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dur de répondre a cele. Mais il me semble avoir trouvé.
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vous ne voulez en conséquencepas les décevoir.

Enfin, ma troisieme rencontre est en fait une deuxieme rencopgte rencontre avec monéme. Je
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INTRODUCTION

l. , 81T AT1 T CEAqQOAROCICAEAI T AOi EAT OETT U 161
étude
a. #1 1 OA@OA AO Ai FET EOEIT AA 1671 AT 1T CEA OAT Oi OE/
Au cours de leur vieles organismes doivent remplir des taches essentielles pour
permettre leur survie et leur reproduction incluanta recherche de nourriture, la détection
RS LINBRFGSdzZNAREZ fI NBOKSNODKS RQdzy LI NISyl ANBS

environnemat complexe et dynamiquéStevens, 2013Pour faire face a ces taches, chaque
organisme doit appréhender I'environnement qui I'entoure et possede donc des capacités
sensorielles qui lui sont propres et qui faconnent ses réponses comportementales. En effet
YsYS aQAafta OAGSyYyd lFdz YsYS SYRNRBAG lFdz YsYS Y2
de ses divers canaux sensoriels un environnement qui lui est propre. Catigutarité» a

été proposée pour la premiére fois en 1909 par Jakob Von Uexkiill et Bhantsebeok qui
proposérent le concept RQ! Y3361 QSYJANRBRYYSYSyYy (i &aSyaz2NiSt
LINE LINB t (van2DMdR, [2912)GeteSsingularité permet donc aux organismes de
O2SEAAGSNI RIFya f Qgafidand Siendis, 2R Misi, chdbe ahidal LI&
possede des capacités sensorielles adaptées permettant de traiter les indices et signaux

(définitions boite 1) essentiels dans sa vie journaliére.
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Boite 1: Définition des termes essentiels utilisés au cours du manuscrit

Acuité veuelleY [ QI OdzA 1S @A adzSttS Sad € OF LI OA (ddpesiet alf
2007) [ QI OdzA (i  meshréenzdmbireSde cycles (barre noire + barre blanche) pouvant
NE&2fdza RFYA déernin@ibrnydd® SO dt NDOBA §dzStt & Sad
G6SaGa ¢+t OK2AE R2dzoftSo 5Fya fQSESYLX ST f QI
Jones et al. (2007)).

cycleK

—

Champvisue¥ [ S OKLF YL @A &dzSt RS @Nejrésf 8 8 HIND RS G NA R &
LISdzi NBOS@2ANI RS f QMertm22007) G A2y t (2dzi Y2 Y

CommunicationY ¢ NJ YATFTSNI RQAYTF2NXIFGA2y S (NI ¢ndettddrNlug
organismerécepteurqui répond de maniére comportementale ou plolsigique (Bradbury and
Vehrencamp, 2011)

Composé sémiochimique Sémio (du grecquesemeion signifie marque ou signal. Un compo
sémiochimique est donc un cqrosé impliqué dans la communicati@himique entre organisme
(Nordlund and Lewis, 1976)

Fovéa: En latin,fovea signifie «petit trou». La fovéa est donc une dépression au niveau de la rg
présentant la densité en photorécepteurs la plus importante permettant ginaectuellementune
forte acuité visuelléJones et al., 2007)

Indice: Tout élément, animé ou inanimé, qui peut étre utilisé par un animal comme guide pour une 4
FdziidzNB X Yl Aa |jdzh y(Srhith &gt Harp&2008)dzS RI ya OS 06 ¢

Photorécepteur: Cellule activée par la lumiére. Chez la plupart des organismes, on trouve degxds
photorécepteurs, les cones (activés lorsque la lwsité est importante et permettat la détection
des couleurs) et les batonnets (activés a faible intensité lumingudseags et al., 2007)

Ressource Toute entité requise par un organisme dont tpgantités peuvent étre réduites par son activi
(Begon et al., 2006)
SignalY 'y AA3ylf | LJ32dzNJ odzi RS Y2 RATA BehtlfohcGonnd 2i M|

NBLR2yaS RS fQ2NHIYyAayYS (Orith&ng Hdrper[2088)a A S @2 f ¢
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[ Qs02f23AS aSyazNaAStf{S aQayasSNkaasS t t+ Yl
utilisent les informations disponibles au cours de leur(@tevens, 2013Elle traite a la fois
de questions mécanistiques..comment les récepteurs sensofied O LJG dzNBy i f QA
et de questions fonctionnellee@.t I aAIYAFAOFGA2Y | RILIGFGABS |
fQFYAYFE L3R2dz2NJ LINBYRNB dzyS RSOAaAz2y O2YLR2NILS
large gamme de disciplines allant de la netir¢’ 62 YA S t f QSO02f 23AS O+
SP2t dzi A PSP 5QFLINBa {GSOSya ownmo0OXI (GNRAA | d

sensorielle

) Commentf S& FyAYlLdzE | OljdzA8NBy (G Si  dziAf A &S
f QSYGANBYYSYSyYyid DA20GA1dzS SG | oA20GAl dzS
i) QuelNb £ S 22dzS tQsSO2t23AS RS & SaLks O0Sa RI

fonctions des systemes sensoriels afin de répondre au mieux aux informations

disponibles?

i)  Pourquoi et commentcela influence-A f S O2YLRNISYSyd Si
especes

b. InteraCEO AOAA 1 86Ad OEDOIOEIAEBA®ET 1T AAO AAPAAE!

La capacité des organismes a interagir avec leur environnement est donc largement
dépendante de leurs capacités sensorielles. Les especes et individus different
significativementdansles2 @ Sy da RS RSGSOGA2Y RQAYRAGSa Si
Ainsi, «ox popul»> généralise souvent sur les capacités sensorielles des animaux en
annoncgant que les aigles ont une vision extraordinaire, les chiens un odorat surdéveloppé et
les passreaux un systéme auditif des plus variés. De ce fait, au regard de ces généralités, il
&QF OSNB | dzaaA 1jdzS tS& | yAYldzE RA&aLIaSyd RS C
pas. En effet, certains poissons de la famille des Mormyrides et Gymnotifqyenegent
dziAf AaSNI fQSt SOGUNRTE 2 O (Vb yer Enfd, YOIR \Fon deNEMdied S NJ  §
and Bleckmann, 1998pu encore certains crotales qui utilisent des radiations infrarouges
pour détecter et attraper leurs proie&oris, 2011; Newman andartline, 1982; Safer and
Grace, 2004p 5SS L dza> dzy 3INI YR yY2YONB -sBL MBI yAaY

21



Simon Potier Ecologie sensorielle des rapace¥ision et Olfaction
These deloctorat Introduction
mammiféres marins, certains rongeurs et insectes entre autres peuvent utiliser les ultrasons
pour communiquer (Sales, 2018 ! AY aA s antA @30 If deSAgus\ yous
concentons souvent sur ce que nous voyons/savondlgys ne voyons que ce que nous
savons» Johann Wolfgang von Goetl{#7491832)), certains comportements ont permis a

fI O02YYdzyl dziS &OASY(ATAIl deflesiRsOupdonieeB. NENI RS& Ol

La grande diversité anatomique et comportementale au sein du taxon des oiseaux en fait
dzy Y2RS8tS dzyAljdzS LJ2dzNJ f Q @Birkiead§ 20R5A re@akdlde OA G S a
f QAYLIEZNIFY(dS LI NGAS Rdz ONAUY 3a viRighRaAtduBurslémzE & Sc
O2yaARSNBS O02YYS dzyS Y2RIFIfAGS &Sy gmRodhbheSt S A
Duvigneaud, 1943; Walls, 1948n effet, chez les oiseaux, environ 50% ou plus du volume
ONNyASYy Said 200dzLJS LI NILIS$E& aSdkS Y3 y»yiNap: ' dOK
(Waldvogel, 1998) ! f QAY@@SNASS tSa O LI OAGSa 2t FlF OGA
été négligées(Roper, 1999)car les observations des ornithologistes ont depuis des
RSOSYyASa adzZasSNB f Qo &AIWOY R R QOF Y LISNIES 29 yFii ¢
En effet, contrairement aux mammiféres, les oiseaux ne présentent pas de comportement
de reniflement (excepté le Starique cristatefethia cristatellaappartenant a la famille des
Alcidés, qui renifle les individymur les identifier(Hagelin, 2007§) lls ont par ailleurs une
position de narines reculée sur la surface dorsale du bec (excepté les kiwis) qui ne semblerait
pas appropriée pour explorer une source olfactive. Enfin, ils ne présentent pas de
comportementde marquage olfactif. Paradoxalement, les évidences anatomiques appuient
f QK@ LR 1KsaS RQdzy EBanygAal96D;iBang @ndl £dbb, T988/ Sidigerey/ay, S f
2008) Ainsjo A Sy [jdzS RQI dziNBa aSya a2AS¢dile®sEaSydAs
auditif chez les passériformes ou strigiformee) traiterai au cours de ce manuscrit de
f QAYLIR2 NI yOS RSa OFLI OAGSa @AradzSttSa S 2t Tl

sur la recherche de ressources alimentaires et la communicatioa étinterspécifiques.
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Il. La perception des signaux et indices environnementaux via les
capacités visuelles et olfactives chez les oiseaux

a. La recherche de ressources alimentaires chez les oiseaux

La vision

Les capacités visuelles des oiseaux $mttement liées a la vitesse de yoEcessitant
de traiter les informations rapidemen{Walls, 1942)et aux techniques de recherche
FEAYSYGFrANB® t I NOGAOdzE ASNBYSYy Gz € QlFOdzAdS @Aa
LI NI YSGNBaAa SaadyiimRBiya RRIAWSF 2NNE Ol ezyva f ASSa t
(Jones et al., 2007En effet la détection de cellesi passe par la capacité a discriminer un
objet dans un espace. Chez les oiseaux, on observe une variété importante en termes
RQIOdzA S t DA ¥deSTROIZYS | OdzA S NBf | GA @&y G F I A
1951; Moore et al., 2018 f I LJ dz& KI dziS | OdzAGS 20aSNIBISS |
audacieuxAquila audax(Reymond, 198%) ! AyaA s Af &aSYo6fSNIAG |d
dépSY RIFyiS Rdz @LJS RS vy 2 dzNNA (i dZNS(VaNBLO&#SKI K S S =
2014 Yl A& FdzaaiA RS tF GIFAf€S RS f(Kilkgy 20005 G N2 A
Suivant leur technique de recherche de nourriture, les oiseaux difféaessi dans leurs
OKI YLA @AadzsSt aod @gntihsFeteRilpasseteuieivisian biGosulantedbs
f I NBS | dzS f{ ®@lkdgadisiridgr&{Marth Rrigl dortdgal, 2011 Cette différence
AQSELX AljdzS LINRY OA LI f S VYASWLI2 NIDH NIG &y R dzdz{B Sty 2 a I @im
OKI dz&S O0RQ2G f I ySOSaaaiagimRdtantedpaurdeScBridde dzy S O A
fl LI2aAdA2y Rdz 6SO0X Ff2NAR jdzS f QAO6A& RS wi
sens tactile. On retrouve aussBdéi 1S RATFTFSNByOS OKST RSa SalL
phylogénétiquement. Le canard souch@nas clypeata se nourrissant de zooplancton
aquatique par filtration, présente une vision binoculaire importantedagsus de sa téte
pour détecter les prédateurs éntuels, mais faible en dessous de son bec, qui ne lui est pas
nécessaire car il utilise son sens tactile lors de la recherche de nour(@uitemain et al.,
20020 !  f QA Y @S NE SARas peSelogeheybivdxeRerréstke¥ pFésehitdzliik vision
OAY20dzf  ANB NBfIFIGABSYSYld OSYGNBS &ddzNJ £ LI2A&)
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fl GrAaA2y f2NB RS fI NBOKSNOKS RS y2dzNNA {dzN
acuité et champ visuel. En effaughes (1977%uggere que les especeseg un champ

visuel important devraient avoir une acuité visuelle plus faible. Néanmoins, les
passériformes ayant un champ visuel plus large possédent une acuité visuelle plus

importante que ceux ayant un champ visuel restr¢Mbore et al., 2015)

., 0 ActiorE

La vision est donc essentielle pour la recherche de nourriture chez les oiseaux. Toutefois,
la recherche alimentaire fait appel a une utilisation multimodale des sens. Ainsi, les oiseaux
peuventdzi A £ A & SNJ R QI dzii éfhécesdaBe/ehavdntage(Eteppasdr, 1065)Par
SESYLX Sz Sy fQl04aSy0S RQAYRAOS&a @AadzsStasz 2f
Turdus migratoriu§ a i OF LJr 60t S RQdzGAEt A&aSNI f QF dzZRAGAZ2Y LJ?
(Montgomerie and Wetherhead, 1997) Le Kiwi de MantelApteryx mantellipeut, lui,
RSOARSNI RQdziAf AaSN) a2y aSya Gl OGAES L32dz2NJ NBI
disponibles(Cunningham et al., 2009) [ Q2f FI OGA 2y LJSdzi | dzaair s (N
ySOS&aalANBS® 9y STFSG> f2NRBIjdzS tQdziAft A&l GA2Y
jouer un réle important dans la recherche de nourriture chez certaines espéces. Par
exemple, dans le mf ASdz YINAY S 2G | dzOdzy NBLINBE QA & dz
aSyiAsSt 1jdzS tSa 2AaS8SlFdzE dziatAasSyid tQ2t Tl Oi
yi OFLIoftSa RQdziAfT A&ASNI £ SdzNJ aSya 2tml OUAT
LI NJ £+ RSGSOGAZ2Y Rdz RAYS ((®enddandz eFalziED6; Grokb{ 0 2 d.
1972; Hutchinson et al., 1984; Hutchison and Wenzel, 1980; Mardon et al., 2010a; Neuvitt,
1999a; Nevitt, 1999b; Nevitt and Haberman, 2003; Nevitt et al., 18@%) comme les

(0p))

a
2

Qx

manchots(Amo et al., 2013b; Cunningham et al., 200B¥emblerait aussi que la technique

RS NBOKSNOKS ftAYSydGlIANBE RS O0Sa 2aaStdzE YI NJ
STFSGz f QI {DbmealledPesulankitiizet uBedzbjgctoire de vol différente en
F2yOuA2y RS tQdziAtAal A2y RS az2y aSya 2t FI
rectiligne)(Nevitt et al., 2008) Tout comme le milieu marin ouvert, un milieu extrémement
RSyaS SYLIlOKS f QdzBXAf ARIIYIA 2 ¢S NQidk Ay Syia O@N Rdzi A
exemple du vautour urubu a téte roug€athartes auraet du grand urubuCathartes
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melambrotus vivant notamment dans la forét amazonienne et recherchant leur nourriture
au-dessus de la canopée. Ces deux espeatiiseraient leur sens olfactif pour trouver leur
nourriture (Gomez et al., 1994; Houston, 1986; Houston, 1988; Smith and Paselk, 1986)
Néanmoins, les récentes découvertes montrent que la plupart des oiseaux peuvent utiliser
leur sens olfactif lors dealrecherche de nourriture sans pour autant vivre dans un milieu
contraignant pour la vision. Lesésanges charbonnierdzarus majopeuvent discrimineun
FNDNBE AYyTFSOGS LI N tBadmdKSiygaf 16 Saule drissinfi delLJ- LIA €
composeés olfaifs émis suite da consommation de feuillgpar ces Iépidopteres (Amo et al.
2013). Le lori noiraLorius garrulus flavopalliatusst quant a lui un perroquet capable

RQdzGAf AASN) 42y &aSdz &aSya 2f Rbperi2b0B) LJ2 dzNJ RS SO

b. Lacommunication chez les oiseaux

[ QSGdzRS RS 1 O2YYdzyAOlI GA2y OKSIT fSa 2Aia¢8
communication acoustique au travers des chants, qui constituent un élément sonore
incontournable de tous les écosystémes terresifi€eodsmaand Miller, 1996; Kroodsma et
al., 1982; Thorpe, 1961; Todt and Naguib, 2000; Wiley and Richards, E82ffet, un
répertoire de chars 02 YLJX SES LISNXYSG t1 RSTFSyasS RQdzy &SI
charbonniére(Krebs et al., 1978)e chantdes m&la LISNX SO | dzaaAiA RQF GG AN
f SdzZNJ 0 SNNAG2ANS Si RQS@OSy(dzSt t SYSy fFicatul@ I LILI- NJF
hypoleucaet du Gobemouche & colli€icedula albicolli€Eriksson and Wallin, 1988 Q | dzii NB
part, les oiseaux peuvenpar exemple utiliser la communication acoustique pour le
renforcement localife.f QdzG At A&l GA2Y RS f QAYTF2NXYIGA2Y LINE
ou exploitant déja un patch de nourriture), comme chez les guillert®&noitBird et al.,
2011)ou encoredans la détection de prédateurs via les vocalises intra et interspécifiques
(Fallow et al., 2013)

25



Simon Potier Ecologie sensorielle des rapace¥ision et Olfaction
These deloctorat Introduction

La vision

De nombreuses études se sont aussi concentrées sur la communication visuelle chez les
oiseaux, notamment sur la perception des coulei@soio and Vorobyev, 2008) f QA Y @S NA
RS& KdzYrAyasz OSNIIAya 2A48SldzE az2yd OF LI of S4&
utiliser comme signaugCuthill et al., 200Q)notamment lors du choix de partenaire chez la
perruche onduléeVielopsittacus undulats (Pearn et al., 2008) 5 QI dziNBa 2y i RSC
patterns et couleurs extraordinaisg FAY RQIFGGANBNI 1 FSYSttSod /Q
bleu Pavo cristatusqui a développé des plumes extravagantes témoignant avec

«honnéteté» de sa qualité indiduelle(Gadagkar, 2003)

Contrairement a la communication visuelle et acoustique, la communication olfactive, a
f QAYyaildlrNI RS fQdziaftAralridArazy RS tQ2tFFOGA2y f 2N
été oubliée chez les oiseakaro et al., 2015; Hagelin, 2007a; Hagelin and Jones,.2007)
apparait maintenant clairement que les oiseaux peuvent utiliser leurs capacités olfactives a
des buts communicatifs. Les signaux olfactifs émis par les oiseaux peuvent étre vecteurs
R QA y FoasNdwerses. Par exemple, il a été démontré que la signature olfactive peut
GSY2A3ySN) Rdz 4SES RS f QAYRAOGARdIz OKST fS8a L
charadriiformeg/Amo et al., 2012; Bonadonna et al., 2007; Jacob et al., 1979; Lextlaire
2011; Mardon et al.,, 2010b; Zhang et al., 2010¢tte information peut étre utilisée de
maniére fonctionnelldAmo et al., 2012; Hirao et al., 2009; Zhang et al., 2010y A & OS y Q
parfois pas le ca@onadonna et al., 2009).a signature ofail A S (1 SY2A3yS RS ¢
chez les oiseaugBonadonna and Nevitt, 2004; Leclaire et al., 2011; Mardon et al., 2@10b)
ceuxci peuvent utiliser cette information pour se discriminer entre individus, eanohent
reconnaire leur partenaire sexuglBonadonna et al., 2006; Bonadonna and Nevitt, 2004)
Au-dela de la reconnaissance individuelle, la signature olfactive chez les oiseaux témoigne
aussi de la proximité génétique des individ@2lérier et al., 2011; Leclaire et al., 2012;
Leclaire et al.,2014) LISNXY SGdOFyd FTAyaA RQ2LIGAYAASNI dzy ¢
descendance viable en évitant la consanguif@énadonna and Sa##fmuilar, 2012; Coffin et
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al., 2011; Krause et al., 2013) appard donc que la signature olfactive individuelle est
importante dans un contexte reproductif permettant ainsi de choisir un partenaire adaptée
mais aussi une éventuelle synchronisation des partenaires. En effet, les composés
sémiochimiques des femelles different lors de la période de reprodufiamo et al., 202;

Jacob et al., 1979%moignant ainsi potentiellement de leur disposition a se reproduire.

c. #ETE@ AO CcOil OPA Adi OOAA

Ainsi, bien que les oiseaux aient été toujours considérés comme hautement dépendants
de leur vision, leurs capacités olfactives ne sad pn reste. Néanmoins, chez les oiseaux,
les rapaces (Accipitriformes et Falconiformes) souffrent encore de la généralisation de leurs
OF LI OAGSa aSyaz2NaSttSa odzyS GAarzy SEGNF 2NR)
est largement diversifié, astamment en termes de recherche alimentaire et de degré de
d20AEtAGSP® 9y S PprinSpalémeriatdu$ garnifjonzs) Hexdgraddd Fréupes
écologiques se distinguent parmi les rapacdes prédateurs et les charognards. Les
prédateurs sont majritairement solitaires alors que les charognards privilégient
généralement un mode de vie grégaire. Ces difféerences majeures impliquent
potentiellement des capacités sensorielles différentes. Parmi ces deux groupes, il existe aussi
une importante variabité comportementale avec des especes cherchant leur nourriture en
g2t t KIdziS ItftGAGddzZRS RIya RS&a tASdzE NBfIlIGAD
faible altitude ou perchés dans des milieux forestiers. Enfin, le type de proie varie aussi pour
les espéces prédatrices, aveesdespéces cherchant des proies terrestids Y RA & | dzS RQl
se concentrent sur des proies se déplacant en 3 dimensions (dans le milieu aérien ou le
YATfASdz Fljdzt GAljdzSO® ! dz @dz RS | oBag Ginedsile A & | 0 A ;
comportementale tant en terme de recherche de nourriture que de communication, il y a
dzy S NBStftS ySO0SaaAidsS RS RSTAYANI Of F ANBYSy

explorer les limites.
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[ll.  Le cas des rapaces
a. Définition

LaOlF 6§ SA2NR A&l GA2Y RS 3INRdzZLIS RQS&aLIB OSa Sad LI
Y2dz@SYSy iz 2G NASYy yQSad FTA3IS SiG Idz Oy d NI AN
j dzQ S & iiapadey apg@arait particulierement arduA la lecture du Larousg@015), un
rapace serait «in oiseau se nourrissant principalement de vertébrés, capturés vivants et
saiss par ses griffes recourbées ou sees On constate bien ici que cette définition
YOAY(G8§ANBE LI a (2dziSa fSa Salixehs gatéghriepar I dzi
SESYLX S0 5Qdzy LRAYG RS @dzS aO0OASYGATFTAIldzS= At
sous le groupe rapacen ® 9y SFFSGSX G2dziSa tSa SlidzRSa LIK:
sur des analyses moléculaires, montrent que fle@milles et ordres présents sous cet ancien
taxon «rapace» sont largement distants (cf Figure A). A ce jour, les ornithologues
aQlF O0O2NRSY G &dzNJ €S FlFAG |jdzS f iSaAcchitrifodmésSa NB:
(regroupant la plupart des rapacdgurnesY | A 3f Sa> o0dzaSasx @I dzi 2 dzN&E =
(faucons et caracaras) et Strigiformes (chouettes et hiboux). Ainsi, ménrasacen Yy QS a i
LI & dzyy 3ANRAzLIS aOASYUAFTAIdzZSYSyd NBO2yydz Sy &
ancétre commun)celuici permet une compréhension au sens large par la communauté
ornithologique, les scientifiques, les fauconniers et le grand public. En ayant conscience de la
faible valeur scientifique de celMA = 2QF A R $aPakdR S | HF Q ¢zii RéQtrd $ IS NJ
tout au long du manuscrit, mais aussi de permettre aux personnes étrangeres a ce domaine
RS O2YLINBYRNB f QAYISNsidG RS OS Y2R§8fS RQS(dzRS

les rapaces diurnes appartenant aux ordres des Accipitriformeda@&irfmrmes.
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b. Les capacités sensorielles des rapaces

I £ QAYaldl N RS& est amirhliBénent? adraiS budzHeS rapates sont
principalement dépendants de leur visigdones et al., 2009 ! AyaA X f QS dzRS
visuelles des rapaces a largement dominé celle des autres sens. Néanmoins, au regard de la

littérature scientifique, lesapacités visuelles des rapaces restent relativement peu étudiées.

La vision

hy LIS dzi 4d2dz8Sy i diy’SNBG diSe SReNB&ESs §udrages,
témoignant du fait que les rapaces ont une vision (acuité visuelle) extraordinaire. Chez les
rapacesf I LINBaASyOS RQdzy diAf RS 3INIYRS GFAfESE

T

~

R

Si RQdzyS F20SI LINRPF2YyRS o0O0F 062A0S HO | dz2NI AS

(Reymond, 1985; Reymond, 1987)
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Boite 2: Principes et discussions autour deftavéa

La fovéa est une dépression au niveau de la rétine ou les couches supériegresiseaux sanguins qui empéchent
lumiere de passer) sont absentes et ou la densité en photorécepteurs est la plus impdikteead, 2012; Jones et 4
2007;Tucker, 2000; Walls, 1937; Walls, 1982) ! Ay aA Xz 0QSad | dz yA@Sldz RS I T2
formes des fovéas différent suivant les espéces, avec une fouéacaviclivatey OKST f QI 2YYS3z 02y
« convexclivate» chez les rapacdsf. FigureB).

Concaviclivate Convexiclivate
Photorécepteurs Photorécepteurs

Figure B Diagramme des fovéas ditegancaviclivate> (courbures concaves) etcenvexiclivate> (courbures convexes). Adaptée @Ross,
2004)

58 LJX dzaX LI NI STFSG RS NI Frtihedla atracylre Riysiqiieia ¥ fo@& podrrditNakerinditre U
SEOAGLFGAZY RQdzy y2YONB RS LIK2 G2 NS OGSQIIGHNBS LI d2EvaNsYHRT)N
Cependant, la courbure de la fovéa étant différente suivantladii  y OS £ f I LI NGAS OSy il NI
sera différente en tout point et causera donc une diston de celleci (cf. figure C(B{Pumphrey, 1948)

A) B)

Figure CWSLINB A Sy G GA2Yy &OKSY!Il (Al dzS aficafiddidd [& fovgScerkde desdiSaediSyniEdz8dposée paValls, 1837;
Walls, 1940) les pentes de la fovéa de la buse varidblgeo buteomagnifient symétriquement par un facteur de 1,3, la partie centrale de la fovéa ¢
ignorée. Bc Idée prposée par Pumphrey (1948) f S& LISy dSa Sid € F LI NI A Squil ShfysadtbsiagnifidhitSasymétriquErRed
fQAYL IS LI NI dzy FIFOGSdzNI YFEEAYIFE RS mMIu adzNJ f S& O (rdesicoBsSle la fovéd Jedrskiss
F20Sla 2yid SiS GNIOsSa Si YAa t fQSOKSffS LIN aAyRFdzAlFIa aAidlda RQl
9y NBadzysSz I F2yOlAz2y RS fI aiGdNUzOG dzNB LIK@ & A |j dafainRafteuts
suggeérent que la partie profonde de la fovéa@anvexiclivatey RS & NI LI OSa L2 dzZNNI A G Sy
autant causer de distorsiofsnyder and Miller, 1978)
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[ RSO2dz0SNIS RQdzyS RSdzE A 8 ¥rfiribu€ 2 gupposerOK ST
une importance capitale de la vision. En effet, il est communément admis que tous les
rapaces possedent une fovéa centrale et profonde permettant probablement la détection et
fI TFTAEFIGA2Y RQ262Si0a RA&GI yhiidaisetblablemg® la¥T 2 3S |
fixation de la proie au moment de la captu(@ucker, 2000){ QA f S & Gerta®NJ A |j d.
L2248 RSy iU fe@lplOsdimipor@ntedamaiatBrice dans le régne animéfischer,

1968; Reymond, 1985; Reymond, 19B7p SO dzy S @I f SdzZNJ RS wmnu Oeé Of
audacieuxAquila audax(Reymond, 198%) R QI dziNBa &aSYof SNI ASyid I @
AY T SNRSdzNBE -I0 cyclesl parYdedsé), decqai est notamment le cas du faucon

ONB OSNEBf f Falde garverigdEhviraiz80 cycles par degré) ou de la Buse a queue

rousse Buteo jamaicensi§l6 cycles par degrg)Gaffney and Hodos, 2003; Hirsch, 1982;
Mclsaac, 2001)De plus, certains rapaces (pour la plupart des charognards) ne possédent pas

de fovéa tempaale (Inzunza et al., 1991; Ruggeri et al., 2018} rapaces different donc en
G§SN¥YSa RQIFOdzAGS ©@OAadzsStfS YIFAa | dzaair RS aidNYzC
NBfFGABSYSYy(d LISdz RQSGdzZRS&a RSRA SSa estquifplus Y S & dzN
Said RS YIYyASNE O2YLERNUSYSYyidlFrtfS 60F ¢tFofS moO
estimée varie nettement en fonction des études pour une méme espéce (cas du crécerelle

RQ! YSNRAIjdzS@¢ YyE2 KRAIdJZQE a | oot cofvdivNBikhed, f ~ Y I
2012F A f Sal ySOSaalANBE RQIFIddAYSYFINI RS & (SAGY
NA 32dzNBEdzaSYSyid fQlF OdzA S @AadzsSttS dziAf A4dSS R
intéressées aux variations des fovéas chez plusieursespie rapace@-ite and Rosenfield

Wessels, 1975; Inzunza et al.,, 1998ns conclusions évidentes slar relation entre la

structurede cellesOA S t QSO02f 23AS RS&a SaLB OSad
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Table 1: Résumé des connaissances sur l'acuité visuelle des accipitriformes et falconiformes.

Nombre
Ordre Famille Espece Nom latin d'individus  Acuité (c/deg) Références
testés
Accipitriformes Cathartidae Urubu a téte rouge Cathartes aura 3 15.4 (Lisney et al., 2013)
Urubu noir Coragyps atratus 3 15.8 (Lisney et al., 2013)
Accipitridae Buse a queue rousse Buteo jamaicensis 1 16.8 (Mclsaac, 2001)
Vautour africain Gyps africanus 10 57.5 (Spiegekt al., 2013)
Vautour oricou Torgos tracheliotus 6 88.9 (Spiegel et al., 2013)
Vautour fauve Gyps fulvus 1 104 (Fischer, 1968)
Percnoptére d'Egypte Neophron percnopterus 2 108-13% (Fischer, 1968)
Serpentaire du Congo Dryotriorchis spectabilis 1 12¢ (Shlaer, 1972)
Vautour indien Gyps indicus 1 135 (Fischer, 1968)
Aigle audacieux Aquila audax 1 132-14% (Reymond, 1985)
Falconiformes Falconidae Crécerelle Américain Falco sparverius 3 15.9-40.5%  (Mclsaac, 2001)
Crécerelle Américain  Falco sparverius 1 4 (Hirsch, 1982)
Crécerelle Américain  Falco sparverius 1 16C° (Fox et al., 1976)
Crécerelle Américain  Falco sparverius 9 39.7-71.4 (Gaffney and Hodos, 200:
Faucon bérigora Falco berigora 1 73 (Reymond, 1987)

aEstimé par expérience comportementale a choix double
bEstimé par densité de cellulestiniennes
¢ Estimé par mesures optiques

d Estimé par electrorétinograme
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hdziNB f QF OdzA 0S @A adzSttSx S OKIFYL) @AadsSt R ¢
couverture globale importantgMartin, 2007) Trois types de champs visuels ont été

identifiés chez les oiseaykigure D) :

1) Type 1 La projection du bec est placée centralement (ou quasiment) au sein de la
région binoculaire qui a un recouvrement de-20°.

2) Type 2 Recouvrement binoculaire infiéur a 10° et dont la projection du bec se
trouve a la limite ou en dehors de la région binoculaire.

3) Type 3 Recouvrement binoculaire supérieur a 50°. On le retrouve principalement

chez les chouettes et hiboux.

Typel: Type 2: Type 3:
Epervier de Cooper Canard a oreilles roses Chouette hulotte
Accipiter cooperri Malacorhynchus membranaceus Strix aluco
s
V/ 7 / N
.,, // 3

/ *;‘ \‘\
o\ - NS »///
Zone binoculaire - Zone aveugle - Pecten (peigne) A Projection du bec

Figure DWS LINB A Sy G I ( A 2 wempl&KISciampsivipuiS coRe@pBndant aux trois types décrits par

Martin (2007). Figure adaptée d@'Rourke et al. (2010Martin et al. (2007et Martin (19840 [ QSaGA Y A2y
fr T2yS I @Sdz3tS yQF LIl a SGS T Aas&re @iSdntéd. | OK2dz2SGdGS Kd
Il existe donc bien des champs visuels distincts chez les oiseaux avec néanmoins des
exceptions. Par exemple, le corbeau calédor@amvus moneduloidgsosséde une zone de
NEO2dzONBYSyYy (i o0Ay20dzt I ANB RS cmMdpc OLISNN¥YSOHGLl Yy

recherche de nourriturefTroscianko et al., 2012} appartient pourtant au type 1.

Les Accipitriformes et Falconiformes font tous partietgle I. Cependant, seulement
trois études ont estimé le champ visuel de rapaces diurnes sur 6 especes différémtes
circaéte Jeae-Blanc Circaetus gallicugMartin and Katzir, 1999) f QS LISNIA SNJ RS

Accipiter cooperjila buse a queue rous$uteo jamaicensjde faucon crécerelle Américain
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Falco sparveriu¢O'Rourke et al., 2010)e vautour fauveGyps fulvuset le vautoura dos

blanc Gyps africanu¢Martin et al., 2012p Lf aSYof SNIX Al 1jdzS tSa A
soient hautement liéesux techniques de recherches alimentai(®artin, 2014) Dans ce

contexte, augmenter nos connaissances sur les champs visuels des rapaces parait important
GFyd t0QsS02t23AS8S RS 0S&a 2raaSldzE RAFTTFSNDE RQdzy
Grégaire vs. SolitairegPel Hoyo and Elliot, 1994)

Les rapaces ont toujours été considérés comme anosmigaedes ornithologuesa
f QSEOSLIi A2y RS &ath&tiiektii géhse Cahlr®s{uruthu§ communément

appelés les vautourdu NouvauMonde)présentées cdessus

Néanmoins, de récentes études laissent a suggérer que les rapaces pourraient ne pas
SUNB RSLR2dzZNWdza RQdzy aSya 2tFFOGATd ¢2dzi RQI
odzf 6S 2f FI OGAF S R Satife@eitImpartantJL BN eléhiBRNIBO NI S
al., 2011) tout du moins plus importangue chez les passériformes (8.8.1 %) qui
possédent pour certains un sens olfactif bien fonctionnel. De plus, il resterait des génes
fonctionnels (non pseudogénéisés)ezhle faucon pélerifralco peregrinyde faucon sacre
Falco cherrugzhan et al., 2013)u la bondrée oriental®ernis orientaligYang et al., 2015)

Par aileurs, des anecdotes de terrasu Népal suggérent que des vautours pourraient avoir

détecté une carcasse avec leur sens olfactif. En effet, aprés avoir enterré cette carcasse a
plus de 30 cm sous la surface du sol, certains vaut@wyss spsont venus la déterrer

(Gilbert and Chansochg 2006) Comment oA £ & LJdz al @2 A NJ |j dzQdzy S OI N.
OS yQSaid LI N t pdxiarstitd delcds Auggéstids§ delix@ééh@Ngudes ont
iSyisS RS RSY2Yy(iUNBN] ft QSEA&GSYyOS RQdzy &asSya 2f
O2y Ot dzaAz2yada OSNIIAySad ¢2dzi RQFO62NRX Af |
contenant les sécrétions artificiellement produites de juvéniles de coucou @eanator

glandarius sur la nourriture habituelle de faucons captifs, ceaux rejetaien
systématiquement cette nourriture(Roder et al.,, 2014) Toutefois, en pulvérisant la

sécrétion directement sur la nourriture, il a été impossible pour les auteurs de conclure si le

35



Simon Potier Ecologie sensorielle des rapace¥ision et Olfaction
Thése deloctorat Introduction

8L RS NBLIz aAz2y Sl Al RQ2NRdsRutears antvouluh ¥ 2 dz
savoir si la bondrée orientalRernis orientali$J2 dz&F A0 RSGSOGSNI £ S L2 f ¢
principale) par son sens olfacfifang et al., 2018 5 QI LINB A& f Sa I dzi SdzNA =

OF LI 6t S RQdziAf AaSNJIfieda 2oy pollénR 2eNdndant, LéArdahsboskiR Sy G A
expérimental ne permeait LI} & RS O2y G Nl f SNJ L2 dzNJ dzy S @Sy i dzS

supplémentaire.

l'dz NB3IFINR RS fF fAGGSNYGdzNBxZ Af Sad R2y
comportementales dans d€®2 Y RAUGA 2y a O2yGNbf SSa FAYy RS O¢2
RQdzy aSya 2t FFO0AT F2yOlAz2yySt OKST €Sa NI LJ

IV.  Explorer les capacités visuelles et olfactives des rapaces : «Vox
populi »

Les discussions articulées autour de cette introduction mettent exergue un
mangue de connaissanseur les capacités visuelles et olfactives des rapaces, nécessitant un
approfondissement de celles et de les redéfinir en partie. Particulierement, les différents
0N} @1 dzE  ljdzA & SNRByYy (i LINB & Sdgux QfesticnL hsbidbide® azix S NB y

croyances profondément ancrées, a savoir

1) Les rapaces posseédeitd tous une vision extraordinaire, et si non, quels sont les
déterminants écologiques associés aux capacités visuelles
2) [ Q2 F I -8lé unBefis dbllidhez les rapace?

/] SGGS GKsasS aQAyaONRG R2yO RlIya dzy O RNB
connaissances fondamentales.La seule vraie science est la connaissance des»faits
Georged_.ouis Leclerc de Buffon (12788). Cette citation est extréme, mais montre que
f QL OONRPA&AASYSY(d RSa O2ngmel IAeasticksgnied de canthuel dza G A T
accrofre nos connaissances dans un monde ou la prévalence pour les éipgéiguées
NEIYyS 6ySOSaal ANBa Sy G2dza LRAyGa SG RQAYLIRZN
paraphrasant Thomas Fuller (160861) «la connaissance théorique est un trésor dont la

pratique est la cl®, ces deux disciplines sont intimement Bédinsi, suite a la présentation
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de mes travaux et via menace qui pese sur les rapa¢€sithbert et al., 2014)je laisse la
Of S ldzE LISNE2YyYySa Ay(iSNBaassSa RQdziatAasSNI OSa

STRUCTURE ET ORGANISATION DU MANUSCRIT

Cette these explore les capacités sensorielles des Accipitriformes et Falconiformes
f2NRA RS fI NBOKSNOKS FftAYSYdFEANB SG RS f
NEBfFTGABSYSY(d AYLRNIIFIYG RQSaLIBOSAE | dzA eldIJNBa Sy
(150 gc 10 kg) et de caractéristiques écologiques (prédateurs de proies terrestres, aériennes
ou aquatiques/ charognards) (cf Table 2). Le projet de recherche a été construit en deux
parties majeureyY f QS dzRS RS | @A aHeRogs répacest ChgeindzéeS RS
ces parties étant ellenéme divisée en soushapitres répondant ainsi a des questions

spécifiques sur les capacités visuelles et olfactives des rapaces.

Table 2 Liste des espéces utilisées au cours du projet de thése

Ordre Famille Espéce Nom latin

Accipitriformes Cathartidae Urubu a téte rouge Cathartes aura
Condor des Andes Vultur gryphus

Accipitridae  Buse de Harris Parabuteo unicinctus
Buse aguia Geranoaetus melanoleuct
Pygargue a téte blanch Haliaeetudeucocephalus
Milan noir Milvus migrans
Aigle royal Aquila chrysaetos
Aigle impérial Aquila heliaca
Aigle des steppes Aquila nipalensis
Bateleur des savanes Terathopius ecaudatus
Vautour fauve Gyps fulvus

Vautour & capuchon  Necrosyrtesnonachus
Circaéte Jeate-Blanc  Circaetus gallicus
Percnoptere d'Egypte Neophron percnopterus

Vautour palmiste Gypohierax angolensis
Falconiformes Falconidae  Caracara huppé Caracara plancus

Caracara chimango Phalcoboenus chimango

Faucon sacre Falco cherrug

Faucon lanier Falco biarmicus
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La premiere partie, dédiée aux capacités visuelles des rapaces, est divisée en 3
OKI LIAGNB & LISNXYSGGFyld RQSELX 2NBNJ RAFFSNByGa |

Le chapitre 1 traite déd QS & G A Yl GA2y Sy O2yRAGAZYy SELIS!
OKST tSa NILIOSad [Sa NBadzZ GFrda asSNByid |yl
leurs autres caractéristiques visuelles (les fovéas et le champ visuel). Ces résultats poseront
donc des questions sur les caractéristiques des fovéas et des champs visuels nécessitant un

approfondissement de lesetudes.

[ S OKIFILIAGNB v GNIXAGS RSa RAFTTFSNByOSa Iyl
entre especes provenant de groupes écologiques diffts. Les résultats présentés
compareront des prédateurs et des charognards afin de mettre en évidence un éventuel lien

entre la structure anatomique et la technique de recherche alimentaires des espéces.

Le chapitre 3 traite du champ visuel et de sestémiDans un contexte de recherche
alimentaire et de communication intraet interspécifiques, les résultats seront discutés en
LIS OS¢

fASY I @SO fF GSOKyAljdzS RS OKIF&aasS RSa S
aA3Iyl dzE S Ay Rhe®dr trdv@Acstt® AodritiRedzd  LINE

ax

La deuxiéeme partie se concentrera sur les capacités olfactives des rapaces dans un

contexte de recherche alimentaire (chapitre 4) et de communication (chapitre 5).

Le chapitre 4 traite des capacités olfactives de deyeess, le vautour urubu a téte
rouge Cathartes aurat le caracara hupp€aracara plancusCes capacités olfactives seront
I dzaaA GSaidsSSa Sy aaz20AldA2y | @SO dzy &aidGAYdz d

discutée.

Le chapitre 5 traite de la signature olfactive des individus de milan Mowus
migrans Les composés seémiochimiques seront étudiés en fonction de divers critéres
biologiques et seront discutés dans une éventuelle utilisation lors de la communication

interindividuelle.

OYFAYS dzy NBadzYS RSa NBadzZ Fda 200Sydz

QX
o

implications potentielles dans un contexte écologique général sera proposeé.
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3) 4%3 $06%45% %3

Les individus utilisés powgtudier les capacités visuelles et olfactives provenaient tous de
OFLIWIAGAGSD tfdzAASdzNE NIA&dA2ya YQ2yd Ll2dzaasS t

1) Les individus étant utilisés quotidiennement en spectacles, ils sont donc conditionnés
afin de répondre ax taches demandées par les fauconniers. Il est donc plus facile et
NJ} LA RS RQSTFSOGdzSNI RSa SELISNA Sy OSa 02
conditionnement.

2) Les voleries possédent un nombre relativement important de réplicas par espece.

3) Il existe au sein des \@les une diversité phylogénétique et écologique importante
permettant de faire des études comparatives poussées.

4) La connaissance da « personnalité» de chaqueindividuLJ- NJ £ S& T dzO2y y A
permis de sélectionner des individus ayant des prédispostiadéquates pour les
RAGSNASE SELISNASYOSasz yS YQl «dificidd®eyd.d LI &
peureux, distraits ou encore agressifs)

WQlFA R2yO FAyair (NI gl @ftFigBe B pESeOtannchadi@e IR S & S

caractérstiques.

[ Q! OF RSYAS RS CI dzO2py yiSSNIWISS Rzl ftSdedh SRd2 a4 G 2 dz Q dzy ¢
CNIyOS Si RQ9dzNRLIS® ! SO L dza RS ntn 2AaSl
A4St SOUA2YYSNI dzy INFYR y2YONB RQSaLls 0Sa Sy 0O

LesAi S& R SJe sufd adiiBEllement fauconnier au sein de cette troupe itinérante depuis

Hannd® WQe O2yylAa R2yO I G2GFrfAGS RSa 2A&aSt
OSGiGS @2t SNAS LINBaASyGSyd I I darif kole® chRyQes (G NE |
22dzNJ RFya RS y2dzStfSa O2yRAGA2yad | fQAyadll

celleci, les oiseaux y sont facilement utilisables.

Le Rocher des Aigles de Rocamadbur / SGGS @2t SNAS Said f QdzyS RS
I SO I LINBaASYyOS RQdzy AINIYR Y2YONBE RQAYRADAI

sont aussi proches des conditions naturelles.
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A

[ S %22 R OReMitiyemn@nk féderBecette volerieprésente aussi un grand nombre
RQSALIB OSa | @S Qusidé la ndin2 dgpdceRl@4 ayidlyhe® meadaw liewont

été complémentaires de celles réaliséms Puy du Fou.

Les Ailes de I'Urga Le Zoo d’Amnéville

k

Le Puy du Fou

Le Rocher des Aigles

w_—— '!w
LBt

S
=

Figure E Cartographie des voleries présentant les individus utilisés au cours du projet de thése

40



Simon Potier Ecologie sensorielle des rapace¥ision et Olfaction
Thése de doctorat Chapitre 1 Acuité visuelle chez les rapaces

CHAPITRE 1

@ Margaux Raoul

ACUITE VISUELLE CHEZ LES RAPACES

/'S OKFLAGNB GNIAGS RS RSdzE SiGdzRSa YSyl yii

RS NI LJ OS& | dzE VYdzdzNBE SO2f 23A1jdzSa RAFTFSNBY (G S
rapaces étudiées présentaient une caractéristique commuakes cherchent toute leur

Y2 dzNNR G§dz2NBE Sy @2t t dzyS FfGAGdzZRS NBfFGABSYS)
SalLl80Sa aS y2dz2NNRaalyd ¢ FLA0ES ftGAdGdzZRSP 9
aspects de la vision sur des espéces écologiquement différenteprenier chapitre est

donc divisé en 2 sections contenant 0 A0 £ QSaldAYlFGA2yY RS £ QF OdzA
Falconiforme se nourrissant au sol, le caracara chimaRpalcoboenus chimango
(anciennementMilvago chimangd (Section 1.1 6 A A Oion fdd3 Sapackey visuelles

6 OdzAGS SG OKI YL @AadzSt a0 R QBayabute§udniclicDed LINBR |
RQdzyS SaLl8OS | dzE YdzdzNA LINRA y OWildis ti§ran§SectionO K | NP =
1.2). o o b~

o ~

Figure ¥ 9 &G A Y (A Blle Ra® condiidni@@amniiopéragt, cas du caracara chimango
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SECTION1.Id , 8! #5) 4% 6)35%, , % $% #! 21 #1 21 #()
271 001 i EOAT 6AEO AA 187 OOAA

Les rapaces sont toujours considérés comme ayant une acuité visuelle extraordinaire.
Néanmoins, la diversité comportementale importante au sein de ce taxon nécessite que les
SalLls o0Sa yQlFrASyld R2yO LIl a G2dziSa fSac¥sYSa R
chimangoPhalcoboenus chimangest une espéce se nourrissant principalement au sol.

/' SG4GS SaLlBl O0OS NBEOKSNODKS R2y O al Yy 2e0gNNAAIEINSS t
I dzZRI OASdzES ljdzA fdzA + dzy S RSYI YRS OAEQESK B2 L
SAGAYS LI N O2yRAGA2YYSYSyYy(d 2LISNIyd f QI OdzA (S
SiS LINBaSyiadsa t OKFIljdzsS AYRAGARAz 0l dz y2YoNB
F2YyR 3INRA dzyAF2NXS S f QI dzigpaBsesingifes et lancias/ I y O S
t I NOGFYd RQdzyS LISNODKS RS RSLI NI a$S dNRdzOFyld ¢t
BSNE I LISNOKS aAlddzSS R S@ompdanses (fafe@djoyssintdlh &4 = A
poulet) grace a une boite ouverte addii Yy OS® { QAf @2f 1 A4 Sy RANF
I dzOdzy S NBO2YLISyaS yQSilAl R2yySS dléjgtddeles SONI y &
différents stimuli (au maximune ¥2A & €S YsYS aidAyYdz dza RQdzy Y
éventuelle latéralisation Aprées avoir conditionné chaque individu a associer la réecompense

au stimulus gris (plus de 80 % de réponses correctes sur deux sessions de 30 essais chacune),
2QFA LINBaSyiS RSa&a o0FNNBa RS {(FLAftfSa RATFTFSNEB
réporda S& O2NNBOGSE O00OK2AE Rdz aGAYdz dz& INR &0 LI«
le nombre de cycles (une barre noire et une barre blanche) que chaque individu était
OF'LJI o6ftS RS RSUSOGSNI RIya dzy RSINB degart.y 3t S f
[ QI OdzA GS @A &adzStfS RS&a OFNIYOFINIY&a OKAYly3d2 Sa
degré (c/deg). Un individu semble avoir une acuité visuelle particulierement faible. Cet
individu a été trés long a conditionner (plus de 22 jours contrairgnaex 10 et 12 jours

LI2dzNJ £ S& FdziNBao SaG FlrAaalrAad oSk dzO2dzld L dza R
f QF OdzA (10 S @i aitdds SolisSstinié& En@& duidzdncerne les deux autres individus,

f QI OdzZA 1S @A &adzSt S Sa DOROYDARS I AZEIOS { LARM A QR SifA
optique de la cornée (32.55 £ 0.92 cycles par degré). Le caracara présente donc une acuité

visuelle plus importante que la plupart des oiseaux étudiés, mais aussi la plus faible observée
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au sein du taxon desapaces. Il semblerait donc que sa technique de recherche de
nourriture soit directement liée a ses capacités visuelles nécessitant une demande inférieure

LI NJ NIF LILI2 NI £ RQIdziNBa SaLlsO0Sa NBOKSNOKLEFy

007 OAT OA étcie (en dhdlais) 6

Title Visual acuity in an opportunistic raptor, the chimango caracara
(Milvago chimang®

Authors Potier S., Bonadonna F., Kelber A. & Duriez O.

Journal Physiology & Behavior

Date of publication 25" of January 2016 (online)

43















Simon Potier Ecologie sensorielle des rapace¥ision et Olfaction
These de doctorat Chapitre 1 Acuité visuelle chez les rapaces

SECTION 1.2 LES CAPACITES VISUELLES DES BUSES DE HARRIS ET DES
MILANS NOIRS

271 OO0 i AOAT eAEO AA 14867 OOAA

Les capacités visuelles different largement entre les espéces et refletent les
O 2 Y L2 NIi Sacceg/dindressomrces. Au sein méme des Accipitréfsy les techniques
de recherche de nourriture sont hautement différentes. Alors que certains poursuivent des
LINPASAa Y20AtSa OLINBRIGSdZNEVZ RQI dziNBa OKSNDOK
En utilisant le méme dispositif expérimental que décri LINSBOSRSYYSy i 6aS0Oi0
R2y O SadAYS fQl OdzA(S @AadsSttS RSa 06dzaSa RS |
de Harris ont une acuité visuelle |égerement supérieure aux milans noirs (37.3 £ 2.9 vs. 29.3
+ 3.4 cycles par degré). Une imfzorte variation a été trouvée chez les buses de Harris avec
une acuité visuelle allant de 27.4 a 43.7 egcbar degré. Cette variation paradtre
significativement liée au nombre de mouvements de téte horizontaux effectués par
f QA Y RA @A Rdz nlclbix griire 185S$leust stiuN.XEn effet, plus un individu faisait de
Y2dz@SYSyia RS (siS> LXdza a2y | OdzA UGS @OAadzsSt
NEBadz GF i RSOARS RQSELX 2NBNJ fF &iNHzOGdzNB | y |
fovéa(s). En utilisant une technique non invasive généralement négligée chez les oiseaux, la
¢C2Y23INI LIKAS Sy [/ 2KSNBYOS hLIWiAljdzS o6h/ ¢0 G6RSO!
les buses de Harris possédaient deux fovéas (une centrale et une tempal@ie)que les
YAflya y2ANB yQF@FASYd 1jdzQdzyS F2@8SlI OSy (NIt
fixation, il apparait alors que les buses pouvaient utiliser a leur bon vouloir leur fovéa
centrale ou temporale lors du choix entre les deux stiniidi.fovéa centrale est liée a la
vision monoculaire latérale tandis que la fovéa temporale est liée a la vision frontale. Les
AYRAODGARdIzZA yQSFFSOUdzryld LI & RS Y2d@@SYSyida RS
donc potentiellement, utilisaient leur f@a temporale. Au contraire, les individus effectuant
RS&4 Y2dz@SYSyida RS GsidS dAYSyilulrASyd OSNIIAY
Celleci, étant plus profonde et possédant un nombre de photorécepteurs plus important,
permet de discerner des dails plus fins, expliquant potentiellement le lien trouvé entre le
Y2YONB RS Y2dz@SYSyiGa RS GsidS Sié tQlFOdaAGS OAa
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plus étendu queles buses de Harris. Ce champ visuel plus important pourrait étre lié a

f QdziAf A&l GA2Y RQAYRAOSA LINRGSYlIyld RS O2y3asy
YAflLya y2ANR dziAfAaSyid £S NBYF2NOSYSya f 20!l t
champ visuel plus large afin de détecter les potentiels individus ayant trouvé de la
nourriture. De plus, les milans noirs chassent aussi des proies en plein vol, telles que les
insectes. Ces proies se déplacant en 3 dimensions, il semble essentidepouilans de

posséder un champ visuel important afin de détecter et suivre leurs proies. Au contraire, les
buses de Harris cherchent quasiment essentiellement des proies au sol, ne nécessitant pas

un champ visuel important. Au contraire, afin de détecter mieux leurs proies, il est
SaaSyiaASt LRdzN) StfSa RS yS LI a F@2AN dzyS Ay
possedent ainsi une arcade sourciliere plus importante, réduisant le champ visdekaus

de la téte.
I AYAAZ 2QF A SERPOSE &b y&RSRSAa aGNIr GS3IASa RQl
possédaient des capacités visuelles différentes. Afin de confirmer cette hypothéee a

large échelle, concernanés fovéas et leshamps visuels, il a donc ébé&cessaire de faire
des étudeD2 YLJ NJ G A @Sazx OshadiragR et SNI  Q2062S0 RSa
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CHAPITRE 2

, 01 ), %4 , %3 &/ 6 AECES # (
Le cas des Accipitriformes

JJ

/'S OKFLAGNBE @AasS t 02 YLINByY RiuBurefdSlafovessy Sy i
ainsi que les différences structurelles possibles entre les prédateurs et les charognards. En
STFShsz tF F2yO0GAzy RS I &a0NHzOGdzZNBE LIK& & A lj dzS
RQSUGdzRSAa O2YLI NI GADSa& dnthisddrsas. Ce chapir® teBpae A5 Y Sy (
SaL30Sa | dzE YdzdzNE SO2f 23AljdzS&8 RAFFSNByiESa
Optiqgue. Ce chapitre est divisé en 2 section$ Description de la Tomographie en

Cohérence Optique (section 2.1), (i) Comparaiséh df QdzA f S&G RS €1 ¥

NS

Accipitriformes (section 2.2).

Figure &Y 5A 4L} &AGAT SELISNA YS griographiiked Cdh@ichde@Riue RSa T2 JSt
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SECTION 2.2 LA TOMOGRAPHIE EN COHERENCE OPTIQUE

[ G2Y23INI LIKAS Sy O2KSNBYyOS 2LJiAljdzS 6h/ ¢
j dzA  dzGAf A&aS dzyS 2y RS fdzYAySdzaS LJ2dzNJ OF LJi dzNEB |
i dzA RAFFdzdaS €t fdzZYASNB OLI NI SESYLX S it QdzA f 0 «
f QAVFNI NRPdzZAS LINRPOKS Said y2y Ay@raia@gS Si LISN
oA2t23A1jdzSa alya O2yidl OGd Si t KIFdziS NBaz2t dzia
la premiére fois paHuang et al., (1991% dzZNJ f Q1 2 YY S t&propokée pofrLIdzA &
fQFylFteasS RS& adNHzOGdzNBE& NB (A (RugGefi ¥tk 200G a 2 A 2
Velasco Gallego, 2015)

0OET AEPAO PEUOENOAO AO OAAET ENOGAO AA 146/ #4

[ Qh/ ¢ Sad dzyS GSOKyYAIldzS 2 LA ljwaS\elthoydn t 2 3 dzS
etal, 2007Y Yl A& LISNXYSG dzyS YSAftf SdzZNE NB&a2f dziA 2y
faibles que celles du son. Cependant, la vitesse de la lumiére est 150.000 fois plus rapide que
le son, ce qui rend impossible la mesure directe car aucurScdpld RS f dzYA § NB vy C
NI} LA RS LJ2 dzNJ Y S & dzNB-Nide n feam®sedodesA#08eSandes. AN D S &
est nécessaire de passer par des interférences mesurant les temps de propagation de la
lumiére sur des distances micrométriques. En effet, en faisant interférer la lumiére
LINE OSY | yi egB8QdzR® 2B @S O O Sdufagant Rardayl uh cdmniiS T I A
2L Al dzS RS NBTFSNBYyOS>s Af SaidiNBOIR2 &R &S { RS y S
2YyRS& NBFTESOKASA LI N £tSa adNHzOGdzZNEa RS Q2
f QOAVOIOSNFSNRYSGNB RS a itOnkeléed deyix faiscedux ICMirdwzNS | (
provenant de la méme source mais ayant suivi des chemins différents. Le signal
ROAYGSNFSNBYOS 02y dranged»Sdont s irdeyfsfés déBeNderd deRS ¢
microstructures rencontrées par le faisceau. Pourquleatype de microstructure, on obtient
dzy LIAO RQAYyUOUSYaAdS t fQAYGSNRARSdIzZNI RdzljdzSt 2y
OLISNXYSGGFYyd RQSY @St 2LIISNI £ S&a FNIy3aSa RS OKI |

positions des pics et donc des nastructures €.g.les couches rétiniennes).
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SECTION22, #/-0!'2!')3/. $% ,6]), %4 $% ,! &/ 6
ACCIPITRIFORMES

271 OO0 i AOAT eAEO AA 14867 OOAA

Il est accepté que les orgmmes, et notamrant les oiseaux & I Yy i dzy dzA £ LI «
possédent une acuité visuelle plus importafjtedlzS OSdzE | @SSO dzy dzAf RS L
2AaS8tdzEx fF GFAtES RS fQdiat Said AydavYSYSyi
NEflGAZ2Y yQI 2k 44 ARSAFi SROQAFNAFIABSSY LINBOA&D
particulierement les Accipitriformes, constituent un modeéle unique car ils appardisse
comme étant hautement dépenad de leur systeme visuel. De plus, ils possédent tous au
moins une fovéa centrale et pogertains une fovéa temporale, structure qui est hautement
fASS t fQFrOdzA (S GAadsSttSad [/ SLISYy Regyiesgentt S& O
méconnues. Au vdes différences structurelles obtenues en comparant la buse de Harris et
lemilannoirdd ya S OKFLAGNBE LINBOSRSYyiG>X 2QFA R2yO |

de cette structure entre especes prédatrices et charognards.

[ GFAEES RS f QdzAf e&fald YalAETyS FRO HIQXASAYSSydz @ReN
Ainsi, les espécede taille importante peuvent détecter un obje¢.g.LINE A S O2y ISy § N
une distance plus lointaine que les espéces de petite taille. Les espéces de taille importante
recherchant principalement leur nourriture a haute altitude nécessiteraient une acuité
GradzSttS &dzZISNASAINB® Lt yQSEA&AGS LI & RS RAT
charognards en terme absolu. Néanmoins, en pondérant par le poids, les prédateurs ont un

dzA £ LJX dza 3INRa jdzS fSa&a OKIF NR Iyl dERande visuslle NB & dz
adzZFFAALY OGS LIRdz2NJ £ S& OKFNRBIAYIINRAZ yQle&lyd Lk
OKSNOKSYy(l ljdzr aAYSyid (G42dza RS fI NHSa OF NOIF aaSa
acuité visuelle croissante en fonction de leur tailler da nourriture recherchée est
hautement variable, méme pour des prédateurs se déplacant a haute altitude telle que les

aigles royaux qui peuvent se nourrir de petits mammiféres tels que les lapins.

Les especes prédatrices présentent aussi des structareomiques différentes des
OKIFNRIAYIINRa® 5Fya dzy LINBYASNI GSYLBAZ fQSLI Aa

importante chez les prédateurs en périphérie de la foxEaqui témoigne certainement de
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fl LINBaSyOS RQdzy LIX dza glibiNhkingskR Oryphilé haBibreRds ce® St f d:
OStfdzZ Sa Sald AYLRNUIYGS L) dza € QlF OdzAGS @A &adzS
yQSad LIk a GSNATFASS LINI £Sa FylrfteasSa O2YLR2NI-
des acuités visuelleselativement similaires). Enfin, mis a part la petite bufuteo

platypterus toutes les espéces prédatrices possedent deux fovéas (une centrale et une

temporale) alors que les charognards possedent seulement une fovéa centrale. La fovéa

temporale étant lice ala&A 2y FNRBYyGlFfST aix fF GKS2NAS RQI
objet grace a la fovéa est vraie, alors les prédateurs présentent un avantage a posséder une
F20SlI GSYLRNIETS I TAY RQFdzZZYSYGSN) £ LINBOAAA
capture.

Notre étude témoigne donc ddlifférences oculaires anatomiques significatives chez les
NI LI OSa ljdzA aSYot SNIASyld sONB AyuAYStygeyd € AS

de nourriture recherché
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Abstract

1. Birds with large eyes are predicted to have higher spatial resolution because of the greater
focal length. Raptors are well known for they acute visiod deep central fovea. Because
foraging strategies may reflect visual demands, eye size and fovea may differ between
species with different foraging strategies.

2. We tested whether predators (actively hunting mobile prey) and carrions eaters (eating dead
prey) from the order Accipitriformes (diurnal raptors) differ in their eye size, foveal depth
and retinal thickness using optical coherence tomography and phylogenetic comparative
methods.

3. Most studied predators had central and temporal fovea, but all cargaters had only one
central fovea. We found that eye size scaled with body mass in predators but not in carrion
eaters. We found that predators have larger eyes relative to their body mass than carrion
eaters and a thicker retina at the edge of the foybat there was no difference in the
central fovea depth between the groups. Finally, we found that larger eyes have deeper
central fovea in general.

4. These results suggest that the visual system (except the foveal depth which seems mostly
dependent upon eye size) in Accipitriformes may be highly related to the foraging strategy.

Introduction

Vision is often considered to be an important sensory maygali birds as their relative eye

size is large compared to other vertebra(@$alls 1942; RocheDuvigneaud 1943; Brooke,
Hanley & Laughlin 1999) he larger the eye the longer the focal length, potentially leading

to a more acute visiofKiltie 2000) Hgh visual acuity (or spatial resolution) allows resolving
fine detail in a visual scene. Consequently, it is commonly assumed that within a taxonomical
group highly visual species should have larger eyes than species that rely more on other
sensory cues ttocate their prey. However, despite the generally positive scaling between

the eye size and visual acuity in birds (Kiltie, 2000), eye size is only one of the factors

determining spatial resolution and other parameters should be taken into account.
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When Ight passes through the eye and reaches the retina, it is sampled by an array of
photoreceptors. The fineness of photoreceptor mosaic determines the detail, which is
resolved from the retinal imag@and & Nilsson 2012ffrom the photoreceptors the image

is passed to the retinal interneurons and finally to the retinal ganglion cells. Thus not only
the eye size, which sets the focal length and image magnification factor, but also
photoreceptor and retinal ganglion cell density determines visual acuity. iEven
photoreceptor or retinal ganglion cell density counts are not available, relative cell density
can be evaluated by the thickness of the retinal tisguegions with highest cell density are
also the thickest regions in the retirf@/alls 1937; Jeffery ®illiams 1994; Querubiat al.

2009; Mitkuset al.2014) Although this is not true where a foveal pit is present.

The fovea is a region in the retina where photoreceptor density is highest; therefore it is the
place of the highest spatial resolution imet eye(Reymond 1985; Reymond 1987; Tucker

2000; Land & Nilsson 2012; Coimbra, Collin & Hart 20d%he center of the fovea, retinal

ganglion cells and sometimes other inner retinal layers are partially or fully displaced, thus
creating a depressiogafoveal pit. The possible optical function of the anatomical structure

of the deep avian fovea has been debated since dec@dkedls 1937; Pumphrey 1948)

Walls (1937suggested that steep slopes of the deep foveal depression may magnify the

image. Pumphnrg (1948) considered both the steep walls and the concave bottom of the

foveal pit, and concluded that magnification is uneven and thus should distort the image of

Fy 202800 t20Ffft@& 2NJYIF{1S AG FLWISEFN dedzyLeé
Firally, Snyder and Miller (1978) ignored foveal slopes and considered only the concave

bottom of the foveal pit to find an explanation for the speculatively high visual acuity of a
hypothetical raptor with an eye size equal to that of human. In addition, ftugy (1948)
LINPLI2&ASR GKFG 2LWGAONE SFFSOUGa 2F GKS F20SI Y
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subtle movements and fixate on a distant object of inter@aimphrey 1948)if that is the
case, then birds with different foraging ecology may beeexged to have different foveal

characteristics.

Raptors from the orders Accipitriformes and Falconiformes have relatively larger eyes than
other birds, with eye mass 1.4 times greater than an average bird of the same body mass
(Brooke et al. 1999), and¢hmost acute vision of all birds known to ddkescher 1968;

Hirsch 1982; Reymond 1985; Reymond 1987; Mclsaac 2001; &adleP016a; Potieet al.
2016b) However, the need for acute vision might differ among raptors depending on their
foraging ecolog; some of them are predators hunting moving prey of various sizes on the
ground or in the air, while others are mainly or exclusively carrion eaters, usually searching
for large carcasses or aggregations of other scavenging saksloyo & Elliot 1994

These differences in the foraging ecology may impose different demands on their sensory

systems.

As carrion eaters search for dead smelly food, olfaction may be an important sensory
modality in their foraging behavioHouston 1986; Smith & Paselk 19&idlbert &
Chansocheat 2006)ndeed, in some behavioural context, for example in a closed
environment, it could be even more important than vision (Potier et al. unpublished data).
Predators and carrion eaters thus may also differ in the relative investin their visual
systems. For example, predatory species have a higher retinal ganglion cell density in the
central fovea than carrion eaters, which also lack a temporal fovezainzeet al. 1991)

Some authors assessed the fovea of raptors usingaktirosssections(RochonDuvigneaud

1943; Oehme 1964; Snyder & Miller 1978; Reymond 1985; Reymond, h@8@ver, to our
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knowledge, no studies attempted to compare different anatomical foveal characteristics

between predatory and carrion eating raptors.

In this study we used optical coherence tomography measurements tamasively

investigate the foveas of predatory and carrion eating raptors from the order

Accipitriformes, in relation to published and unpublished data about eye size and body mass.
Paticularly, we hypothesized that (1) the eye size of raptors should scale with their body
mass, (2) predators should have larger eyes than carrion eaters relatively to their body mass
because they differ in their foraging strategies, (3) predators shoule Hacker retina than
carrion eaters that may reflect a larger number of retinal neurons and (4) if, as suggested by
some authors, the fovea could serve to detect any subtle movements, predators may have a

deeper central fovea than carrion eaters helpthgm to detect moving prey.

Methods

Subject and study site
We used birds from4 raptor speciefrom two falconry parks: Le Grand Parc du Puy du Fou

YR [84 ! Af 84 RS f.QIDbNGG wete healtly iidvBluais & Safloust | 6t S

sexes. The his were housed in their aviaries befdiee experiment.
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Table 1:Species and number of individuals used for the Optical Coherence Tomography

Chapitre 2Y

Common name

Scientific name

Ecology

Number of individuals (sex* Reference

Study sité

Palmnut vulture
Egyptian vulture
Shorttoed shake eagle

Griffonvulture
Golden eagle

Eastern imperial eagle

Steppe eagle
Bald eagle
Black kite

Blackchested buzzargagle

Harris'shawk

Hooded vulture
Shorttailed hawk
Broadwinged hawk
Andean Condor
Turkey vulture

Gypohierax angolensis
Neophron percnopterus
Circaetus gallicus

Gyps fulvus

Aquila chrysaetos

Aquila heliaca

Aquila nipalensis
Haliaeetus leucocephalus
Milvus migrans
Geranoaetus melanoleuct
Parabuteo unicinctus
Necrosyrtes monachus
Buteo brachyurus
Buteoplatypterus

Vultur gryphus

Cathartes aura

Carrion eater
Carrion eater
Predator
Carrion eater
Predator
Predator
Predator
Predator
Carrion eater
Predator
Predator
Carrion eater
Predator
Predator
Carrion eater
Carrion eater

2(AM & 1F)
3 (IM & 2F)
1(F)
3(2M & 1F)
1 (M)
1(F)
1 (M)

3 (3M)
3(2M & 1k
1 (M)

6 (3M & 3F)
3 (3M)

1 (Uknown)
1 (Ukrown)
1(F)

3 (Uknown)

present report
present report
present report
present report
present report
present report
presentreport
present report

>>»>»2>2>>>>

Potier et al. In press A

present report

A

Potier et al. In pres: B

present report

B

Ruggeri et al. 2010 C
Ruggeri et al. 2010 C

present report
present report

A
A

* Sex : M = male and F = female
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Corneal diameter, eye size, body mass and ecology
We estimated corneal diameter by closg photography While a falconer handled the bird,

a rulerwas placed below the right eye and a clagepicture was taken from 10 cm distance
with adigital camera at wide angle (equivalent focal) with 8 MegaP{k&igire 1) The
pictureswere imported into ImageJ software (Rasbar8972012 and corneal diametrs

were measured as the distance between the conseteral junctions on the two opposing
sides of the pupil. To verify the accuracy of this methodp@inedcorneal diameter
measurements fofl3 of our 15speciedrom Ritland (1982)Supplementary Tabl8l), where
corneal diameters were measured in excised ey¥s.found a significant correlation

between the corneal diameters reported by Ritland (1982) and corneal diameters estimated

by our closeup photography method (Spearman caiagon, N = 13, t =5.83, df = 11, rho =

0.87,p< 0.001).

Figure 1: Methods used to (A) measure the corneal diam@erAndean condovultur gryphusn this case)

and (B) held the birds for OCT measuremeénts | | NNBaglfhgeo UKitinztym thiscase)
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Furthermore, in order to use corneal diameter as a proxy for eye size in this group of birds,
we used corneal diameter and axial length data for 90 species of accipitriforms from Ritland

(1982).

Birdbody mass valuesvhen availableyvere taken fom Dunning (2013as the mean
between body mass of males and females for each spdsiets were grouped into
predatorsandcarrion eatersaccording taheir main ecological characteristic described in

Del Hoyo and Elliot (1994)

Foveal and retinal measurements
We obtained foveal measurements bitra-high resolution spectralomain optical

coherence tomography with a specific corneal mod@®KO/OTI Spectral OCT SLO
TomographyEDC Vet, Carvin, FrancE)eOCT is a lowwoherence interferomety based on
non-invasive microscopic imagirgd provides non-contact, highresolution, crossectional
images of biological tissu¢Ruggeret al.2010) During the measurements thards were

awake and alert during the entire imaging proc#ss took less tlan 10 minutes for one
individual To minimise the bird handling timenly the right eye was examined in each

subject The birdswere held gently by thexperienced bird handler (S.R)d no mechanical
device was used to fix the hedBigure 1)The corn@a was not pressed against the device

and the bird handler (S.P.) needed to find the suitable distance between the module and the
eye to obtain an image df each individuah video sequence was recordefilom which we
selectedthe image that fell directlpn the foveal pit ancccurately showd the retina and

the fovea(3. The images were analysed with software ImageJ (Rasband,20A2j to

measure foveal depth and retinal thickness, as a reference using a scale automatically
provided by the OCT and inclkedlin the image. As the OCT device has an axial resolution of
Mn >Y3X S NRdzyRSR S@OSNE YSIadaNBYSyid (G2 GKS y
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The foveal pit is formed by a full or partial radial displacement of the retinal nerve fibre,
retinal ganglion cell, inner plexiform and inner nuclear layers. In some species even the outer
plexiform layer and outer nuclear layer (photoreceptor nuclei)@adially displacedMitkus
2015) Depending on how far and how much of the retinal tissue is displaced from the centre
of the foveal pit, a ring of thickened retina might appear around the fovea. We call that part
2F (GKS (KAO1 SNJ NBelpresémce ar &Sencé af theféviea rimNiBpehéision
the species. Thus for birds without a foveal rim, we defined the edge of the fovea at the
place, where the slope of the foveal pit ends and where retinal thickness becomes similar to
the adjacent retinategions. Accordingly, for birds with a foveal rim, we define the edge of
the fovea as the outer edge of the rjnvhere retinal thickness becomes similar to the

adjacent retinal regions.

We measured retinal thickness at the edge of the fovea (RetThikdigglrthickness at the
foveal rim (RetThiRim) and retinal thickness at the centre of the foveal pit (RetThiPit) from
the corresponding inner (vitreal) surface of the retina (internal limiting membrane) to the
outer edge of the retinal pigment epitheliunkigure 2). We calculated foveal depth (FovDep)
in two different ways: 1. when the rim was present, foveal depth as compared to the retinal
thickness at the foveal rim was calculated as FovDepRim=RetTR&irhiPit and 2. when

the rim was absent foveal dépas compared to the retinal thickness at the edge of the

fovea was calculated as FovDepEdg=RetTHR&dghiPit (Figure 2). We did not measure the
foveal width because the horizontal dimension of the OCT images is dependent upon the
axial length of the imestigated eye, and we could not measure this in our alive birds. Retinal

layers in the OCT images were identified accordinguggeret al. (2010)
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Figure 2 OCT images of the central fovea of taéfon vulture Gyps fulvus(A) and Andean condovi{ltur
gryphug (B) showing the foveal parameters used in analgsigd of the fovea (RetThiEdg), retinal thickness at
the foveal rim (RetThiRim) and retinal thickness at the centre of the foveal pit (RetT$eRitgxtfor
explanation). RNF¢ retinal rerve fiber layer; GGi_.ganglion cell layer; IRLinner plexiform layer; INt.inner
nuclear layer; OP¢ outer plexiform layer; ONE outer nuclear layer; ELIexternal limiting membrane; IS/OS

¢ photoreceptor inner and outer segments; ReEetinal pignent epithelium; G; choroid.

Statistical analyses
All analyses were performed with R.2XR Development Core Team 2pUiSingpackages

{ape}(Paradist al.2008) {caper}(Orme 2013and {nlme}(Pinheiroet al.2014)
Throughout the papenve present meang S.Eand assumestatistical significance fqr <
0.05.
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We used Pearson correlation to estimate the relation between corneal diameter and axial
length. We used PGLS (phylogenetic generalised least square models) with OCT data to
estimate any relation between corneal diameter and retinal or foveal characteristics, and
foveal and retinal differences between predators and carrion eaters. Phylogeny was derived
from (Jianget al. 2015)with Cathartidae(Turkey vultureCathartes auraand Andean andor

Vultur gryphu} as an outgroup (Figure S1).

Because a phylogeny comprising all 97 species used(Rdtand 1982; Dunning 201®)s

not available, we used linear models to test any relationship between body mass (log
transformed) and corneal diametécubed and log transformed). Linear models were also
used to compare the slope of the predatory and carrion eating species bodyquasseal
diameter regression.

CAYyLFfftex FFTFGSNI OKSOlAY3I F2N ytesNdds usedbe | YR
compare the corneal diameter and residual corneal diameter (from the linear model of
corneal diameter and body mass) between predators and carrion eaters. The residual
corneal diameter was used to test for any differences between predators and carriorseater
after controlling for body mass. Wilcoxon paired test was used to comyaieus

parameters othe central and temporaioveas of bi-foveate species.

Results
For all accipitriforms species, we found that corneal diameter and axial length were highly

correlated (t = 24.77, df = 88, rho = 0.93; 0.001; Supplementary Table S1).

Corneal diameter, body mass and ecology
Overall corneal diameter did ndiffer betweenthe 80predatory andthe 17 carrion eaing

specieqt =-0.47, df = 23.04p = 0.64; Figure 3aHowever, vimen controling for body mass,
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predators(n = 71)had larger corneal diametexthan carrion eatergn = 16Xt =7.24, df =

73.71, p< 0.001 Figure 3b. Corneal diameter was more variable in predators than in carrion

eaters.
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Figure 3 Eye size difference between predators and carrion eaters. (a) Corneal diameter difference and (b)
residual corneal diameter calculated from lingagression of corneal diameter and body mass

On average, carrion eaters were heavier than predators (body mass carrion eaters: 4540.3
830.8 g (range: 52910,800.0 g), body mass predators: 1111.7 + 143.9 g (range¢88.3

5232.0 g), t =4.07, df = 191,p < 0.001).

For the85 species of accipitriformghe scaling exponent of corneal diameter on body mass
was 0.40 + 0.04 (Figure 4) (t = 8.65; 0.48,p < 0.001). When grouping the raptors into

predators and carrion eaters, the relation was sigaificfor both predators (t = 13.422 =
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0.72,p < 0.001; Figure 4) and carrion eaters (t = 2r78,0.30,p = 0.017; Figure 4); the slope

of the two linear regressions did not differ significantly (149,p = 0.140).

log (CD"%)

I I I | I
2.0 2.3 3.0 3.5 4.0

log body mass (Q)

Figure 4 The regression of coeal dianeter (CD) on body mass 87 speciesrom orderAccipitriformes bold
solid line, Tm® ¢p ¢8t Yr2=0.44p < 0.001), which were also grouped@medators 71 species; solid line,
O T R P yr2=0.72p< 0.001) andarrion eater{16 speciesdash linexw T @ p& pre=0.3Qp
= 0.AL7). Filled symbols represent data from Ritland (1982), open symbols represent data froruplose
photography of this study (when no data were available from Ritland). Circles represent predatoraaglbs$

carrion eaters.
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General foveal observation
We found only one central fovea in all carrion eaters, but two foveas (central and temporal)

in all predators (except the Broaginged hawk; data from Ruggeri et al. (2010)). In one
predatory species, thBald eagle, only a very shallow temporal fovea was present (see
supplementary materials). In addition, marked inBpecies variation in the shape of the

central fovea was found in Black kites (Figure 5).

Figure 5: OCT images of the central fovea ftheright eye of three different Black kité{lvus migran¥

individuals.
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Fovea, retinal thickness and corneal diameter

Central fovea
There were no significant differences between carrion eaters and predators in foveal depth

(FovDep: t =1.65, df = 13p = 0.123). The central fovea of accipitriforms with a larger
corneal diameter was significantly deeper (t = 2.51, df £20.027) than that of species

with a smaller corneal diametéFigure 6a).
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FHgure 6:Relation between corneal diamatand a) maximal foveal depth of the central fovea (n=14) and b)

maximal foveal depth of the temporal fovea (n=6)tcles represent predators and triangles carrion eaters
The retinawas significantly thicker dhe fovealedge(RetThiEdgdf predators han carrion
eaters(predators: 453.3 £ 7.5 um; carrion eaters: 411.4 + 9.1 yum2t44, df = 14p =
0.029, and tended to be also thicker #te fovealrim (RetThiRimpredators: 471.7 + 8.3
pm; carrion eaters: 420.0 £ 9.1 pym; t212, df = 8p = 0.667). We did not find any
differences in the retinal thickness tite fovealpit between these two group&RetThiPit;

predators: 222.5 + 10.5 um; carrion eaters: 202.9 + 8.4 ym0163, df = 13p = 0.537.

When analyzing all accipitriforms together, diel not find a significant relation between

corneal diameter and retinal thickness at the foveal e(RRetThiEdg =-0.23, df = 13p =
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0.819), retinal thickness at the foveal riRgtThiRimt = 1.71, df = 7p = 0.129) or retinal
thickness at the fovdait (RetThiRimt =-1.26, df = 12p = 0.233) We found no relatioship
between foveal depth and retinal thiokss at the foveal edg&étThiEdgt = 0.27 df = 13p

= 0.79).

Temporal fovea
We found no significant relation between corneal diameter and temporal fovea depth

(FovDep: t = 2.18, df =p= 0.081, Figure 6bdr retinal thickness at the edge of the fovea
(RetThiEdgt =-1.38, df = 5p = 0.226). Nevertheless, we found a tendefmyspecies with a
large corneal diameter to have a thinner retina at the pit of the temporal foR=ThiPitt

=-2.52, df = 5p = 0.053).

Comparison between central and temporal fovea
For predatoryspecies, theentralfoveawasdeeper than the tempmal fovea(central: 220.7

+ 6.7um; temporal:35.7+ 11.4um,V = 21p= 0.035). Theetina was thicker at the edge of
the central fovea than at the edge of the temporal fovea (central: 43383Lum; temporal:
360.0+ 3.8um, V = 28p = 0.021). Finally, the retina was thinner at the pit of the central
fovea than at the pit of the temporal fovea (central: 242.8.7um; temporal:325.7+ 9.0

pm, V = 0p = 0.031).

Discussion
We found that corneal diameter, thus axial length, and botss were highly correlated in

order Accipitriformes (Figure 4). Relative to their body mass, predators had larger corneal
diametersg and thus larger eyesthan carrion eaters. We found two foveas (one central

and one temporal) in all but one predatorgecies but only one central fovea in all carrion
eaters. Focusing on the central fovea, predators had thicker retina than carrion eaters at the
edge of the fovea, but not at the rim or the pit of the fovea. Nevertheless, no differences in
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foveal depth wee found between the two groups. Considering all species together, a larger
corneal diameter was linked to a deeper fovea. Finally, for predatory species, the central
fovea was deeper than the temporal fovea and the retina was thicker at the edge and at the

pit of the central fovea.

Corneal diameter, body mass and ecology
As foundfor variousbirds specie¢Brooke, Hanley & Laughlin 199€)e scaling ofhe eye

size and body mass ihe order Acipitriformes is uniform over a wide rangeonfirming our
first hypothesis.This uniformity may reflect similarities between the pattern of costs and
benefits that determine the important investment in vision for all accipitriforms,
independently of body size, as has also been proposed for bird in géBevake Hanley &

Laughlin 1999)

In diurnal animals, one of the most important benefits of having large eyes is their potential
implication for higher spatial resolutigiltie 2000) However, there are costs associated

with increased eye size. First, becausesge is a fluidilled chamber, it is very heavy.

Indeed, in some birds, one eye weighs as much, or more, than the whole(Braion 2008)
such as for the Kori bustardrdeotis kor{Brain weight: 14.3g; Eye weigth: 23.29).
Physiological, mechanical androdynamic constrains, and associated energetic costs of
carrying a larger weight (Brooke, Hanley & Laughlin 1999), suggest that small birds cannot

withstand to carry eyes as large as big birds in absolute terms.

Moreover, large raptors like eagles andltures, when they forage, mostly use soaring and
gliding flight, while small raptors like harriers or hawks can use more flapping and gliding
flight (Del Hoyo & Elliot 1994Thus, soaring and gliding mean that larger raptors may fly at

higher altitude tlan smaller ones. As a result, assuming similarly sized prey, larger raptors
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would need larger eyes with higher visual acuity than smaller raptors. Nevertheless, the
demand for a large eye size may be as high for the carrions eaters as for the predatory
species.The relation between eye size (corneal diameter) and body weight has more
variance for carrion eater (rho =0.30) than for predators (rho =)0:T2s result suggests
that the eye size of carrion eaters may depend lesbauly sizehan the eye sizef

predators.

When comparing the eye sizes between predators and carrion eaters, we found no
difference in absolute terms. However, as suggested in our second hypothesis, for similar
body mass, predators have larger eyes than carrion eaters. This sutigestarrion eaters

do not need the same level of spatial resolution as predatory species, maybe again, because
carrion eaters€.g vultures) mainly search for larger prey than predators. Increased eye size
may also result in additional cost such as duaion of the visual field by an increased size

of the suborbital ridge to avoid being blinded by the dazzling(Martin & Katzir 2000;

Potieret al.2016b) Indeed, a larger eye size may result in higher rate of image of the sun
GKFG OF y LINE R dzO&a rédRctich bf @iguél Aciiity or Sohttast Eedsiivity
caused by scattered ligliKoch 1989; Aslam, Haider & Murray 2Q0/)is disability glare

may reduce target detection especially for obje@gy(prey) of low contras{LeClaireet al.

1982) Nevertheless, reducing visual field size may be costly for carrion eaters as they need
to scan everywhere for conspecific information while foragidguston 1974) Thus, there

might be a tradeoff between the eye size and extent of the visual field. However, more

studies are needed to investigate this idea further.

Reducing the energy expended for vision may allow carrion eaters to invest more and shift

to other sensory modalities to find their food. Indeed, it has been found that species of the
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family CathartidagHouston 1986; Gomez al. 1994)(Potier et al. unpublished data), the
Southern caracar@&aracara plancu@otier et al. unpublished data) drpossibly also old

world vultures(Gilbert & Chansocheat 2006an use olfaction to find their food.

General foveal observations
All our study species classified as predators had two foveas (one central and one temporal;

except the Broadvinged hawk, data for which was taken from Ruggeri et al (2010)), while
all carrion eaters had only one central fovea. This characteristic hasfbeed in two other
studies(Inzunzeet al. 1991; Potieret al.2016b) but this is the first time that many species

of two ecological groups have been compared. The fovea is a retinal area with a highest
photoreceptor density and therefore it is the plaethe eye with a highest acuiffFite &
RosenfieldWessels 1975; Meyer 1977; Inzuretal. 1991; Jones, Pierce & Ward 200N)
predators, it is supposed, that sideways vision serves to detect and focus on the prey at long
distances while frontal visiois essential at the moment of atta¢kucker 2000)Sideways

vision in birds with lateral eyes is linked to the deep central fovea while frontal vision is
linked to the shallow temporal fove@ucker 2000; Jones, Pierce & Ward 2007)

It has been suggedtethat fovea may serve as a tool helping to stabilize fixafalls 1937;
Pumphrey 1948; Jones, Pierce & Ward 208yl it is essential for a predator to keep the

prey in the highest acuity region while chasing it from a far distance. In that circuoestan
having a temporal fovea may be needed to fixate the prey into the frontal field and control
the position of feet. Contrary to predators, carrion eaters eating dead animals may not need
a temporal fovea to fixate a moving targgbzunzeet al. 1991) Rredators and scavengers

both need acute vision to find their food, using lateral field of view, justifying the presence
of a deep central fovea. However, because scavengers eat dead immobile animals, there

might be no need to have a temporal fovea.
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We alsdiound that foveal shape may differ between different individuals of the same
species, as has been found in the Black kites (Fig. 4). Suckpet#ic differences have also
been observed in Common buzza{@ehme 1964pr Northern fulmargMitkuset al.
submitted) Moreover, in addition to the foveal shape variation, we also found that
individuals may differ in the presence or absence of a rim around the foveal pit. It is known
that in humans the foveal shape can change with age, particularly from ttreug to age of
four (Hendrickson & Yuodelis 19840 our case, all black kite individuals were at least one
year old, and there might be no age related association with the presence of the foveal rim
as the only individual with a rim had the same agéhasother one without a rim (both born

in 2014). No differences were found in human foveal shape between sexes, which could be
the case for our Black kites tg@/agnerSchumaret al.2011) Further studies are needed to

understand what environmental or getic factors influence the foveal shape.

Central fovea, retinal thickness and corneal diameter
The fovea is the region in the retina with the highest photoreceptor den@tgyer 1977)

and other references therein) and thus of the highest visual acuitihe regions of high

visual acuity the receptor to ganglion cell (and other retinal interneuron) ratio igHae &
RosenfieldwWessels 1975)hus the total number of cells is the highest in the retina.
Therefore, thoseegions not only have the highigshotoreceptor density, but also are the
thickest in the retingWalls 1937; Jeffery & Williams 1994; Querusial. 2009; Mitkuset

al. 2014) Apart from the foveal pit, where retinal ganglion cell and other retinal layers are
centrifugally displacedgetinal thickness can be a good indicator of relative photoreceptor
density.

We found no significant relationship between the eye size and retinal thickness at the foveal

edge or at the foveal rim, which suggests that larger eyes do not have substaritjaky h
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photoreceptor densities in the foveal region. However, predators had significantly thicker
retina at the foveal edge than the carrion eaters (confirming our third hypothesis), which
supports the findings by previous studies that predatory raptorsehagher peak retinal
ganglion cell density than carrion eatéFste & RosenfieldVessels 1975; Inzunea al.

1991; Lisnewt al.2013)

However, there was no difference between these two groups in the retinal thickness at the
foveal pit, which indicatethat whether the photoreceptors are of similar length or that

similar amount of retinal material is retained in the pit in both predators and carrion eaters.
No relationship between retinal thickness at the foveal pit and eye size in accipitriforms in
gereral might suggest, that there is a physical (mechanical) limitation for the thinness of the
retina in the foveal pit, independently of the eye size. It would be very interesting to
investigate this question further in other bird groups.

Because the fovehas been suggested to magnify the image and to possibly increase the
detection of subtle movements of an objeetd a prey)Walls 1937; Pumphrey 1948;

Jones, Pierce & Ward 20Q0'0ne would think that foveal shape might differ between
predators and caran eaters (hypothesis 4). In our study, we only estimated the foveal
depth, as the width cannot be surely access by OCT. We did not find any differences in foveal
depth between predators and carrion eaters. Same as predators, carrion eaters also search
for subtle movements of others flying carrion eaters that may lead to similar demands on
anatomical structure of the fovea, but this statement need to be proven by studied the all
shape of the fovea. While carrion eaters search for their food by direct (palso

information, they may also use informati@iven by conspecifics, which increases foraging
efficiency(Houston 1974; Buckley 1996; Jackson, Ruxton & Houston 2008; Deygbut

2010) Moreover, vision in accipitriforms serves for foraging but als@fedator detection
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as intraguild predation exists in raptor assemblag8grgio & Hiraldo 2008Yhereby, if the
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avoidance, both ecological groups may need the sanapaior depth.

We found a significant relationship between the foveal depth and eye size. The larger the
eye, the deeper the fovea. Increasing foveal depth (for a similar width) may lead to a smaller
radius in the bottommost portion of the pit. This coutdprove the foveal magnification

(Snyder & Miller 1978)f this is true, an accipitriforme bird with a large eye might have a
better spatial resolution not only because of a larger focal leifkjthie 2000) but also

because of the possible higher foveaagnification effect. Kiltie (2000) found a significant
positive regression between the eye size and visual acuity, with a slope of 1.42 for diurnal
mammals and birds. While her allometry did contain only one Accipitriformes, visual acuity
increased moreapidly than eye size. Our finding may suggest that a higher magnification
effect or stronger increase of visual acuity as eye size increasgde due to the deeper

central fovea in large eye birds. Nevertheless, Reymond (1985, 1987) found that vistial a

of two raptors species determined in behavioral experiments matches to the anatomical

spatial resolution calculated based on the photoreceptor density, which suggests that no

optical function of the fovea is needed to explain behavioral results.

Temporal fovea, retinal thickness and corneal diameter
As found in other studies, the central fovea of predators is deeper than the temporal fovea

(Fite & RosenfieldVessels 1975; Reymond 1985; Reymond 1987; Retter 2016b) which
may result in a better mgnification effect in the central fovea because of a smaller radius of
the bottommost part of the foveal pitSnyder & Miller 1978)n addition to a lower
photoreceptor densitfReymond 1985; Reymond 1987; Inzuakal.1991) the temporal

fovea may have a lower magnification effect (compared to the central fovea) that could
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explain the fact that raptors always use their central fovea to view distant obj€atsker

2000; Jones, Pierce & Ward 2007)

In contrast to the centraiovea, we did not find any link between the temporal foveal depth
and the eye size. Because temporal fovea serves the frontal visual field and it is thought that
it is essential for raptors to catch and handle their prey at short distafiogsker 200Q)

there might be no need to have different foveal depth depending on eye size, because all
species with different eye size and body mass are at approximately the same distance from
their prey when catching it. Indeed, the visual demands may be similardsetpredatory

species leading to a convergence in the temporal foveal depth regardless of the eye size.

Conclusion

Our study suggest that raptors from different ecology may have different demand in the
visual system. We first showed that eye size and bodgs scaled in both ecological groups.
Predators have larger eye relatively to their body mass and a thicker retina at the edge of
the central fovea than carrion eaters, which could reflect the importance of vision when they
forage. No difference in fovédepth was found between these two ecological groups. It
seems that the fovea is more dependent upon the eye size, with a deeper fovea in large eye.
Overall, our study suggest that the foraging ecology of raptors is highly related to the visual
system andpen the door for further studies to understand whether the eye size and foveal

structure is correlated with bird ecology in other phylogenetic groups.
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Gypohierax angolensis

Figure S1: Phylogenetical tree used in the study, derived fitaand et al. 2005
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Table S1: Corneal diametewial length and weight of raptors

Corneal oo . .N“T".ber of
Family Species scientific name diameter Number of mdmduals Corneal diameter Axial lenght(mm) Body individuals Ecology
(mm) for corneal diameter reference masé(g) for Body
mass

Cathartidae Coragyps atratus 8.8 1 Ritland (1982 16.8 1640.0 50 Carrion eater
Sarcoramphus papa 11.8 4 Ritland (1982 26.2 3400.0 28 Carrion eater
Gymnogyps californianus 11.2 1 Ritland (1982 25.5 8450.0 ? Carrion eater
Cathartes aura 8.3 3 present report 18.6 2006.0 130 Carrion eater
Vultur gryphus 11.8 1 present report 23.7 10800.0 ? Carrion eater

Pandionidae Pandion haliaetus 12.4 4 Ritland (1982 214 1485.5 24 Predator

Accipitridae Aviceda subcristata 11.1 1 Ritland (1982 22.8 327.0 19 Predator
Aviceda leuphotes 10.2 1 Ritland (1982 20.8 NA NA Predator
Chondrohierax uncinatus 10.8 1 Ritland (1982 17.4 NA NA Predator
Henicopernis longicauda 11.6 1 Ritland (1982 24.3 588.5 2 Predator
Pernis apivorus 11.3 1 Ritland(1982) 215 758.0 18 Predator
Elanoides forficatus 10.2 1 Ritland (1982 20.3 442.0 14 Predator
Macheiramphus alcinus 15.8 3 Ritland (1982 24.4 650.0 1 Predator
Elanus leucurus 10.6 2 Ritland (1982 21.1 346.0 33 Predator
Elanus caeruleus 10.1 1 Ritland (1982 18.1 260.5 ? Predator
Elanus axillaris 10.6 1 Ritland (1982 19.8 271.0 16 Predator
Chelictinia riocourii 7.3 1 Ritland (1982 13.8 110.0 1 Predator
Rostrhamus sociabilis 9.3 1 Ritland (1982 174 420.0 13 Predator
Harpagusbidentatus 9.8 2 Ritland (1982 18.1 218.5 8 Predator
Ictinia plumbea 9.4 1 Ritland (1982 174 248.5 23 Predator
Milvus milvus 10.4 2 Ritland (1982 20.3 836.0 14 Predator
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Haliastur sphenurus 9.2 1 Ritland (1982 18.5 753.0 452 Predator
Haliasturindus 10.2 1 Ritland (1982 20.6 529.0 17 Carrion eater
Haliaeetus vocifer NA NA Ritland (1982 21.6 3400.0 5 Predator
Gypaetus barbatus 14.8 2 Ritland (1982 31.0 5680.0 15 Carrion eater
Gyps bengalensis 10.8 1 Ritland (1982 20.4 4385.0 29 Carrioneater
Gyps africanus 11.0 1 Ritland (1982 20.1 5433.0 44 Carrion eater
Sarcogyps calvus 13.1 1 Ritland (1982 27.3 NA NA Carrion eater
Terathopius ecaudatus 16.5 2 Ritland (1982 32.8 2200.0 10 Predator
Spilornis rufipectus 13.3 1 Ritland (1982 24.6 NA NA Predator
Spilornis cheela 14.0 2 Ritland (1982 25.8 492.5 2 Predator
Polyboroides typus 9.1 1 Ritland (1982 16.4 637.5 ? Predator
Circus cyaneus 9.5 2 Ritland (1982 18.5 437.0 4 Predator
Circus cinereus 8.5 1 Ritland (1982 17.6 405.5 8 Predator
Circus macrourus 9.4 1 Ritland (1982 17.3 388.5 21 Predator
Circus approximans 10.7 1 Ritland (1982 19.8 740.0 120 Predator
Melierax metabates 11.7 1 Ritland (1982 21.0 NA NA Predator
Micronisus gabar 7.8 1 Ritland (1982 13.1 NA NA Predator
Accipiter gentilis 11.9 1 Ritland (1982 22.3 1027.5 180 Predator
Accipiter melanoleucus 10.8 1 Ritland (1982 18.8 699.0 19 Predator
Accipiter madagascariensi: 9.2 1 Ritland (1982 16.0 212.0 10 Predator
Accipiter gularis 7.9 1 Ritland(1982) 131 121.5 22 Predator
Accipiter virgatus 11.1 1 Ritland (1982 16.6 NA NA Predator
Accipiter nisus NA NA Ritland (1982 13.6 237.5 316 Predator
Accipiter striatus 7.5 4 Ritland (1982 135 138.5 922 Predator
Accipiter minullus 6.9 1 Ritland(1982) 111 88.3 3 Predator
Accipiter tachiro 9.5 2 Ritland (1982 16.8 202.0 4 Predator
Accipiter trivirgatus 11.8 1 Ritland (1982 21.8 276.0 ? Predator
Accipiter fasciatus 10.5 1 Ritland (1982 18.1 475.5 45 Predator
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Accipiter novaehollandiae 10.2 1 Ritland (1982 17.8 538.0 16 Predator
Accipiter soloensis 7.1 1 Ritland (1982 13.3 165.5 4 Predator
Accipiter badius 9.0 1 Ritland (1982 154 131.5 ? Predator
Accipiter butleri 7.3 1 Ritland (1982 131 NA NA Predator
Accipiter francesiae 8.7 1 Ritland (1982 14.2 198.5 17 Predator
Accipiter cooperii 10.5 1 Ritland (1982 18.0 439.0 108 Predator
Butastur rufipennis 10.1 1 Ritland (1982 19.4 335.0 ? Predator
Butastur teesa 10.8 1 Ritland (1982 18.9 325.0 1 Predator
Butastur indicus 10.4 2 Ritland (1982 19.4 415.0 ? Predator
Kaupifalco monogrammicu 10.2 1 Ritland (1982 19.3 280.5 ? Predator
Leucopternis melanops 10.6 1 Ritland (1982 20.3 312.0 9 Predator
Buteogallus anthracinus 12.0 1 Ritland (1982 21.0 996.0 10 Predator
Buteogallus urubitinga 13.7 1 Ritland (1982 235 1156.5 14 Predator
Buteogallus meridionalis 12.2 1 Ritland (1982 23.0 808.0 8 Predator
Busarellus nigricollis 12.1 1 Ritland (1982 20.8 785.0 8 Predator
Buteo nitidus 12.0 1 Ritland (1982 21.0 528.5 30 Predator
Rupornis magnirostris 10.2 3 Ritland (1982 19.0 269.0 16 Predator
Buteo ridgwayi 10.8 1 Ritland (1982 19.6 NA NA Predator
Buteo lineatus 12.7 2 Ritland (1982 23.1 607.0 46 Predator
Buteo platypterus 10.5 2 Ritland (1982 20.3 455.0 27 Predator
Buteo swainsoni 10.0 1 Ritland (1982 19.6 958.5 119 Predator
Buteo galapagoensis 10.8 1 Ritland (1982 23.6 1357.5 137 Predator
Buteo jamaicensis 14.7 4 Ritland (1982 27.8 1126.0 208 Predator
Buteo buteo 12.2 1 Ritland (1982 20.8 875.0 480 Predator
Buteo lagopus 14.1 1 Ritland (1982 27.1 956.0 271 Predator
Buteo rufofuscus NA NA Ritland (1982 20.1 1530.0 1 Predator
Harpia harpyja 16.2 1 Ritland (1982 32.3 4800.0 ? Predator
Pithecophaga jefferyi 18.6 2 Ritland (1982 33.8 5232.0 ? Predator
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Clanga pomarina NA NA Ritland (1982 26.8 1370.0 37 Predator
Aquila rapax 13.9 1 Ritland (1982 27.8 NA NA Predator
Aquila audax 15.0 1 Ritland (1982 27.3 3466.0 46 Predator
Hieraaetus pennatus 11.8 1 Ritland (1982 22.6 834.5 23 Predator
Hieraaetus morphnoides 12.5 1 Ritland (1982 234 791.0 33 Predator
Nisaetus cirrhatus 15.0 1 Ritland (1982 25.7 1480.0 ? Predator
Nisaetus philippensis 13.6 1 Ritland (1982 26.2 1168.0 1 Predator
Spizaetus ornatus 13.4 1 Ritland (1982 24.1 1215.0 9 Predator
Stephanoaetus coronatus 14.1 1 Ritland (1982 28.7 3640.0 4 Predator
Torgos tracheliotos 17.0 6 Speigelztca)tleaml NA 6969.0 21 Carrion eater
Aegypius moncachus 18.1 1 present report NA 9625.0 41 Carrion eater
Milvus migrans 10.7 3 present report 20.0 567.0 96 Carrion eater
Haliaeetus leucocephalus 14.3 3 present report 28.2 4740.0 72 Predator
Gypohierax angolensis 10.1 2 present report 21.7 1600.0 6 Carrion eater
Neophron percnopterus 9.9 3 presentreport 22.1 2082.0 7 Carrion eater
Necrosyrtes monachus 12.0 3 present report 21.0 2043.0 7 Carrion eater
Gyps fulvus 11.9 3 present report NA 7436.0 15 Carrion eater
Circaetus gallicus 17.4 2 present report 325 1669.5 22 Predator
Parabuteounicinctus 10.3 6 present report NA 844.0 397 Predator
Geranoaetus melanoleucu 14.9 2 present report NA 2445.0 6 Predator
Aquila nipalensis 16.0 3 present report NA 27455 9 Predator
Aquila chrysaetos 16.7 3 present report 29.3 4263.5 48 Predator
Aquila heliaca 12.4 1 present report NA 3215.0 10 Predator

Sagittariidae Sagittarius serpentarius 154 4 Ritland (1982 30.5 4017.0 20 Predator

* From Ritland (1982)
#From Dunning (2013)
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Table S2Foveal and retinal measurements from QuDdtographs

Species scientific name

Number of

individuals RetThiEdg (um RetThiRim (um’' RetThiPit (um) FovDep (um

Nasal fovea

Gypohierax angolensis
Neophron percnopterus
Circaetus gallicus

Gyps fulvus
Necrosyrtes monachus
Aquila chrysaetos

Aquila heliaca

Aquila nipalensis

Milvus migrans

Haliaeetus leucocephalus
Geranoaetus melanoleucus
Parabuteo unicinctus
Buteo brachyurus

Buteo platypterus
Vultur gryphus

Cathartes aura

2

W R R P ORPR WWRPRPR PR ®

430
410
500
420
450
450
460
430
390
430
440
440
470
460
400
380

No rim
440
No rim
No rim
No rim
480
No rim
440
410
460
480
470
500
No rim
430
400

190
230
250
200
230
230
230
180
210
210
180
250
250
170
190

240
210
250
230
220
250
230
260
210
260
290
250
300
260
210
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Species scientific name

Number of
individuals RetThiEdg (um RetThiRim (um’' RetThiPit (um) FovDep (um

Temporal fovea

Gypohierax angolensis
Neophron percnopterus
Circaetus gallicus

Gyps fulvus
Necrosyrtes monachus
Aquila chrysaetos

Aquila heliaca

Aquila nipalensis

Milvus migrans

Haliaeetus leucocephalus
Geranoaetus melanoleucus
Parabuteo unicinctus
Buteo brachyurus

Buteo platypterus
Vultur gryphus

Cathartes aura

2

W R R P ORPR WWRPRPR P W®WWRP ®

10

100
10
50
10
30
30

120
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CHAPITRE 3

CHAMPS/ISUELS CHEZ LES RAPACES

Ce chapitre vise a comprendre la variation des champs visuels en fonction de
f QSO2t23AS RSa SaLksoSasd 9y STFFSOT GNBA LISdz |
visuels chez les rapaces, et au regard de la diversitéogiqoe, il est important de
comprendre le lien entre les stratégies de recherche alimentaire et la configuration du
OKI YL @AadzStd t I NI FAffSdNES fSa SidzRISdQA dzNJ
la comparaison de leur largeur surunplgny SG G yad FAyaia €F F2N¥YS 3t
RQdzyS YSGK2RS adlriadAradAaljdzsS NBOSydS RQlylfeas
fl F2N¥S (20FtS Rdz OKIYL) @AadsSt FFFTAYy RQSy
troisiéme chapitre est donc dsé en 2 sections contenaMt 60 A0 f QlF yI f&8aS RSa
limites des champs visuels chez les accipitriformes en fonction de leur écologie (Sectjon 3.1)
6AALD fQSAGAYIF(GA2Y RS&a ftAYAGSAE RS&a OKIYLBA OA:
sace Falco cherrugt le caracara hupp€aracaraplancuS & RQSy O2 YLINBY RNB

lien avec la structure des fovéas (Section 3.2).

FigureY 5A&LRAAGAT SELISNAYSYy(lf L}RdzNJ f QSilaigk ®yaRdz OKIl YLI @)
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SECTION3.1: LES CHAMPS VISUELS CHEZ LES ACCIPITRIFORMES

271 OO0 i AOAT eAEO AA 186i OOAA

[ OF LI OAGS RQdzy 2NHIyAaYS t SELX 2AGSNI &2
de la perception de celdi. Ainsi, afin de comprendre la diversité importante des
comportemerns présents chez les oiseaux, et en particulier chez les rapaces, il est nécessaire
de comprendre leur perception. Alors que les rapaces sembleraient hautement dépendants
de leur systeme visuel, la perception du monde qui les entoure est dépendante de la
configuration de leur champ visuel. CeleA Said @I NAI o6t S Sy F2yOi;
S4L)B 0Sasx OSLISYRIydGzr tSa NILIOSa yQ2yid SaGsS |
passe habituellement par la comparaison de la largeur de la zone binoculaite qlan
donné, généralement sur le plan horizontal et vertical. Certaines études se sont intéressées
t £ fFNBSdzZNJ RS OSiGGS T2yS t RAFTFSNByGa LI
association de plans, mais une forme globale. Afin de comprendfentdion du champ
visuel, il apparait donc plus approprié de comparer les formes dans leur ensemble. I
apparait aussi essentiel de comparer les deux techniques statistiques afin de comprendre
f QF LILIZ NI RS f QF LILINPOKS Y2NLK2KRSVOR [INBLIB A G RO
OKI YLA @AradzsSta S €SdzNJ tASy @S0 tQsS0O2t 237
statistiques. Deux catégories écologiques ont été crédgpe de nourriture (prédateurs vs.
charognards) et stratégie de recherche (proie @ifs: LINBPAS Sy f QF ANJ 2
charognards stricts). Dans un premier temgsQ A O2 Y LI NB f $ur ld pflaNB S dzNJ
horizontal de la zone binoculaire, ainsi que la largeur de la zone aveuglesaus et
RSNNASNBE I GsiSd S dONRWBISBA T TS \\SAYASI dy OR S SEiQ
binoculaire suivant les 2 catégories écologiques étudiées. La zone aveugle derriere la téte ne
différe pas non plus en fonction du type de nourriture et du type de chasse. En revanche, la
zone aveugle adessude la téte est plus large chez les especes chassant des proies au sol
que chez leespéces chassant des proises déplacant en 3 dimensions (air et eau) et les
charognards stricts. Il apparait donc que les espéces chassant au sol ont un champ visuel
pusNBaiNBAYyGd [ S& SaLlB OSa OKIaalyd RSa LINRASaA
champ visuel plus large afin de détecter et fixer leur proie qui peut se trouver tout autour
RQSftftSad [Sa OKIFINRIYyFNRa 2yi 0 SrlekofigéiR@sizy OKI
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RFEya €S 0dzi NROQP2ZNID Y X 8\5INJ ,fled Espdcad chiassanti sODEINE S
AAYLI SYSy(d o06Saz2Ay RQ2LIAYAASNI £ @AaA2Yy L2 dz
LX Iy | OS GAGNBXI | FAY Rt dzdedrSoyie, Scbs) rdpaces LINE 0 |
présentent une arcade sourciliere plus importante réduisant leur champ visuel mais aussi

A

f QAYLI OG RS t1F ftdzYAsSNB SEGSNASIINBE RIya f Qdzif

Griceaf QFl yIFf 84S Y2NLIK2YSONARIdzZSE 2SS Y2y (iNB |
significative de la vision binoculaire entre especes écologiquement différentes. En effet, les
espéces chassant au sol présentent un champ binoculaire convexe aux extrémité&gialors
fSa OKINRBIYlINRa auNROGA SG fSa SalLksoOoSa OKI aa
des extrémitésplus ou moinsconcaves.Je propose icirois raisons principales pour cette
différence: (i) la vision binoculaire permettant le contrdle de la position des pattes au
Y2YSyd RS fF OFLIdz2NBzZ fSa NILIOSa OKFaalyd |
seulement au centre du champ car deassent des proies se déplacant sur un plan. Au
O2Yy UGN} ANB:Z fSa SaLkBsoSa OKlFaalyd Sy QI AN
NEBfFGABSYSYyl SGSYyRdz @SNIAOFESYSYyd LISNYSGOIlY
déplacant en 3 dimensions. (i) Laprgs®S RQdzyS | NOIF RS a2 dzNOAf A S NR
SalLlsO0Sa OKlFaalyd RS&a LINRPASA Fdz az2f AYLI OGS
réduisant ainsi son recouvrement. (iii) Les charognards stricts et espéces se nourrissant
ROQ2A4SI dzEy8G2RE bBIBABAY RQdzy 0SSO FTAYy Si St ycC
2dz SOFATESNI £ SdzNJ y2dZNNAGdzZNBEd | f QAYDISNESE f S
large et court permettant une ingestion plus rapide de la nourriture, mais réduisant le
recadz@NBYSy il o0Ay20dz I ANB t f QSEGNBYAGS AYFSNAS

En résumécette approche morphométriqu¥ 2 LISNX¥Aa RQARSYGATFASN
imperceptibles par les analyses habituelles. Ces différences ont un réel impact sur les
stratégies de recherche de nourriture slespeces et apparaissent étre un compromis avec
RQlIdzi NBE& F2yOGAzya GStftSa 1ljdzS €1 OFLIOAGS |

répondant a une fonction précise.
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Abstract

Different foraging strategies may lead to specific demands on sensory modalities. Birds, in particular
raptors, are believed to forage using mainly their visual abilities. There is a large degree of variability
in raptor foraging tactics: some chasighly mobile prey (either terrestrial, aerial or aquatic), while
others are scavengers. We studied the visual field configuration of diurnal Accipitriformes that differ
in such tactics. Using an ophthalmoscopic reflex technique, we measured the blind feet

binocular overlap, the visual coverage and the shape of the binocular field. Shape data was
compared across species using a morphometric approach. While species of different ecologies did
not differ in their maximum binocular overlap, they did iretshape of their binocular field. In

particular, predators chasing terrestrial prey (ground predators) have a more convex binocular field
than predators chasing aerial or aquatic prey (air and water predators) and obligate scavengers. The
blind sector abwe the head of ground predators was also significantly larger than air and water
predators and obligate scavengers. We explain this in two ways. Ground predators search mainly for
mammals and need a wide, but short, beak to increase their ingestion rate cAnsequence this

may reduce the binocular overlap at the bottommost of the binocular field. To increase the detection
rate, they need a large suborbital ridge to avoid sun dazzling, reducing the binocular overlap at the
top of the binocular field. Inantrast, air predators need narrow and long beaks to pluck their prey

and a lower suborbital ridge to detect prey moving in thimensional space. Consequently they

have a straighter binocular field and a higher visual coverage. Finally, obligate syavweag need a

large visual coverage to detect conspecifics and a long but narrow beak to tear food. This results in a
straighter binocular field and higher visual coverage than ground predators. We propose that
binocular field shape and the blind sectoedighly dependent on the foraging strategy of raptors

and highly correlated with the beak shape.

Keywords

Accipitriformes, Foraging, visual fieldnocularshape
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Introduction

9 OK alLSOASaQ SY@ANRYYSYy(l A& o2daoRBR 08 K2g
provide environmental features that are important for individugdgevens, 2013Because

SIOK alLlSOASa tA@Sa AYy | GaRAFTFSNBYylU aSyazNe ¢

different sensory systems coex{8afi and Siemers, 2010)

Visual systems differ greatly in birgdones et al., 2007; Martin, 2014; RocHauavigneaud,
1943; Walls, 1942pnd allow them to respond behaviorally to their daily perceptual
challengesi(e. flying, foraging, detecting predators, interacting with conspgesif
reproducingetc. (Birkhead, 2012; Martin, 2014)0ne of the visual traits that defines the
avian perceptual worlds is the shape of the visual fietd,(he volume of space around the
0OANRQA KSIFIR FNRY ¢KAOK ¢ XMadih, 20074 Mafig, ROT4) G A 2y Ol
Visual field varies extensively among spe¢Martin, 2007) This variation can be attributed
to different needs for predator detection, gathering information from conspecific and
foraging demandgMartin, 2014) Even speciethat are closely related phylogenetically
seem to vary in their visual field characteristics. For example, the visual field of different
species of ibises, the Northern Bald IGisronticus eremitand the Puna IbiBlegadis
ridgwayi, differs highly relawe to their different foraging strategies, with a wider binocular
field in the visual guided Nothern bald llsempared the tactilely guided Puna Ibis (Martin
and Portugal, 2011)n ducksGuillemain et al. (2002pund that wigeonAnas penelop
have alower visual coverage than shovel&sas clypeatawhich may be related to

different foraging (visual vs. tactile respectively) and vigilance strategies.

The estimation and quantitative comparison of visual field among species mainly depend on

three paameters: the angular width of the binocular field in the plane of the bill or the
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horizontal (width) and vertical (height) plane, the angular width of the blind area above and
behind the head, and the total angular width of the cyclopean field on the twota plane
(Martin, 2007) Among these different aspects of the visual field, the lateral field may serve
for detecting predators or conspecifics while the binocular overlap seems to be useful for
controlling beak and feet positions when foragiiartin, 2007; Martin, 2009; Martin,

2014) Apparently, species that use vision to guide the position of their bill or feet when

foraging may have relatively similar binocular overlap-3R0 of overlap]Martin, 2014)

Nevertheless, all studies that estimatecetkisual field in birds only measure the binocular
overlap at the horizontal plane (s¢®lartin, 2007; Martin, 2009por reviews) or the average
width across all elevations around the head and the binocular width at each elevation
(Fernandezluricic et al.2008; Moore et al., 2015; O'Rourke et al., 20H0d may not have
detected shape differences. The binocular field cannot be reduced to an association of
horizontal overlap at different elevations, but it results in a shape. Indeed, the overall shape
isnever used in the analysis, although it is more powerful to consider geometrical
relationships among measurements (pairs of measurements were made from a common
landmark)(Rohlf and Marcus, 1993 hus, understanding how shape of the binocular field
variesmay be more appropriate to understand the function of this configuration and how
this may be link to specific behaviouhsdeed, differences in shape may signal differences in
functional roles that may not be detectable with summarized estimation ofengiorm
egdoAy20dz  NJ 2@8SNI L) 2y | LI FYySO GKFEYy OlFy 6585
when the shape is compleg.g.binocular visionjZelditch et al., 2012From a visual field
perspective, it is still unclear what the binocular visioforsn birds(Martin, 2009)and

analyzing the all shape of the binocular field may improve our understanding its function.

The morphometric approach aims to turn shapes into quantitative variables and analyze (co)
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variation of these variable@onhomme etl., 2014) The morphometric approach allows to
describe and compare shapes of organisms or of particular structRadf and Marcus,

1993)

Ly GKA&a &aiGdzRés 6S AYSR (2 ARSY(GATEe H6KSGKSNI
visual field parameters (binocular overlap, blind area) and in the shape of their binocular

field (morphometric approach) regarding their ecology. Raptors aredeal model because

there are consider to mainly forage upon their visual sys(domes et al., 200@nd they

highly differ in their ecology. Particularly, Accipitriformesy(S I 3f S&4X @dzf G dzNBSa sz °
which represent a monophyletic order differ largatytheir diets (with predators that search

for prey and carrion eaters that search for prey remains) and foraging tactics (ground

predators, i.e. predators that chase for prey moving on the ground, air and water predators

and obligate scavengers). Therevhdeen some studies on raptors visual fields, but the

included a very limited number of speci@dartin and Katzir, 1999; Martin et al., 2012;

O'Rourke et al., 2010; Potier et al., 20108urs is the first study to include 15 number of

species and contrbhg for the effects of phylogenetic relatedness.

A

¢KS &aidzRé 61 & RADGARSR Ay G662 YIAY LI NIaed CAN
parameters among species with different diets and foraging tactics. More specifically, we
compared the binocular overlagn the horizontal plane, the maximum binocular overlap

and its position and the blind area above and behind the head that may be essential for prey

or conspecific detection. Secondly, we described the all shape of the binocular field among

the previous goups using a morphometric approach. We hypothesize a larger overall

binocular overlap on the horizontal plane in predators compared to carrion eaters that could

serve to enhance optimal feet position when catching prey. We also hypothesize a narrower
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blind area above and behind the head for carrion eaters species may help individuals to

detect conspecific public information and increase local enhancetrftémiiston, 1974)

Finally, we expected that the shape of the binocular field may be more powerful tlean th
GO02YY2y ¢ | LILINPFOK (12 aK2¢ RAFFSNBYyOSa | vyz2y3
tactics that may improve food detection (birds from different ecology should not need

similar binocular field) and/or that may be correlated with bill morphol@gkagseld et al.,

2010)

Material and Methods

Subject

We compared the visual fields of t&ptor species using published data from 7 species

(Martin and Katzir, 1999; Martin et al., 2012; O'Rourke et al., 2010; Potier et al., 201.6)

new data from 8 specig&f. Table 1)For the latter, birds were under the care of handler

FNRY (g2 FLfO2yNE LINJayY a[S DNIXryR tINO Rdz t
1 for details). Birds were in good health and could fly regularly. Birds were studied close to

their holding aviaries and were returned to their aviaries soon after measurements.

Species were classified following their diet into predators and carrions eaters and their
foraging tactics (ground predators: predators that chase for prey moving on thendy air
and water predators: predators that chase for prey moving in 3 dimensions, and obligate

scavengers: species that only scavenge) basddeo@Graaf et al. (198%Jable 1).
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Species

Familly English name Latin name Number of individuals Diet Foraging tactics Reference

Accipitridae Palmnut vulture Gypohierax angolensis 2 Carrion eater  Obligate savenger  present study
Egyptian vulture Neophron percnopterus 3 Carrion eater  Obligatescavenger  present study
Shorttoed snake eagle Circaetus galliacus 1 Predator Groundpredator Martin & Katzir, 199¢
Hooded vulture Necrosyrtes monachus 1 Carrion eater  Obligatescavenger  present study
Griffon vulture Gyps fulvus 1 Carrion eater  Obligatescavenger  Martin et al. 2012
White backed vulture Gyps africanus 2 Carrion eater  Obligatescavenger ~ Martin et al. 2012
Golden eagle Aquila chrysaetos 3 Predator Groundpredator present study
Steppe eagle Aquila nipalensis 1 Predator Ground predator present study
Black kite Milvus migrans 3 Carrion eater  Air/water predator Potieret al. 2016
Bald eagle Haliaeetus leucocephalus 2 Predator Air/water predator present study
Redtailed hawk Buteo jamaicensis 3 Predator Ground predator O'Rourke et al. 2010
BlackChested Buzzard Eagl Geranoaetus melanoleucu: 1 Predator Ground predator present study
Harris's hawk Parabuteo unicinctus 6 Predator Ground predator Potier etal. 2016
Cooper's hawk Accipiter cooperii 3 Predator Air/water predator O'Rourke et al. 2010

Cathartidae Turkey vulture Cathartes aura 3 Carrion eater  Obligatescavenger  present study
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Determination of visual fields
The noninvasive procedure usetd measure visual field characteristics in alert birds has

beendescribedextensively in numerous publicatioimsmore than50 different species (see
(Martin, 2007; Martin, 2014; Martin and Shaw, 201d)) a list). The procedure was reviewed
in 2007 by a UK Home Office Inspector.

Each bird wabkeld firmlyin a plastiaestrainingtube of the appropriate size to avoid any

movementfor 20-:30min® ¢ KS 0ANRQa fS3a ¢SNB (fbamdSR f A IK

rubberheld between themThe head was held at tleentre of a visuafield apparatuga
devicethat permitsthe eyes to be examined from known positions around the hégd)
specially manufactured steel and aluminium bill holders. Different bill hisldere used for
eachspeciesaccount fordifferences in bilsize and shapéhe surfaces of the haodus were
coated in cured silicone sealant to provide a rship cushioned surface. The bill was held in
placewith Micropore tape We took alibrated phobgraphs of the head of each bird when
held in the apparatus to determine eye positions within the skull, the horizontal separation
between the nodal points of the two eyes, the distance between eye and bill tip and bill
length.

Visual field parameters were determined using an ophthalmoscopic reflex technique.
¢KS LISNAYSGSNDa O22NRAYI UGS aeaidsSy F2tt26SR
equator aligned vertically in the mediaagittal plane of the head (eertical planethat
divided the head symmetrically into its left and right halvé8e used thisoordinate
systemin the presentation of the result3he eyes were examined using an dmioscope
mounted against the perimeter arm and its position readt®.5°.Visud field was

measured and théoundarieswere defined by the positions that the eyes spontaneously

O

I R2LIISR 6KSYy (KS&@ gSNB FdzZ te& NROGIMHa®&kR WYWF2NBI N
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binocular overlag Yy R Wol O1 61 NRA Q 6 R XoptBeNih8 dteaWe didndt K S
measure eye movements and the projection of the pecten to redhedime the animals
had to be restraint.

These combined data wereorrected for viewing from a hypotheticalewing point
placed at infinity(this correction is bsed upon the distance used in the perimeter
apparatus) From these dataa topographical map of the visual field and its principal
features was constructed. These featumesluded: laterafields, binocular field, cyclopean
field (combination of both moneular fields) and blind area. It was possible to measure limits
of the visual field at 10° intervals of elevation in an arc from directly behind the head, to
above the head and then down to 60° below the horizontal in front of the head. However,
dependingof the bill shape among species, the bill holder intruded into the view of the eyes
at a specific elevatiarTherefore, it was not possible to record visual field data at elevations
where the bill holder intrude@nd binocular field width was estimated & mean value of
the binocular field widthsmmediatelyabove and below these elevatiofigartin and

Portugal, 2011)

Determination of visual field parameters and statistical analyses
The visual field was determined in at least 3 individuals per spéglesn possible) and we

F SN ISR (G4KS @l fdzS 2F (KS @Aradzat TFTASEtRA

Analyses were carried out using R 3.R4Development Core Team 2015) using {Momocs}
(Bonhomme et al., 2012}ape}(Paradis et al., 2008phytools(Revell, 201Pand {geiger}
(Harmon et al., 2015)ackagesWe compared two important modalities of the visual field
among species: the binocular overlap (on the horizontal plane and maximum binocular
overlap) and its position ihJS NRA YS G SN a Odh@ dbling dred Gnthed 4 1 S Y

horizontal plane, i.e. at the 270° elevation and above the head, i.e. at the 0° elevation).
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In addition, we compared the shape of the binocular field of each species with a

morphometric approach to understand the link between the shapthe visual field

parameter and the ecological groufBonhomme et al., 2014Yhe shape was defined as

GOGKS d2d0Ft 2F Fff AYF2NYIGA2Y AYOFENARIY(Gd dzyRS
(Small, 2012)From a visual field perspective, the mbometric analysis allowed to identify

shape variation of binocular field independently of size while isotropic rescaling.

Elliptic Fourier transforms (EFT) was calculated on the (X; y) coordinates of the binocular field
outlines. EFT turns (x; y) outliceordinates in two (one for-xone for y coordinates)

harmonic sums of (co)sine functions. Each harmonic is described by two harmonic
coefficient (amplitude and phase). The EFT principle has been summarized elsewhere
(Bonhomme et al., 2014nd has been found to be the best possible approximation of an
outline in a least square sen§€rampton, 1995)For Fouriedbased approaches in

morphometry, some rules are commonly used for the choice of the number of harmonics.
Here, we retained: (1) thcumulated sum of squared harmonic coefficient as the harmonic
power, (2) the Euclidean distance between every two points of the reconstructed shape to
the best possible reconstructed shape and (3) visual inspection. Some minor editing

(estimation of thelower bounds) were done to reconstruct the bottommost of some

O«

aLISOASAaQ @AradzZdf FASER gKSyYy GKS LI NF Gdz2a RAR

Phylogenetic analyses wariance(ANOVANsim=100000) were used to compare the
GO2YY2y ¢ @A adzers (averagd peRspecied) and theShiape variation between
species from different diets and foraging tactics. Phylogenetic analyses of variance gave the
significance without considering the phylogemwalug and corrected for phylogenetical

signal p(phy). For the shape analysis, we first performed a PCA on the matrix of Fourier
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coefficient. Two axis were selectethe first axis of PCA represented the width of the
binocular field compared to the vertical extent and the second represented the curvature of

the visual fields boundaries on the vertical plane.

Then, phylogenetic ANOVA were calculated on the-lPCA scored.ree topology follow

(Jiang et al., 201%yith Turkey vultureCathartes auras outgroup (Figure S1, supplementary

materials.
Results
O#li 116 OEOOAI EEAI A DPAOAI AGAOO
A Turkey vulture B Palm-nut vulture C Egyptian vulture D Hooded vulture
N\ /]
,] 13 |
/ [\
\ / / \ /
\ \ \ / \

E Bald eagle F Golden eagle G Steppe eagle H Black-Chested Buzzard Eagle

[/ AN B4 \QJ \’J

Figure 1 Orthographic projection of the boundaries of the retinal fields of the two eyes. A latitude and

e

<

longitude coordinate system was used with the equator aligned vertically in the median sagittal plane. The
OANRQA KSFR A& AYIl 3Aydh&(grill B at@® interdals it KtBudeCasd/10°Nongttukle).i KS 3 f
Green areas, binocular sector; white areas, monocular sectors; brown areas, blind sectors. Triangle indicate the

direction of the bill projection.
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The new data on the visual fields of 8 sjgs ofAccipitriformes (Listed in Table 1) are

presented inFigure 1.

Visual field and diet

We found no differences betwegiredators anccarrion eaters in the binoculareld on the
horizontal plane (carrion eaters: 33.3 + %.fredators: 37.0 = 3.5F = 0.45p = 0.51 p(phy)
= 0.6Q and in the maximunfeye convergeddinocular field (carrion eaters: 35.4 + 4.2°;
predators: 38.4 £ 3.2F = 0.33p = 0.58 p(phy) = 0.6% The position of the maximum
binocular field did not differ between theswo groups (carrion eaters: 87.1 + 4,7

predators: 87.5 + 3.1°; F = 4.1%@ = 0.95,p(phy) = 0.9%

The blind area above the head tended to be narrower in carrion eaters (25.8°%thdn in
predators:(52.5 + 8.3°) (F = 5.50= 0.04 p(phy) = 0.08but the difference was not
significantbehind (eye diverged) the head (carrion eaters: 59.6 + 5.1°; predators: 74.2 + 6.8°;

F =2.77p=0.12p(phy) = 0.2

Visual field and foraging tactic

We found nosignificantdifferences between speciesith different foraging tactics in the
binocular fieldon the horizontal plan€obligatescavengers: 38 + 4.9°; ground predators:
37.1 + 4.8; airand water predators: 36.6 + 0.0°, F = Q)26 0.78 p(phy) = 0.8%and in the
maximum(eye convergedbinocuhbr field pbligatescavengers: &0 * 5.0°; ground
predators: 37.8 + 44 airand water predators39.4 + 1.3°F = 0.21p = 0.81 p(phy) = 0.88
Moreover, the position of the maximum binocular field did not diegnificantlybetween
thesegroups ¢bligatescavengers: 80 £ 5.0°; ground predators: 91.7 +%.dirand water

predators: 83.3 £ 8.8°, F = 0,88= 0.43 p(phy) = 0.5%
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We found a significant difference in the bind area above the head between species from
different foraging tatics (F 41.7Q p = 0.001 p(phy) = 0.01Figure 2) with groungdredators
having a largr blind area above the head (64.3 +9.than airand water predators (23.4 +
6.7°, F = 17.64 < 0.001 p(phy) = 0.004) and obligate scavengers (24.1 £ 8.7°, F 5 f%#64
0.002,p(phy) = 0.02while the two last one did not differ significantly (F = 3= 0.96,
p(phy) = 0.96)The blind area behin@ye divergedjhe headdid not differ significantly
among pecieswith different foragng tactics (obligate scavengets..4 + 5.4°; ground

predators: 81.9 £ 671 airand water predators: 58.4 + 7.6°, F = 585 0.02 p(phy) = 0.08

80 a

60 i b
b

40

T T T
Ground predators  Air and water predators Obligate scavengers

|
-

o
|

Width of the blind area above the head (degrees)

Figure 2: Width of the blind area above the head regarding the foraging tactic. Different successive letters

indicate significant differences.
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Shape of the binocular field
The first axis of PCA explained 77.4 % of the variation and represented the width of the

binocular field compared to the vertical extent (Figure 3a). The second PCA axis described
15.7 % of thevariation and represented the curvature of the visual fields boundaries on the

vertical plane (Figure 3a).

For PCAL, we did not find any difference between species with different diets (F $ 2.03,
0.18,p(phy) = 0.27; Figure 3b) and foraging tactics (F31,p = 0.31,p(phy) = 0.46; Figure

30).
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Figure 3: Results of a Pripal Component Analysis showinyjtAe axes significance and the Bi® dzf | NJ FA St RQ&
shape regarding)Rliet and ¢ the foraging tactics. Speciesccipiter cooperfAco, AquilachrysaetogAo,

Aquila nipalensigAn), Buteo jamaicensi@)), Cathartes aurdCg, Circaetugjalliacus Cg, Geranoaetus

melanoleucugGm), Gypohierax angolens{&an, Gyps africanuGa), Gyps fulvugGf), Haliaeetus

leucocephalugHl), Milvus migrangMm), Necrosyrtes monachuslm), Neophron percnopterudNp), Parabuteo

unicinctug(Pu.
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Species with different diet did not differ regarding the second axis (F =p68,05 p(phy)

= 0.11; Figure 3b). However, species with different foraging tactics did vary in PCA2 (F = 7.60,
p=0.007p6 LK@ O I ndnnT CAITdzZNE o000 gKSNB 3INRdAzy R
binocular field than obligate scavengers (F = 14240.003 p(phy) = 0.03) and air and

water predators (F = 11.08,= 0.01,p(phy) = 0.03). Obligate scavengers and air and water

predators did not differ significantly (F = 0.487 0.64 p(phy) = 0.73).

Discussion

This study is to our knowledge the first stuthat integrates a morphometric analysis to
compare the visual field of species with different ecology. This method allowed identifying
RATFSNEYyOSa Ay @Aradat FASER GKFEG INB t2ai0d gA
showed that different speci&of Accipitriformes with different foraging tactics did not differ

in their maximum or at rest binocular overlap, but the shape of the binocular field was
significantly different. The blind sector above (but not behind) the head is significantly
differentamong species with different foraging tactics. Ground predators have a larger blind

area than air and water predators and obligate scavengers.

Binocular field

For all species considered (except for the Turkey vuliathartes aurawe found a larger
binocular overlap than commonly found in birds (usually between 20 andBR{}in,
2009) In the past, Martin (2009) failed to find any evidence of correlation between predator

habit and binocular vision in birds due to scarce estimate of visual field in predator species.
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The results of our comparative analysis suggest that species wittvaesus diet may be

correlated with an increased binocularity, as already shown in mamfHalssy, 2008)

There are at least three advantages that benefit to animals with large binocular fields:

enhanced light sensitivity, contrast discrimination and expahdtereoscopic depth
perception(Heesy, 2009)or example, the large binocular overlap in birds may facilitate

tool use because of depth perception, as shown in the New CaledonianGmoms
moneduloidegTroscianko et al., 2012fror Accipitriformes gzies, contrast discrimination

and expanded stereoscopic depth perception may be more appropriate because all these
OANRa& F2NI}3IS RAZNAY3I RFE@tAIKGD t | NOAOdzZ I NI &=
positioning of the bill or feet with respect to ¢htarget and the correct prediction of time to

contact with the targe{Martin, 2009)

Visual field and foraging tactics
Using the common approach.ewdid not find any differencemmongspecies from different

ecological groups ihinocular visionAs propsed by Matin (2009, 2014), this similarity may
reflect a degree of ecological convergence upon an optimal binocular Kelkrtheless, by
comparing the shape of the binocular field, we found that ground predators were different
than air and water predars and obligate scavengers. Indeed, the shape of the binocular

field is much more convex in ground hunters than in air and water predators and obligate
scavengers (cf. axis 2 PCA). Thus, foraging strategies might shape the binocular fields of the
birds.We propose three nomxclusive hypotheses to explain the shape difference of the

binocular vision:

i) Hunting a moving prey
The main difference between air/water predators and ground predators is in how many

dimensions their preys move. Ground predatoeaixh preys that move in a two
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dimensional plane when flying or perching while air/water predators catch preys that move
in 3 dimensions. It is important to note that this assumption may be minor for the Bald eagle
Haliaeetus leucocephaltisat fish fishesat the surface. Because binocular vision is

important to control feet positior(Martin, 2009; Martin, 2014 )air/water predators need to
keep a more similar width of binocular field on the vertical axis in front of the head in
response to 3D movements tifeir prey. By contrast, ground predators only need a large
binocular overlap in the middle of their binocular field to control feet position while catching
a prey moving on a horizontal plane. A previous study showed that species that chase for
moving pre in different dimension differ in the position of the maximum binocular overlap.
LYRSSRX 1 KS AdcigiterlcidpeBitiat dkdsesbirds) have a maximum binocular
field enlarged above the head compared to two ground predators, thetRist hawk

Buteo jamaicensiand the American kestrelzalco sparveriu@'Rourke et al., 2010 this
study, we propose that the main difference between foraging tactics may be due more to

the shape than to the position of the binocular field.

i) Reducing dazzling effect and optimizing target detection
Predatory species have larger eye than carrions eateafter controlling for body mass

(Potier et alunpublished data This finding seems to be particularly true for ground

predators.t NERI 12 NRQ &4LISOASaE ySSR | tFNAS Sé&sS F2NJ
prey (Kiltie, 2000) Nevertheless, increasing eye size may results in higher rate of image of

0KS adzy dGKFG OFy OG Fa I aS02y=RIINES 352 dzNDS 2
reduction of visual acuity or contrast sensitivity caused by light elsewhere in the field of
vision(Aslam et al., 2007; Koch, 198%his disability glare may reduce target detection

especially for objecte(g.prey) of low contras{LeClaireet al., 1982) Thus, to keep a high

visual acuity and contrast sensitiviiiiltie, 2000; Reymond, 198%round predators may
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have developed enlarged brows to avoid sun dazzling. However, enlarged brows cause a
large blind aregMartin, 2007) Enlarged tows also change the shape of the binocular field

with a thinner binocular overlap at the top of the binocular vision. By contrast, even

air/water predators and obligate scavengers need a high acuity, they search for food all
around their head. Indeed, &vater predators search for prey that move in 3 dimensions

and obligate scavengers use also conspecific information to find(féodston, 1974)
Furthermore, it has been shown that a large visual coverage is essential for social foraging in
birds (Fernane@zJuricic et al., 2004Both ecological groups need a large visual coverage and
may havereducedi K SANJ adzo 2NDBAGFE NAR3IS GKFG NBadz G A
ground predators. For water predators such as the Bald eagle, eyebrows areaftitiant

as for ground predators as they mainly search for fishes under water, where reflection effect
is important(Del Hoyo and Elliot, 199430r them, it would be more important to not

enlarge eyebrows in order to increase their visual coverage gsdetection is anyway

affected by sun light reflexion. We thus proposed that the top of the binocular visual field is
mainly dependent upon foraging strategies that result in larger blind area for ground
predators, as we found in our study.

iii) Bill st\aE)e

{AYyOS S5FINBAYQa ¢2N]l ax Al KlFIa 0SSy akKkz2egy GKI G
their diet (Grant and Grant, 2011)n Accipitriformes, the bill morphology also vary in

relation with the prey type, with a wide but short beak in species thaneammals

(Slagsvold et al., 201,3nd long, narrow and also curved beak in obligate scavengers. This
specialized morphology enhances tearing abilities in vultures, even if the shape of the bill
may varies according to the part of the carcass that is wmesl preferentiallyHertel,

1994) The necessity of having this morphology results in a larger binocular overlap in the
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bottommost part of the binocular field. Bird or fish eaters have also a long and narrow beak
shape, which may be an advantage to pl¢@lagsvold and A Sonerud, 2007 Jlake prey for

a fish eater €.g Bald eagle). The wide but short beak of ground hunter that allows a higher
ingestion rate may reduce the binocular overlap in the bottommost but increases the middle

part of the binoculafield.

We thus suggest that the shape of the binocular field may be link to the bill morphology that
could benefits or suffer for specialized foraging tactics species. Bill shape has been shown to
affect the vertical extent of the binocular vision in da@nd spoonbill§Guillemain et al.,

2002; Martin and Portugal, 201,1depending on their foraging tactic (birds that used tactile
cues may not need a large visual coverage below the bill). In this context, we proposed the
possible existence of a traetdf between the bill shape to respond to prey injection and the

visual field to detect the prey.

Conclusion
The visuafield of species from different ecology hlasen mostly studied on a horizontal or

vertical plane. While the link between the shape and@unA 2y 2F G202SO00G¢ KI &
the most enduring questions in natural science, it is surprising how the whole shape of visual

field has been forgotten. Here, by using morphometric analyses, we clearly showetighat

method might help us to understanthe relation between visual fields and their function in

0 A NR&Q eRlfforadgingy, inte ¥ RAGA Rdzl £ AYUGSNI OGA2yaxod a2\
essential in future research to understand the link between visual field shape and ecological

nichespecialization.
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Supplementary materials

Cathartes aura
— Accipiter cooperii
— Parabuteo unicinctus
{Geranﬂaetus melanoleucus
Buteo jamaicensis

Haliaeetus leucocephalus

— Milvus migrans
I:Aquila nipalensis
Aquila chrysaetos
Gyps africanus
| —[Gyps fulvus

Mecrosyries monachus

Circaetus gallicus

MNeophron percnopterus

Gypohierax angolensis

Figure S1: Phylogenetical tree used in the study, derived fdaand et al. 2015
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SECTION 3.2 CHAMPS VISUELS ET FOVEA(S) CHEZ LES FALCONIFORMES

271 OO0 i AOAT eAEO AA 186i OOAA

Chez les écipitriformes, les champs visuels et learactéristiques des fovéas sont
largement dépendarfe)s des stratégies de recherche alimentaire. En revanche, tres peu
RQSGdzRSa &8 a2yl AyiSNBaasSa t 0S8Sa RSdzE OF1
Falconiformes.Je proposedans cette étude deO2 YLI NBNJ RSdzE S&L3B 0Sa
écologiques différentes, le faucon sadtalco cherrugespéce prédatrice chassant en vol) et
le caracara hupp€aracara plancuéespéce opportuniste se nourrissant au sal)ff Y QS EA &
pas de différences en termes de cham@A 4 dzSt & Sy i NB fSa RSdzE §3
recouvrement maximum de la zone binoculaire qui est plus important chez le caracara
huppé (47° contre 37° chez le faucon sacre). Ce large champ binoculaire pourrait notamment
étre expliqué par la manipulatoR Q2 6 2S i ax G4Sfa 1dzS RS& LA SNNBA
nécessitant une perception de la profondeln ce qui concerne les fovéas, deux fovéas
sont présenteOKST S FI dzO2y &l ONB® o6dzyS OSYyGNI: S Si
fovéa temporde est a noter chez le caracara huppé. Ce dernier se nourrissant
LINAYOALI £ SYSyd RS NBadSa Si RQFNIKNRLRRSAEZ
une structure anatomique telle que la fovéa pour sa vision frontale qui est supposée servir a
la IEF GA2Yy RQdzyS LINPAS KIFdziSYSyd Y2o0AfSo |
LINAY OA LI £t SYSY (i RQ2A&SIdzE S LppwzamillQr i RESID & & &
sa proie aumoment de la capture. Il appatadonc encore une fois que les caractéqsies
du systéeme visuel soient hautement liées aux techniques de chasse chez les falconiformes,
avec néanmoins une convergence notable au niveau du champ visuel (excepté le

recouvrement maximum de la zone binoculaire).
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Abstract

Significandifferences in avian vision are found between species responding to their
perceptual foraging challengeven in closely related species. While raptors are always
assumed to be mainly visual guided foraging birds, they highly differ in their foragingstacti
that may reflect different visual demands. In Falconiformes, falcons mainly forage on the
wings for highly mobile prey while caracaras forage on the ground for carrion and insects.
We studied whether the saker falcétalco cherrugnd the southern carara Caracara
plancusdiffer in their visual abilities. We measured visual field and foveal configuration in
both species. Using an opthalmoscopic reflex technique, we found a higher binocular overlap
in the southern caracara. The high binocular overlag)(47the southern caracara may
facilitate object manipulationg.g.moving rock) for finding food. We used an ultragh
resolution spectralomain optical coherence tomography (OCT) to access foveal
characteristic. We found two foveas in the saker fal¢mme central and one temporal) but
only one central in the southern caracara. The presence of a second shallower temporal
fovea in the saker falcon may help to fix a highly moving prey while catching. These
important visual differences in visual field diguration and foveal characteristics are likely

to reflect different foraging demands.

Introduction
{AYyOS 2 tfBAPOAAN SWARQAY FT2dzy R | £ NBS RADSNEA

(RochorDuvigneaud, 1943; Walls, 1942)sion has been considsd as the most important
sensory modality. Understanding how birds gather information from the environment may
explain the extraordinary diversity of their behavio@Brkhead, 2012)Visual abilities differ
highly in birdqJones et al., 200That allowed them to responds to their daily perceptual

challengei(e.flight, foraging, predators detection and reproductiqiVartin, 2014)
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The avian visual system differ highly between species in term of spatial resdlkiios,

2000) foveal characteristg(Fite and RosenfiefdVessels, 1975; Inzunza et al., 19@9tier

et al. unpublished data) and visual fieldsgp tldeXpace around the head of an animal from
which information can be extractédMartin, 2014; Martin et al., 2007 Apparently, a

tradeoff between these visual parameters exist, as found in foraging buntings (Emberizidae),
with some species having developed large binocular overlap and lower visual acuity in
contrast with some other species with high visual coverage and higher visual @tadye

et al., 2015)

Accipitriformes and Falconiformes diurnal raptors have the higher visual acuity found in
animals(Reymond, 1985; Reymond, 198If) addition, they have a walleveloped
convexiclivate central fove@ones et al., 2008nd most pred#ory species possess a second
temporal foveaInzunza et al., 1991Potier et al. unpublished data). Apparently, the central
fovea is linked to the lateral vision and the temporal to more frontal viglames et al.,

2007) Thus, species with differendfeal characteristics may also differ in their visual field

(e.g.species with a temporal fovea may reflect a larger binocular overlap).

It seems that Accipitriformes which have different ecology differ highly in their foveal
characteristics (Potier et al. in prep) and in their visual field (Potier et al. in prep). By
contrasts, no studies attempted to compare species from the Falconidaiyfavith

different ecology. For example, visual field has been estimated in only one falconid species,

the American kestrdFalco sparveriug€)'Rourke et al., 2010)

Falconidae differ also in their ecology with among others two phylogenetically separated
groups, the falcons and the caracaf&xiffiths et al., 2004)Falcons are mainly active

predators that forage on the wings at high speed, whdeacaras search faarrion walking
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on the ground andnvertebrates by looking under, and by moving, rockd stones lying on

the ground(Del Hoyo and Elliot, 1994)

In this study, we aimed to identify whether two Falconidae species, the southern caracara
Caracara plancuand the saker falcoRalco cherrugliffer in their visual configuration.
Especially, usin@ptical coherence tomography (OCT), we compare the retinal thickness and
the foveal depth. OCT is a method that allowsitm-invasivelyinvestigate the fovea of
raptors(Ruggeri et al., 2010We also compare the visual field parameters of these two
spedes, with paying attention to the binocular field at rest, the maximum binocular overlap

and the blind area above and behind the head.

We hypothesized 1) that species differ in their fovea regarding their foraging ecology, with
two foveas in the active pdator Saker falcon and one fovea in the opportunist Southern
caracarglnzunza et al., 19912) a thicker retina in the Saker falcon that may reflect a larger
number of retinal cell density, as commonly found in predator species; and 3) different visual

fields boundaries that could be linked to the foraging ecology.

Material and Methods

Subject

We used three Saker falcon individuals and three Southern caracara individlialere

healthy handraised animals held in raptor facilities at the Falconry gafkS DNJ y R t I NO
t dz& R deheRddzsf each species were housegparately in aviariesut during the

experiment, they were placed outside their aviaries and attached to a falconry perch

adapted to each species.
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Visual field measurements

The noninvasive procedure uset measure visual field characteristics in alert birds has
been detailed extensively in numerous publicatiamenore than ® different species (see
(Martin, 2014)or a list). The procedure was reviewed in 2007 by a UK Home Office
Inspector.

Each bird wakeld firmlyin a plasticcontentiontube of the appropriate size to avoid

any movemenfor between20and30mind ¢ KS o6 ANRQ&a fS3a 6SNB Gl

cushioned by foam rubbédreld between them The head was held in positiamh the centre

of a visual perimeter (a device which pernttie eyes to be examined from known positions
around the headpy specially manufactured steel and aluminium bill holders. Different bill
holders were used foeachspecies to take account diffferences in size and shape of the
bills. The surfaces of the hads were coated in cured silicone sealant to provide a-slgn
cushioned surface. The bill was held in place by Micropore tape.

Calibrated photographs of the head of each bird when lelithe apparatus were taken.
These were used to determine eye positions within the skull, the horizontal separation
between the nodal points of the two eyes, the distan@tvieen eye and bill tiphill length

and the eyebill tip anfle within the ceordinates of the perimeter apparatus

Visual field parameters were determined using an ophthalmoscopic reflex technique.
¢CKS LISNAYSISNNE O22NRAYIFGS aeadasSy F2tft26SR
equator aligned vertically in the mediaagittal phne of the head (a&ertical plane which
divided the head symmetrically into its left and right halves) and this coordinate system is

used for the presentation of visual field data. The eyes were examined using an
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ophthalmoscope mounted against the perimetarm and its position read to 0.5°.
Maximum visual field was measured and the limits were defined by the positions that the
SeSa alLrRyilyS2dzafte R2LIISR 6KSy (KSe& gSNB T
FTNRYy(G FASERO | YR thiobadR field): WeRlil ot meBsurg&/esH SR F 2 NJ
movements and the projection of the pecten to redumententiontime for the birds.

From these combined data (corrected for viewing from a hypothetical viewing point
placed at infinity; this correction is baseg@on the distance used in the perimeter
apparatus) a topographical map of the visual field and its principal features was constructed.
These features are: monocular fields, binocular field, cyclopean field (combination of both
monocular fields) and blindrea. It was possible to measure limits of the visual field at 10°
intervals of elevation in an arc from directly behind the head, to above the head and then
down to 60° below the horizontal in front of the head. However, depending of the bill shape
among pecies, the bill holder intruded into the view of the eyesa specific elevatian
Therefore, it was not possible to record visual field data at these elevations and binocular
field width was estimated as the mean value of the binocular field widths abogdelow

these elevations.

Foveal characteristics

We measured retinahickness at the foveal rim (or edge) afuved depth (difference
between retinal thickness at the rim and retinal thickness at the foveal pit) wsiraghigh
resolution spectralomain optical coherence tomogphy (OCT(Ruggeri et al., 2010pCT
is a lowcoherence interferometer based on nemvasive microscopic imagimgd provides
non-contact, highresolution, crosssectional images of biological tissues. The equipment

used fa this study consisted of a spectral OCT (OCT/SLO, Group OTI/USA; EDC Vet, Carvin,
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France) with a specific corneal moduléde cornea was not pressed against the device and
the observer (S.P.) needed to find the suitable distance between the module argé¢e
obtain an image. ¢ each individuah video sequence was recordefiom which the best

image was selected, to accurately show the retina and the foyeRiisls were awake and

alert during the entire imaging proce#isat took less than 10 minute$hey were held gently

by the experienced bird handler (S.P.), and ho mechanical device was used to fix the head.

Only the right eye was examined in each individimaleduce the restraining time

Results

Visual field measurements
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!

-40
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Figure 1Binocular overlap and blind area across elevations around the head of Southern caracara (N = 3)

and Saker falcon (N = 3Ylean & SE) angular separation of the retinal field margins as a function of elevation

in the median sagittal plane. Binocular fielt® indicated by positive values of overlap of the visual field

margins; whereas blind areas are indicated by negative value. The coordinate system is such that the horizontal
plane is defined by the elevation 90° (in front of the head) and 0° lies diralotive the head. Arrows indicate

projection of the bilitip (" = Southern caracara arig= Saker falcon).
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The mean (£ SE) angular separation of the retinal fields margins of both species as a function
of elevation in the median sagittal plane of the hesr@ shown in Figure 1. A map of the

visual field in the frontal sector, a section through the field at a horizontal plane and a

vertical section through the binocular field in the median sagittal plane are shown in Figure

2. The maximum binocular overlaphigher in southern caracara (47° at height 70°) than in
Saker falcon (37° at height 100°). Both species have similar blind area above (15° vs. 22°) and
behind the head (64° vs. 62°) for caracara and falcon respectively. Finally, the vertical extent

is dentical in Southern caracara and Saker falcon (130°).
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Figure 2Visual fields of the Saker falcon (a,c,e) and the Southern caracara (bzehf) Orthographic

projection of the boundaries of the retinal fields of the two eyes. A latitude and longitude coordinate system

gl & dzZASR ¢gAGK GKS Sljdzr 2N It A3ySR @SNIAOItte Ay G(KS
the center of he globe (grid is at 20° intervals in latitude and 10° in longitudd).Horizontal sections trough

the horizontal plane (96270°) showing the visual field configuration of each species. Each chart represents the
average retinal visual field when theesywere at rest. €) Vertical sections through the binocular fields in the

median sagittal plane of the head. Green areas, binocular sector; white areas, monocular sectors; brown areas,

blind sectors. Triangle indicate the direction of the bill projeciiofed).
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Foveal characteristic
We found two foveas (one central and one temporal) in the Saker falcon but only one

central fovea for the Southern caracara (Figure 3). The superficial layers displacements
created a rim for the Saker falcon but not for the Southern caracara at the edge of

central fovea (Figure 3). Both species have similar retinal thickness at the rim (or the edge
for the caracara) of the fovea (220.0 = 5.8 um vs. 226.7 = 3.3 um for caracara and falcon
respectively). The central foveal depth was similar for both sgg€6.6 £ 5.8 um vs. 110.0 £
6.7 um for caracara and falcon respectively). For Saker falcon, the central fovea is deeper

than the temporal one (40.0 + 5.8 um).

Saker falcon Southern caracara

Central fovea
wrl 00T

Temporal fovea (area)

Figure 3Sectional and plan view (small image) of the central (A,B) and temporal fovea®a §C,D) for Saker
falcon (A,C) and Southern caracara (B,D) obtained by diigh resolution spectradomain optical coherence
tomography (OCT)-or Southern caracara, no temporal fovea was found at the temporal location but a

thickened area (shown witthe white arrow).
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Discussion

Southern caracara and saker falcon showed relatively similar visual fieldsinvitar blind

areas above and behind the head and a similar vertical extent of the binocular field.
Howeverthey differed in their maximum binocart overlap and their position relative to the
eye-bill tip angle Furthermore both species differ in their foveal parameters. While they

have relatively similar foveal and retinal size, Saker falcons have two foveas (a central and a
temporal) and Southeroaracaras have only one central fovea. We discuss visual parameters

difference in regards with their foraging strategies.

Visual field measurements

For both species, we found a larger binocular overlap487 than commonly found in birds
(15-30°)(Matrtin, 2009) This suggest that binocular vision may be important for controlling
feet or beak position when catching a prgyartin, 2009; Martin, 2014)The binocular

overlap is at bittip level in saker falcon but 30° higher over-bl projection inthe southern
caracara. Given that the hight@sinocular overlap found amorigf £ o0 A NRAaQ &aLISOA Sa
in the New Caledonian crov@orvus moneduloidaeshich is well knowro use of tools for
extractive foragingTroscianko et al., 201,2ve hypothesie that this larger binocular field in
southern caracaras may be explained in part by the importance of manipulation objects in
this species, as well as in closely related species, the chimango carledcaboenus
chimango(Biondi et al., 2013Manipulaton seems to be important in the southern caracara
as the diet may be mainly composed of arthropods catching after moving the rocks with

their feet (Del Hoyo and Elliot, 1994; Morrison et al., 2008)
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Both species have a relatively large blind area abaneleehind the head, as commonly
found in raptorgMartin and Katzir, 1999; Martin et al., 2012; O'Rourke et al., 2(RAdtjer
et al. unpublished data). Falconidae may need a high acuity to find(Fiegth, 1982; Potier
et al., 2016; Reymond, 198&herelarge eyes may be essent{#liltie, 2000) Species that
have a large eyes may need larger suborbital ridges to avoidazuiing effect, which

reduce the visual field above the he@dartin, 2007)

As a result, contrary to what other authors found losely related specig€uillemain et al.,
2002; Martin and Portugal, 2011; Moore et al., 2Q138¢ found very few differences in the
visuals fields parameters in these two species. Wbilaging ecology seems to play an
important role in the visual fieldonfiguration, we suggest here their phylogenetical

proximity may explain the visual fields resemblance.

Foveal characteristic
The fovea is a retinal area of high acuity with high photoreceptor density, especially in

raptors(Fite and RosenfieliVessels1975; Inzunza et al., 1991; Jones et al., 2007; Meyer,
1977) We found that Saker falcons have two foveas (one central and one temporal) while
southern caracaras have only a central fovea. It has been shown previously that predatory
species have two foveavhile scavengers and opportunists raptors have only one central
fovea(lnzunza et al., 1991Potier et al. unpublished data). For predatory species, the
presence of a temporal fovea, probably related to the binocular field (at least to the frontal
vision) (Jones et al., 200/inay be important to improve fixation and sensitivity to

movement while catching a prey ite(Rumphrey, 1948; Tucker, 2000; Walls, 193 he
Southern caracara mainly search for food remains and arthropods and may not need a
tempord fovea, but a temporal area with higher ganglion cells density, as found in the

chimango caracar@inzunza et al., 1991)
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We did not found any differences in the foveal depth and retinal thickness between these
two species. Their foveas may have similar magnification effect of the kind suggested by
Snyder and Miller (1978) that could enhance spatial resolution bu{Reephey, 1948;
Sillman, 1973)It is still unclear what is the exact function of fovea, but a recent comparative
study did not find any difference in raptorial species between predators and carrion eaters
(Potier et al. in prep) suggesting that the depth obaedal depression is not correlated with

foraging ecology.

Acknowledgements
We thank N. De Villiers, L. AlbeH,.Jiegeois and T. Bouclieim Le Grand Parc du Puy du

Fou for allowing experiments. We also thank H. Bill&udBlaisJ. Brrier, A. Sahoune, E.

Challet andP. Bouffandeator their help on the fieldwork.

Competing interests

The authors have no competing interests.

Author contributions
S.P., F.B., G.Rand QD. designed the study. S.P. dn#.lperformed the experiments. S.P.

analysed the data. S.P. wrote the manuscngth contributions from all authors.

Funding

S.P was supported by a PhD fellowship from the Labex Cemeb and the Association Francaise
des Parcs Zoologiques (AFdEBpecially, 13 raptors parks gave fundindEdPZ for this

daidzReyY [ S DNIYYR tIFNO Rdz tdz2 Rdz C2dzZ [ S w2OKS

RQ! YYS@OAtTESsE [ 2t SNAS RS&a !'A3ftSas [S 52ye2

142



Simon Potier Ecologie sensorielle des rapace¥ision et Olfaction
Thé® de doctorat Chapitre 3 Champs visuels chez les rapaces

Ciel, Le Zoo de la Bourbansais, Le Zoo de la boissiere du_.B@@p de la Barben, Le Zoo du

Pal, Le Parc des Oiseaux.

Ethics

The study was conducted under a formal agreement betwihe animal rearing facilitfLe
Grand Parc du Puy du HOCNRS and Centre Hospitalier Vétérinaire of Saint Martin de

Bellevueln agreement to the French law, birds were handled by their usual trainer, under

0KS LISNXYAG 2F GKS DN}YYR tIFND Rdz tdz2 Rdz C2dz 6
RS OF LI OAGSQQ RSt AQPSNBR Hodis Likdeds oRApNIBO4).2 NJ 2 F (i

References

Biondi, L. M., Guido, J., Madrid, E., B4, M. S. and Vassallo, A. |. (2013). The effect of age and
sex on object exploration and manipulative behavior in a Neotropical raptor, the Chimango Caracara,
Milvago chimangoEthology119,221-232.

Birkhead, T. (2012). Bird sense: what it's like to be a bird: Bloomsbury Publishing.

Del Hoyo, J. and Elliot, A. (1994). A. & Sargatal, J.(eds.). Handbook of the Birds of the World.
Vol. 2.New World Vultures to Guineafowl. Lynx Edicions, Barael

Fite, K. V. and Rosenfidldessels, S. (1975). A comparative study of deep avian foveas.

Brain, Behavior and Evolutidi2, 97115.

Griffiths, C. S., Barrowclough, G. F., Groth, J. G. and Mertz, L. (2004). Phylogeny of the
Falconidae (Aves): a comn of the efficacy of morphological, mitochondrial, and nuclear data.
Molecular phylogenetics and evolutig, 101109.

Guillemain, M., Martin, G. and Fritz, H. (2002). Feeding methods, visual fields and vigilance in
dabbling ducks (Anatidadjunctioral Ecologyl 6, 522529.

Hirsch, J. (1982). Falcon visual sensitivity to grating coniMastire 300, 5758.

Inzunza, O., Bravo, H., Smith, R. L. and Angel, M. (1991). Topography and morphology of
retinal ganglion cells in Falconiforms: A study on praddte | Yy R O NNFhe Ahat@riical A y 3 0 A
Record229, 271277.

Jones, M. P., Pierce, K. E. and Ward, D. (2007). Avian vision: a review of form and function
with special consideration to birds of preJournal of Exotic Pet Medicité, 6387.

Kiltie,R. (2000). Scaling of visual acuity with body size in mammals andrairasional
Ecologyl4, 226234.

Martin, G. R. (2007). Visual fields and their functions in bdaistnal of Ornitholog¥48,

547-562.

Martin, G. R. (2009). What is binocular vision for? A birds' eye yamwnal of Visiof(11), 1

19.

143



Simon Potier Ecologie sensorielle des rapace¥ision et Olfaction
Thé® de doctorat Chapitre 3 Champs visuels chez les rapaces

Martin, G. R. (2014). The subtlety of simple eyes: the tuning of visual fields to perceptual
challenges in bird$?hilosophical Transactions of the Rdyatiety of London B: Biological Sciences
369, 20130040.

Martin, G. R., Jarrett, N. and Williams, M. (2007). Visual fields in Blue Ducks Hymenolaimus
YIflFO2NKeyoOK2a FyR tAy 1 nSINBR 5dz01a al fl O2NKeyOK
Ibis149, 112-120.

Martin, G. R. and Katzir, G. (1999). Visual fields in ¢bed eagles, Circaetus gallicus
(Accipitridae), and the function of binocularity in bir@sain, Behavior and Evoluti&3, 5566.

Martin, G. R. and Portugal, S. J. (2011). Differences in foraging ecology determine variation in
visual fields in ibises and spoonbills (Threskiornithidaé153, 662671.

Martin, G. R., Portugal, S. J. and Murn, C. P. (2012). Visual fields, faradycalision
vulnerability in Gyps vulturetbis154, 626631.

Meyer, D. B. (1977). The avian eye and its adaptationEhérvisual system in vertebrates
pp. 549611: Springer.

Moore, B. A., Pita, D., Tyrrell, L. P. and Fernaddseeic, E. (2015Yision in avian emberizid
foragers: maximizing both binocular vision and frotateral visual acuityJournal of Experimental
Biology218, 13471358.

Morrison, J. L., Pias, K. E., Abrams, J., Gottlieb, I. G., Deyrup, M. and McMillian, M. (2008).
Invertelrate diet of breeding and nonbreeding Crested Caracaras (Caracara cheriway) in Florida.
Journal of Raptor ReseardB, 3847.

O'Rourke, C. T., Hall, M. I, Pitlik, T. and Ferndddecic, E. (2010). Hawk eyes I: diurnal
raptors differ in visual fieldsral degree of eye movemer®loS on®, €12802.

Potier, S., Bonadonna, F., Kelber, A. and Duriez, O. (2016). Visual acuity in an opportunistic
raptor, the chimango caracara (Milvago chimandijysiology & behavidi57, 125128.

Pumphrey, R. (1948). Theeory of the foveaJournal of Experimental Biolog$, 299312.

Reymond, L. (1985). Spatial visual acuity of the eagle Aquila audax: a behavioural, optical and
anatomical investigatiorVision researcB5, 14771491.

Reymond, L. (1987). Spatial visuality of the falcon, Falco berigora: a behavioural, optical
and anatomical investigatioNision researcB7, 18591874.

RochonDuvigneaud, A. (1943). Les yeux et la vision des vertébrés: Masson Paris.

Ruggeri, M., Major Jr, J. C., McKeown, C., KnigRtdw., Puliafito, C. A. and Jiao, S. (2010).
Retinal structure of birds of prey revealed by uhigh resolution spectralomain optical coherence
tomography.Investigative ophthalmology & visual sciefide 57895795.

Sillman, A. J. (1973). Avian wisiAvian biologyd, 349387.

Troscianko, J., von Bayern, A. M., Chappell, J., Rutz, C. and Martin, G. R. (2012). Extreme
binocular vision and a straight bill facilitate tool use in New Caledonian cikatste
communicationss, 1110.

Tucker, V. A. (2000). The deep fovea, sideways vision and spiral flight paths in raptors.
Journal of Experimental Biolog93, 37453754.

Walls, G. L. (1937). Significance of the foveal depresarahives of Ophthalmolodghy8, 912.

Walls, G. L. (1942)he vertebrate eye and its adaptive radiatibiew York: Hafner
Publishing Co (Fascimile of 1942 Edition)

144



Simon Potier Ecologie sensorielle des rapace¥ision et Olfaction
Theése de doctorat Chapitredy [ QdziAt A&l A2y RS fQ2ft FIF OGA

CHAPITRE 4

TR
R

\Qv 51
V4 oy @ Margaux Raoul

 854),)3!14)/ . $% |,
TROUVER SA NOURRITUR

[Tl Ou

Ce chapitre vise a comprendre les capacités olfactives de deux especes de rapaces, le
vautour urubu a téte rouge et le caracara huppé. Si la premiére semble pouvoir utiliser ses
capacités olfadt Sa I+ FAY RS GNRdAz@SNI &l y2dz2NNRGdzNBS |
aptitudes fonctionnelles a sentir la nourriture. Je propose donc ici une étude permettant de
tester la fonctionnalité des capacités olfactives soupconnées chez le vautour urube a té
NREdz3Sad t I N £S YsYS RA&ALRAAGAT SELISNAYSyGl =
I dziNB S&LIB 0SS RS NI LI OS | dzE YdzdzNB OKLF NR Iy | NF
f QAYLR2NIFYyOS NBfFGAGBS RS I Qurdtukeey cotlilionRS  Q:

expérimentale.

Figure J Caracara huppé manipulalst bouleodorante
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Dans un monde ou les présuppositions sont fréquentes, comprendre les capacités
sensorielles des animaux afin de trouver leur nourriture est un challenge perpétuel. En effet,
alors que les rapaces sont considérés comme principalement dépendants de leny hsi
autres capacités sensorielles telles que les capacités olfactives ont trop souvent été ignorees.
WOR2,Yy O RSOARS RQSaGAYSNI £Sa OFLIOAGSaA 2t FI Ol
le vautour urubu a téte roug€athartes aurat le caracarduppé Caracara plancuhaque
individu était confronté a un choix double sans discernement possible par la vision. Deux
boules égouttoirs a riz en inox ont été présentées pendant 10 minutes a chaque individu. Au
sein de chaque boule se trouvait une bodle G KS® [ QdzyS RSa o02dzZ Sa
AN YYSE RS QOAFYRS RS o0dzdzF FlLAalyRSS Gl yRAA |
du méme poids. Chaque individu a effectué 6 tests de 10 minutes durant lesquels la position
de la boule odorante (avec léaande) était changée. A la fin de chaque test, le contenu de la
boule olfactive a été donné aux individus. Pour les deux espigeedtéobservé un nombre
de contacts et un temps de contacts plus importaatec la bouleodorante, témoignant
Ay aaildRISAaflGide2zy RS fQ2tFFOGA2y |FAY RS (N
expérience2 Q A LINB a S el dgux Rabilgurs @iffédentés {une boule verte et une
boule bleue). Pendant 8 2 dzZNB R Q| LIL3#byéiuneicduled SoRtenanfla sowec
olfactive (viande faisandée) a chaque individu. Ainsi, le stimulus visuel vert était assimilé au
A0AYdzt dza 2 FF OOGAF LJI2dzNJ OSNIFAyasz GFyRA& | dzS
22dzNEX fQlFaaz2o0Aal dA2y S yeié midifide 8t lecamportdrienizdes @A & dzS
AYRAGARdza | SUGS SUdzZRAS RS f YsYS YIYASNE |«
les vautours urubus a téte rouge continuaient de montrer une préférence envers le stimulus
olfactif quel que soit le stimulus wsl, les caracaras, eux, ont effectué autant de contacts et
2y 0 LI aas ldzilyd RS GSyLa | SO t5a RSdzE o 2 dz
d0AYdzZ dza 2T FIF OOGAF | a4a20AS t f I O2dzZ SdzNJ 2 LI &
PIAYIANB t fF @Arairzy OKST fQdzNHzodz £ GsGS NRdz
conflit chez le caracara huppé. Le vautour urubu a téte rouge se nourrit principalement en
volant audessus de la canopée et ne peut donc pas se fier a sa visiontnpower sa

nourriture en cessous de cellei. Contrairement a ce dernigle caracara huppé se nourrit
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principalement au sol en dessous de la canopée ou en zone ouverte ou les deux sens

peuvent étre essentiels.
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Abstract
Understanding which senses animals use to find food is a perceptual challenge when entrapped in

popular clichés. Raptors are usually considered to be mainlgliydependant, and the use of

others sensory modalities is underestimated. Under different ecological contexts, however,
individuals might shift among sensory abilities. Here, we investigate experimentally which sense the
turkey vulture Cathartes aurpand the southern caracar&géracara plancyase to find food. We
performed binary choice experiments involving one or both cUéisen only olfactory cues are

available both species use their sense of smell. In contrast, when olfactory and visual cues give
contrasting information turkey vultures still use olfactory cues while southern caracara show a
conflict between the information gathered from visual and olfactory cues. In the wild, turkey vultures
search for food flying over the forest, whose canopyekifbod sources to their sight. However,

turkey vultures are the first raptors to find carrions in tropical forests and the use of olfaction
explains this efficiency. Differently caracaras forage on the ground opportunistically where both
olfaction and sigt may be used. For example in urbanised areas caracaras inspect, seemingly by
sight, garbage bins, and surprisingly only open those plastic bags containing food, hypothetically
identifying them by smell.

Our experiments showed thus that both species @oke to use olfactory cues in a foraging context.
However olfaction could be the predominant sense in turkey vulture while olfaction and sight could

play an equivalent role in southern caracara.

1. Introduction
Vox populbften generalizes the sensory abilities of different animals. For example, we all

learn as children that eagles have amazing sight, dogs have excellent olfaction and songbirds

and owls outstanding hearing capacities. This belief follows us, and as fesesane often
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O2y OSYUNI (S 2dzNJ STF2NIa 2y 6KIFIG aAa (y2eyé &
different animals. Neverthelessying in different ecological contexts megsult inthe use

of different sensory abilitiefRuzicka & Conover, 2012; Vaniléall et al., 2003)even in

GK2aS 2NBIFIYyAaYa GKFG aF NB 1Y 2 8Wilé expednertss £ @ LINB
on therelative importance oftlifferent sensory modalities according to context are scarce,

studies on the role ofision and olfaction ifeeding behaviours in a variety of animals,

including insect¢Balkenius, Rosén, & Kelber, 2006; Raguso & Willis, 2002; Stockl et al.,

2016) snakegShivik & Clark, 1997; Teather, 199ighes(Batty & Hoyt, 1995; Webster,

Atton, Ward, & Hart, 200ignd mammalg(Langley, 1983; Raghuram, Thangadurai,

Gopukumar, Nathar, & Sripathi, 2009; Wells & Lehner, 18&8¢ shown the dual

importance of these modalities, either independently or in combination.

Historically, birds were considered to have a very poor or everaxistent sense of smell
(Audubon, 1826; Parsons, 2013 a consequenceirtls are generally considered as visual
foragers,even thoughspecies living in environments where visual cuediarited (e.g.

dense vegetationpr admost absent€.g.open oceansgould hae evolvedalternative
sensory abilitiesuch aolfaction(Nevitt, Veit, & Kareiva, 1995Vhile it is nowaccepted

that most birds have a functional sense of snj@hro, Balthzart, & Bonadonna, 2015he
relative importanceof olfactioncompared to otheisensesemainspoorly studiedlt has

been shown that the Nortlisland brown kiwiApteryx mantellireliesmore onolfaction

than audition to find foodCunningham, Castré&, Potter, 2009)Other examples may be
found in procellariiform seabirds, which are generally considered excellent in using olfactory
cues. For example, &idering albatrosss Diomedea exulansay use olfaction to detect
prey at long distanceandthen rely on vision at short distansgNevitt, Losekoot, &

Weimerskirch, 2008), but both senses presented together elicit a higher probability of
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successfully finding food than separately in an experimental setup (Mardon, Nesterova,
Traugott, Saunders, & Bonadamr2010) Furthermore/ 2 NB Qa [QftRarfa®@i LJ2 f A
(Calonectris borealisnd C diomeded can orientate using olfactory cues when availablat

are thought toshift to vision when deprived of their sense of sniBlell'Ariccia &

Bonadonna, 20135agliardo et al., 2013; Pollonara et al., 2015)

In contrast toprocellariiforms accipitriform and falconiforndiurnal birds of preyhereafter
called raptors) are considered as mostly visually dependent. Indeesk thiedshave

relative large eys, welldeveloped foveae, high densities of cone photoreceptors and retinal
ganglion cellsand the highesvisualacuity found in animal@ischer, 1968; Inzunza, Bravo,
Smith, & Angel, 1991; Jones, Pierce, & Ward, 2007; Reymond, 1985, Hé@éyer, fi&l
observations suggest that two speciedNaw World vultures Cathartes spfamily
Cathartidaexouldusealsoolfactory cues to find smelly fod@somez, Houston, Cotton, &
Tye, 1994; David C. Houston, 1984; David C Houston, 1986; Smith & Paselk, 1986)
Nevertheless,liese studies were only empiridéld observationsuggested by the ecology
of these raptoror physiologicaindication.Evidence from behavioural experimenisstill
needed.Moreover, arecent study suggested that th@riental honeybuzzardPernis
orientaliscould smell the polleifYang, Walther, & Weng, 201®Butthe experimental setup
used didnot allow clear conclsionsabout the preferential use of olfaction or visioémbe
made In summarythereareno clearcut studies reportingplfactory abilities in diurnal
raptor families even thoughhe olfactory bulbsn somefalconid speciearerelatively large
(Zelenitsky, Therrien, Ridgely, McGee, & Witmer, 20dddfunctionalolfactory genedhave

been foundin raptors(Yang et al., 2Ib; Zhan et al., 2013)
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To test ourhypothesis thabirdsmay usdlifferent sensesiccording to their ecologgr
circumstances, & performed behavioural experiments to study olfactioased feeding in
two opportunisticcarrion eating-aptor specieshat both live in the same geographical area
(Central and South America): the turkey vultu@athartes aurgCathartidaejand the
southern caracaraCaracara plancu$alconidag(Del Hoyo & Elliot, 1994These species
are relatively similar iterms oftheir size and their diet, buive predicted that theymay rely
on different sensory modalities to find food. Flystwe tested theability of both species to
detect of hidden smelly food (experiment 1). Seclynd/e tested the relative importance of
vision andolfaction in an experimentglaradigminvolving cues of the two modalities
(experiment 2).
2. Methods
¢KS aiddzRé gl a OFNNASR 2dzi F G éimétsDNDandR t | NO
G S %22 t RSEYYARAN S HT SthelBshRparidghtinvelved fikey CNJI y O8
turkey vultures and five southern caracaras (see supplementary matéaale S1. The
second experiment involved the same individuals from the site 1 and four others individuals
of each species at site 2. During the experimehitgsls were fed only after each trial with
the reward of the experimentThe experiments were done at different times of the year

regarding the availability of the birds in the different parks.

CANRAQ OF LJiAGAGe

Sincehatching,or after two montrsfor two turkey vultures from site 2, owexperimental
birds were hanereared, and thusre familiar with humans. For site 1, each caracara was
housed in independent aviary of 6x4m} while theturkey vultures lived together in groups

in aviary of 20x8xén. For site 2the caracaras were housed together in an aviary of 5x6x5
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m, andthe turkey vultures in an aviary of 5x7.5x3rb All of the brds are fed with dead

OKAOl1a 2y0OS I RI@d 5dzNAy 3 Llzof AQafldodrw &> 0 A NR
termthat is the theoretical weight of wild birds when they search for food. Thungn in

flight condition, thebirds are not starving, but they are hungry enough to seek for fébé.
falconersthat care for the birdsveigh every bireeach dayto checkis body condition and

adjust its dietif necessaryDuring the experiments, birds were already used in shows and

were thus in flight condition. None of the tested birds were in a reproductive state. After the

experiments, birds returned to their daily trahgroutines
Olfactory Stimuli(experiment 1 and 2)

For the experiment 1the olfactory stimulivere small pieces of meat (20 + 1 g of beef), kept
for four days at ambient temperature in a garbage bag, and then stored at 4°C. Mean
temperatures were not statistically different between April 2014: 10.8°C + 1.05 and October
2014: 11.7°C + 1.93; Wilcoxtest, W= 10,p = 0.69. For the experiment 2, we kept the meat

for four days at 15°C in a garbage bag, and then stored at 4°C.

To avoid any visual effect, tlodfactory stimulus (20g piece aifeat) or the control stimulus
(209 piece of plastic) were inged into steel tea strainers (brand, Birambeaug¢m high and
2 cm wick), which werethen placednsidestainlesssteelrice-cooking ballgbrand, Stader).
We used two identical balls for each treatmemheballs had a diameter of 10.5 dor
experiment 1land 14 cm for the experiment Zor seven daygrior to the experimens, the
birds were fed with their standard foo@dead chick}in the rice cooking balls to habituate

them to the devics.
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EXPERIMENTAL AVIAREE®eriments 1 and 2)

The experimergwere performed in closed aviaries to avoid any dilution effect ty wind.

For logistical reasorend availability of the facilities, two different closed aviaries were used
depending on the siteAt both sitesaviaies had similar dimensior{6x8x4m for site 1,and
5x7.5x3.59m for site 2)with sand on the floorA starting perch (in high) wagplaced4 m

from the balls which wereplaced 6m apart. Each trial was filmed withvedeo-camera

(GoPro Hero3, San Mateo, CalifornjaJSAplaced 3 mabovethe starting perch which

could record bird behaviour ovéine entire aviary. All bits were acclimated to the aviaries
for 4 hours the day before the tesAfter each trial, the aviaries werdeaned to avoid any

biases, such as th®otprints of the previoubird.

EXPERIMENT 1: OLFACTORY ABILITIES

Each bird performed one Mfxinute trial per day over 6 days. The side of the olfactory
stimulus was randomly distributed and balanced. The order in which birds were tested was
randomly chosen. The observer (S.Rgsblind to the side of the olfactory stimulus and the
rank of the trial The time (in sec)hat each bird spent in conta¢beak or footwith both the
control and stimulus ballgnd the number of contacts with eadtfall, weremeasuredrom

the video recordings.

EXPERIMENT 2: VISUAL OR OLFACTORY CUE

One month before the experiment, four rice cooking balls were painted with a matt varnish
acrylic paint spray (AMT37600806211AMT, Orléans, FranceAfter two days of drying,
two rice cooking balls wereginted with a greeranise& acrylic paint spray

(AMT3760080621225AMT, Orléans, Francand two others with a bluéchekingtorg
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acrylic paint spray (AMT3760080621283/T, Orléans, Francelhese two colours were
chosenbecausebirds generally have maximuspectral sensitity in the green and blue
wavelengthgJones et al., 200@ndbecausene wanted to avoidusing yellow (colour of the
chicksfed to the birds) and red (colour of nad, as it is known that there is a cressdal
correspondence betweensibn and olfaction in human®ematte, Sanabria, & Spence,

2006; A. N. Gilbert, Martin, & Kemp, 1996)

Training

For each training sessiplasting 5 daysthe two rice cooking balls (one green and one blue)
were presented to the bird€€ach day & conductedl session of 1 minute for each bird.
During these sessions, each bivdstrained toeat ina coloured ball with an olfactory signal.
Different colouredballswere attributed to different birds (Table S1, supplementary
materials). The side ohe olfactory/visual stimulus was randomly distributed and balanced

as well ashie order in which birds were used.

Test

On the sixth dayeach bird performed one Hninute session. For this session, the olfactory
piece of meat was associated with the oppgesoloured ballcompared to the training

phase The side of the olfacty/visually stimulus wasandomly distributed and balanceds
well as he order in which birdsvere used The observer (S.PBlind to the identity of the
visual and olfactory stiniy measured the timehat each bird spent icontact with both
ballsand the number of contacts with eadtall, as described abovAdding visual
information did not alter the exploratiobehaviourof the birds (see supplementary

materials).
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STATISTICAINALYSES

Analyses were carried out using R 3.(R2evelopment Core Team 20IK).test any

differences in behavioural parametarsexperiment 1 we used a linear mixed model.

Because we had only few individuals with few replicates, GLMM (mixed models) would have
consequently reduced the strength of our model, and we preferred to use GLM with
individuals as a fixed effect. We selected the best@fstructure by iteratively comparing

the full model with a nested model where the least significant term deleted We

inspected the residuals of each model to ensure that they fitted the assumptions of GLMs.

We compared time spent in contact with tisimulusversus control ball with GLM following
a Gaussiaerror distribution. Differences the number of contacts betweethe treatments

were compared with GLM following a Poisson error distribution

For the experiment 2, & compared time spent in coatt and number of contacts with both
balls with a norparametric WilcoxorMann-Whitney test as no replication was done per

individual.

3. Results

EXPERIMENT 1: OLFACTORY ABILITY

Overall, caracaras spent less time in contact with da#thsacross trials while vulturdeept a
similar leve(Table ). In caracaras, the time spent in contact with the balls significantly

differed among individuals (TablB.
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Table 1: Results of selected Generalized Linear Models used to evaluate theddffeettments
(ball, trials, side and individuals) on behavioural variables (time spent in contact and number of

contacts) for turkey vulture and southern caracara.

Species Variables Effect Deviance Df pvalue
Turkey vulture (n=5) Time spent ircontact Ball 34202 52 <0.001
Number of contacts Ball 152.74 52 <0.001
Trials 11.45 51 <0.001

Side 5.03 50 0.025

Individual  19.89 46 <0.001
Ball*Trials 58.58 45 <0.001
Ball*Side  31.16 44  <0.001

Southern caracara (n=5 Timespent in contact Ball 3800.7 58 0.042
Trials 6138.0 57 0.01
Individual 22861.0 53 <0.001

Number of contact Ball 89.72 58 <0.001
Trials 171.15 57 <0.001
Individual  517.04 53 <0.001
Ball*Trials 39.25 52 <0.001
# Data on the last session of two individuals from turkey vultures were not available because

of equipment error.

The time spent in contact with th&timulusball was four times longer and two times longer
than with the control balfor vultures and carearas respectively (Table Bigure 1
supplementary materials)ndividuals of both specigzerformed twiceas manycontacts

with the stimulusball, compared with the control (Table Eigure 1).
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Figure 1: Time spent in contact (3,andnumber ofcontacts (c, Ywith the olfactory and control
stimuli for (g ¢ turkey vulture and (bd) southern caracara in the experiment 1P 0.05 **P<

0.01 ** P< 0.001.

In vultures, waecordedan increase in the number of contacts with thgmulusball over
trials, and a decrease with the control ball (Tabl€igure 2a). In caracaras, we observed a
decrease in the number of contacts with the two balls over trials, but this effect was
stronger with the control ball (Table Figure 2b). Vultures made &esontact with the

control ball when this ball was placed to the left while caracara did not showidry
difference (Table )1 For both species, the number of contacts was significantly diiter

between individuals (Table).1
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Figure 2: Number of contés with olfactory and control stimulus balls over trials for the (a) turkey
vulture and (b) southern caracara in the experiment 1. The line and shaded area represent the

regression and 95% confidence interval. Each symbol represent a different individual.

EXPERIMENT 2: VISUAL OR OLFACTORY CUE

In the test phasemost individuals first went to the coloured ball that they had used during
training sessions of the previous 5 days (5/8 vultures and 6/8 caracanasjinie spent in
contact with the olfactory ball was six times longer than with the coloured ball previously
associated with food for the turkey vulture (W = @4 0.001; Figure 3), but no difference

was found for the southern caracara (W = g% 0.27 Figure 3).

Turkeyvultures madeour times more contactwith the olfactoryball comparedvith the
coloured ball previously associatedgth food (W = 63p = 0.001, Figure 3), but no

differences were found for the southern caracara (W =#8,0.22, Figure 3).
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Figure 3: Time spent in contact (3,andnumber of contacts (c,)dwith the olfactory and visual
stimuli for (a ©) turkey vulture and (bd) southern caracara in the experiment 2P 0.05 *P<

0.01 ** P< 0.001.

4. Discussion

Here we show,dr the first time in raptors, cleacut evidence that turkey vultures and
southern caracarasansmell hiddemrsmelly food suggesting that both species may use
olfaction toforage In addition, whervisual and olfactory cues aevailable, tfaction seems
to be predominantcue used byurkey vultureswhile southern caracasause both olfactory

and visual cues
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In the wild, turkey vultures search for food mainly flying over the fo(Bstvid C Houston,
1986) This behaviour suggesthat food sources are hidden from sight by the canopy.
However field observations report that turkey vultures are the first raptors to find carrion in
tropical forestgDavid C Houston, 1986, 1988 proposed before,ur study suggests that
this couldbe explained byhis species havingfrong olfactory abilitiesIn addition, our

results show thablfaction seems tgplay amore significantole than visionin foragingin

turkey vultures In experiment 2, the colour of the potential food container was disregarded
in our experiments and only the smelly container, independent of its colour, was inspected
by our experimental bird€Our behavioural results are consistent with physiological and
anatomical data showing that turkey vultures hatie poorest visual acuitfLisney et al.,
2013)among other raptors such a&sagles, falcons, hawlad evernother vulture species
(Fischer, 1968; Hirsch, 1982; Potier, Bonadonna, Kelber, & Duriez, 2@h6iRe 1985,

1987) but theydo have a relatively large olfactory bslfCobb, 1968)

In comparison, southern caracaras may have stronger visual acuity. Indeed the visual acuity
of a closely related species, the chimango caraBdracoboenus chimand@8.5 cycle per
degree)(Potier et al., 2016)was approximately twice higher than for the turkey vulture

(15.6 cycle per degreélisney et al., 2013)n the wild, caracarasearch for food mainly by
walking around under the foresianopy(Sazima, 2007prin open areasCaracaras forage

on the ground opportunistically, and in some cases, they feed on prey with a strong odour
emissiors such asarcasses or insects found in du(i@el Hoyo & Elliot, 1994 herefore,
caracaras might switcbetweendifferent sensesccording to the ecological circumstances,

or identification needs for particular food sourc&®or example in urbanised areas caracaras
inspect, seemingly by sight, garbage bins, and surprisingly only open those plastic bags

containing bod, thus hypothetically identifying them by smell alone (FB personal
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observation) Our studysupports this hypothesi€aracaras interacted significantly more

with the smelly balivhen only olfactory cues were available to them, suggesting that these
opportunistic feeders may rely on smell to find hidden foodFhaiconidaghis is a first.

While arecent study showed thatree other falconidsspeciesthe peregrine falcoifralco
peregrinughe saker falcoralco cherrugnd the gyrfalcorFalco rusticolusgavoided or
rejected food when the odour of a fogimelling secretion of the great spotted cuckoo
(Clamator glandariuswas sprayed oa food rewardRdder et al., 2014)t is not clear
whether the repellent effect was due to the taste or the scexst the authors vaporized the

secretion directly on théood.

In contrast to turkey vultures, olfaction did not appear to be more important than sight (or
vice versa) in southern caracaras. For example, in the second experiment, where the relative
importance ofolfactory and visual cues was testeduthern caracaras did not show any
preference, interacting similarly with the two coloured balls even though only one of them
was also smelly. To explain this result, we can suggest twardasive hypotheses. Rilsg
southern caracaras, as hypothesised by observations in the wild, may opportunistically use
both olfaction and vision to find food: in our experiment both the coloured and smelling
balls bore cues indicating the presence of food, leading them to dbattkstimuli

alternatively This opportunistic use of different senses in different behavioural contexts has
been shown in other bird specidsor exampleAmerican robinsTurdus migratoriussearch

for earthworms using acoustic cues when visual cuedimited (Heppner, 1965;

Montgomerie & Weatherhead, 199.7Jhe second hypothesis may be that the experimental
set up confused the birds between the training and the test phase, leading individuals to

randomly explore the two balls as they were habituateddged from a specific coloured
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ball, but smelt food in the other one. This alternative explanation does not change the

ecological value of our findings, however.

The overall decrease in the number of contacts with both lfelising experiment 1) only in
caracaras, but not in vulturespuld be explained bg decrease of interest of the experiment
(during the session the balls cannot be opdiby the birds) and/orthe lack of direct reward
and high cognitive skill§ his hypothesis is supported by the betoair observed during the
last trials, axaracarasnteracted rapidly with the smelly ball and then came back to the
starting point waiting for their rewaréfom the experimente(SPpersonal observation).
Caracaras display significant learning abilitéesl|ustrated inchimango caracasthat were
more efficient at opening an opaque box containing fedtenallowed to observe a
demonstrator compared to othemaivebirds (Biondi, Garcia, Bo, & Vassallo, 20Emally,
some individuals were more motited than others to interact with the balls. These inter
individual differences could be explained by personality in caracatash again has been

demonstratedin exploratory behaviour ithimango caraca(Biondi, Bo, & Vassallo, 2010)

Our study suggests that species with different ecological niches can rely on different senses
according to specific ecological contexts and/or circumstances. Similar results have been
reported for other animals. For example, Wells and Lehner (1978) fthatdn coyotes

(Canis latrangforaging for rabbits under experimental conditions, although vision, audition
and olfaction can each be used alonision seemed to be the predominant sens@other
exampleisthatof 2 NB Q& & ,KvBi¢h Ndink id $héidest burrow at night in all known
colonies, with the exception of the colony at Selvagem Island (North Atlantic) where birds
home mainly in daylighprobably relaying on visual cudsut they can also home at night

relying on olfaction onlyDell'Ariccia& Bonadonna, 2013)n birds, information on the
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relative importance of olfaction and vision is scarce and has been only studied in
procellariforms(Mardon et al., 2010; Nevitt et al., 2008)d homing pigeon@Nallraff,

2005) The main explanation for &his certainly that the relative importance of olfaction in

most birds has historically been vastly underestimati@dper, 1999)Exploring these
unsuspected abilities may help us solve former unanswered questions such as how old world
vultures can detecburied carrion(M. Gilbert & Chansocheat, 2008)lore generally,
understanding how animals perceive their world using different sensory systems is essential
to answer unexplained observations. For example, while behavioural experiments suggested
that hummingbirds can taste sugédel Rio, 199Q)this observation was rejected because

birds lack the conventional sweet taste receptors genes found in other vertebrates.

However, recently Baldwin et gBaldwin et al., 2014jiscovered that hummingbirds

actually do possess a sweet taste receptor, which has remained unknown because it is
transformed from the ancestral umami receptor. In conclusion, as scientists we sometimes
KIS GKS GSyRSyOe (G2 F20dza 2y GoKIG Aa 1y26y

abilities of animals is not obvious from a human perspective.
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Supplementary materials

1. Exploration behaviour: methods and results

We measured the behavioural exploration in the aviaries during the experiments. The
exploration behaviar was defined as the number sWwitches between interactiong-or
experiment 1, we compared the difference in exjlbon behaviour between species with

D[a @AGK F at2Araazyé SeNidiNdalRds ixeédNgmd. dzi A2y & 2 S

To compare difference in behavioural exploration in the experiment 2 and between the last
trail of the experiment 1 and experiment 2, wsed a ManAVhitney Wilcoxon test. To
compare the exploration between the two experiments, we took only the last trial of the

first one in order to compare in similar condit®n

Turkey vulturs explored the balls more than southern caracsiraexperiment 1 (GLM, Df =
56, residual deviance = 602.79< 0.001) and iexperiment 2 (Wilcoxon test, W = 62~
0.002). Therevasno significant differencé exploration behaviar betweenthe last trialof
experiment 1 and experiment 2 for turkeyltures (W = 25, p = 0.509) aridr southern

caracarg (W = 27.5, p = 0.292).
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: Birth .. Month and year Month and year Cplour of the _baII asso_matec Weight in Weight in W(_alg_ht
Species ID Sex Site . . with the smelling food in the : ) variation

year of experiment 1 of experiment 2 training phasedexperiment 2) aviary (g) experiment (g) (%)

Turkey vulture TV1 2001 Unknow 1 April 2014 September 2015 Blue 1840 1450 -26.90
TV2 2003 Unknow 1 April 2014 September 2015 Blue 1620 1350 -20.00

TV3 2003 Unknow 1 October 2014  September 2015 Green 1680 1450 -15.86

TV4 2010 Unknow 1 October 2014  September 2015 Green 1740 1350 -28.89

TV5 2010 Unknow 1 April 2014 - - 1900 1450 -31.03

TV6 2012 Female 2 - March 2016 Green 1490 1640 +9.15

TV7 2012 Female 2 - March 2016 Green 1480 1610 +8.07

TV8 2010 Male 2 - March 2016 Blue 1660 1760 +5.68

TV9 2011 Male 2 - March 2016 Blue 1490 1640 +9.15

Southern caracara SC1 1990 Male 1 October 2014  September 2015 Green 1000 800 -25.00
SC2 2005 Female 1 October 2014  September 2015 Blue 1240 1000 -24.00

SC32011 Male 1 October 2014  September 2015 Green 940 850 -10.59

SC4 2012 Female 1 October 2014  September 2015 Blue 1100 950 -15.79

SC52012 Male 1 October 2014 - - 940 850 -10.59

SC6 2013 Male 2 - March 2016 Blue 850 930 +8.60

SC7 2009 Male 2 - March 2016 Blue 1000 970 -3.09

SC8 2007 Male 2 - March 2016 Green 1090 1080 -0.93

SC9 2007 Male 2 - March 2016 Green 1070 1030 -3.88
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CHAPITRE 5

15% 2 %&, %4 % , 0/ $ %52 ¢
SECRETIONS UROPYGIENNES DES MILANS
NOIRS?

/'S OKILAGNBE @AasS t al@2ANl aix £Sa NI LI OS
OKAYAljdzSa I FAY RS 02YYdzyAljdzSNX¥ 9y RQIl dzi NBa
certaines especes afin de trouver la nourriture,-estque celutci pourrait étreutilisé dans
le but de communique?/ SGG0S SGdzRS | co@ntatirémerit(@&coF@acadscoR Q dzy
Bonadnna et Sarah Leclaire (FigupRQdzy S SUdzRAFYy(GS RS al aG§SNJ H
LINR LI2&a2ya AOA R2y O RQSGdzRA Shdlurf premiér kethgslaiindzNB 2
RQSY O2YLINBYRNBE fSa dziAtAralidrazya LRaaArofSao
gazeuse des composés sewniatilies nous avons étudié la relation entre la signature
2t T OGAQGS Sl tS ASESIf& NKGASAES NJ I ILEBINARR St HANWBR
dzy RSdzEASYS (S8SyvyLlda SiG Sy LINIfftsftS RQlylfeas.
entre proximité chimique et génétique afin de comprendre si les individus pouvaient

potentiellement identifier les invidus apparentés simplement par leur signature olfactive.

Figure H Prélévement de sécrétions uropygiennes chez un milan noir juvénile
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271 001 i AOAT 6eAEO AA 167 OOAA

La communication chimique est certainement le plus ancien mode de communication
au sen des organismes vivagtAlors que ce mode de communication a longtemps été-sous
SaiAYS OKSIT tS8&a 2raStdzEZ fS5a SideRBE TNENIS YIRS
non négligeables peut étre transmise et percu@ les canaux sensoriels chimiques.
Cependant les informations transmises par les composés chimiques volatiles ou semi
g2t GAfSa yQz2yid 2FYlFIAa SiS SlidzRASSa OKSI f S:
RAALIRYAOGESa IFdz tdz2 Rdz C2dz o6mMnT YAf kayich y 2 A NJ
ASYySiAljdzS RS nt RQSY(GUNB SdzEX y2dza | g2ya RSC
transmises par voie chimique. Ainsi, par chromatographie en phase gazeuse, nous avons pu
obtenir les profils chimiques de chaque individu identifié génétiquenemntexplorant les
composés semvolatiles présents dans les sécrétions uropygiennes. La proportion des
O2YL)2asa yS GFINRS yA Sy F2yO0GtAz2y RS fQN3IS vy
chaque individu posséde une signature chimique qui lui e3tlgNS | dz 02 dzNBE RS
méme entre deux années. Les milans noirs pourraient donc utiliser cette information afin de
AQARSYUGAFASNE SO LRISY(GASttSYSyld NBO2yyl AlNS
profil chimique des individus difféere erorfction de la période. En effet, les femelles
semblent toutes modifier la proportion de leurs composés de la méme maniére, pouvant
FAyair (GSY2A3IYSNI RS €SdzNJ [ LJGAGdzZRS £ &S NBLINEF
pattern similaire chez les malek.semblerait que les méles témoignent de leur proximité
génétique pendant la période de reproduction. Cette information pourrait donc étre utilisée
LI NJ £t Sa FSYStftSa Fdz Y2YSyd RS f QF LILI NRSYSy
génétiquement dans le bule produire une descendance viable. En résumé, tout comme
OKST fF LI dzZLJ NI RS& SalLl’sO0Sa RQ2AaSlkdzE SidzRA
AaSONBlOA2ya dzNPLRIASYYySa RSa YAflya y2ANBR azy

importantes lorsdu choix de partenaire et de la reconnaissance individuelle.
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Abstract

Evidence that bird odor can encode social information that could potentially be used in
chemical communication is growing, but is restricted to a few taxonomic groups. Among
birds, raptors have always been consideredrasnly relying on their visual abilities.
Although a growing number of studies suggest that they have a functional sense of smell,
whether they can convey social information through odor cues has yet to be determined.
Combining gashromatographymass spctrometry (GCMS) and microsatellite data, we
tested whether chemical compounds from preen gland secretions can encode sex, age,
individuality, seasonal differences and genetic relatedness in the gregarious accipitriform
black kiteMilvus migransWhile nodifferences were found between sexes and age classes,
we found an individual odor signature in both sexes and seasonal variation in females.
Finally, a significant correlation between chemical proximity and genetic proximity was
detected in malemale dyad but not in femaldemale dyads and maiemale dyads. Our
study provides the first evidence that preen secretion can convey chemical information that
may potentially be used for individuad.§. partner) recognition, reproductive
synchronization and inlkeeding avoidance, and suggests that raptors may rely upon their
olfactory abilities more than previously thought. This study opens promising avenues for
further studies in raptor chemical communication, where the functional sense of smell to

communicate ha to be confirm by experimental data.

Introduction

Chemical communication is the oldest and widespread way of communication in living
organismgBradbury and Vehrencamp, 2011 birds, however, visual and acoustic
communication have long been considered as the most prevalent ways of communication.
Nevertheless, birds possess a fully functional olfactory sy$&teiger et al., 200&nd

recent studies have suggested that [@ndse odor cues in various social contexts such as
mate choice, mate synchronization or parental céaro et al., 2015PDne of the main

sources of avian odor is the secretion of the preen gland (also called the uropygial gland)
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(Campagna et al., 2012abkelin, 2007a; Mardon et al., 201yhich is spread on feathers
during preening. Preen oil has been shown to aid waterprodtiider, 1954)feather
maintenancgJacob and Ziswiler, 1982yotection against parasitgdloyer et al., 2003;
Shawkey et al2003) and maintaining seliealth and reproductive investmeriGiraudeau

et al., 2010) Nevertheless, chemical compounds from preen secretions play also a major
role in avian communicatio(Campagna et al., 201Zor instancein domestic chicken
Gallusgallus domesticusvhile normal maleprefer controlfemales over uropygial
glandectomized females, the preferenismot expressed byanosmicmales(Hirao et al.,

2009)suggesting a crucial role for preen oil odor in sexual interactions in this species.

In numerous avian species, chemical composition of preen oil secretions encode information
on various bird characteristics, such as sex, age, individuality, seasonal variation, species
affiliation or genotypgCaro et al., 2015; Hagelin, 2007a; Mardomlet2010; Wyatt, 2014)
Although the biological meanings of these differences has rarely been investigated, a few
studies have shown thahost of these odor cues can be recognized by hiBisadonna

and Nevitt, 2004; Mardon and Bonadonna, 2088) may mfluence their social behavior
(Balthazart and Schoffeniels, 1979; Caspers et al., 2015; Hirao et al., 2O0O®)stance,

kinship odors can be discriminateditumbolt penguirSpheniscus humboldiCoffin et al.,

2011) European storm petreldydrobategelagicugBonadonna and Sasfguilar, 2012)

and Zebra finche$aeniopygia guttatgKrause et al., 2012and influence investments in

reproduction in the latest specié€aspers et al., 2015)

While the information conveyed in preen oil oddras been studied in several bird taxa, it
has not yet been explored in raptors, which have always been considered to rely primarily on

vision(Jones et al., 2007Nevertheless, raptors have functional olfactory recep{afang et
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al., 2015; Zhan et al.023), and scavenger raptors use smell to foréigeuston, 1986;

Houston, 1988]Potier et al. unpublished). In this study, we aimed to identify whether preen
gland volatiles can convey different social information in the BlacKwiteis migransa

long-lived monogamous and gregarious raptor where chemical communication may be more
important than previously thought, particularly in a mating contéxagelin, 2007a)Raptors

are indeed expected to exhibit a genetically based nwdteice, because the genetienefits

of mate choice and inbreeding avoidance are crucial when choosing a single lifelong mate
(Zelano and Edwards, 2002)oreover, individuals of gregarious species interact frequently
with conspecifics and individual recognition by chemical comnatiimic can promote social
cohesiveneséKrebs and Dawkins, 1984 shown in mamma(fosell and Nolet, 1997,

Whittle et al., 2000)Using gas chromatograpimyass spectrometry (GCMS) data, we tested
whether preen oil chemical compounds vary with sex, dgé¢ i a Sax aSl azy | yR
identity in black kites. Then by combining, GCMS data with microsatellite data, we tested
whether preen oil odor reflects kinship, which might allow birds to avoid inbreeding. This
study was conducted on captive birds thditleved in a same place, hence controlling for
environmental factors such as diet, which is known to influence the nonvolatile compounds

in preen oil(Thomas et al., 2010)

Material and methods
Study site and species

Heldwork was carried out at Le Grad Parc du Puy du Foun France duringhe 2015 and
2016 nonbreeding(JanuaryFebruary)andbreedingseasos (March-April). Samples were
collectedon 47 captiveblack kitesincluding 23 males and 24 females fronwo ageclasses

(27juvenilesand 20 adults)Birds that were not in immature plumage (> 3 years old) were
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considered as adultwenty six birds were sampled in 2015 (11 adults on February 3rd and
15 juveniles on April 29th). In 2016, 46 birds were sampled (25 already sampled jra8815
21 new individuals). They were all sampled twice: once on January 25th or February 17th,
and once on March 2nd. All adults were born in the wild while all juveniles were born in
captivity and were the offspring of these witdught adults.

From Octoler until mid-April (time of the experiment), birds were all under the same food

treatment (chicken chicks, fish, coyjpund quail).

Odorant sample collection

Preen secretions wergampledusing a protocol adapteftom (Mardon et al., 2010)
Wearing clean itrile gloves, we gentlgqueezedhe base of the uropygial gland and
collected thedischarged waxgxudatesusinga glass capillary 75mm/75uvhich waghen
insertedinto an opaquel.5ml chromatographic vigMachereyNagel GmbH & Co®, Diren,
Allemagne)ealed with a Teflon® PTFE faced membrane. We stored all samples in the dark
at-12°C from the day of collectido their arrival in the latand at-20°C untichemical
analysesOverall, a total of 110 secretion samples were collected from 47 differeds bi
Five"blank" sampleswithout secretionswere collectedin the field to control fopotential
contaminations

Sample preparation and compounds extraction

Chemical analyses were carried atithe chemical analysis platform (PAGEontpellier,
Francg which is part of the CeMEB LabEXx.

Preen gcretion samples were extracted in 400uL dichloromethane (Sigishach®) We
added5puLof 2mg.uttmethyl stearate (Rentention indice Rl = 2126, Siddazich®}o each

vial to serve as an internal standafxtra¢s weremixed (2200 turns/min) during 1 minute.
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For automatic injection in the GCMS machities extraction mixture was then transferred
into amicrovolume insert in gecond chromatographic vialsinga 250ulclean syringe
(Evol®XR, SGE Analyt®aknce).

Five additional "blankSamples werextracted the same watp control for solvent
contamination

Sampleextractswere analyzed with a Chromatograph-GIS Shimadzu Quadrupole 2010
plus (Shimadzu®, Kyoto, Japan) coupled with a Mass Spectraandteguipped with a
Shimadzu AOE0i+s autosampler syste(®himadzu Scientific Instruments, Columbia, MD)
and a capillary column OptieMSMS (L= 30.0m, Diameter = 0.25mAiIm Thickness =
0.25um).Helium was used as the carrier gas, at a congtaessureof 6.5 psiWe injected

4uL of odorant solution witla 1 :4 split fronD to 2 minutes and thea 1 :20 splitThe

injector was set at 250°C.

The oven temperature was programmed as follow: 100°C hold 3 minutes, increased to 200°C
with 12°C/min and to 32@ with 6°C/min hold 4 minutes. The mass spectrometer was used
in scan mode from 38 to 400 m/z, with 200°C for ion source and 280°C for the transfer line
To overcome saturations of some peaks, some san{plesbS)were reinjected at 2pL.
Samples that weréoo diluted (n = 18)low GCMSignal) were concentratedinder an azote
flux before reinjection.

Chromatographic data processing

Chemical data processing was carried out with theME_Solution software V4.11

(Shimadzu Corporation). The preen secretion quantity was unknowado peak was
guantified as theelative proportionsof the peakarea to the overall total area of the
chromatogram While the software automatically integrated big peaks, manual integration

was performed for the smaller peaks. To calculate #temtion index (RI)f each
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compound, we rarvarious unbranched alkanes (n=8) between C16 and C40 (ASTM; Sigma
Aldrich®), under identical chromatographic conditions.

Genetic analyses

We extractedM. migransgenomic DNA from blogdieathers or eggsheligsing the
Generation DNA purification Capture Plate (RQtAGENand the manufacturer's standard
protocol. We useddiversity at microsatellite loci as a proalygenomewide diversity We
performed PCR amplifations ofthe 15 selected microsatellites distributed in 2 PCR
multiplexes. We performed alPCR reactions using the QIAGEN Multiplex PCR &t Ol
final wolume containing JL of genomic DN&anging from 25 to 60 ng), 1M of each
primer,5uLofv L! D9 b Q& Ydzf GALX SE YI & GDNpolrhetased O2 y G | Ay
MgCI2, dNTPs and PCR bufferg)l.2 ¥ v L ! Bdubof, @and AL of RNaséree water.
This study only investigated primers which have gaouplification for an annealing
temperature of 56C. Weused the same PCR profile for all microsatellites witleyg3es at
95°C for 40 s, an annealing temperature afGéor 90 s, and 90 s of extensiah 72°C.
Before the firstcycle, we performed a prolonged denaturation sted&fmin at 98C and

the last cycle was followed by offieal step of 30 min at 6.

We have then diluted by 20, the PCR products witlormesponding volume of ultrapure

Milli-Qwater. Wemixed 1.2uL of these diluted products with a soluti@ontaining 2QuL of

GENESCAN 500 ROX (Apiedystems) and 1 mL of deionized Formamide and we

analyzed these products on an ABI 3130XL GeAettyser (Applied Biosystem) following

themt ydzF I OG0 dzZNENDRA& LINR G2 02t a IGENKVRAFPER veBioni302 NS R |

program from Applied Bigystems
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Genetic analyzewere conducted bthe GENINDEXE laboratdtya Rochelle, Francé&jo

microsatellite markers from black kites were availabl¢he literatureso wefirst tested 55

microsatellitemarkers from phylogenetically related spec{ese Table S1 in supplementary

material).Over the 55 tested markers, 15 were polymorphi¢he black kiteandthus

selected tocarry outindividual gendyping (Table 1)Genetic profiles were analyzed using

the Genemapper software (Applied Biosystent@3netic relatedness between individuals

wasestimatedusing therelatedness index wdentity » (Rp) (Mathieu et al., 1990¢alculated

with the IDENTIX V1.5.0 softwarg(Belkhir et al., 2002).

Table 1: List of selected markers used to calculate the genetic proximity between individuals.

Locus Source species Number of alleles Alleles size (range Reference

Hal01 Haliaeetus albicilla 6 121-163 Hailer et al(2005)

Hal04 Haliaeetus albicilla 6 138148 Hailer et al. (2005)

Hal09 Haliaeetus albicilla 4 138158 Hailer et al. (2005)

Hal13 Haliaeetus albicilla 2 142-154 Hailer et al. (2005)

Hvo13 Haliaeetus vociferoides 3 226-240 Tingay et al. (2007)

Hle-03 Haliaeetus leucocephalu: 2 247-263 Tingay et al. (2007)
IEAAAGO04 Aquila heliaca 5 226258 Busch et al. (2005)
IEAAAGO5 Aquila heliaca 3 127-139 Busch et al. (2005)
IEAAAG13 Aquila heliaca 8 232-276 Busch et al. (2005)
Hf-C5D4  Hieraaetudasciatus 12 190-216 Mira et al. (2005)

Aa04 Aquila adalberti 2 122-134 al NOINy ST i/ Nz
Aall Aquila adalberti 2 251-255 al NI Ny ST m/ NYzl
Aa49 Aquila adalberti 3 158162 al NOINy ST i/ Nz
Tgu06 Taeniopygia guttata 2 143-145 Olanomarin et al. (2010)
GgaRBG18 Tyto alba 6 265275 Klein et al. (2009)

Statistical analyses

All statistical analysis were performed with PRIMEBRL.12software (Clarke and Gorley,

2006)and thePERM\NOVA+ V1.0.2 package (Anderson et al., 2@08)with R 3.2.3

softwareand the{vegan}(Oksanen et al., 2018nd {ggplot2fWickham and Chang, 2014)

packages
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The quantity of secretion collected was not controlled because of interindividual differences
of preen secretion production, but were standardized analytically insteeak Breasvere
squareroot transformed to homogenize data and reduce the influence of the most

abundant compoundg§Clarke and Warwick, 20Q2)/e restricted the analyses on the
compoundsthat represented at leadd.5% of chromatogram total area (n=40mpound3.

These compounds represented on average 99.51 % of the overall chromatogram area.

To investigate the relationship between the chemical profiles and the various environmental
and individual factorswe used a robust proximigased multivariate approaches. Bray

Curtis proximity between every paiof samples wascalculated toacreatea resemblance

matrix that formed thebasis of ensuing analyses. To test for a year effect anddavidual

effect across years, we used the samples collected in 2015 and 2016. In contrast, to test for
season, sex and age effects alone, we used samples collected in@§lb6ecause more
sample were collected in 2016 than in 20L& determine if tle chemical composition varied
with year, season, bird's sex, and bird's age,used PERMANOVAs with 999 permutations
and Type Il sums of squares (@8)derson, 2001)ndividual identity nested within sex and

age was included as a random factor. We #¢sted for any interaction with biological

meaning (age*sex, age*season, sex*season, sex*year). In addition to PERMANOVA, we used
the function protest ({vegan} package) with 999 permutations to test the trajectories of
chemical profiles from the nereproductive to the reproductive season. A significant

similarity between the distance matrix of the two seasons means that all individuals from a
given sex kept a similar distance from each other (they all differ in the same way).
Constrained Analysis of Pripal coordinates (CAP) was used to represent the odor profiles
differences between both seasoririncipal coordinates analysis (P®@3ed on the Bray

Curtis resemblance matr{xcower, 1966yvere used as an ordination methad visualize

182



Simon Potier Ecologie sensorielle des rapace¥ision et Olfaction
Thése de doctorat Chapitre 5 Que refletd Q2 RSdzNJ SYA &S LI N £ Sa aASONBilAZ2YaA

differences in chemical structutgetweensamples. We assessed the contributions of
specificchemicalcompounds to the similarity withifactors testeddzd A y 3 (G KS & & A YA€ |
LIS N S yrduking SBVEERTIarke, 1993)This process decomposes all Bi@ytis

similarities within a group into percentage contributions from each compound, listing the

compounds in decreasing order of importance.

A Mantel test with Spearman rank correlation and 999 permutations was used to test for an
association between chemicproximity and genetic proximityr femalesfemale (FF)maleg

male (MM)and malefemale (MFdyadsin April 2016.

Results

On the 40 selected compounds, 11 were present in all individaalgdividual odor

signature was found across years (individuahtdg effect in 2015 and 2016: pseudo=

1.70, p=0.003) and across seasons (individual identity effect in February 2016 and April
2016:pseudoF = 1.96p=0.001)also after a selection of compounds from SIMPER (pseudo

F =1.99p=0.001, Figure 1).
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Figure 1: Bidimensional PCO ordination of the samples included in the individual identity analysis in
2016 after SIMPER. The two samples from the same individual are represented with a unique label.

The 2016 odor profiles varied with the interaction betwn sex and seasopdeudceF = 4.37
p=0.011). While females and males did not differ neither in the-boeeding (pseudd- =
2.07,p=0.068) nor in the breeding season (psettsa 1.08p = 0.34), the odor profiles
differed between the pn-breeding andhe breeding seasanin femalesgseudeF = 5.53p

= 0.007, Figure)2while they did not in males (pseud&= 1.68p =0.17). Accordingly, while
no correlation was found between odor proximity matrices from both seasons in males
(protest correlation: 319,p = 0.79), female odors all moved following the same trajectory

from nonreproductive to reproductive season (protest correlation: 066,0.037).
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Figure 2: Season difference in the chemical profiles of females black kites showing by A)
bidimensional CAP ordination with arrows showing the trajectory of the points from the non
breeding to the breeding season, and B) the score changes from thbreeding to the breeding
season on the first axis of the CAP from. Each labels represens@nsaad each color a given

individual.
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All other factors (sex, season, age and others interactions) had no significant effect on the
odor profiles(allp > 0.1) Odor profiles showed a nesignificant trend to vary between 2015
and 2016(pseudcF = 2.45p = 0.063).

During the breeding seasorodor proximity increased significantly with genetic proximity
Male-Male dyadgqp=0.02, Figure 3 while no correlation was found in Femdfemale dyads

(p=0.15) and Mald~emale dyadspE 0.088)

0.9+

Chemical proximity

0.7

0.25 0.50 0.75
Genetic proximity

Figure 3Relationship between genetic proximity and chemical proximity (as described byCBray
distance) in malesnales dyads. Solid line is a linear model predicted values and SE.
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Discussion

In this study, we provide the first evidence that preen oil comnpas can encode

information that may play key roles in the social ecology of raptors. Especially, we found that
0KSaS 0O02YLRdzyRa NBFE SO0 AYRAGARdzZ ft Qa ARSYyGAdl
black kite. We also found that they varied acrosasams in females and that they reflected

genetic relatedness in males during the mating period. All these differences cannot be

accounted for environmental and diet differences as all black kites were housed in identical

captive conditions and fed with theame food.

An individual odor signature

As in the Antarctic prioRPachyptila desolatéBonadonna et al., 200,/%he blue petrel
Halobaena caerule@Mardon et al., 201Qthe darkeyed juncaJunco hyemali@Nhittaker et
al., 2010)and the blackegged kittiwakeRissa tridactyldLeclaire et al., 2011yve found an
individualsignaturein the preen oil compoundsf the black kite This individual signature is

stable among seasons and years.

A repeatable individual signature in urapgl secretion odors may have important
implication for individual and partner recognition. In mammals, scent appears to be a
primary modality for individual recognition which is fundamental in behavioral organization

(e.g.signaling individual identity derritory) (Thom and Hurst, 2004)

Black kites are lonfijved, gregarious, migratory, mostly monogamous and faithful (el
Hoyo and Elliot, 1994More than 80% of birds return to their breeding site after migration

(Forero et al., 1999)They are ths likely to encounter known individuals among years and
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individual recognition may allow them to behave adaptively when they ri\@gfatt, 2014)

In addition, males and females often migrate separately in ragdigeller et al., 2000and

an individual reognition may be essential to recognize the matehe return to the

breeding site. In birds, although Antarctic prions and blue petrels discriminate their partner
from other conspecifics using odor cu@onadonna and Nevitt, 2004; Mardon and
Bonadonna2009) no studies have clearly shown an individual recognition of others
individuals by smell. It is, however, difficult to determine empirically whether individuals can
discriminate each other by smélfhom and Hurst, 2004)ndeed, discriminating betwee
responses to odor change or those that are specifically related to individual recognition is

particularly hard.

Preen oil compounds convey information about reproductive state?

Female black kitesvhile keeping their olfactory individuality labehowed a significant
change in theipreen oil odobetween thereproductive periodand thenon-reproductive
period. In several bird species, odor composition undergoes a seasonal shift, whose the
adaptive function may include nest crypéifeneerkens etl., 2007; Reneerkens et al., 2002;
Soini et al., 2007 )protection from ectoparasite@Moyer et al., 2003; Shawkey et al., 2003;
Soini et al., 20073nd use as chemical signé&Zampagna et al., 2012; Hagelin, 2007a;
Hagelin, 2007b; Hagelin and Jones, 200hittaker et al., 2010)t has long been suggested
in vertebrates and invertebrates that chemical compounds can encode females' mating
status(Thomas, 2011and that males prefer the scent of unmated fema€@omas, 2011)
However, evidences in birdgve yet to be provided. Seasonal changes in gland secretion
composition may have other nonexclusive functi¢8teiger et al., 2010such as enhancing
feather condition(Giraudeau et al., 201@y color(LopezRull et al., 2010Juring the

reproductive riod. Further experimental studies are needed to determine the adaptive
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function of the seasonal change in preen secretion chemical composition in female black

kites.

We thus suggested that the shift in the preen oil composition in females black kitebenay
useful for nest crypsis and protection from ectoparasit as females devote all their time in
nest defense until juveniles are able to (Bustamante and Hiraldo, 1998hd may convey
information about their ability to reproduce. In birds, many physidal changes occur
during the transition from nosbreeding to breeding condition and are, mainly induced by
photoperiodinduced changes in steroids hormon@&arner and Wingfield, 1980kspecially,
during the reproductive period, black kites (and part&ly females) display a peak of
testosterone(Blas et al., 2010}hat is known to stimulate the production of some volatile

compounds in the darkye juncoslunco hyemali@Vhittaker et al., 2011)

Encoding genetic relatedness through chemical profiles

Nonrandom mating isvidespreadn sexuallyreproducingspecieqPartridge, 1983)

Frequently,m many speciescluding birdsit is the females that are highly selective for a

mate (Andersson, 1994; Kokko et al., 200@males often choose a male that provides

direct benefitssuch as food, parental care, shelter and protection from predators.

Nevertheless, females can still express a preference for a besteng indirect benefits

Indeed, females may choose males basedyenetics criterigMays and Hill, 2004; Neff and

Pitcher, 2005)particularly in species where extpair copulation is frequentAkcay and

Roughgarden, 2007)ndeed, a female may pair with a male that provides direct benefits,

and seeks forextrapa®2 LJdzf | A2y S6AGK YIfS&a 60SINARy3 322
tits Cyanistes caerulef&empenaers et al., 1992 the black kite, because females

commonly copulate with extrpair malegKoga and Shiraishi, 1994)may be
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advantageous to identifynie genetic characteristics of males including their genetic

relatedness.

In our study, chemical proximity and genetic proximity were found to be positively

correlated in malemale dyads, but not in femalteemale or malefemale dyads. The same

pattern has ecently been found in the bladkgged kittiwakeRissa tridactyldLeclaire et al.,
2012)and also in makéemale dyads using the major histocompatibility complex (MCH)
(Leclaire et al., 2014# bird that preferentially mate with unrelated individugMulard et

al., 2009) Genetic relatedness may be obtained by-seférent or knownkin matching

(Mateo, 2003) In birds, mate preferences are often affected by learning at a very young age,
usually using parents as modéBateson, 1966; Hauber and Sherm2801) It might be

thus possible that female black kites use a matching mechanism with a known kin male, such

as their father, to assess their relatedness to potential mates.

Lack of sex and age odor differences

We did not detect any differences in preeil composition between sexes and ages. In the
chickenGallus gallus domesticugolatile compounds from preen oil secretions vary among
ages and may reflect the ability to reprodu@éolattukudy and Sawaya, 1974; Sandilands et
al., 2004) In black kitessexual maturity is generally attained at 3 years old, but some
individuals have been shown to reproduce during their first (&l Hoyo and Elliot, 1994)

The lack of differences in preen oil compounds between adults and juveniles may reflect this
ability to reproduce the first year. Moreover, juveniles and adults black kites differ highly in
their plumage color, which may be a sufficient signal for black kites to discriminate between

age classes.
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Although differences in preen oil composition between sexes seems quite unequiCacal

et al., 2015put see(Gabirot et al., 2016)dorbased sex recognition seems much less
widespread. In addition, while seraolatile composition of preen oil is silaui between

sexes in the gray catbird@umetella carolinensiShaw et al., 2011yolatile composition did
differ between sexes. As our study is restricted on the seotatile fraction of preen
secretion, it is possible that, like in gray catbird, a séxlifference in preen oil composition
may arise when analyzing the volatile fraction of preen secretions compounds. Moreover,
we used captive birds, and it might be possible that ecological sex differences in the wild

may reflect different olfactory proie.

Conclusion

Our study provides the first evidence that in raptors chemical compounds of preen
secretionsncode crucial information on individual traits, and suggests that olfaction may
play an unsuspected role in raptor communication. Understandingtidr these

differences in compound compogitis have a biological meaniagd arediscriminated by
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DISCUSSION GENERALE ET PERSPECTIVES

Toutaulongde ceINP 2S iU 2QF A SaaleésS RQFLLINRF2YRANI
aSyazNAStfSa RSa gidéralbaGoBsig ort longu@@dnilél® fifes Rra
Y2R8fSS Y2y | LIINRPOKS aQSaid ol asSsS adzaNJ £ YAacs
et de la diversité sensorielle de ces espéces. Les travaux présentés au cours des deux parties
précédentes suggent la redéfinition de leurs capacités sensorielles autour de deux axes

principaux:

1) Comment les capacités visuellessénf £ Sa RSLISYRIFIyiSa RS f QSO:
2) [ Q2 t F I Gdiieiéfe/un $88sdxiiramment utilisé chez les rapaces

Au cours de dée discussion, je tenterai de restituer mes résultats dans un contexte
ASYSNIf LERNIFYG adzNI f QAYGISNF OGA2y RQdzy AYRA
f QAYVGSNE GO RS&a O2yylAaalyoOSa &adzNJ f QS02f 23AS 3
et finalement de discuter des perspectives de recherches futures autour de ces nouvelles

connaissances.

Interagir avec son environnement : détecter le nécessaire

«[ S& FYyAYldzE yS R2AOGSyd LINBFGSNI GGSylGAazy
sont impotantes pour eux (Stevens, 2013)Ainsi, la diversification des stratégies de
recherche alimentaire doit avoir évolué de concert avec les capacités sensorielles et la
disponibilité des differentes niches écologiques. Au travers des différents chapitres
présentés dans ce manuscrit, il apparait que les rapaces different significativement dans

leurs capacités sensorielles.
La détection de la nourriture : influence de la hauteur de vol ?

Une des caractéristiques de certains rapaces est la hauteur a lagseligent. Les
FLAOGA KA&AG2NRIjdzSa LI NI Syd RQIF AT {yueMEppaRiQdzy U

étant entré en collision avec un avion adr 1Y RQI £ A ( dzR Gayl®yfne, Ot G S |
1974 [/ Sa RSLI I OSYSyila t K ledzitBsédIdrsida |6 dab&che 4 QA
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de nourriture, nécessitent une acuité visuelle importante. Et en effet, les especes telles que

les aigles, les grands vautours et les grands faucons ont une acuité visuelle inégalée (73
c/deg pour le faucon bérigor&alco berioga (Reymond, 1987)108135 c/deg pour les

@l dzii 2 dzZNB RS (Fihey 9685y W2y RSk RS 3 LJ2AdgNa aludax A 3 € S
(Reymond, 1985)® ! OS 22 dz2NE | dzOdzyS SalLl’ds O0S aS RSLIX |
été étudiée de maniere L2 NI SYSy Gt S t ¢t QSEOSLIWiA2Y Rdz ON.
de la buse a queue rous&uteo jamaicensi€l6,8 c/deg)Hirsch, 1982; Mclsaac, 200En
SGdzZRALFYy(d fSa OFLIOAGSE aSyaz2NAStfSa RQl dzi NBa
faible altitude ou directement au sol, notre étude suggere un lien direct entre la hauteur de

vol lors de la recherche alimentaire et les capacités visuelles. En effet, si on considére les 3
espeéces testéesr(anuscrit 1 et Pet les deux étudiées par le passé,remarque une acuité

visuelle inférieure a celle des especes se déplacant a haute altitude. Cette hypothése
ySOSaaAidS RQsUNB FFFAYSS Sy O2NNBflyd tF K
FfAYSyGrANBa SiG QI OdzA S O dedlatsd habitéur de SodilorsS & LIS O
des trajets migratoires est disponible a large échébDmkter et al., 2011; Klaassen and

Biebach, 2000; Liechti et al., 200@ptamment chez les rapacéSpaar, 1997)La nécessité
RQOQSGdzZRASNI £ Sa 02 Y L2 &ait SoviSyudiale a3l corBpiiehdedeSian | LILJ
entre les capacités visuelles et les stratégies alimentaires. En revanche, il semblerait que les
capacités sensorielles autres que la vision appuient notre hypothése. Par exemple, la
demande visuelle des urubwa téte rougeCathartes aurasemblerait étre moins importante,

en témoigne sa faible acuité visuelle (la plus faible estimée (anatomiquement) chez les
rapaces diurnes a ce joul5,4 c/degLisney et al., 201R)Ces vautour€athartes spvolent
YIE22NROGFANBYSYyd t FFEA0ES FEOGAGdzRS oym: RSa
Mexique (Estrella, 1994t 97% a moins de 150m en Indiana et Ofiarington, 2003) qui

plus est atdessus de la canopée dans certaines zqjimiston, 1986)Cette faible acuité

visuelle, probablement suffisante a la niche alimentaire exploitée, est compensée par le
développement de capacités olfactives fonctionnelles afin de trouver sa nourriture cachée a

la vue par la canopé@ouston, 1986; Houston, 1988mith and Paselk, 198@hanuscrit §.

Il semblerait en effetf dzS f S& AYyRAGARdza RS OSGGS SaLk’s oS L

a la vision pour trouver leur nourritur@n@nuscrit 6.
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Afin de vérifier si la niche écologique ou le type de protgpetentiellement a la base
RQdzy RS@St2LIISYSyYyid Rdz aSya 2tFFOGATFTSE 2QlIA R2
SaLIBOS asS y2dzNNRaalyd S3AFESYSyld LINAYOALITESY
recherchant sa nourriture au sol et pas enl vie caracara hupp€aracara plancusCette
espece étant proche phylogénétiguement et ayant une écologie similaire au caracara
chimango (espéce étudiée au sein du premier chapitre), sa demande visuelle pourrait étre
NBfFGABSYSy (i -afilR $iplé soinpaies au QBes @spéces appartenant au
taxon des rapaces. Le caracara huppé posséderait donc potentiellement une acuité visuelle
FIAGES O2YLI NBS | dzE | dziNBa SaLIB0S&a RS NI LI OS
que ses capacités olfiwes soient aussi fonctionnellem@nuscrit §. De par sa stratégie de
recherche de nourriture (au sol et une nourriture hautement odorante), cette espéece
présente aussi un avantage a posséder un sens olfactif. Néanmoins, cette espéce semblerait

utiliserRS YI yASNB S3t S niatusciB.arAzy SiG fQ2fFlF OGA2Y

/] Sa NBadzZ I Ga yQSEOE dz8y (J QX (&S af I AdttENBOEIS\ YIS
espéeces. En effet, il semblerait que méme des espéces cherchant leur nourriture a haute
altitude pourraient posséder ru sens olfactif fonctionnel. Le faucon sadfalco cherrug
posséde encore des génes olfactifs non psegéoéiségZhan et al., 2013andis que les
grands vautours du Népal (vautour chaugoBgps bengalensisrautour royalSarcogyps
calvuset vautour a bng becGyps tenuirostrissont supposés trouver des carcasses par le
seul sens olfactif dans certains cas particuli@dbert and Chansocheat, 20@6) WQl A R2 Yy
essayé au cours de cette these de tester les capacités olfactives de deux especes se
déplacan a haute altitude en adéquation avec les suppositions citées précedemment, le
faucon sacre (espece prédatrice) et le vautour faGyps fulvugespece charognard) suivant
le méme dispositif expérimental. CeldiA yS aQSad | OSNB Lleaiquil R LG ¢
flrAaaS SYUuSyRNB jdzS €S LINRG202tS 2dz f ljdzSa
une réponse sans ambiguité de la part de ces oiseaux (cf discussiessous «ine
«vision» anthropomorphiquey 0 ® ! Ay aA X RQI dzi NBtihécsssnieR & | R

~ -

RQSGdzRASNI t£Sa OFLIOAGSa 2fFFO0OGADPSAE RQSaLB’ o

- L

alimentaire différentes.
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Les capacités sensorielles dépendent de la nourriture recherchée : impact de la mobilité ?

Chez la plupart des organismes, les capacités sensorielles sont directement liées au
type de nourriture recherché. Par exemple, chez les chaswasds, alors que les
vespertilions de BechsteiMlyotis bechsteiniutilisent principalement le son produit pdes
proies pour trouver leur nourriture (sélectionnant des proies bruyantes), les vespertilions de
Natterer Myotis nattereridzi A f A &Sy 4 LINAYOALI f SYSy(ld € QSOK2f 2
discretes et cachéegpiemers and Swift, 2006Pn retrouveaussi une importante diversité
de capacités sensorielles suivant les especes en lien avec le type de ressegtwrché
chez les primateDominy et al., 2001)En ce qui concerne les capacités visuelles, il apparait
que les mammiféres prédateurs aientelacuité visuelle supérieure aux herbivof¥gilleux
and Kirk, 2014)

Chez les oiseaux, il semblerait aussi que les especes prédatrices, particulierement les
rapaces, aient une acuité visuelle plus importante que les espéces granieayese(tains
passériformes)(Kiltie, 2000) En revanche, au sein méme des rapaces et au vu de la
fAGOSNY GdzNBxE €S fASY yQSald Llka arx SOARSyG:
dégage entre les prédateurs et les charognards. Cependant, je suggeére ici gapdeiés
aSYyaz2zNAStfSas 2dziNB f QFOdaA (S @AadzsSttSsE az2yl
FfAYSYGFrANB® 9y STFFSGsT FEt2NAR ljdzS f1 dFAffS 3
aSYOofS FLIJz2SNI f QKeLR(IKSsaS RGIY Si SRISIaYy RBQI @
f QAYLER NI YOS RS fQdzAt NBfIGABSYSYG |dz LI2ARA
les prédateursrpanuscrit ® ® Lf Sad SYSNHSOAI|dzSYSy(d O2 HilSd:
importante (Brooke et al., 1999; Burton, 200&8u vu de la demande visuelle relativement
similaire chez les espéces de charognards (ils cherchent principalement tous des carcasses
de taille importante, méme si certaines différences interspécifiques existent), il semblerait
Aydzi At S RQI dES Sty @ dEadedt dukfisadidodt &céder a leur nourriture.
9y O2YUGNBLI NIASET Afa LISdz@Syid LI2aaSRSNI RQI dzi|
GAS ljdzhA £S RAFFSNBYOAS RSa LINBRFGSdzZNED t | N
possédent m champ visuel plus étendu que les prédateurs de proies aursniyscrit2 et

4). Ce champ visuel pourrait étre essentiel dans la détection de congénéeres signalant la
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LINB &Sy O0S R Q.dzeSorcerheNtibtaBudkleyo 1996; Houston, 1974; Jackeobn
al., 2008 ! OS 22daNE €I LINBaASYyOS RQdzy aSya 2f:-

réellement étudiéeK 0 Ij dz§ OKST tS& OKIFNRBIYINREDP ! AyaArx
capacités olfactives des prédateurs reste primordiale, les charognardipeavoir réduit

les codts énergétiques de leur systeme visuel et développé/conservé des capacités olfactives

importantes (nanuscritéb @ !  f QAYI 3S RS& OKIFNR3IYIFNRAZ fS3
caractéristiques sensorielles qui leurs sont uniques. pkemiére des caractéristiques
y2alo0ftSa Said f1 LINE&ASyO0OS RQdzyS RFezBds YS ¥
RosenfieldWessels, 1975; Inzunza et al., 1991; Reymond, 1985; Reymond,(d@8itjscrit
2,3et®HP [ QKB LIRGKSAS I LI deite fadkaNSOih apRagid Qudzd S & S

tardivement chez ces espéces en lien avec la prédation de proies hautement n{Bluiss

2004) La mobilité des proies rend leur fixation compliquée dans un environnement plus ou

moins complexe. Je suggére au travers de mes@t dzE lj dz8 f I LINB&Sy OS
fovéa liée a la vision frontale (une fovéa temporale) peut permettre aux prédateurs de
garder un contact visuel sur leur proie, particulierement au moment de la capture, comme
proposé par les travaux déumphrey (1948) Par ailleurs, les prédateurs different
hautement dans le type de proies recherchées. En explorant les champs visuels, je propose

qgue les prédateurs se nourrissant de proies se mouvant au sol se caractérisent par deux
spécificités des orbites suborbitale A YLI2Z NI yiGSa S@OAGIYyad € QAYLI
binoculaire de type convexen@nuscrit 4. En possédant une zone aveugle importante au
RS&dadza RS f Qdzif 602y RdzAal yi t dzy NBGNBOAAA
supérieure), les prédateurBl B RdzA a Sy i f QAYLI O4G RS I f dzYA s N
SYGNI AYSNI AG dzyS RAYAY dzi(Ashy et RIN20G7{IKodhdzSR)R S f QI
donc de la détection et la fixation des proies au sol. Ces espéces ont par ailleurs un bec large

ei O2dzNI I FAY RQ2LIIAYA®ISsNold e@al.y2015eltybe2dé beRS  Sd
O2yRdzA G Ay St dzOilFoftSYSyld t dzy NBINBOA&aASYSy
AY TSNS dedB des espededhgichiades proies se déplacant en 3 dinsions

(oiseaux, insectes et potentiellement poissons) possedent un champ visuel étendu
LISNXYSGGFyd RQFYSEAZ2NBNI I RSUOUSOGA2Y RS& LINBA
possedent aussi, tout comme les charognards, un bec fin et long pouéamiqdieter,

écailler ou déplumer la proigHertel, 1994; Slagsvold et al., 201Gk type de bec conduit a

dzy S Q@GA&AA2Y O0Ay20dzE I ANB LJX dza AYLRNILIYGS t QS
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est vrai que les espéces se nourrissant de poissods®8 y i Tl ANBE FAIdzZNE RQS

OASY 1jdzQSttSa aS y2dz2NNRAaSyd LRdzNJ £ LI dzLJ 1t
TAYIFESYSylGd Sy H RAYSYyaAiAzyaovs Af yQé F LI a R
arRS&aadza RS f I télalindereQl bas Ver® I8 hadz, indiBsart idévitablement

un impact de la lumiére extérieure sur la rétine. Ainsi, dans un cadre de recherche
alimentaire, il serait plus avantageux de posséder un champ visuel étendu puisque les

capacités visuelles seromdubitablement impactées par la lumiére parasite reflétée.

)T OAOACEO AOGAA 16AT OEOITTAIATO AET OENOA

Les informations obtenues par les organismes grace a leurs aptitudes sensorielles
sont essentielles dans la détection de proies, la navigation mais aussi a des fins de
communication(Stevens, 2013)Ainsi, chaque organisme possede une gammeagadatés
sensorielles qui vaLJISNY SG OGNS I LINRPRdzOGA2y SG tF RSGS
communication se base sur des signathornétesn GG NI yaYA & LI NJ £ QSYSG G
comportement du receveur. Chez le macaque de BarbBfazaca sylvanysles males
peuvent identifier le timing idéal pour se reproduire avec une femelle par les variantes
acoustiques présentes dans le chant de cetigSemple and McComb, 200Q)es femelles
de macaques rhésuMacaca mulattaprésentent un faciés plus sombre en période
reproduction indiquant aux males leur aptitude a se reproduirfigham et al., 2010)

Toujours chez les primates, les signaux colorés semblent étre hautement utilisés lors du

choix de partenairéBradley and Mundy, 2008)

Chez les oiseaux, la coulesgmble également étre déterminamtdans le choix du
partenaire, que ce soit pour le plumagRoulin, 2004pu plus surprenant, la couleur des
ol 3dzSa LI2NISSa adzNJ £ Sa (| NaeSdpygia guttaigBurlayletd S R dz
al., 1982) Cependantles signaux visuels ne sont pas les seuls a intervenir dans le choix de
LI NI SyFANB OKST fS8S& 2A&SF dzEd h dzii NByers andzi A A &
Kroodsma, 2009)l semblerait que les oiseaux puissent utiliser leur sens olfdctifeset al.,
2004 9y STFFSOzI tQ2RSdzNJ O2N1LIRNBffSsE LINRPOSY!l y
GSY2A3ySNI Al Rdz &SESZ RS tQN3IS:Z RS t QAYRADAF
du potentiel partenaire(Caro et al., 2015)Notre étude sggere que les rapaces, et en

particulier les milans noirs, pourraient potentiellement utiliser cette odeur corporelle a des
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fins de recherche et reconnaissance du partenaimar{uscrit J. Alors que notre étude ne

montre pas une éventuelle fonctionnalitéSd f Qdzi At Aal GA2y RS Q2 FI C
témoigne de la présence de ces signaux qui peuvent étre potentiellement utilisés. Le choix

RS LI NISYyFANBa t GNIJSNA fSa RAGSNAER Ol yI dzE
rapaces diurnes. Néamoins, il sembleraitquecee® A = £ f QAYF IS Rdz ONBOSN
du busard cendréCircus pygargls dzi At AaSyid €1 O2t 2N} A2y RSa
dzl £t AGS Rdz LRGSYGASt LI NI Sy H(Bokdbtti tBIA POOIRQS T TS
Mougeot and Arroyo, 20080 9y I O0O2NR I SO f QK@ LR GKs§asS | dzS
pas aléatoire chez les rapacesgp f S ONB OS NBortbl&ti aRdKo,Y1ISIYWd] dzS
suggére ici que cehdA A Y LI AljdzS OSNIF Ay SYisrydexplidgerS y G A S ¢
OFyldzE aSyaz2NasStasx Sié y20lYYSyid fQdziAt A&l dAz2
la reconnaissance du partenaire au travers de la communication serait potentiellement

multimodal (Stevens, 2013)

La communication ne sert pasimplement a transmettre des informations
RANBOGSYSyld tASSa t fQSYS{iiduSdzaN®»w 9y S¥FFSi:z
GNF yAYSGGNB FdzE O2y3aASysNBa RSa AyTF2NXIGAZ2Y A
localisation de la nourriture. Quel étholdgil S y QI 2F Yl A& Sy idSyRdz LJ N
Von Frish (1886982) et de la célébre danse des abeilles? Au travers de cette danse,
cellesOA AYyRAIljdzZSyid fF RA&AGFYOS Si RANBOGAZY RQ:
(Von Frish, 1953)hez les oiseauy, il a été montré que la communication vocale pouvait
GNF yaYSGGUNS RS&a AYyTF2NXNIGA2yaE &dzNJ €F  ljdzr £ A0
domestique Gallus gallus(Marler et al., 1988p / KST f Sa SalLls 0Sa RQ2A
apparait que és dortoirs et les zones de nidifications seraient des lieux propices pour la
GNFyaYAaarzy RQAYF2NXIFGAZ2ya &dzNJ €1 @vardF £ A &I
and Zahavi, 1973)Au sein des rapaces diurnes, les charognards sont pour la plupart
largement grégaireg¢Del Hoyo and Elliot, 1994)es dortoirs de cewsi semblent étre aussi
dzy S a2 dzZNDOS AYLRZNIFIYGS RQSOKIFY3AS RQAYF2NNI (A2
noirs Coragyps atricepgBuckley, 1996; Rabenold, 1987Mléanmoins, la tramission
ROAYF2NXIFGA2ya adz2NJ £ LINBaASyOS RQdzyS y 2 dzNNA
étudiant les trajectoires prises par les congéné(Bgygout et al., 2010; Houston, 1974)
{IF@2AN aA S NBYF2NOSYSy il afiod &t encor® débattuirRBn £ Q2 N
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STFSG>X aiA OSNIIAYyA |dziSdzZNAR LISyaSyd [dzS € QAy T
trouvé la nourriture (indicesiMundy, 19923 R QF dzi NBa LISy aSyd 1 dzS f Sa
vol signalant la présence de nourrituRl Y& €S o6dzi aLISOATAILdzZS RQl
(Duriez, observations personnelles). Il apparait que la stratégie de renforcement local serait
couramment utilisée chez les vautou(€ortésAvizanda et al., 2014)La détection des
congénéres nécessite ioO RS & | LWGAGdZRSE OLINAYOALN £ SYSyYy G ¢
GAradzSttS AYLERNIIYydS RSa @l dzi2dzNBE RS f QlF yOA
Accipitridés)Fischer, 1968)e suggere que les charognards possederaient un champ visuel
étendu dans led dziT RQI YSE A2NBNJ I RSnissrd 3. A2 ¢ffetR& &  O2 Y
LINEOFOAETAGS RS RSGSOUGAZ2Y RQdzy O2y3aSYysSNBE Sal

visuel est étendifFernandezluricic et al., 2004)

En conclusion, les résultats obtenus au rsode ce projet suggérent que la diversité
importante des capacités sensorielles chez les rapaces pourrait étre intimement liée avec les
A0NI GSTIASE RQAYUSNI OlA2Yy | SO t QSYODANRYYSYSY
' DPOT EAT ARAO 1 AO 1 EI EOAO tAdetdedsoridle dahsCEA AT |
1A AAO POi AEO AA 167 OOAA

Une perception anthropomorphique

al t ANB (2dza fSa STF2NIa O2yasSyidairas € Qlyld
comportementale et en écologie sensorie(BRurghardt, 2004; Krebs and Davies, 20@)
effet, la simple utilisation des termes tels quaitlisation de la ressourc@oraging) » ou
«signaux honnétes encourage les interprétations anthropomorphiques des
comportements observéfKennedy, 1992) t | NJ SESYLX Sz Sy Gl yid | dzQf
dépendant des capacités visuelles, nous avons tendance a assumer que ce gue nous voyons
Sal OS | dfEspihakebdal, 2A00PSUitant, il est certain que les caractéristiques
visuelles des oiseaux hautement différentes des nbtres ne conduit pase gperception
identique (la perception des ultraiolets étant un exemple typiqugBennett et al., 1994;
Bennett et al., 1996)Cette perception anthropomorphique a souvent conduit a séveluer
des résultats probarstmais ne coincidant pas avec nosyances. Par exemple, alors que les

expériences comportementales suggéraient que les colibris pouvaient détecter le sucre
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présent dans le nectar des fleufdel Rio, 199Q)cette étude ne fut pas prise au sérieux par

un bon nombre de scientifiques simplenteparce que les colibris ne possedent pas les
récepteurs gustatifs classiques du sucre communément trouvés chez les mammiféres. Cette
LISNOSLIIA2Y FYOIKNRLR2 Y2NLIKAILdzZS | Of F ANBYSyd 2V
RQI dziNBa (&LBa9 RSOMNBYSEH & dANHBEIdwin eBal 2MBOS YY Sy (
montré que la perception du sucre se faisait par la transformation des réceptaurami»

ancestraux (récepteurs de sapidité).

Comme expliqué en introduction en paraphrasant les propoRdger (1999F 0QS a i
OSGGS LISNOSLIIAZ2Y FTYUOKNRBLR2Y2NLIKAILdzZS ljdzA | £ 2y
OF LI OAiGSa 2t Fl OtiAoSa OKST tS8Sa 2A&SlFdzEZ  OF NJ
fQAYISNEG® /2YYS S RAGZSYWGEI &3 d223WI LRSS G2t
questiont (GS5&8 2A4S8FtdzEK no Lf YQI Fltfdz Rdz (SYLJM
En effet, dzy AOASYGATFTAILdzS yQSad LI a dzyS LISNER2YYS
personne qupose les bonnes questiomsécrivait Glude LéwiStrauss (1902009). Si les
OF LI OAGSa 2ftFI OGAGSa yQ2yld Lz siNB YAiasSa | gl
' YGOKNRLIZY2NLIKAILdzZS & Sad OSNIFAYSYSyd LR2dzNJ o
études qui ont tenté a ce jour de moirNB NJ f QdziAf A&l A2y RS fQ2¢ ¥
nourriture, deux ont conduit & des suppositions et non des réponses car le dispositif
expérimental ne permettait pas de répondre, probablement parce que la question posée aux
AYRAQDARdAza yt€eIRotek ét all R0%4; Margylet al., 20{&) introduction pour
détails). Au cours de ce projet, je me suis efforcé de réduire au maximum ma perception
humaine et de gensemn O2YYS f QS&ALIBOS 2dz ft QAYVRAGARdAz GS
pouvais y échHallJSNJ S YSa NBadz G Ga RSO2dzf Sy
FYOKNRLI2Y2NLIKAILdzS oy2aG1 YYSYyd LI N £Sa RA&LR
' YGKNRLIZ Y2NLIKAldzSax OFd FYySES HOD ! AyaArs f
expériences est potenti@ment largement dépendante de ma perception et des questions
inadaptées ¢f  YYSESa0® ! AyaAz jdzS y2dza S @2dzZ A2y
FAYIFESYSYyG fQFLIINBKSyaAzy 1jdzS y2dza Bagi2ya RS
2003)
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LafaucoonAOEA AO AGOO AO :leshépliasAA 1 A COAOOA

I f QSEOSLIiA2Y RS& SaLlB80Sa O02dzNI YYSy(d dziAft
difficile de répliquer les diverses expériences sur un nombre impdeeogptable
RQAY RA @A R dzsauvRg@ss £éJso0sEat est{particulierement vrai dans le cadre
RQSELISNASYyOSaE OKNRyYy2LKIIS&E RSYFYREYG tF NB
[ QSO2f23AS aSyaz2zNARStfS aQAYaoONARG RFya OS OIF
la régle. En effet, le pede connaissances acquises sur les capacités visdeBempacesen
LJ- NI A Odzt A S NJ rdpasé Dideiphl $Y WA (B dz5 dzKJIS & REEseoSindviduS y G | G A
par especg(Fischer, 1968; Fox et al., 1976; Hirsch, 1982; Mclsaac, 2001; Reymond, 1985;
Reymond, 1987)I est donc difficile de tirer des conclusions générales sur ces capacités sans
I dzZAYSYGSNJ £t Sa NBLXAOFLaA® / QSald ftt G2dzi f QAyd
@2t SNASa LINBaSyiadSa Sy CNI yOSd YLEINIO S/ES ARYA ViR
YQF LISNX¥AE RQSAGAYSNI fQFOdzAGS ©@OAadzSttS RQdzy
le temps imparti de la thése), permettant notamment de mettre en exergue des différences
AYRAODGARIZStE £t S&ad t I N SERSLIVSE 30QldR SEIdzlj ¥ ¥z NB MIR
Harris présentait une acuité visuelle beaucoup plus faible que les autres (12 c/deg). Aprés
fQlyLrfeasS RS I LISNOSLIA2Y RS&a O2dz SdzZNB > 2
trouble oculaire et ne pouvait pe&c@2 A NJ £ S NRdzASd® ! AyaArAsz &air 2
AYRAGARdIzZE 2QI dzNJ AS3E (A AN BY A TN GHdEAAIZSES YBAyaidzSE X d2a R S
essentiel de tester plusieurs individus pour avoir une estimatio@aiste» et non biaisée
RS f (AACGddxSiSE S RQdzyS S&aLlsoOSe [ S (NI @gFAft | @SSO
NI NB&a SG RAFFAOAESYSyd | OO0OSaaArofSasz GdSta S
AOASYUGATAILdzSa SG RSa T dzO2yyASNRA FRofr g2y iAyd

(

connaissances finalement faibles sur les capacités sensorielles des rapaces.

z e ~ S ~ Ve

, 8 %AT 11T CEA OA1T O1 OEAT T A PT 6O Aiil EI OAO 1A
Au regard des données sur les déclins des oiseaux dans le monde, les rapaces
F LILIF NF AaaSyid siNB GNRaGSYSyid Sy OgBu&hleRQlF FFA

I YR S1TSNOA2€Ef dzZ H n mEnife 2008 &t 300 I5% 8 lalpopsdatdel f © >  H
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vautour chaugourGyps bengalensis RA & LJ- Ndz RIF'ya OSNIFAySa NB3I/
RQdzy &aSdzZ LINPRdAzZA U @8ka & NI JOONWES [Es rdpaces RubiSserg T Sy |
Fdzaair f QAYLI OO RQIdziNBa RAA&LRZned dui @salignesy (i K NP
électrigues avec lesquels ils entrent relativement souvent en colligi®arrios and
Rodriguez, 2004; Carrete et al., 2009; De Lucas et al., 2008; Madders and Whitfield])|2006)

est donc crucial de comprendre comment les rapaces pezgbifou pas) les indices

LINE @Syl yld RQIFOGAGAGSE | YOKNRLAIdzSSa | FAY RQlY

Il a notamment étémontré que le champ visuel du vautour fauve possede une zone
aveugle dans la direction du vol lors de la recherche alimen{Mestin et al, 2012) Alors
j dzZQK I 6 A (i dzS f dbStace yiel se ltrolré@dgur demjectoire (une fois la phase de
décollage passeée, ils maintiennent une hauteur de vol >100m par rapport au sd), il n
semble pas nécessaire pour tie regarder dans la direction dulvmais de se concentrer sur
ce qui se trouve au sol (carcasses) ou sur les cdtés (congéneres). Ce comportement pourrait
donc expliquer en partie le nombre important de collisions de vautours fauves avec les
dispositifs anthropique¢De Lucas et al., 2008) F NJ F A f f SdzNE>X Af &ASYo6f SNJ
RS&a NI LI OS&azx SG LX dza LI NIAOdz ASNBYSYy(d Rdz ONJ
Sy LINBaSyOS RQdzy(Mcsaadz280Y)I6 seiait albid ipdssible Fue le taux
important de collisions aweles éoliennes soit d0 aussi en partie a la faible distance de
détection (ou de non détection) du mouvement rotatif des pales. Les travaux portant sur la
GraAr2y LINBaSyidsSa | dz O2dzNBE RS OS Yl ydza ONR
connaissances des fins de conservation. Il est désormais essentiel de prendre en compte
les capacités de détection des dispositifs anthropiques lors de proposition de projets éoliens
LI NJ SESYLX S b2il YYSydz Af LI2 taNild de déteshii NS Sy ¢

en proposat des dispositifs présentant un contraste plus important avec le milieu.

hdzi NB fSa OF LI OAGSa @AadzsStfSaz Af aQl @8 NJ
souvent était ignorée dans les programmes de conservation et réintrodu¢Gamell-
Palmer and Rosell, 2011Pourtantchez les mammiferes, il apparait désormais clair que
f QAYISANIGAZ2Y RS 0OSa OFLIOAGSaE 2tFI OGA@GSa
reproduction en captivitéf I  O2y RAGA2Y RSa AYRA OsudRazdles Ol LJG A
programmes de réintroductiofCampbeHPalmer and Rosell, 2011; Fisher et al., 2088)rs

que cette étude montre que les rapaces étudiés possedent bien des capacités olfactives

208



Simon Potier Ecologie sensorielle des rapace¥ision et Olfaction
Thése de doctorat Discussion générale et perspectives

fonctionnelles, je propose donc de prendre en compte ces coreidéis au sein des divers
OSyiNB&d8 RS NBLINRBRdAzOGAZ2Y Sié LI ND&a 122ft23A0d
f QI LILI NByiSYSyid S AyTfdsSyOdS tS OK2AE RS LI N
OK2AE RS LI NISYyl ANB | dzE auk deRrap@duBtiorides! eSpeogs R QI d
YSYyl 0SSad 5SS L) dzZd>X LINRLI2ASNI dzy SYyGANRBYYySYSYyYy
2RSAZNERX aSNIAG LRGSYGAStEtSYSyld ysSOSaal ANB |
RSa AYRAGARIzZA NBAY (i NRoRrdzhehtinaturel bley Pl Nbniplexs] | FS C
OYVTFAYZ Af FLILINFAGNIAG [dzS 1 FASYyGS ?2RS O2dz
pour les faucons sacres et faucons pele(lRéder et al., 2014)Si certaines odeurs peuvent
étre répulsives, il seraltl2 8 8 A 6t S RQAYIF IAYSNI (NR dzOSNJ SELISNR
L2 dzNJ £ S& OKIFNRBIAYIFINR& 6Sy AyadSaNIyad tF @FNRI
produits toxiques qui seraient naturellement évités par ces oiseaux. Il serait alors possible de
NERdzA NB f QAy3ISaidrazy RS 0Sa G2EAldsSasz S Sy
diclofénac avec lesquels sont traités le bétail dont se nourrissent les vautours. Si les
capacités olfactives sont bien fonctionnelles chez les vautBuis fe® mohAd@Acomme
supposéchez les vautours du Népébilbert and Chansocheat, 2006) f QA Yy i SIANI G A 2y
OF LI OAlGSa Said LRGISYuAaASttSYSyid SaaSyarastts I ¥F
[ S ftASY SyYyiNB fQ$02ft23ARyaSWNII NPyt Sy Q3G |
souvent était souestimé, alors que ces deux disciplines sont finalement complémentaires
FFAY RQFYSEtA2NBNI f QSTTAOI OA (i JCarmpoalPalmeriand2 y & S
Rosell, 2011; Swaisgood, 2010)

Perspectives de re cherches futures

l dz O02dzZNA RS OS OGN} @IAf>X t£Sa RAOGSNEBSA | dzS
YQ2yid FYSYyS t YS LI &SN ®uddmgsipNSndmbliedgesigiieNesy a =
questiors de départ. Ces nombreuses questions, & mon humble afig/8 f QNYS RS
NEOKSNODKS Si 2yiG SiS Y2y fSAGY20AQ0 RdzNI y i
détailler 4 perspectives découlant directement de mon projet de doctorat. Pour cestaine

des projets de collaboratioont déja été amorcés et entamés.
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, 6AAOEOiI OEOOAI T A Al

AT O1 AGO

[ QSaldAYlIGA2Y RS cdnditior@dpenishtedeigsans distoSiondla i
f QFANI SG LI2dzNJ dzy O2y (N} 4GS YFEAYIFIf0 SiG yS§ NB
estimation nous donne des indications sardétection maximale de détails fins. Il apparait
néanmoins que la nourriture recherchée par les rapaces ne présente pas un contraste
YFEEAYLFE | @SSO t QSYGANRYYSYSyiliz y2ilYYSy(d LI NX
présentent des couleurs partiiéres (la proie a notamment tendance a pratiquer le
mimétisme). Les rapaces ont pour la plupart une vision trichromatique et pour certains
quadrichromatique (violet ou ultraiolet sensitifs\Hastad et al., 2005; Lind et al., 201B)
apparait donc mg NI I yi RQSAGAYSNI f QF OdzAGS @AadzsSttS
présentant des couleurs distinctes et relativement représentatives des conditions naturelles.
I OS 22dNE fI &Sdx S SELSNASYyOS t YI O2yylAa
RQdJASLIS OS R Q2 A a Slindzané Kefber (@81f13tirSes Reuches ondulées
Melopsittacus undulatue / S& | dziSdzNBE 2y G Of F ANBYSyYy(d Y?2
OKNRB YLl GAlLjdzS SOGFAG ySGGSYSyld AYyFSNASANBE Lt fQ
c/deg).

- A L LA

l dz @dz RS OSGdGS F0aSyOS RS O2yylAaalyOSa 3
je vais travailler par la suite avec Prof. Almut Kelber (Université de Lund, Suéde), dans le
OF RNBE RQdzy LJ2&aid R2O0U0U2NI G | TAyezR®QGp@aces qSNI f Q
LI2aad8RSYyG G2dzi RS YsYS LJ}2dzNJ OSNIFAya f QI OdzA
regne animal a ce jour. Pour ce faire, je souhaite utiliser la méme technique que Lind and
Kelber (2011) et proposer des barres non pas noireslatdhes, mais des barres de deux
O2dzt SdzZNB RAFTFSNBYyGSa Felyd dzy aSya oAzt 23Ald
fFLLIAY &dz2NJ f QKSNDBSUOUP® 9y FAYS Af aSNFX AyiaGSNBa
chromatique et achromatique chez plusisuespeces en lien justement avec leur écologie

alimentaire.

Comment stabiliser sa vision

«[ Q2A&SFkdz 0QS&ad dzyS FAfS 3FdzZARSS LI NJ dzy dzA

fonctions rétiniennes (RochorDuvigneaud, 1943)La définition proposée caespond

210



Simon Potier Ecologie sensorielle des rapace¥ision et Olfaction
Thése de doctorat Discussion générale et perspectives

LI NFIFAGSYSy(d £ OS [[dzQS&ad dzy 2 A &SMaitinRGldyy LIR2AY
9y STFFSGz StftS OAoftS ftQSaaSyO0OS RS OS 1jdzQSai
facon dont cela est controlé. A traverstte définih 2 y X 2y LISdzi f ANB |j dzS
dans un milieu ou les contraintes physiques sont importantes. Ces contraintes physiques
peuvent considérablement altérer la vision et les capacités de détection de la nourriture
OA0f SS® 9y RQI dzi N D dih & IGEIBAIBréPAr YexSBodisnients du

corps en voP Pour répondre a ces contraintes physiques, les oiseaux possederaient des
réflexes vestibulaculaires et vestibulzoliques afin de stabiliser la téte (et donc la vision)

face a ces pturbations. En effet, les premiéres études datant des années 1970 ont montré

que le hibou grandR dzO R Q! BUBoNdkgipide8posséle des réflexes vestibulooliques

lors de rotations du corps. Par la suite, une autre étude a pu montrer que difése

especes de hérons présamit aussi des réflexes vestibetoliques face a une perturbation
sinusoidale se rapprochant de leur démarche habitugizir et al., 2001)Cependant, trés

LISdz RQSGdzRSa aS az2yid AyidSNSavkshroai votPetédtal.A G 0 A €
2015; Suetal,201I) SG | dzOdzyS | dz Y2YSyd RS fF  OF LI dzNE
6/ bw{ SY 0A2NRO020GAljdzZS t QLY adAdldzaMargeiley, { OA S\
nous avons donc conduit des expériences susthbilisation de la téte au moment de la

capture chez la buse de Harris en condition expérimentale. La nouveauté de cette étude
réside aussi par la précision des mouvements que nous avons collectés. En effet, les études

ont été conduites dans une arénee dvol composée de 17 caméras VICON captant les
marqueurs VICON disposés sur la téte, le corps et les pattes de chaque individu (Figure K).
Cette aréne de vol permet de mesurer a haute résolution temporelle (500Hz) et spatiale
(<1mm) les mouvements de chagpartie du corps. Les expériences comportementales
aQSilyd GSNYAYSSE S Ho 2dzZAy HnanmcI fSa R2yy
aQl GSNByd LINRPYS(GGSdzaSa RlIya ftQlylrfteasS FAyS R
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Figure K Photos représentant A¢ une buse de Harris en vol équpédes marqueurs VICON disposés sur la
téte, le dos et les tarses, 8] QF NBYyS RS @2t | ¢SO tSa OFYSNI&a =L/ hb S

VICON repérés par les caméras.

~

Des espéces ditesprédatrices strictes peuvent -A1 1 A0 OOEI EOAO 1811 £ZAAAOEIT 1
nourriture  ?

I Y2y 3N} YR NBINBGZ 2SS yQFA LI &a NBdzaair t
NEOKSNODKS FftAYSY(GFANS LI N f Q2R2 NI (i n@ded.] dzy S
I 2YYS SELX AljdzS LINBOSRSYYSyidsz Af YS aSvyots
I RFLIWGSS £ OSiiGS SaLBOS:I FdziNBYSyid RAGEZ 2SS y¢
il semblerait que cette espece posséde toujours des génes olfactifidonets(Zhan et al.,
2013y Lf ASNIAG LIR&aarotsS [dzS OSa OF LI OAiGSa 2f
communicatifs et que les faucons sacres ne soient pas capables de détecter leur nourriture
LI NJ £ Q2 R2 NI & / SLISY RI yRider ettalS(2014pidgkdt 2p@risar qud vy & T I
f Q2 RSdzNJ 62dz £S 3I2HIE0 RS fI FASydS RS 02dz02dz
G6Sa0SNI £ y2dz@Sldz £t Sa OFLIOAGSa 2fFFO0ABSE R
purement prédatrices). A cel A G NB X 2s a2dzKFAGSNI A& R2YyC
comportementale afin de respecter au maximum leur biologie. Entre autre, les faucons ne
LI aaSyd [dzS dGNB& LSdz RS GSyLla Fdz az2tsx Sia .
YIEYALdz F GA2Yy RQ32ad éSifértable. dainsg # Geraif &dakémént plus
2dzRAOASdzE RS LINB A& Sy (S NIadiR leRégauttddsi kidieh orm& deLIS NR Y
02dzf S0 adNJ RSa LISNOK2ANB FRILIGSAE t fQSaLks
prochainementenpardlf S RQSELISNASy O0Sa @AradzsSttSao
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La communication chimique est -elle fonctionnelle ?

+ A0S adz2Sd 1jdzS RQS&aal&@SNI RS Y2y (iNBNI aAr f
signaux olfactifs accessibles délivrés par les congéneres. En effet, le dernier chapitre
présenté (manuscrit 7) montre que les milans noirs possédent une signature olfactive
GSOUGNROS RQAYTF2NNIGA2YE LRGSYOGAStEtSYSYyd AYLR
gue cette information olfactive peut étre utilisée chez les oiseaux par exedapig le but de
NBO2yylrAGNB tS &aSES ShuknslunidoleXSnib2etdzN)y26812)dz t d2ySAid Ait
reproductif de la femelle chez la poule domestigidacob et al., 1979¥e reconnaitre les
individus apparenttOK ST f Qh OS I[Hydkobafes glagicts@Boia8onna and Sanz
Aguilar, 2012) ou de reconnaitre son partenaire sexuel chez le prion de la désolation
Pachyptila desolatgBonadonna and Nevitt, 200#) 9y NB G yOKS> | f 2N& |
sexuelle olfactive apparait chez cette derniere, lediviidus ne semblent pas étre capables
RS RAAOSNYSNI f Sa &S E SBonddinhalettaS 2009 dpparad dldrsh & RS
que toutes les informations transmises par les composés volatiles etvasatiles contenus
dans les sécrétionsde ld ¢ YRS dzNRP LR IASYYS VYQAYLI AljdzSy d LJ
dzGAf AaSNJ OSUGGS Ay €8guslélsautialeydonc iner@ irt flde est dre G y
SELISNASYOS RS OK2AE O0AYFANB FRFELGSS | dzE YA

des individusa reconnaitre notamment les individus apparentés
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RESUME TOUS PUBLICRAMELIORER NOS CONNAISSANCES ET
42! . 3-%442% ,0) . &/ 2-"14)]

Contexte et Objectif

André Rochotb dz@A 3y S| dzR Fdzi f Qdzy RS& LINBOdzNE S dz
visuelles des oiseaux, avec un accent fort sur les rapaces. Au cours de ses diverses

recherches, il concluait que les buses ables devraient avoir une acuité visuelle 4 fois

adzLISNASdzZNBE £ £ Ql 2YYS O02YLIiS GSydz RS I aidNYzC
photorécepteurs au sein méme de celleA ¢ lj dzQ A £ 0008GD/ink?) Rochion ™
Duvigneaud, 1919) es premiéres ésA YI GA2y & O2YLR NI SYSyidlfSa yQ

plus tard avec notamment les travaux #&escher (1968%ur les vautours fauves, vautours
percnoptéres et vautours indiens. Néanmoins, les travaux étant publiés dans une revue
allemande, cellO A ydqé treSpdni de portée. Il a fallu attendre les travauxraoe et al.

(1976 LJ2dzNJ ljdzS f I O2YYdzyl dziS &aOASY(dATAILdzS RAA
f QI OdzA S GAadzSttS RQdzy NI LI OSsE fF ONBOSNBE S
f QK& L2 (i K § aBuvigRéudve® yagey ont une vision extraordinaire. En effet, en
F&Fyld dzyS | OdAGS @AadzsSttS RS mcn O0&O0fSa LI N
GAaA2Y ljdzZh AAYSY(d o F2A3a L0 dydes pakahrd). Ajodz§uef QI 2 Y
RIFyad RSa O2yRAGAZ2YAE 2LIAYFESa oalya RAAG2NEA
blanche sur un fond noir a environ 350m, le faucon crécerelle Américain pourrait la détecter

a environ 900m. Néanmoins, certains auteurs trouvereet r@sultat surprenant et
RSOARSNBY(O RQSAGAYSNI t y2dz0Sldz f QI OdzAGS @A a3
O2YLRNISYSYyidl dzE 2dz St SOGNBNBGIAY23INI YYSaz fQ
trouverait entre 40 et 70 cycles par deg(&affney and Hodg 2003; Hirsch, 1982)

' dzNBYSYlGd RAGE dzyS | OdzZA S @A&dz2SttS aAYAL LA
LJI23a8RSYU dzyS | OdzA 0S DA &adzSttS AYLINBaAaAzyyl yl
degré), donnée confirmée cette fois par dénombrerant de cellules rétinienne@Reymond,

1985)

Ainsi, il est communément admis que les rapaces possedent une acuité visuelle

AyS3aAFfSSd alAa tSa NIYLIOSaszx t fQAyaidl N RSa :
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comportementaux, suggérant ainsi queute demandes sensorielles soient adaptées. Au
regard de cette diversité importante, les rapaces doivent pouvoir extraire les informations
nécessaires dans leur vie de tous les jours, et ceci est possible en possédant des capacités

sensorielles adaptées.

Longtemps, les rapaces ont été considérés comme anosmiques (absence de capacités
olfactives) (Hagelin, 2007a; Roper, 199%n effet, mis a part les vautours du nouveau
Y2YRSZ t fQAYIFI3IS RSa& JqHodsiog, d98E Halmdizdl 988, Srith (s G S
and Paselk, 1986)es autres especes ne présentent a nos yeux pas de comportements
GSY2A3aytyd RS fQdziAftAaldAzy RS tQ2tFl OlAzyd
I LILJdzA Sy i f QKe LR G K8§aS RQdzy aSya 2f porténéer ¥ T2y
relative de la taille du bulbe olfact{Eelenitsky et al., 2015t de la fonctionnalité des génes
liés a ce senfrang et al., 2015; Zhan et al., 2Q01®)ant ce projet, bien que certaines études
se soient penchées sur la questigRoder et al.2014; Yang et al., 2015) | dzOdzy S y QI ¢

permis de mettre en évidence la fonctionnalité du sens olfactif chez les rapaces.

~- A s L oA

| AYA&AZ | dz O2dzNE RS OSGGS GKsaSz 2QlIA R2y
confirmer ou infirmer les suppositions faitearses capacités sensorielles des maitres de

fQFANE fSa NILJIOSao

Principaux résultats a retenir

i) [ QF Odizan&IagSt £ S RSa NI LI OSa yQ&paur ubd- & G2
grand nombreR Q S &5 BIE Bst inférieure. OSt £ S RSile§ QI 2YY
stratégies @ recherche alimentaire ne nécessitent pas une acuité visuelle
importante (par exemple les caracaras qui recherchent leur nourriture au sol),

At yQe | dzNI AG LI avisienektrdoiidpdics & £ L2 &3aSRSN

i) [ GFrAtfS RS f QdzAf &dmmentla favaaNdizieidentl s | y |
du type de nourriture recherchée. Proportionnellement a leur poids, les
LINBRFGSdzZNB 2y (G dzy dzaf LX dza 3aINRasx Si ad
liée a la vision frontale permettraitertainement de garder la fixation sila

proie.
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ii)

[ S OKIFYL] @AadzSt RS& NI LIOSa RSLISYR R
ressource. Les charognards et autres especes grégaires possedent un champ
visuel étendu augmentant les capacités de détection des congénéres. Les
espéces se nourrissant de jge se déplacant en 3 dimensions (oiseaux,
insectes et éventuellement poissons) possédent elles aussi un champ visuel
étendu permettant de suivre les mouvements de leur proie. Enfin, les especes
prédatrices se nourrissant de mammiféres possédent un chaispel
restrentauURSa&adza RS € SdzNJ G1sGST SOAGIYH | Ay
RS f Qdatf o

Les rapaces (au moins les vautours urubus a téte rouge et les caracaras
communs) possedent des capacités olfactives fonctionnelles pour détecter

leur nourriture. Lorsque les indices visuels et olfactifs sont contradictoires, les

@l dz(il 2 dzZNB  dzNHzodza + Gs (S NRdAzZAS dziAf A&ASyd
fSa OFNIOINIYa dziaAtAaSyd t AyiaSyaadas s13
étre un sens dominanthez ces vautours alors que les caracaras pourraient
dziAf AaSNJfF @AaArzy SO tQ2tFlFOGA2Yy RS Y
[ Sa YAftlya 6SG LRGSYGASttSYSyd RQI dzi NI
signature olfactive provenant des sécrétions de la glande uropygienne
ttmody I yi RS f QAYRAGARdzZ f A0S 6 OKI |j dzS
ROARSYGAGS 2t FFHOUABSVUET LINRolof SYSyl

(la signature olfactive des femelles est différente en période de reproduction)

¢ >
(N ‘<«

et de la proximité génétion des males (les males les plus proches
génetiqguement ont une odeur semblable). Ainsi, ces informations pourraient
étre essentielles dans la communication interindividuelle, notamment dans le

choix et la reconnaissance du partenaire sexuel.

Conclusion et passation des connaissances au public

Notre étude, sinon de montrer, suggere que les capacités sensorielles des rapaces

sont intimement liées au mode de vie des espéeces, en particulier les stratégies de recherche

alimentaire. Contrairement aux croyances2pfF 2 Y RSYSy G | yONBSa Rl ya

rapaces ne possedent pas tous une acuité visuelle élevée et au contraire, certains ont une
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I OdzA S @AadzSttS o0ASy LJXdza FrFLAGES 1jdzS QI 2YY:
étre bien plus fonctionnelles queINS OSRSYYSy i adzllll2asSao | £ QA
ilrE2ya 06SaLlB0Sa lFelyidi RSa OFN}IOGSNBa Sy 02y
de généraliser les capacités sensorielles des rapaces, notamment parce que la diversité
comportementale importate doit étre soutenue par une diversitgensorielle importante.

Gr&e ala collaboration étroite avec les différentes voleries et parcs zoologiques, ce projet

RS NBOKSNOKS | SyidNB |dziNB LJ32dzNJ o6dzi RQF YSTE
permettre de divulguer une information plus réaliste des capacités sensorielles des rapaces

diurnes.
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AnnexelY t K2(i24a4 RS T20Sla 20GSydzSa OKSI
totale (entre les deux traits les plus longs) est de 1000 pm.

Vautour Palmiste Gypohierax angolensis

Vautour Palmiste A
Fovéa Centrale

Vautour Palmiste B
Fovéa Centrale

Percnoptére d’Egypte A
Fovéa Centrale

Percnopteére d’Egypte B
Fovéa Centrale

Percnoptere d’Egypte C

Fovéa Centrale

Circaete JeatheBlanc,Circaetus gallicus
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Circaéte Jean-Le-Blanc
Fovéa Centrale

Circaéte Jean-Le-Blanc

Fovéa Temporale

Vautour fauve A
Fovéa Centrale

Vautour fauve C
Fovéa Centrale

220



Simon Potier Ecologie sensorielle des rapace¥ision et Olfaction
Thése de doctorat Annexes

Vautour a capuchoniNecrosyrtes monachus

Vautour a capuchon B

Fovéa Centrale

Vautour a capuchon A
Fovéa Centrale

Aigle royal,Aquila chrysaetos

Aigle royal
Fovéa Centrale
A T R
Aigle royal
Fovéa Temporale

Aigle impérial Aigle impérial
Fovéa Centrale e Fovéa Temporale
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Aigle des steppesAquila nipalensis

Aigle des steppes # Aigle des steppes
Fovéa Centrale T Fovéa Temporale

Pygargue a téte blancheslaliaeetus leucocephalus
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