribution, though it is most likely an artefact of using a mesh bag. When the difference was higher

than 10%, we considered it as a measuremeontt @nd discarded the value. When the difference was

less than 10%, the negative contributions were set to zero equalizing the number of fertilised seeds

between the two treatments. For example, the Osmolux counts were attributed to the small mesh

counts wien the fertilised seed count for small mesh was less than that for Osmolux (flooring).

Overall, 5 control (7.5% of the total), 12 small mesh (17.9% of the total) and 18 large mesh (26.9% of

the total) counts were floored. None of the osmolux values werggeld. The results after flooring are

given Fig.B.4.b.
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Fig.B.4. Effect of honeybee abundance estimated by sweep net captures on the number of fertilised
seeds per head (averaged by field) (a) corrected for the two biases (honeybee abundance and
mechanicheffects) for small and large mesh bags, and (b) after flooring, with colours indicating the
treatment: red for control, green for large mesh, blue for little mesh, and purple for Osmolux for 2015,
2016 and 2017. Lines represent the asymptotic relatipn&lgitween honeybee abundance and the
number of fertilised seeds in each treatment.

We then explored how the different pollination contribution process was affected by keeping or
removing all negative values (Fig B.5). We found that results were sintilether or not the negative
values were kept, with a pollinator contribution to pollination success estimated as 37.6% when
keeping negative values and 34.5% when they were removed. Similar, we found similar results for
estimating the contribution of sgtbllination: 43.1 % when negatives values were kept (Fig B.5) and
42.5% when negative values were removed (Fig B.5) or wind, 18.6% when negative values were kept
and 23% when negative values were removed. .
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Fig.B.5. Mean (x 95% confidence interval) aintributions of different pollination processes with (a)
strong negative values removed or (b) kept.
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$SSHQGL[ & (IIHFW RI IDUPHUVY SUDFWLFHYVY RQ VXQIORZHU \LHO
We used a linear model to test the effects of all the main fertilisersg@ity phosphorus and

potassium), herbicide treatments (others pesticides were rarely sprayed on sunflower fields), type of
agriculture (organiwersusconventional), field size, sowing density and year on sunflower yield at

field scale (Table C.1).

TableC.1. OHDQ RI IDUPHUVY SUDFWLFH SDUDPHWHUYVY DQG VWDQGDU

Farmers practices Average (= SD)
Field size (ha) 5.6 (£ 4.6)
Nitrogen fertiliser (Kg/ha) 379 (x31.2)
Phosphorus fertiliser (Kg/ha) 31.8 (+ 38.5)
Potassium fertiliser (Kg/ha) 263 (+ 27.9)

Frequency of herbicide treatment 1.2 (+ 0.78)
Sowing density (Seeds per ha) 71381 (+ 4637)

We performed both univariate analysis and multiple stepwise regression to account for collinearity.
None of the parameters was significant in thetipiel stepwise regression (Table C.2). Similarly,
none of the individual parameters had a significant effect on yield (Table C.2).

TableC.2.7KH HIIHFW RI IDUPHUVY SUDFWLFH SDUDPHWHUYV DQG \HD
stepwise regression and Wwitach parameter tested independenflyndlicated that the parameter was
not selected from the multiple stepwise regression.

Mutliple stepwise

regression Univariate analysis

F P F P
Agriculture type - - 0.23 0.63
Nitrogen fertiliser - - 0.18 0.68
Phosphorus fertiliser - - 0.28 0.59
Potassium fertiliser - - 0.96 0.33
Frequence of herbicide treatment - - 0.11 0.74
Sowing density - - 0.19 0.67
Field size - - 0.06 0.81
Year - - 1.87 0.14

We then test the correlation of mdertilizer (nitrogen, phosphorus, potassium), pesticide (herbicide)
and sowing density on head diameter (n=37) and plant density (n=21). Pearson correlation tests were
realised. No significant relation was found between farming practice and head dianptet

density (Table C.3).

Table C.3.Pearson correlation between main fertilizers, pesticide and sowing density on head
diameter and plant density, is the Pearson coefficient.

Sowing Nitrogen  Phosphorus Potassium  Frequence of herbicide
density input input input treatment
lo P I P rp P o P o P
Head diamete 0.09 0.59 -0.07 0.7 -0.2 0.24 -0.23 0.18 -0.27 0.1
Plant density 0.08 0.71 0.19 0.4 0.18 0.43 0.31 0.15 -0.08 0.74
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Appendix D. Relationship between sunflower yield and pollinatatrics within different temporal

and spatial windows.

We explored the effect of the time period and spatial window used to estimate pollinator community
metrics on the effect of these metrics on sunflower yield. Pan traps were installed fraun&3 65"

day of the year) to #7August (day 240) covering the whole of the sunflower flowering period. Three
time periods were tested, starting from day 16%' (e, i.e. 15 days before flowering), day 175"(25
June, i.e. 5 days before flowering) ang d85 (3"July, i.e. at the beginning of flowering). Five buffer

radii were also tested: 0 m (pan traps only in the focal field), 500 m, 1000 m, 1500 m, and 2000 m. We
explored the effect of wild bee, honeybee, bumblebee and hoverfly abundances (all log x+
transformed) as well as bee diversity (honeybee, wild bee and bumblebee genera) and hoverfly
diversity (genera) on sunflower yield using linear models.

Honeybee abundance had a significant effect on sunflower yield for the largest radius (2000m) for all
time periods and for 1500 m radius for the period starting from day 185 (Table D.1). Hoverfly
abundance had a positive effect for 1500 m and 2000 m from day 175. Other pollinator metrics had no
significant effect for any time period or buffer radius. Capsmtly, we used the pollinator metrics for

pan traps within a buffer of radius 2000m around the focal fields frdhd@%e (day 175) to 37

August (day 240).
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Table D.1.F-values andz for the effect of pollinator metrics on sunflower yield for vasicpatial
and temporal windows. The sign indicates the sign of estimate. Significant results are highlighted in
bold with the significance:: * P < 0.05; ** P < 0.01; *** P < 0.001.

Time period of 165 days

Spatial radius Om 1000m 1500m 2000m
Sunflowerdfocus field 44.00 80.00 90.00 97.00
Average total number of pan traj 734 1799 25,80 3918
in buffer

;?,VSL?]%? number of field surveye 1.00 537 333 510
Bee diversity - 6.08* - 0.8 - 0.16 + 0.04
r2 12.64 1.03 0.18 0.04
Hoverfly diversity - 0.47 - 0.05 + 0.64 + 1.58
r2 1.10 0.07 0.72 1.64
Wilbee abundance - 0.01 - 0.03 - 0.05 + 0.51
r2 0.03 0.04 0.06 0.53
Bumblebee abundance - 234 - 3.81 - 1.26 - 1.27
r2 5.28 4.66 1.41 1.32
Honeybee abundance + 0.08 + 0.90 + 1.44 + 5.65*
r2 0.18 1.14 1.61 5.61
Hoverfly abundance - 0.25 - 0.12 + 1.05 + 2.16
r2 0.59 0.15 1.18 2.22

Time period of 175 days

Spatial radius Om 1000m 1500m 2000m
Sunflowers focus field 43.00 77.00 88.00 97.00
Average total number of pan trag 6.96 14.01 19.43 29,50
in buffer

Average number of field surveye 1.00 1.90 5 64 4.06
in buffer

Bee diversity - 6.26% - 0.56 - 0.08 + 0.29
r2 13.25 0.75 0.10 0.30
Hoverfly diversity + 0.24 - 0.04 + 0.94 + 1.49
r2 0.57 0.06 1.08 1.54
Wilbee abundance - 0.16 - 151 - 2.87 - 0.44
r2 0.38 1.98 3.23 0.46
Bumblebee abundance - 3.24 -  4.47* - 1.62 - 2.07
r2 7.32 5.62 1.85 2.13
Honeybee abundance + 0.30 + 244 + 4.18* + 8.35**
r2 0.73 3.15 4.64 8.08
Hoverfly abundance + 0.90 + 0.95 + 4.64* + 4.67*
r2 2.15 1.24 5.12 4.68

Time period of 185 days
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Spatialradius Om 1000m 1500m 2000m

Sunflowers focus field 40.00 70.00 82.00 94.00
Average total number of pan traj 6.38 11.85 15.46 2239
in buffer

Average number of field surveye 1.00 1.70 5 05 326
in buffer

Bee diversity - 5.06* - 0.50 - 0.32 + 0.36
r2 11.75 0.73 0.40 0.39
Hoverfly diversity - 0.61 - 0.58 - 0.03 + 0.44
r2 1.59 0.85 0.04 0.47
Wilbee abundance - 0.07 - 0.20 - 0.44 + 0.57
r2 0.20 0.29 0.55 0.62
Bumblebee abundance - 265 - 4.90* - 8.26** - 3.79
r2 6.52 6.73 9.36 3.96
Honeybee abundance + 0.30 + 1.68 + 2.18 + 6.06*
r2 0.78 2.42 2.66 6.18
Hoverfly abundance - 0.49 + 0.00 + 0.18 + 0.78
r2 1.28 0.00 0.22 0.84

Then we investigated the effects on sunflower yiéldadlinator metrics, estimated either from pan

trap (for a radius of 2000 m, between 185 days and 240 days) or sweep net captures: the abundance of
each pollinator group (wild pollinators, wild bees, hoverflies, honeybee, and bumblebee; all log x+1
transbrmed) and pollinator diversity at genera or species level considering all pollinators, bees (wild
bees, bumblebees, honeybee) and hoverflies. We built linear models with each of the pollinator

metrics, linear and quadratic terms, year and the interdotitveen the pollinator metric and year.

There were 97 fields for pan traps and 40 fields for sweep nets.
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Table D.2.Output oflinear models. Significant results € 0.05) highlighted in bold.

Pan trap Sweep net
F P F
log(Honeylee+1) 8.92 0.004 4.97 0.032
Year 3.97 0.010 1.31 0.260
Year : log(honeybee+] 0.21 0.887 1.93 0.174
log(Wild pollinators+1) 0.08 0.781 0.78 0.384
Year 1.79 0.155 4.64 0.038
Year : log(wild
pollinators+1) 0.39 0.757 0.00 0.970
log(Wild bee+1) 0.44 0.511 0.37 0.548
Abundance Year 1.73 0.167 5.36 0.026
Year : log(wild bee+1) 0.02 0.997 2.37 0.133
log(Hoverfly+1) 4.59 0.035 0.05 0.833
Year 1.21 0.309 5.32 0.027
Year : log(hoverfly+1) 0.27 0.850 0.00 0.993
log(Bumblebee+1) 2.06 0.155 3.50 0.069
Year 1.71 0.170 3.12 0.086
Year :
log(bumblebee+1) 0.14 0.933 2.03 0.163
log(All pollinator+1) 1.45 0.232 0.21 0.649
Year 2.16 0.098 5.16 0.029
Year : log(all
pollinator+1) 0.04 0.988 0.05 0.818
Diversity log(Bee+1) 0.71 0.401 0.00 0.979
(genera) Year 3.01 0.034 5.33 0.027
Year : log(bee+1) 0.59 0.624 0.01 0.907
log(Hoverfly+1) 0.86 0.355 0.84 0.366
Year 1.55 0.207 5.34 0.027
Year : log(hoverfly+1) 0.64 0.593 0.00 0.959
log(All pollinator+1) <0.01 0.988 0.33 0.569
Year 5.81 0.018 5.31 0.027
Year : log(all
pollinator+1) 0.01 0.906 0.02 0.880
Diversity log(Bee+1) 0.00 0.955 1.21 0.279
(species) Year 5.80 0.019 5.07 0.031
Year : log(bee+1) 0.04 0.847 0.07 0.790
log(Hoverty+1) 0.05 0.826 0.82 0.372
Year 3.78 0.056 5.26 0.028
Year : log(hoverfly+1) 0.56 0.456 0.00 0.990
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Chapitre

Une solution basé sur la nature en pratique: une modélisation €ologique
et économique montreque les pollinisateurs sonplus efficaces que les
produits agrochimiques dans la production de colza
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Avant-propos et résumeé du chapitrdll :

Nous avons montré dans les chapittegt I TXH OHV SROOLQLVDWHXUV V|
contributeurs du rendement agricole pour deux -pk&déagineux. Cependant les
pollinisateurs ne sont pas les seuls contributeurs des rendeRiasisurs pratiques agricoles

parmi lesquelletes fertilisants ou les pesticidesnt aussi un effet positif sur la production

agricole De plus, O 1 H I 1 H\WueEde®atiques et des pollinisateurs sur les rendements ne

sont pas forcément additifs. Plusieurs pratigues peuvent réduire la contribution des
pollinisateurs, soit en compensant en partie les pertes de production en absence de
pollinisateurs ou en madiant directement la contribution desllinisateurs Néanmoins, les

pratiques agricoles ainsi que leurs possibles interactions avec les pollinisstatirarement

pris en compte dans les étudesulant estimer la contribution des pollinisateurs dans la
production agricole./H EXW GH FH WURLVLgPH FKDSLWUH HVW G
contribution des pratiques agricoles par rapport a celle des pollinisttetirsn identifiant

leurs potentielles interactions & la fois sur le rendemerjt O § p F K th(&rdelledtHsur le

bénéfice monétaire (revenu, approximé par la marge brute) que les agriculteurs retirent de la
vente de leur production pour la culture de colza.

Notre étude montrent que plusieurs pratiquesSsHUELFLGH SKRVSKRUHentRQJLFL
les rendements de colz=B ORUV TXH FHUWDLQHYV DXWUB W@zde DWLTXH
insecticide,..) malgré leur forte utilisation dans les parcelles/ fHIITHW EpQplILTXH
pollinisateurs est additipbour la majorité ds pratiques excepté pour lassecticides qui

réduisent la contribution des pollinisateurs aux rendem€etsésultat est en accord avec de
SUpFpGHQWHY pWXGHYV TXL PRQWUHQW TXH OHV LQVHFWLI
insectes. Enermesde bénéfice monétairesjes pincipaux déterminantsont ks pratiques

agricoles les principaux déterminants. En effetla majorité des pratiques (excepté le
phosphore) sont trés @euses par rapport a leur effet bénéfique sur les rendedetdza

et par conséquent réduiseatth DUJH EUXWH GH ODJULFXOWHXU $X FR
augmentenke revenudes agricultures de plus @80 “fpar hectare.

De maniére plus généraleotre étude montre que pour le colzZ I XWLOLVDWLRQ L
G 1 L s\pesbcad\et fertilisans), qui a été identifié commaen frein pour une agriculture

durable pourrait étre réduit ans pour autant DYRLU GILPSDFW VXU OH UHC
etinsecticide) ainsi quesur les revenus des agriculteurs (herbicide, fongicide)evdans

certains cages aigmenter. De pluda promotion des pollinisateurs dans les milieux agricoles
pourrait permettreGa$surer de meilleurs rendements et revenus aux agriculteurs et est donc

XQ PR\HQ GTLQWHQV LétddrablerrdritOpRod uctiohH € dol@awV
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RelatLYH LPSRUWDQFH RI EHHY DOQG IDUPLQJ SUDFWLFHYV IF

Authors :Catarino, R, Perrot, T., Bretagnolle, V., Vialloux, F. & Gaba, S.

Abstract

There is growing evidence that insect pollination can support higher yield and reduced its
variability for a wide range of insect pollinated crops. However, little is known about bh@w H F W
SROOLDOWIRIQLFXOWXUDO LQSXWV LQWHUDFWLYHO\ DIIHFW FUF
benefits. Especially, the relationships between pollisatéertilizer and pesticides, whether they
VIQHUJLFDOO\ RU QHJDWLYHO\ DIIHFW FURS \LHOG DQG IDUPH!I
information is however crucial to optimize management strategies to reconcile food production,
IDUPHUVY 8 uamilhiodizeEsltyOdolgervation. Here, we investigate the interactive effect of
insectpollination and agricultural inputs on oilseed rafgragsica napus/ \LHOG DQG IDUPH!
income. We show that bees increase yield and profitability by c. 25% betiwkknviith smaller and
larger bee abundance. This effect is however decreased by farming practices, especially insecticides
applications. Our results also show that both production and profitability reached higher values in
fields with high bee abundanckan in high input fields. Our analysis indicates that environmental
friendly management strategies that support ecosystem services benefit both to food production and
IDUPHUVY SURILWDELOLW\

Keywords
Pollination service, oilseed rape, agroecology, farmpngctices, ecological intensification,

insecticides, herbicides, honey bee, wild bee
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Introduction

Achieving world food production objective with current human population growth and meat
protein dietary trajectories is key but a challenging prid@gdfray et al. 2010, Gerland et al. 2014,
Tilman and Clark 2014)Modern agriculture may lie on a tipping po{®arnosky et al. 2012)with
QDWXUHYV VXSSRUWLQJ V\VWHP IDGLQJ RXW DQG DQWKURSRJH
being either inefttient or used inefficientlyVitousek et al. 2009, Gaba et al. 201®here is also
growing recognition that ecosystem services (ES) degradation is not only an environmental problem
but has huge economic consequer{@asdhu et al. 2016T he key challengss, therefore, to stabilize
in western countries and increase in developing countries, crop yields while decreasing the
dependence on external inputs of agrochemicals in agricu(litonell 2014) Agro-ecology,
although not new is now a paradigm of oshimportance or next generation agricult(Bemmarco
et al. 2013) with part of solution lying on natugased solution§-oley et al. 2011, Tittonell 2014)
This paradigm shift requires forwarding ecological principles for the management and design of
sustainable agrecosystems that balance ecological soundness, economic viability and social justice
(Altieri 1983). One critical aspect of using this framework relies on the possibility and conditions
under which agr@hemicals may be replaced by natbesed solutions, while minimizing yield loss
(if any), hence increasing economic returns to farmers.

Insect pollination is a key ecosystem function (i.e., intermediate ecosystem service) as a third of
human food consumed benefits directly or indirectlyrfria (Klein et al. 2007) The annual global
value of insecmediated crop pollination, as for 2015, was estimated to be be®@3snand $577
billion (Potts et al. 2016)However in recent years, substantial declines in the abundance, diversity
and efficency of insect pollinators have been reported worldwBieffarDewenter et al. 2005,
Garibaldi et al. 2009, Potts et al. 201Qjlseed rape (OSRBrassica napus appears as a case in
point. Driven by increasing demand (e.g., for biofuels), the are@SR is rapidly growing over
Europe, becoming a crop of global significan@ézen and Harder 2009)Pesticides are largely
consumed in intensive farming to mitigate the direct impact of pests on OSRRBjjalozadeh et al.
2010, Zhang et al. 201 orde to increase its yieldBijanzadeh et al. 2010, Sutter et al. 2017)
+RZHYHU LQVHFWLFLGHVY PD\ LQFUKHenHet AR ZD2PhiQr&dUcRk thair] PR U W I
pollination efficiency as found in apple crg@ftanley et al. 2015ynd in OSR(Sutterand Albrecht
2016) OSR production is indeed now limited by pollination in Eur(ipeeze et al. 2014Although
a self and windpollinating crop(Hudewenz et al. 2014}he economic value of insect pollination to
265 ZDV HVWLPDWHG DV Y{Stanky @ a1..2B1QWBHHyl¢|ldyair3d Kddween 20 and
35% due to insect pollinatigfBommarco et al. 2012, Perrot et al. in review and references herein)

Estimatirg yield gain from pollinators is however less easy than usually thought (Breeze et al.
2016).Firstly, the mesh method used to measure pollination services, i.e. the proportion of yield lost
without pollination, excludes both other ecosystems servicetharlant response to stréBss et al.
2007) Second benefits of pollination services to crop yield are often implicitly considered as
independent from the level of external inp(Bartomeus et al. 2014, Breeze et al. 20H&)wever,
crop production (y@ld) depends on a complex migtiale systeniSeppelt et al. 201Which involves
external inputs applied by the farmers potentially interacting with biodiversity and the functions it
support.If the crop or yield is limited by pollinators, farmers cancteand improve their yield by
practices.Soil fertilization reduces pollination contribution but compensates yield losses from poor
insect pollination(Marini et al. 2015)though in some cases no such interaction was det@eedils
et al. 2016) Recen studies have demonstrated tlia¢ value of insect pollination is contingent of
farming practices; soil fertilit Tamburini et al. 2016) pest control level§ Sutter and Albrecht
2016) field size (Holzschuh et al. 2016and cultivar (Hudewenz et al2014) Third, pollinator
abundance and pollination vary with the composition of the surrounding landscape. Landscape with
large quantity of sermmatural elements (forest, grassland) can have a positive effect on pollinators
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(Bartomeus et al. 2014hough he reverse may also ocdiiou et al. 2017)Dilution effects have also
been demonstrated in larger fielldolzschuh et al. 20163s the foraging ranges of pollinators is
limited in space, especially for wild be¢gurbuchen et al. 20100verall he degee to which
pollinators and other farming practices interact or limit OSR production remains controversial and
poorly studied(Burkle and Irwin 2009, Seppelt et al. 201Bndis actually a multidimensional
problem(Breeze et al. 2016)

Despite there iswidence thatdriing practices potentially modify pollinators, very few studies
were performed inrealDUPHUV | | L MG sERLihGtramleRaD 201&nd rarely more than
one farming practice was tested in interaction with pollinators (butse@i et al. (2015))Here, we
study possible tradeffs and synergies among fertilizer supply, pesticide use, soil quality and
SROOLQDWRUV DQG KRZ WKH\ DIIHFW \LHOG DQG IDUPHUVY LQF
situated along landscape giets with contrasting proportions of arable and seatural elements,
ensuring for a wide variation in pollinator abundance and diversity. We specifically address two
guestions: i) what is the actual relationship between the use of agrochemicalgzdfertdnd
pesticides), landscape features and pollinators on one hand and yield and profitability on the other
hand? and ii) At which point the positive relationships between the effect of -pwication,
fertilizer and pesticides on yield and incomd! Veivel off ?

Material & methods
Study area

7KH VWXG\ WRRN SODFH LQ WKH /76(5 ®=RQH $WHOLHU 30DL(
ecological research site of 450 krfBretagnolle et al. 2018Jocated in central western France
(46.23°N, 0.41W). Its an agricultural landscape dominated by intensive cereal crop production (44%
winter cereals, most of which winter wheat]l 3% rape seed, sunflower or maize, and 14% meadows
and alfalfa, 4% woods and 9% villages; 2016), with an average field sizb b 4For this study, the
periods of interest were the winter farming seasons between October 2011 and October 2016.
Information about crop yields and farming practices (pesticide and fertilizer use, ploughing and
mechanical weed control system) and genen&brmation about the farm (number of crops,
agricultural equipment) were collected by meansnterviews with all the individual farmers after
harvests. The sample comprises a total of 144 farmers with 296 fields. Two oilseed rape types, hybrid
(277 fieds) and pure line (24 fields), were used by farmers. $advéelds were selected through a
random sampling scheméhe first step consisted in obtainingkth? squares that were randomly
selected to represent density gradients of three environmentakefeatemnatural habitats (hedges
and forest fragments), meadows, and organically farmed fields. All these landscape features are known
to influence strongly pollinator presen¢ennedy et al. 2013)and were mapped onto the GIS
LTSER (Bretagnolle et al2018) We used a moving window to select the squéfabrig et al. 2011)
Within the selected squares, an OSR focus field was then chosen if present (usually, there was only
one OSR field. Field size ranged from 0.5 ha to 28 ha (mean 6.6dib)ypevaried from very poor
dry soil 20 cm deep or even less, to 50 cm silt.
Then the % of OSR outside the focal field and of semiural elements (SNE) were tabulated over
eight buffer radius, from 250m to 2000m. We consider as SNE the sum of landscapeecbpos
grasslands, forest and hedges.

Insect pollinators surveys

Between 2013 and 2016, the abundance and diveakitige major groups of flowerisiting
insects, including bees (Hymenoptera, Apoidea, Apiformes) and hoverflies (Diptera, Syrpledae)
suveyed A total of 75 fields (7, 20, 22 and 31 in 2013, 2014, 2015 and 2016) were sampled.
Pollinators were sampled by two complementary methods. First, colored pan traps were used
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(Westphal et al. 2008onsisting in bowls of 12cm diameter, 10cm deepgtgaprayed fluorescent
yellow (RAL 1026, Euro industry Supply, Stuttgart, Germany), sprayed fluorescent blue (Sparvar
3107, Euro industry Supply, Stuttgart, Germany) or left white. Different colors capture different
pollinators by their color preferencé®/estphal et al. 2008)The traps were mounted on wooden
stakes, with the height of the bowls being adjusted so that they were at the vegetation canopy
(Westphal et al. 2008)T'he bowls were filled with about 600 ml of water with drops of soap to catch
insects. For a given field, pan traps were settled only once, left for 4 days and removed afterwards.
Across all fields, pan traps were installed during OSR flowering period. For each field, we put 12 pan
traps (four of each of the three colors), six atatige and six 50 m inside the field (core field). For
each position, the pan traps were grouped in pairs of two randomly selected different colors, with the
pairs spaced 25 m apdRerrot et al. in review)n 2016, pan traps were only installed at thetereof
the field Perrot et al. in revieyv In addition, we used sweep netting in the focal OSR fields in 2013
and 2014 and visual counting in 2015 and 2016, since pan traps are known to be selective with respect
to the bees caught, e.g. honeybees amyraaught by pan trap$\estphalet al, 2008) Both sweep
netting and visual counting were done in two transects, one at the edge and one 50 meters from the
edge of the field. Transects were done between 8.30am and 5.30pm when air temperature was > 15°C
and the weather was sunny. Sweep netting was limited to 50 catches attempts, while visual counting
lasted for ten minutes, measured with a chronometer to ensure equal sampling Adffarsects
caught were identified in the laboratory, at genera oriepédevel for wild bees and species level for
hoverflies, by professional entomologists.

Bee abundance per field was estimated from bothtgagas and sweepets. We derived a
pollinators index (from now: bees) by first averaging wild pollinators and haesyindependently
per field. Since the two averages were of similar magnitude??0wild bees in patraps, vs. €78
honeybees in sweeapet), we then scaled pollinators abundance per sampling method, and finally
summed them.

Farmer interviews
The geneaml farm statistics, including use of inputs, obtained from the questionnaires is

presented for the entire sample, each soil type and year in Table 1. From the farm surveys we derived
pesticide, fertilizer and pollinators indicators, i.e. the Treatmentu€rexy Indicator (TFI), per
pesticide type (Herbicides, Insecticides and Fungicides) which quantifies the number of recommended
doses applied to each unit of cropped area. TFI per hectare is expressed as:

P4
6(sL I ri ;[L{J?q

V@ @b *¢

where D, Dhand $ L « Q DUH UHVSHFWLYHO\ WKH DSSOLHG GR

dose, and the treated surface area for the n spraying operations; k the respective pesticide; and St is
the total field area (sdeechenet et al. (2017) This includes all the pesticides treatments applied in a
given crop field except for seed treatment. The reference dose is provided for a given pesticide
commercial product and corresponds to the minimum registered atosgifen crop. Over our
sample of farms, total TFI varied from 0.9 to 13.5 (mean: 5.2+2.1, N=296). The fertilizer used by
farmers can be divided in inorganic and organic fertilizers. Since inorganic nitrogen is rapidly
available to plants, the quantitf nitrogen used was directly calculated according to the fertilizer
composition and the respective quantity applied. Conversely, organic nitrogen is a relatively stable
compound and it has to go through mineralization in order to be converted intorganit forms.
Thus, quantity of nitrogen mineralized in the organic fertilizers was calculated accor(segly
Jeuffroy and Recous (1999) for a detailed description)

(1)
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Evaluating profitability

The gross margin (GM) per hectare was calculated accouwtirthd final grain yield revenue
plus CAP Pillar 1 and Pillar 2 (if Agenvironmental Measures were adopted) subsidies minus
variable costs (VC; details below) associated with OSR production. It was calculated as follows:

GM =[g.GY] + CAP +VC (2)

wheUH J LV WKH SUt'), BMisRHe e yiéld thh DQG 9& DUH WKH YDULDEC
ha®).

Grain prices were set equal to the annual average market values: 450.5, 480.3, 413.7, 353.2,

DQG Y2 WRQ IURP W Erinances.néH2AD S7)Feriflidzens HGBsts per

KHFWDUH ZHUH GLUHFWO\ FDOFXODWHG DFFRUGLQJ 'WR WKHL
SKRVSKRUXV SRWIKWWVLXP VXOsKROU) andmagngsiim vihKtBe
guantity appliedand cost of each respective application. Pesticide costs per hectare were calculated
according to their market price, obtained from cooperative prices, the quantity applied and cost of each
respective application. Variable costs (VC) include all inputsctisat vary with one crop production
cycle, such as seeds variety, soil tillage, fertilizers and pesticides (including application costs).
Although the VC is not a measure of the overall profitability, it allows a valid comparison across the
diverse farmé&J V] PDQDJHPHQW VWUDWHJILHV VLQFH 9& LIJQRUHV DQ\
guantity of output, VC can fluctuate depending upon the amount or type of inputs used (e.g. the large
range of weed management options).

Statistical analyses

The model selagmn procedure used throughout is based on model averaging using the dredge
function in package MuMir(Barton 2018) The model averaging approach allowed studying the
uncertainty when quantifying the precision of a given coefficl@ohnson and Omland 200 We
NHSW DOO PRGHOV ZLWK 7"$,& I[BrRrihadVéHd ABderdW 2PRIReHIDe
importance was calculated as the sum of the Akaike weights over all of the models in which the
parameter of interest appeddohnson and Omland 2004}he resliing model was considered to be
the best explanatory model. To improve normality, bees, fertilizer inputs and field size area were
log + 1 transformed prior to analyses. The relative importance of the predictor variables of the full
model was calculateds the proportion of the total variance explained by each variable using
increments of multiple R2 squared (i.e. percentage type 2 sum of squares) of the model predictors. The
calculated percentages were used as measures of effecidlizesiables wee centered beforehand
to make the interactions easier to interg8sthielzeth 2010)

The effect of farmers practicesf farmers practices, soil class (red, deep, medium and
superficial soils), bees and landscape on yield and GM were independentlyaabstimaelecting the
best explanatory linear model, using a sequential approach for model selection. First, using the
complete datset (296 fields), we analyzed relationship between observed yield and farming practices
(fertilizer and pesticides) accourgirfor direct and interactive between farming practices and soll
class. Single effect variables that although not significant showed an interaction with another variable
were also kept. We included interactions between practices (fertilizers and pestiridesdil to
DFFRXQW IRU IDUPHUVY DGMXVWPHQW RI SUDFWLFHV FRQFHUC
pollinator metric and its twavay interactions with the selected farming practice variables. Field size
and soil class were also added as explanatamgables. Finally, landscape metrics (% of OSR and %
of seminatural elements, SNE) in eight radius (from 250m to 2000m) buffer counting from the focus
field border were added to the best model. This analysis could however be carried out only from years
2013 to 2016, since bee were not sampled with pan traps or sweep net before, with a sample size of 75
fields. All models were visually inspected for normality of errors and heteroscedasticity and results
were compared.
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Results
Impact of farming practices RQ 265 \LHOG DQG IDUPHUVY HFRQRPLF UHWXUQ
We first assessed the direct effects of farming practices (fertilization and pesticides use) on yield
using the complete data set consisting in 296 OSR fields surveyed between 2011 and 2016. Overall,
crop yield aeraged 3.1 t k& (x 0.6), red soils showing a statistically higher yield (c. 26% in average,
respectively) compared with the three other soils (Fig. 1). We then investigated which farming
practices affected yield, with soil type as covariate as welvasvay interactions between practices
(fertilizers and pesticides) and soil. The best model (25.7% deviance explaingegs A0.37, P <
0.01) indicated that phosphorus, herbicide and fungicide positively affected yield (see values in Table
12a). Nitrogn only affected yield through a significant interaction with soil, with a higher effect in the
richest soils (Table 2a). Economic return was first analysed with the best farming practices predictors
obtained in the previous model (P < 0.0 &=26.51;deviance explained 39.2 %; see Table 2b). In
order to check that the best GM model was not improved by using other parameters (i.e., those not
retained by the model selection procedure), we ran another model selection procedure starting with
the full mockl (including all tweway interactions). Results indicated a shift between phosphorus in
yield to potassium in GM. All inputs had negative effects on gross margin while they had slight
positive effects on vyield (fertilizers, herbicides and fungicides).il&ily to yield, nitrogen had a
significant effect on GM when interacting with soil (Table 2b).

Additive effects of insect pollinators on yield and gross margin

Next, we investigated whether the best yield and income models would be significantly
improved by adding to the model, bee abundance. We restricted the analyses here to the data set in
which all parameters were available simultaneously (i.e., 75 fields). We detected a positive and highly
significant effect of bees on yield (Table 3a). To cheekrdbustness of this result, a complete model
selection using all variables (plus the bees) was run again from the start to check whether new
variables may be kept. This was the case, with the inclusion of a significant and negative effect of
insecticideghrough its interaction with bees (Table 3b), slightly improving % of deviance explained
from 26.4% (P =0.10; 5551.589;Table 3a) to 29.5% (P<0.01&5.077; Table 3b). Based on slope
FRPSDULVRQ DIWHU SKRVSKRUXV EHH\gffed & X0l DV FibI\WK DG W K}
incorporated in the best yield model the possible further effects of two landscape metrics, i.e. % of
OSR surrounding the focal field, and % of SNE at the same buffer area (P<Q;84.687; Table
3c). The % OSR at 250 mese(see Supplementary Table 2 for analysing other radii) entered
significantly the model, improving the deviance explained by 6.9%. SNE in the same buffer radius had
no effect.

The same approach was used for the gross margin, by now including beesravitesgest
model based on practices. Contrary to yield, bees showed a marginally significant impact on GM
(Table 4a). When starting from the full model set of variables, the new model selection (P<0.01,
Fs66=8.759; 38.6% deviance explained) excludedaiing practices in interaction with bees, thus
retaining only single negative effects (nitrogen, insecticides and herbicides) with a marginally
significant effect of bees (Table 4b). As for yield, including both % of OSR and % of SNE at 250
meters (se&upplementary Table 2 for analysis other radii) to the previous model improved the % of
deviance explained by c.9%g($=8.146, P < 0.01; Table 4c). It further displayed a significant positive
effect of bees, and showed that the % of OSR in the surrautatidscape at 250m buffer radius had
a signficant positive effect on GM. As for yield, soil effect vanished. With this final model, almost
50% of the deviance was explained, and suggested that bees increased GM by €.0.Tbha F Ya
per ha between field with smallest to highest bee abundq&ig2b).
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Trading pollinators with pesticides to improve profits

Finally, since there were opposed effects between pollinators abundance and insecticide or
herbicide uses on yield and GM, we explored to which extent, based on our empirical datag reducin
pesticides use could be balanced by improving bees, and their resulting effects on yield and/or GM. To
this end, we set all others parameters (and their effects) at their mean, and only varied herbicides,
insecticides (both by their TFI) and bee abundameeasuring their interacting effects on yield and
GM using 3D plots with farming practices {gis), bee abundance {@is) and their interaction, and
yield and profit (Zaxis). The most interesting feature emerged with the 4péfideetween insecticides
intensity and bee abundance (Fig-c3aThis indicates that farmers can maximise yield through two
options: one, by maximising TFI (insecticides), presumably reducing pests, and the other one
consisting in spraying no insecticides, which maximises baedamce. But unsurprisingly, in regard
to gross margin, only the latter strategy improved economic benefits. A similar, though less extreme,
pattern appeared with herbicide use (Fig-d3bFinally, we investigated a cross strategy between
herbicide and isecticide use. The results suggest that a strategy in which both herbicides and
insecticides are reduced would increase yield and simultaneously gross margins.

Discussion

Crop yield results from various and complex combinations of biotic and abiotar§a©SR
showed improved production with insect pollination. We report here that insect pollination enhances
crop yield and farmers economic benefits, that these benefits overweight those of farming practices.
Bee abundance was a strong determinant of @®Buction supporting previous studi&(rot et al.
in review Bommarco et al. 2012, Bartomeus et al. 20Efject of bees was less predominant on GM
mostly due to the strong negative effect of farming practices on GM. Our analysis revealed different
type of interaction between farming practices and bee abundance on yield. The absence of interaction
between the amount of fertilisers and bee abundance suggests an additive effect of bees and fertiliser
benefits on yield. This is in opposition wikarini et al. (2015)%ut in accordance withian Gils et al.

(2016) We observed a significant interaction between insecticide and bee abundance on yield but not
on GM. While the effect on yield could be due to the decrease of pollinators individual performance
by reducing the number of flowers visi&ill and Raine 2014, Stanley et al. 2018)e absence of

effect on GM is most likely due to the expensive cost of insecticide. We also found a positive effect of
guantity of neighbouring OSR fields. Previous stadiave found that similar surrounding OSR can
reduce pest in focus field as pollen beetles or stem weevils IGfaller et al. 2008b)By reducing

the pest damage, the percentage of OSR in surrounding landscape can increase Q&Hgtiedtial.

20083. However, pest damage was not follow on field and more investigations were needed to
confirm this effect.

Although nitrogen is the most common fertilizer found in crops around the world, no effect of
high fertilizer amount on OSR yield was found in atudy. N input may be used in saturating
guantity (Ninput mean was c¢.157 kg4ig. Climatic (lixiviation) or ecophysiological (low
assimilation by the plants) reasons may also explain this absence of relationsippt Was found
similar between soil fye (respectively 139, 151, 158, 168 kglhéor red, deep, intermediate and
superficial soils). Research has shown that the effectiapdt on yield can strongly vary between a
positive effect(Rathke et al. 2005, Marini et al. 201%) effect (Stahlteal. 2017,Colnenne et al.

2002) or even negative effediHocking et al. 1997, Cheema et al. 2001, Ozturk 2010, Khan et al.
2018) Efficiency of N fertilization could also vary between varietiBsuchet et al. 2016)ut in our

study we could not evaluathat, since c. 93% of the farmers used hybrid seedpit showed also

no effect on vyield, potentially due to the lower quantity used in field. Phosphorus was the only
fertilizer found as a strong determinant of both yield and gross margins as fohitkigtt et al.

1999) potentially by increasing pods per plant and seed per (Rose et al. 2008)For pesticides,
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there is a growing incertitude concerning the positive effect of pesticides or(Figldn et al. 2017,
see alsdGaba et al. (2016pn wheat) On the larger dataset, we found a weak positive effect of
fungicide and herbicide as found in previous studigaslodis et al. 2006, Bijanzadeh et al. 2010)
These pesticide reduce potentially pest damage and competition with weeds and pencriedse iof
OSR yield(Bankina et al. 2010, Bijanzadeh et al. 20H)wever, these treatments are very expensive
compare to their potential benefits, thus the negative observed effect on gross margins. The direct
effect of insecticide, although its higheusras surprisingly not found on vyield, yet it decreases gross
margin. Different results have been obtainedSujter et al. (2017)The absence of relation yield
insecticide may likely be due to the inefficient use insectiidelan et al. 2017).e. irsecticide were
applied even in absence of pest as a prophylactic method. In addition, small pest population may not
necessary affect OSR vyield®inet et al. 2015pr they can even increase seed vyield through a
compensate mechanig@agic et al. 2016)

Over-application of nutrients is a challenge facing intensive farming. New modes of agriculture
are necessary to promote sustainable crop produ€Tittonell 2014)and reducing dependency to
chemicals inputs. Here, we identified for OSR production seweags$ to limit inputs and increase the
FRQWULEXWLRQ RI SROOLQDWRUV ZKLOH PDLQWDLQLQJ \LHOC
margins. Thus, it is likely that these inputs are either being over or inefficiently afipdisshletta et
al. 2014, Fudn et al. 2017) We show here that it is economically feasible to reduce one of the largest
environmental source of agriculture pollution, nitrogen. Although OSR is a crop highly demanding on
N fertilizer to build up efficient photosynthetic leaf tissude@ewald et al. 2016), our results
demonstrate that there is a space for a significant reducing it without harming yields, while benefiting
farmers economics returns. N reduction leads as well to a lower N, not taken up by the crop, leaching
rates during eriods of heavy rainfall (Rathke et al. 2006). The reduction-iofdt can as well lead to
increase in oil content (Rathke 2005).
Pollinating insects despite their proven economic contribution to crop are rarely considered in farming
planning. Besideghe actual value of insect pollination has often been studied in isolation from crop
management interactions. Through our economic valuation of the ecosystem services provided by
domestic and wild bees we have shown an antagonist interaction with imeesctithese results can
be used as an incentive for a better use of harmful pesticides, benefiting biodiversity, agricultural
production and ecosystem processes as a whole. The consequences of shifts in bee abundance caused
by agriculture landscape can bevere. We have shown that OSR in the surrounding landscape up to
250m buffer has a positive effect on pollinator abundance possible due to a dilution in pest abundance,
hence damage. Pollinator depended crops will certainly benefit from a polinataly management
of agricultural landscapes which supports ecosystem services, in which a potential optimum should be
found between OSR area and natural element which provide bee abu(idarexedin and Winston
2006) This study provides a clear demonstratibat an environmental friendly management which
VXSSRUWV HFRV\VWHP VHUYLFHV LV FRPSDWLEOH ZLWK KLJK F
economic returns. We have here showylyell et al. (20154id for the northwest Europe, that the
concept of eological intensification of agriculture is achievable on large commercial arable farms,
ZLWK BbZiZ QVWUDWHJI\ EHWZHHQ FURS SURGXFWLRQ IDUPHUV HF
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Table 1- General statistics obtained from the guestionnaires for OSR cropping (N=296DSR
area and yield values wepbtained directly from the farm questionnaires. The remaining values were
calculated as described in the Methods.

mean (xSD) min max
OSR area (ha) 6.9 (£5) 0.4 28.5
Yield (kg ha') 3089.4 (+632.1) 1600 5200
N input (kg hd) 158.7 (+55.2) 209 3338
P input (kg ha) 53.3 (+37.7) 0 183.2
K input (kg ha) 32.3 (+54.7) 0 311
TFlper (ha®) 1.6 (+1) 0 5.8
TFlngt (hah) 2.3 (+1.2) 0 7.2
TFleong (ha?) 1 (+0.6) 0 4

7RWDO 5HYHQ 12109 (+249.9) 702.8 1937
BURILW) ¥ KD 628.6(+300.2) -104.9 1727.3
7RWDO FRBVW  901.4(x197.7) 3889 15147
&RVW 11 Y% KD 150 (+53.8) 18.8  359.8
&RVW 3% ¥ KD 57 (x40.6) 0 190.9

&RVW .hHY KD 27 (x43.7) 0 237.2
&RVW +HYE v 112.9(+57.2) 0 314.6
&RVW ,QYW ¥ 238 (+14.3) 0 98.5
&RVW )ROJ ¥  43(+22.6) 0 127.3
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Table 2 +Model averaging results for vield and gross margin responses to farming practices.
(VWLPDWHG FRHIILFLHQWYV WKHLU FRQILGHQFH LQWHUYDC
per model DPUDPHWHU IRU \LHOG DQG SURILW PRGHO DYHUDJLQJ RI /1
the categorical variables. Significant terms with confidence intervals not overlapping with zero are in

bold.

a) Yield as a function of Farmer practices (N, P, H, Fsoil; and their two-way interactions)

w Lower CI Upper Cl var Exp p-val

N dose 1 -130.1 -279.8 19.6 0.7% 0.11
P dose 1 93.4 29.2 157.5 21% <0.01
H TFI 1 745 9 139.9 1.3% 0.04
F TFI 1 88.3 235 153.1 1.8% <0.01
Soil 1 17.3% <0.01
N dose:Sdi 1 2.6% 0.02

b) Gross margin as a function of Farmer practices from model above

Lower

w cl Upper ClI var Exp p-val
N dose 1.00 -180.7 -240.7 -120.8 0.081 <0.01
K dose 1.00 -52.5 -78.2 -26.7 0.178 <0.01
H TFI 1.00 -89.5 -116.5 -62.5 0471 <0.01
F TFI 1.00 -53.1 -79.7 -26.6 0.172 <0.01
Saoll 1.00 0.677 <0.01
N dose:Saoll 1.00 0.142 <0.01

145



Table 3 +Model averaging results for yield response to farming practices, bees and Senaitural

elements. (VWLPDWHG FRHIILFLHQ \hde intervélsKELdnd impdrtRQd LiaBies (w)

DUH JLYHQ SHU PRGHO SDUDPHWHU IRU \LHOG DQG SURILW PRGHI
present for the categorical variables. Significant terms with confidence intervals not overlapping with

zero ae in bold.

a) Best yield model including Bees

w Lower ClI Upper Cl var Exp p-val

Yield ~ Bees + N dose + P dose + H TFI + F TFI + Soil + Bees: N dose + Bees: P dose + Bees: H TFI +
TFI + N dose:Soil

Bees 92.8 -11.0 196.6 0.064 0.03
N dose -57.0 -4285 314.4 0.030 0.12
P dose 176.2 12.3 340.1 0.058 0.03
H TFI 93.8 -76.0 263.7 0.021 0.20
F TFI 394 -119.8 198.5 0.001 0.78
Sall 0.045 0.31
Bees: N dose 68.4 -71.3 208.1 0.012 0.33
Bees: P dose -57.5 -182.3 67.3 0.011 0.36
Bees: HTFI -13.3 -146.3 119.7 0.000 0.84
Bees: F TFI 56.3 -48.6 161.2 0.014 0.29
N dose:Soll 0.007 0.91
b) Yield as a function of Farmer practices & Bees

w Lower CI Upper Cl var Exp p-val
Yield ~ Bees + N dose + P dose + | FBees:| TFI
Bees 1.00 107.4 2970.2 3210.7 0.080 <0.01
N dose 055 -999 17.8 197.1 0.023 0.14
P dose 1.00 229.1 -232.3 325 0.121 <0.01
| TFI 1.00 -85.4 958 362.4 0.012 0.29
Bees: | TFI 1.00 -108.7 -211.0 40.1 0.056 0.02

¢) Yield as a function of farmer practices & Bees & Landscape

w

Lower ClI

Upper CI var Exp p-val

Yield ~ Bees + N dose + P dose + | TFI OSR250 + SNE250 + Bees: | TFI

Bees 122.3 31.5 213.1 0.089 <0.01
N dose -120.4 -252.2 11.3 0.032 0.07
P dose 238.0 106.4 369.7 0.124 <0.01
| TFI -104.3 -227.6 19 0.021 0.14
OSR250 15.1 2.6 27.6 0.056 0.02
SNE250 2.4 -10 14.8 0.001 0.70
Bees: | TFI -90.6 -182.5 1.3 0.037 0.05

Parameters N, P, K, H, |, F indieatespectively Nitrogen, Phosphorus, Potassium, Herbicide, Insecticide and Fungicid
Dose is the quantity of fertilizer applied (logged) and TFI is the Treatment frequency index. Soil represents the diiffer
types. OSR250 and SNE250 indicate thepetage of OSR and percentage of seatural elements in a buffer radius of

250m outside the focal field.
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Table 4 +Model averaging results for gross margin response to farming practices, bees and
Seminatural _elements. (VWLPDWHG FRHIIL RN @aifddence int&wwilsl I(Cl) and
importance values (w) are given per model parameter for yield and profit model averaging of LM
DQDO\VHV DQG &, DUH QRW SUHVHQW IRU WKH FDWHJRULFDC
intervals not overlappingith zero are in bold.

a) Best gross margins model including Bees

w Lower CI Upper Cl var Exp p-val

Yield ~ Bees + N dose + P dose + H TFI + F TFI + Soil + Bees: N dose + Bees: P dose + Bees: H TF| + Bee
+ N dose:Soil

Bees 24.6 -145 63.7 0.028 0.10
N dose -28.1 -168.1 111.9 0.132 <0.01
P dose 36.9 -24.8 98.7 0.015 0.23
H TFI -61.2 -125.2 29 0.072 0.01
F TFI -17.1 -77.1 429 0.010 0.33
Soil 0.058 0.14
Bees: N dose 15.1 -37.5 67.8 0.003 0.57
Bees: P dose -14.6 -61.6 325 0.04 0.54
Bees: H TFI 30.7 -194 80.8 0.015 0.23
Bees: F TFI 37.9 -1.6 77.5 0.038 0.06
N dose:Soil 0.021 0.57

b) Gross margin as a function of Farmer practices & Bees

w Lower CI Upper CI var Exp p-val
Gross Margin ~ Bees + N dose + P dose + K dose + | TFI + H TFI
Bees 0.78 31.9 -2.0 65.8 0.032 0.06
N dose 1.00 -91.2 -143.4 -39.0 0.109 <0.01
P dose 1.00 59.7 7.7 111.7 0.047 0.03
K dose 0.81 -485 -98.1 11 0.034 0.06
| TFI 1.00 -83.8 -133.1 -34.6 0.104 <0.01
H TFI 1.00 -65.6 -114.7 -16.5 0.064 <0.01

c¢) Gross margin as a function of farmer practices & Bees & Landscape

w Lower CI Upper CI var Exp p-val
GM ~ Bees + N dose + P dose + K dose + | TFl + H TFISR@50 + OSR250
Bees 35.7 1.9 69.6 0.035 0.04
N dose -102.7 -153.9 -51.6 0.126 <0.01
P dose 64.7 14 115.3 0.051 0.01
K dose -33.7 -82.5 15 0.015 0.17
H TFI -97.8 -146.1 -49.6 0.128 <0.01
| TFI -70.2 -117.5 -22.9 0.069 <0.01
OSR250 6.6 1.7 114 0.058 <0.01
SNE250 0.1 -4.6 4.8 0.000 0.97

Parameters N, P, K, H, I, F indicate respectively Nitrogen, Phosphorus, Potassium, Herbicide, Insecticide an
Fungicide. Dose is the quantity of fertilizer applied (logged) and TFl is the Treatment fredquacySoil
represents the different soil types. OSR250 and SNE250 indicate the percentage of OSR and percentage of
natural elements in a buffer radius of 250m outside the focal field.
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Fig 1. Effect of nitrogen input on yield (a) and gross marda)sherbicide on yield (b) and Gross
Margins (d). Black lines reprentes linear regression as preducted by linear model. Lines are dashed
when they are not signifncant.
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Fig 2. Effect of bees index on yield (a) and gross margins (b). Black lines tepiarear regression
as preducted by linear model.
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Fig 3. Effect of the interaction between bees and insecticides on yield (a) and gross margins (b), and
the effect of the interaction between bees and herbicides on yield (c) and gross margins (d)
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Supplementary Tables

Supplementary table 1.Selection of buffer radius for the effect @nddscape element and farmers

practices on Yield. Effect of local and landscape management on bee abundance for different buffer
radius. 9 DULDEOH SUHVHQWY DUH WKRVH NHHSLQJ E\ WKH UHVSHFW
value are given. Also R2 and F stat for model is provided.

Buffer zone

250m 500m 750m 1000m

F P F P F P F P
OSR 15.1 5.8 0.02 16.4 3.8 0.06 16.8 2.4 0.13 12.2 0.8 0.38
SNE 2.4 0.2 0.70 6.1 0.6 0.44 0.8 0.0 0.92 -1.4 0.0 0.85
Bees 1223 94 <0.01 126.6 9.6 <0.01 1145 81 0.01 106.6 7.3 0.01
N dose -120.4 3.3 0.07 -128.2 3.7 0.06 -1222 3.2 0.08 -108.8 2.4 0.12
P dose 238.0 13.0 <0.01 255.9 142 <0.01 246.8 13.2 <0.01 2332 11.6 <0.01

TFI -104.3 2.2 0.14 -106.8 2.0 0.16 -90.9 1.3 0.26 -84.8 1.1 0.29
Bees:
TFI -90.6 3.9 0.05 -104.7 5.1 0.03 -1104 5.6 0.02 -1095 54 0.02
R2 0.361 0.308 0.295 0.280
F stat 4.6878 on 7,67 4.2697 on 7,67 4.0006 on 7,67 3.7203 on 7,67

1250m 1500m 1750m 2000m

F P F P F P F P
OSR 2.2 0.0 0.89 8.9 0.2 0.62 10.3 0.3 0.59 7.8 0.2 0.69
SNE -3.5 0.2 0.64 -2.6 0.1 0.73 -2.9 0.2 0.69 -4.4 0.4 0.54

Bees 1019 6.8 0.01 101.1 6.7 0.01 99.0 6.7 0.01 97.4 6.6 0.01
N dose -95.0 1.8 0.19 -100.7 2.0 0.16 -98.6 2.0 0.16 -91.9 1.7 0.19
Pdose 2251 108 <0.01 2278 11.1 <0.01 2259 11.0 <0.01 2230 108 <0.01

TFI I -81.1 1.0 0.32 -82.5 1.1 0.30 -81.9 1.1 0.30 -79.2 1.0 0.32
Bees:

TFI -109.9 54 0.02 -109.6 5.3 0.02 -1116 55 0.02 -113.8 5.7 0.02
R2 0.272 0.275 0.275 0.276

F stat 3.5823 on 7,67 3.6217 on 7,67 3.6377 on 7,67 3.653 on 7,67

Parameters N, P, H and | indicate respectively Nitrogen, Phosphorus, Herbicide and Insecticide. Dose is the q
fertilizer applied (logged) and TFI is the Treatmemigiuency index. Soil represents the different soil types. OSR and
indicate the percentage of OSR and percentage ofrsstonial elements in the buffer radius outside the focal field.
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Supplementary table 2.Selection of buffer radius for the effect of landscape element andrfarme
practices on Gross Margins. Effect of local and landscape management on bee abundance for different

EXIITHU UDGLXV

value and P value are given. Also R2 and F stat tmtahis provided.

9DULDEOH SUHVHQWY DUH WKRVH NHHSLQJ E\

Buffer zone

250m 500m 750m 1000m

F P F P F P F P
OSR 6.6 7.3 <0.01 6.00 3.19 0.08 6.60 2.40 0.13 6.40 1.40 0.24
SNE 0.1 0.0 0.97 -1.50 0.24 0.63 -4.00 1.80 0.18 -4.30 2.33 0.13
Bees 35.7 4.4 0.04 33.20 3.60 0.06 28.90 2.80 0.10 26.70 2.45 0.12
N dose -102.7 16.1 <0.01 -103.40 1528 <0.01 -99.00 14.00 <0.01 -94.00 1257 <0.01
P dose 64.7 6.5 0.01 72.30 7.53 0.01 62.40 5.76 0.02 55.80 4.61 0.04
K dose -33.7 1.9 0.17 -36.50 2.11 0.15 -32.50 1.66 0.20 -32.70 1.68 0.20
HTFI -97.8 164 <0.01 -95.30 1447 <0.01 -90.20 13.33 <0.01 -87.40 12.30 <0.01
| TFI -70.2 8.8 <0.01 -67.20 7.58 0.01 -60.20 6.17 0.02 -58.00 5.70 0.02
R2 0.482 0.471 0.478 0.479
F stat 8.1456 on 8,66 7.3459 on 8,66 7.5605 on 8,66 7.5757 on 8,66

1250m 1500m 1750m 2000m

F P F P F P F P
OSR 3.7 0.4 0.56 4.3 0.4 0.55 4.3 0.3 0.59 4.1 0.3 0.62
SNE -4.9 2.8 0.10 -4.3 2.1 0.15 -4.1 1.9 0.18 -4.2 2.0 0.16
Bees 25.2 2.1 0.15 24.8 2.1 0.16 24.8 2.0 0.16 25.1 2.1 0.15
N dose -89.1 111 <0.01 -90.1 11.4 <0.01 -89.3 11.4 <0.01 -87.6 11.1 <0.01
P dose 51.5 3.8 0.05 52.7 3.9 0.05 52.2 3.8 0.05 51.8 3.8 0.05
K dose -32.8 1.6 0.21 -31.4 1.4 0.24 -31.2 1.3 0.25 -31.0 1.3 0.26
HTFI -83.1 10.7 <0.01 -83.9 10.2 <0.01 -83.9 9.6 <0.01 -85.3 9.9 <0.01
| TFI -58.1 5.6 0.02 -58.4 5.6 0.02 -58.2 55 0.02 -57.2 5.3 0.03
R2 0.471 0.463 0.459 0.459
Fstat 7.3329 on 8,66 7.1091 on 8,66 7.0035 on 8,66 6.9995 on 8,66

Parameters N, P,K, H and | indicate respectively Nitrogen, Phosphorus, Potassium, Herbicideainiden Dose is the quantit
of fertilizer applied (logged) and TFI is the Treatment frequency index. Soil represents the different soil types. OSE
indicate the percentage of OSR and percentage ofrsatunial elements in the buffer radius odésthe focal field.
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Chapitre IV :

Les abeilles domestiques améliorent la qualité de la production de colza
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Avant-propos et résumeé du chapitret :

IHV SUHPLqQUHV pWXGHV RQW pYDOXp OTHIIHW EpQplILTX!
CependantOH UHQGHPHQW QYHVW SDV OH VHXO SDUDRHRamggWUH TX
gualité des grainesn fait ausspartie. Dans cettquatriemeétude, nous nous intéresserons a
OfHIIHW GHV SROOLQLVDWHXUYV V Xddt dagternliné® gat wquaditéyV JUD |
GYKXLOH SDU JUDLQH HW VD FRPSRVLWLRQ HQ DFLGH JUDYV
positif de la pollinisation entomophilsur le pourcentage de lipislelans lesgraines mais
aucuneétude Q H Vifitérasvéeg ©ffet des pollinisateurs sur la composition en acides gras.

/IH EXW GH FHWWH p&W O®GHIMDNI'GHHY SRPWXKGQGLVDWHXUV VXU
gras et sur le pourcentage en ligdkes grainesPour cela, nous utiliserons la fois le
gradient GH SROOLQLVDWHXUYV DLQVL TXH OD PpWKRGH GYHI[F
/9 p W ptéhdtaaussi en compte les pratiques agricoles (fertilisants, pesticides, s)agiété
SHXYHQW PRGLILHU OD TXDOLWp GHV JSDLQHV DLQVL TXH (

Notre étude montre que labeilles domestiques améliorent la qualité des graines de colza en
augmentante pourcentageles acides gras insaturgisendiminuantle pourcentagel &cides
gras trans et saturésdne augmentation du pourcentage de lipig@ar graine est aussi
observé mais pour une seule anné& HW HIITHW QYfHVW SDV REVHUYp SRXU
Nous montrons aussi queet effet est indépendant des variétés et des autres pratiques
agricoles mémes piusieurs pratiqueshodifient la compositionen acide graslf XWLOLVDWLRQ
filet met en évidence uaffet importantdesabeilles domestique sur la quantité de lipice
$XFXQH GLIIpUHQFH VLJQLILFDWLYH GH FRPSRVLWLRQ G¥
traitements contréle, grande maillexclusion des gros pollinisateurs) et petite maille
HI[FOXVLRQ GHV SHWLWHV SROOLQLVDWHXUV $ OTLQYHU\
GY{DFLGHVY JuDV HVW REVHUYpH HQWUH OH OH WUDLW
O 1D X W R | p FeRI€sGaDtiddraRenents Les résultats observés supportent des résultats
SUpFpGHPPHQW REVHUYpV FKH] OTDPDQGH Re* OYDXWRIpFR(
GYDFLGH OLQROpPLTXH HW XQH GLPLQXWLRQ GYDFLGH ROpL"

Plusieurs mécanismes semblent par conséquent [@GBXQV OD SURGXFWLRQ G¢YI
/ITDXJPHQWDWLRQ GX SgREUGMDWRUBVGERE¥HGMW ORUVTXH O
HVW DERQGDQWH SRXUUDLW VY{H[SOLTXHU SDU XQH UpDOOF
insaturéssont moins céteux a poduire pour la plante que les acides dgrass et saturés

Maintenir des fleurs en floraison estlbeux pour la plante de colza, maes coltest réduit en
SUpVHQFH GYDEHLOOHV GRPHVWLTXHV /D UpGXFWLRQ GH
alors FRPSHQVHU OH FR€W GH SURGXFWLRQ GHV DFLGHV J
egalement un mécanisme probable puisque nous avons observé des différences importantes en
son absence. Cette étude met également en évidenoss @lreilles domestiques augnent

a la fois les rendements et la qualité de la récolte sans compromis entre ces deux variables.
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