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SOMMAIRE

Le traplining est une stratégie de quéte alimentaire permettantaaimaux d’exploiter des
points de ressources renouvelables dans le tempdisetbués de fagon inégale dans
I'environnement et ce, dans un ordre fixe et régétiacon prévisible. Un exemple bien connu
de ressources qui aurait avantage a étre explaitégplining est le nectar présent dans les
fleurs. On distingue deux composantes principalesaplining. La premiére est temporelle
du fait que I'animal doit exploiter la fleur du ment que la quantité de nectar générée est
suffisante pour au moins combler les pertes éneigd engendrées par les déplacements,
mais sans trop de délais afin de minimiser lesegesccasionnées par les compétiteurs. La
deuxieme composante est spatiale. L’animal doitagbep les parcelles de nourriture dans un
ordre fixe, répété et prévisible. A ce jour, ce pomement fit généralement décrit de fagon
plutét anecdotique en nature ou observé et étudi@dgbn plus formelle en captivité. De plus,
la composante spatiale flt trés souvent, sauf pmuelques exceptions, négligée. Cette
négligence s'explique d’'une part, parce que lesarigores sont généralement tres petits et
d’autre part, parce qu’ils se déplacent tres rapatd sur de grandes distances, ce qui rend le
suivi de leur déplacements difficile. Dans cettadét je développe un indice permettant de
guantifier ce comportement au niveau spatial etétieel cet indice en fonction de variables
écologiques afin de mieux comprendre les motivatidan individu a adopter cette stratégie
d’exploitation des ressources, et ce, en utilissothme modele d’étude le Colibri & gorge
rubis Archilochus colubris et une technique innovatrice de suivi des déplacgésnde ces petits
oiseaux. Mes résultats montrent qu'il existe uade variabilité entre les individus, de méme
gu'entre les jours pour un individu donné, au nivele la conformité des patrons de
déplacements entre les sources de nectar et lempatttendus si les individus adoptaient le
traplining. De plus, mes résultats montrent que la structiuepaysage, le niveau de
concentration spatiale de l'individu, 'ampleur skes déplacements et le nombre de sources de

nectar fréquentées affectent tous le niveau deoconité de la quéte alimentaire avec le



traplining. Finalement, mon travail souligne l'importance dmsidérer simultanément les
composantes spatiale et temporellestrdplining avant de conclure qu’'une espéce ou un

individu opte pour une telle stratégie de quétmaiitaire.
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INTRODUCTION GENERALE

Les paysages consistent en des mosaiques dynangtjeesnposées de parcelles d'habitat
organisées hiérarchiquement selon différentes kshspatiales (Wiens 1985; Kozakiewicz
1995). Il s'ensuit que les espéces vivent dansedesonnements hétérogenes composés de
parcelles de différentes qualités et disposéeagmfplus ou moins avantageuse. A ce titre, le
mouvement devient une composante fondamentale deepartements associés a
I'exploitation optimale des ressources dans l'espgicdans le temps (Kozakiewicz 1995;
Turchin 1998). Comprendre comment la structure dysage influence la recherche de
nourriture et de partenaires, la sélection d’hapleadispersion et les mouvements dans les
différents éléments du paysage revét donc une iapoe cruciale en écologie (May et
Southwood 1990; Ims 1995; Bélisle 2005), car ultimeat cela pourrait avoir des
répercussions au niveau de la structure et derlardigjue des populations (With et al. 1997;
Turchin 1998).

Malgré le rble clé des mouvements pour I'étude mlesnoménes écologiques (Wiens et al.
1993; Ims 1995; Wiens 1995), les études portantesupatrons de mouvements des animaux
ont longtemps été descriptives et souvent baséetesiwobservations anecdotiques (revue par
Turchin 1998). Le manque d’informations empiriqgesides sur I'utilisation de I'espace par
les animaux en relation avec la structure du paysad'ailleurs fait I'objet de nombreuses
critiques dans le passé. (Ims 1995). Or le dévelomnt de nouvelles technologies permettant
de suivre les déplacements des animaux sur de eagauhelles spatiales et temporelles avec
précision, nous permettent aujourd'hui de s'attaqueomprendre comment les individus se
déplacent dans l'espace et utilisent cette dernjérg.,, Weimerskirch et al. 2007; Pinaud
1



2008). Ces percées technologiques ont égalementipée développement d'un cadre de
recherche intégré sur le mouvement (Nathan et @8R Ce cadre met I'emphase sur
l'importance de relier les quatre composantes gEmgsttes au mouvement des organismes :
I'état interne (pourquoi se déplacer), la capaaitée mouvoir (comment se déplacer), la
capacité de navigation (quand et ou se déplacerindévidus et les facteurs externes affectant
le mouvement (e.g., distribution des ressourceshasaet al. 2008)L'étude du mouvement
des animaux a travers |'écologie comportementdle af ce titre une structure intéressante
pour faire le lien entre ces composantes, notammans le cadre de la quéte alimentaire
d'individus au sein de paysages hétérogenes (82I£)5).

En effet, I'étude du mouvement dans une perspedgvia théorie de la quéte alimentaire en
écologie comportementale (Stephens et Krebs 1386¢ie |'avantage que les comportements
doivent étre interprétés a l'intérieur d'un cadr@wdif définis par des contraintes et des régles
de décisions spécifiques (Bélisle 2005). Le mouvdrast d'ailleurs impliqué dans chacun des
quatre types de choix que doivent faire les animaaw optimiser leur quéte alimentaire : 1)
choix d’'une proie, 2) choix d’'une parcelle de resses 3) choix du groupe d’alimentation et
4) choix d’'une stratégie de recherche (Krebs eti€d®76). Les décisions prises dans chacun
de ces types de choix vont avoir un impact crusiglla survie et I'aptitude phénotypique des
individus. Ainsi, les individus qui tendent a adapdes comportements alimentaires optimaux
vont pouvoir investir plus de temps et d'énergiBaautres activités de leur cycle vital, telles la
migration, la reproduction, la défense d’'un teiréoet la protection contre les prédateurs
(Anderson 1983; Hutto 1990). Bien que les compoetas)impliqués dans les trois premiers
types de choix aient été tres étudiés (Stephekisebl 1986, Giraldeau 2005), ceux rattachées
aux stratégies de recherche et d'exploitation l&gatbeaucoup moins (e.g., Anderson 1983;
Hadley et Betts 2009). Ce manque serait grandemedié aux difficultés a suivre des
individus, ainsi qu'a mesurer la distribution etglzalité des ressources alimentaires, sur de

grandes échelles spatiales et temporelles. Tel meationné plus haut, les avancées
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technologiques permettent de contourner en pagsedifficultés rattachées au suivi des
individus. Il reste donc a se pencher sur leségias de quéte alimentaire d'organismes dont
les ressources alimentaires sont circonscrites lspace et relativement faciles a mesurer ou
a manipuler. Les nectarivores rencontrent ces aggg Mon projet de maitrise portant sur
l'influence de la structure du paysage sur legégias de quéte alimentaire et les mouvements
du Colibri a gorge rubis (Archilochus colubris), wiseau nectarivore, je m'attarderai
maintenant a synthétiser les connaissances adgllela quéte alimentaire des nectarivores

et la distribution spatio-temporelle de leurs resses alimentaires.

INTRODUCTION AUX NECTARIVORES

Une des composantes principales de la structutléhaleitat pour des nectarivores en quéte
alimentaire est la distribution spatiale des fladgsquelles ils vont récolter le nectar (Cartar et
al. 1997). Par la position statique des plantesstirelativement facile d’évaluer la distribution
spatiale de cette ressource, de la mesurer et dnsiéterminer la quantité d’énergie qui
pourrait étre fournie aux pollinisateurs (Wolf etiklsworth 1978). De plus, il est relativement
facile d’observer le comportement alimentaire destarivores, de le quantifier et d'y relier
une estimation du gain en aptitude phénotypiqueenes d’énergie nette (Pyke 1978). Enfin,
l'analyse du comportement alimentaire des nectegvoest d'intérét non seulement
fondamental par le biais de l'application de consejméoriques (e.g., modeles de quéte
alimentaire optimal), mais également pratique p@urrendement des cultures dont la
fertilisation est dépendante des pollinisateursdhere et al. 2007). Pour toutes ces raisons, le
groupe des nectarivores est un excellent modelaudBépour répondre a des questions

écologiques associées a I'exploitation des resssuatimentaires.



On retrouve des nectarivores dans plusieurs odirgggne animal. Plusieurs de ces groupes
ont d'ailleurs fait I'objet d’études portant sus lstratégies de quéte alimentaire optimale :
insectes (May 1988; Pleasants 1989; Possingham; I8@sig 1995; Goulson 2000; Hill et
al. 2001; Lefebvre 2007), oiseaux (Krebs et Covéiéat Gill et Wolf 1977; Pyke 1978; Gass
et Montgomerie 1981; Scoble et Clarke 2006; Temetes. 2006), reptiles (Eifler 1995) et
mammiferes (Garber 1988; Goldingay 1990; Fisher2193%9orner et al. 1998). Malgré ce
nombre important d'études, il demeure que noussat@s peu d'informations concernant
I'exploitation des sources de nectar et les mouvesnehez cette guilde alimentaire en milieu
naturel (Anderson 1983). Encore une fois, ce marjiméormations résulterait de la petite
taille des organismes, de leur grande vitesse giacEment et du fait qu’ils exploitent des
ressources distribuées de facon inégale dans leniroenement (e.g., Pleasants et
Zimmerman 1979; Zimmerman 1981), rendant ainsiuigi les mouvements entre chacune

des sources de nectar trés difficile.

Les nectarivores sont généralement caractérisésrparétabolisme éleve, lequel nécessite un
apport important et constant en ressources alirmeatéRobinson et al. 1996; Rappole et al.
2003). Il s'ensuit que la recherche des ressoaltesntaires est probablement a la base de la
plupart des mouvements quotidiens et saisonniess ngetarivores. (Karr 1990; Fleming
1992). Jusqu’a présent, nous disposons de tresI’pgarmations concernant la réponse des
pollinisateurs face aux changements spatio-tempods leurs ressources alimentaires
(Bronstein 1995). Cette réponse risque de dépatelf@usieurs facteurs, incluant les besoins
énergétigues du nectarivore, I'apport énergétigege sburces de nectar et la présence de
compétiteurs, intraspécifigues ou non (Bronstei®51Zollner et Lima. 1999). De plus, nous
ne disposons que de tres peu d'information conoetea échelles spatiales et temporelles a
l'intérieur desquelles les nectarivores sont cazablle réagir face a des variations
environnementales, en partie parce que nous neaissoems pas les capacités de mouvement

des nectarivores aux différentes échelles tantadpatgue temporelles (Bronstein 1995).



La structure du paysage est généralement considéndene étant implicite au sein des
modeles de quéte alimentaire optimale (Ims 1993islB€2005). Ces modeles considerent
donc des paramétres décrivant simplement la digioib ou la valeur moyenne de certains
attributs comme la taille et la qualité des paesllle ressources et parfois, leur dispersion
dans I'espace (Ims 1995; e.qg., Cartar et al. 1€9igshi et al. 2005). Cependant, la taille, la
forme et la qualité des parcelles de nourritunesiague leur dispersion explicite dans I'espace,
risque d'affecter les mouvements d’'un animal ererdéhant, par exemple, son temps de
résidence dans une parcelle, son temps de recheeheéme que les différentes stratégies de
recherche qu'il adoptera (Ims 1995). Bien quellieice de la distribution des ressources sur
'organisation sociale de certaines especes deameates soit partiellement connue, peu
d’études se sont véritablement penchées sur $atiin de I'espace par les individus en
termes d’utilisation des ressources (e.g., StilesVelf 1979). De plus, linfluence de la
distribution spatiale explicite des ressources atitaires n’'a fait 'objet que de trés peu
d’études (Ims 1995). Durant la derniere décennigglques équipes de recherche ont
néanmoins mesuré, via des simulations (Baum ett@&@01; Ohashi et al. 2005) ou des
expériences en captivités (Thompson et al. 1998s@ad Garrison 1999; Ohashi et al. 2006;
Makino et al. 2007; Ohashi et al. 2008), les démtaents de nectarivores au sein de parcelles
de nourriture distribuées de différentes faconqe@dant, dans un environnement naturel, les
pollinisateurs évoluent au sein d’'un paysage déternentre autres, par une combinaison des
attributs des plantes (e.g., la durée et la symibation de floraison) et par les attributs des
pollinisateurs, comme la capacité de se déplacte das parcelles de nourriture et leur
flexibilité dans leur diéte (Bronstein 1995). Compénu de l'importance de la disponibilité
des ressources alimentaires pour les nectariv@@ssingham 1989), la prochaine section est
dédiée aux mécanismes affectant sa distributioneenes de quantité et de qualité dans

I'environnement.



DISTRIBUTION DES RESSOURCES ALIMENTAIRES POUR LES
NECTARIVORES

Savoir si les ressources sont distribuées inégalemenon dans I'espace et dans le temps est
d’'une importance cruciale pour construire les meslede quéte alimentaire optimale
(Pleasants et Zimmerman 1979). A ce titre, lesrélaont généralement réparties de fagon
inégale dans l'espace, et ce, a différentes échsplatiales (Goulson 2000). Par exemple, les
fleurs sont groupées dans des inflorescences,dbsgpeuvent également étre groupées sur
une méme plante alors que les plantes elles-mémes sbuvent réparties inégalement
(Goulson 2000). De plus, le nectar disponible plesrnectarivores varie en quantité et en
gualité dans l'espace et dans le temps (Scobl&agte2006). Selon Gill et Wolf (1977), trois
principaux facteurs contribuent a la variation aspdnibilité du nectar. Premiérement, la
qualité d’'une parcelle peut augmenter a mesurd gué de nouvelles fleurs produites ou
diminuer a mesure que ces derniéres vieillisseaplDs, les caractéristiques propres au nectar
(composition et agencement des sucres tels queosgudructose et sucrose), lesquelles
peuvent varier avec l'age des fleurs, vont infleensa valeur énergétique (May 1988).
Deuxiemement, le renouvellement du nectar a l'iatérd’'une méme fleur peut varier. Ceci
est appuyé par les résultats de May (1988) qui ranhtue la quantité de nectar produite est
plus grande le matin, généralement peu de tempass dfmuverture des fleurs, et qu'elle
décline a mesure que la journée avance. Troisiemigrneetaux de consommation de nectar
par les compétiteurs, de la méme espéce ou nosgmal également une variabilité, tant
spatiale que temporelle, de la disponibilité entaredn effet, plusieurs études ont montré que
l'activité de quéte alimentaire des nectarivorestmgnérer une distribution trés inégale de

cette ressource (Pleasants et Zimmerman 1979; Zimame1981).



La distribution spatio-temporelle des fleurs eshsidérée un déterminant majeur de la
guantité d’énergie dépensée par un nectarivoreuétecplimentaire. Lorsque les fleurs sont
densément regroupées, par exemple, il devrait suiteé une diminution du temps passé a
voyager entre les fleurs et une augmentation dubnerme fleurs visitées par unité de temps.
En effet, la distance parcourue et le temps prig pfectuer les déplacements sont reconnus
pour étre des bons indicateurs de I'énergie dégepaéun nectarivore durant la recherche de
nourriture (Hill et al. 2001). Ceci est d’autantiplimportant pour des espéces qui ont un gros
co(t énergétique relié au vol (May 1988). Par Ig €me les ressources en nectar sont
distribuées de fagon inégale dans l'espace etldaemps, et ce, a différentes échelles, et par
le fait que la quantité d’énergie disponible estitée, la majorité des nectarivores devraient
adopter un comportement alimentaire qui maximiseéalex net d’acquisition d’énergie en
minimisant, par exemple, le temps passé a volesgG Montgomerie 1981). Ainsi, les
patrons de mouvements au sein de ces parcellameétdghtion sont considérés comme des

facteurs clés de 'aptitude phénotypique des nigotas (Ohashi et al. 2005).

Les décisions qu'ont a prendre les pollinisatears te la recherche de leur nourriture ont été
généralement étudiées a I'échelle d’une seule Blewt'une seule parcelle de fleurs (e.g., Pyke
1978; Heinrich 1979; Pleasants 1989; Williams etl8B8; Temeles et al. 2006). Cependant,
aucune étude empirique n'a éte effectuée pour @vldupertinence de ces échelles spatiales
relativement a la fagon dont les individus percoivées ressources en nectar dans leur
environnement (Bronstein 1995). Il y a toutefois Hennes évidences que certains
pollinisateurs, tels les bourdons et les oiseaaens capables d'évaluer et de mémoriser la
disponibilité des ressources en fleurs a une éxhetégionale» et d'incorporer cette
information dans leurs décisions a I'échelle «leea|Bronstein 1995; voir aussi Visscher et
Seeley 1982; Carpenter 1987) De plus, les patrooslightion de l'espace par ces
nectarivores varient fortement d'une espece arkaet méme entre les individus, allant de la

défense d'un territoire restreint et exclusif jusqu’utilisation d'aires non-défendues
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fréquentées par plusieurs individus (Brown et Grid®70; Powers et Mckee 1994). Ces
patrons seraient déterminés par la distributiontisipaet temporelle des ressources, en

particulier les ressources alimentaires (Grant 188#er et Lott, 2000).

Enfin, les études antérieures n'ont considéré ysgme des nectarivores que du point de vue
des ressources alimentaires (e.g., Cartar et 8l/;10sborne et al. 1999; Kreyer et al. 2004).
Par conséquent, la structure de la végétation, (demsité d’arbres et de feuilles, essences
végétales, présence de trouées, etc.) n’a jamaoésidérée par ces études. Il demeure que la
structure de la végétation a le potentiel d'exencerinfluence majeure sur les mouvements et
I'exploitation des ressources en limitant, par eglemles possibilités de défendre les sources
de nectar (Basquill and Grant 1998), de trouvetéebuvrir les ressources alimentaire (Eason
et Stamps 2001) et méme de restreindre I'accespawmtenaires sexuels en limitant, par
exemple, les activités de parades liées a la reptmh et a la défense du territoire (Eason et
Stamps 2001).

STRATEGIES DE QUETE ALIMENTAIRE DES NECTARIVORES

Dans une étude visant a évaluer l'efficacité dééddhtes stratégies de quétes alimentaire des
nectarivores, Ohashi et Thompson (2005) concluemt le traplining est, dans la grande
majorité des conditions, le comportement de redteerde nourriture offrant le plus de

bénéfices aux individus qui I'adoptent.

Le traplining est une stratégie de quéte alimentaire qui implides visites a des parcelles de
nourriture renouvelables qui sont effectuées saloordre fixe (prévisible) et répété (Ohashi
8



et Thompson 2005; Saleh et Chittka 2007) tlaplining serait une stratégie rentable lorsque
les individus fréquentent relativement peu de seside nectar, que le niveau de compétition
pour le nectar est faible et que les bénéficesgétigues sont suffisants pour compenser les
colts énergétiques engendrées par les déplaceerdrasles fleurs et les parcelles de fleurs
(Gill et Wolf 1977). Des strategies s'apparentantraplining furent non seulement observées
chez des insectes et des oiseaux (voir Janzen T&lilet Wolf 1977; Davies et Houston
1981; Thomson et al. 1997; Temeles et al. 2006)s dgalement chez certains groupes de
mammiferes (Lemke 1984; Garber 1988; Reid et Rétb2 Ces observations suggéerent que
cette stratégie serait utilisée par des animaux teatitoriaux qui exploitent des parcelles
isolées de ressources renouvelables de nourrituseligant un trajet régulier (Gill 1988). Le
traplining est par conséquent souvent opposeé a la territérid fait que la territorialité est
une stratégie d’exploitation des ressources basegne défense active de cette derniere alors
gue letraplining est surtout basé sur une défense par exploitdtda ressource (Feinsinger
et Chaplin 1975; Stiles 1975; Feinsinger et ColM@II8; Gill 1988). Il est intéressant de noter
gue cette stratégie semble étre utilisée par gaslgspeces de colibris ou certains individus
adoptent une séquence reguliere dans l'utilisatierieurs ressources alimentaires (i.e., une
trapline; Wolf et Hainsworth 1971; Wolf et Wolf 1971; Teraslet al. 2004). Par conséquent,
il se pourrait que le niveau de traplining utilz@ les individus ne varie pas qu'entre especes,

mais aussi entre les individus d'une méme espéege &iles and Wolf 1979).

La rentabilité dutraplining serait intimement li€ée aux capacités cognitives mlectarivores.
En effet, plusieurs études ont suggéré que centeokarivores utilisent leur mémoire spatiale
lorsqu’ils cherchent leur nourriture (Sutterland@ass 1995; Miller et al. 1984) et qu'ils
apprennent et se souviennent de 'emplacementalgses de nourritures les plus profitables
et les choisissent préférentiellement tant qu'elted profitables (Miller et al. 1984). Healy et
Hurly (2003) ont d'ailleurs montré que des colil@taient capables d'évaluer la qualité des

parcelles de fleurs, de se remémorer leur posétate mesurer le taux de renouvellement du
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nectar au sein des parcelles de fleurs. Ainsi,dpacité des colibris a se remémorer des
informations importantes concernant les parcellesndurriture (position, qualité) est une
composante majeure du succés de leur stratégieuée @limentaire (Sutterland et Gass
1995). La sélection naturelle devrait donc favoriss individus qui s’alimentent dans les
fleurs les plus riches en nectar, tout en minintidaars déplacements, de facon a ce qu’ils
augmentent leurs gains nets par rapport a ceukngiatant de facon aléatoire (Gill et Wolf
1977).
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MODELE ET OBJECTIFS DE L’ETUDE

Bien que letraplining fOt observé dans plusieurs groupes du régne anihd@meure qu’en
nature, nous ne savons pas vraiment si ces aniagaptent effectivement un comportement
detraplining et jusqu’a quel point ils utilisent cette stragéde quéte alimentaire. D’une part,
parce que la ressource est distribuée inégalenmemd tespace (Pleasants et Zimmerman
1979; Zimmerman 1981), il est difficile de relie¥ mouvement des nectarivores avec les
endroits exacts ou ils s’alimentent, et dans les @a nous connaissons la position des
individus (e.g., via l'utilisation d’émetteurs radvHF), nous ne savons pas ce qu'ils font (voir
Hadley et Betts 2009). De plus, I'adoption d'un portement déraplining est généralement
inféré alors que nous n‘avons aucune idée du th@imentation complet effectué par les
individus suivis (e.g., Stiles et Wolf 1979; Gaors 1995; Temeles et al. 2006). Par
conséquent, nous avons bien peu d’information’syistence de ce comportement en nature
et sur l'influence de variables jugées clés surrplining, notamment, l'influence des
compétiteurs (Gill 1988; Temeles et al. 2006; Ohaslal. 2008), de la distribution spatiale et
temporelle des ressources en nectar, du nombrardellgs de fleurs fréquentées et surtout de
l'influence de la structure du paysage sur les rements et les stratégies d’exploitation des

ressources des nectarivores.

On constate également un manque flagrant d’étuattachées aux facons de quantifier les

comportements deaplining. Or pouvoir quantifier le niveau deaplining est essentiel pour

comparer le comportement de différents individusstimer les effets de différentes variables

sur la genése et la persistance d’un tel comporiegrenature. A ma connaissance, une seule

étude s’est véritablement penchée sur la questimn Thompson et al. 1997). Ces auteurs ont

développé trois indices permettant de quantifietrdplining. Par contre chaque indice pris
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individuellement ne peut quantifier a lui seul Emportement et chacun d’eux explorent le
traplining sous différents angles. Il demeure donc que ldhodét pour arriver a ces indices
reste & peaufiner. Effectivement, ces indices dases sur une série de déplacements qui
exclue les transitions entre les sources de nectiane sont observées que trés peu de fois,
favorisant par le fait méme la détection d’indisdadoptant letraplining. De plus, la
nécessité de devoir combiner chaque indice en uinpseir réellement comprendre la genese
de ce comportement rend le calcul de ce genreidénaissez laborieux, surtout s’il doit étre

réalisé sur un grand nombre d’individus suiviswsue longue période de temps.

Au Québec, le seul représentant des oiseaux nemtesi est le Colibris a gorge rubis
(Archilochus colubris). Comme toutes les especes de colibris, cet odépend fortement des
ressources en nectar pour survivre (Rappole etcBamann 2003). A linstar des autres
especes de colibris, voire des nectarivores enrgime Colibri & gorge rubis est trés petit, se
déplace rapidement et il est presqu’impossibleedd¢aliser au chant. Il s'ensuit que nous
disposons de trés peu d'information sur les moun&snges colibris, d'autant plus qu'aucun
mode de suivi n'a été développé pour suivre ledadéments de ces oiseaux. Les rares
individus qui ont été suivis en nature I'ont étéenn nombre restreint de parcelles de fleurs
sur une courte période de temps (e.g., Powers 1887plus, la grande majorité des suivis
proviennent d’individus en captivité (e.g., Montgene et al. 1984; Wolf et Hainsworth 1991,
Powers et McKee 1994). Les observations étant aessieintes a des parcelles de fleurs
focales, voire une seule parcelle, nous n‘avonsirmei@dée des déplacements effectués par les
colibris entre les parcelles de fleurs et de Isdiion des parcelles de fleurs en dehors de
celles observées (voir Temeles et al. 2006). Ds, jilly a un manque flagrant d’études, autant
en milieu naturel qu’en captivité, qui integrentaafois les mouvements et I'utilisation des
parcelles de nourriture en reliant la structurd’ligbitat dans lequel les colibris évoluent, la
présence de compétiteurs et la quantité et latqudés ressources alimentaires. Enfin, les

colibris sont généralement exclus des analysesatterns d'occurrence ou d'abondance en
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relation avec la structure du paysage en raisotediefaible niveau de détection lors des
inventaires (e.g., Villard et al. 1999; RobinsorRetbinson 1999). Ceci a donc pour effet de
limiter encore davantage les connaissances assauigeeffets de différentes composantes ou

modifications des paysages sur ces oiseaux.

En se basant sur une technique récente et inncwale suivi des déplacements des petits
oiseaux nectarivores (Charette et al. 2Gb0amis), I'objectif principal du présent mémoire est
(1) de développer un indice permettant de quantifier une base quotidienne, le niveau de
traplining adopté par des Colibris a gorge rubis au sein digpositif expérimental a grande
échelle spatiale en milieu naturel et (2) de mesuiefluence de plusieurs facteurs
d'importance écologique sur le niveautd®plining démontré par les individus. Ces variables
incluent le sexe de l'individu, l'utilisation dedpace par l'individu en termes de concentration
spatiale, la compétition par les autres colib@sstructure de la végétation et les conditions
météorologiques. En évaluant le niveau tdaplining adopté par les individus, ce projet
permet également de quantifier l'utilisation d’astistratégies d’exploitation des ressources
(e.g., aléatoire, directionnelle, recherche eneniliestreint,) qui pourraient étre associées, par
exemple, a la disposition de base des ressourossndére aire d’étude (voir Zollner and Lima
1999; Baum et al. 2001). Finalement, mon projetnddtrise est une premiere en ce qui
concerne 'étude des stratégies de quéte alimendi@is nectarivores en milieu naturel dans
une perspective d’écologie du paysage et permetndsurer l'influence simultanée de

plusieurs variables clés sur les mouvements dardasaux.
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CHAPITRE 1 : ECOLOGICAL DETERMINANTS OF TRAPLINING TENDENCY
IN FREE-RANGING RUBY-THROATED HUMMINGBIRDS

(Archilochus colubris)

MISE EN CONTEXTE

Le présent chapitre consiste en une étude porames mouvements et les stratégies de quéte
alimentaire des Colibri a gorge rubis en natures beteurs de cette étude sont Yanick
Charette, Francois Rousseu, Alain Gervais et MaétisB. Yanick Charette, l'auteur
principal, a développé la technique de suivi desivements des colibris et est celui qui a
contribué le plus a la collecte de données siertain. De plus, celui-ci a exécuté et interprété
la majorité des analyses statistigues des données cue rédigé une version préliminaire
compléte de cet article. Francois Rousseu a caérde facon substantielle a la collecte des
données terrain. De plus, son support fit esseuuial la gestion de I'énorme base de données
gue nous avons amasseées au fil des ans (i.e.08 90D de lignes de données) et a contribué
énormément a la programmation informatique darsdeiel de statistiques R. Le support
d’Alain Gervais, bio-informaticien, fat égalemenéquis pour fins de programmations
informatiques et sa contribution mérite d’étre ggnée en le placant sur la liste des auteurs du
présent article. Marc Bélisle est l'instigateurpiajet et a offert un support a tous les niveaux.
Le présent chapitre est I'objet principal de ce roiéenet sera soumis en tant qu'article a une

revue qui reste encore a déterminer.
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ABSTRACT

Traplining is a foraging strategy whereby an indual visits in a repeatable order, in both
space and time, a series of food sources whosenispment is predictable to some point.
Trapliners sometimes derogate from their routerden for instance, to skip food sources that
have become unprofitable or to look for newer dtdseforaging opportunities. This study
explores the influence of several ecological vdesbon the traplining tendency of 140
breeding adult Ruby-throated Hummingbird8rdhilocus colubris) fitted with passive
integrated transponders and foraging freely withid4-ha grid composed of 45 artificial
nectar feeders in Cleveland County, Quebec, Ca(2@7-2009). Although most (84.3%)
individuals included potential traplines in theiowement paths on some days there was a
strong variation in the traplining tendency of widuals as well as among days within
individuals. Moreover, individuals showed a low jpeasity to trapline without derogating
from their route. Overall, females exhibited a geedraplining tendency than males based on
the series of nectar feeders they visited, yet thgyed feeders included in potential traplines
with less temporal regularity than males. Whileplirding tendency increased at cold
temperatures, it was not affected by precipitatidtsdscape composition (tree and sapling
density, occurrence of forest gaps) had a greatlerence on the traplining tendency of males
than of females, favoring traplining when resoudefense efficiency was reduced. For
females, traplining tendency appeared to decreaeinecreasing density of natural flowers.
Flower density may have caused derogations to saam exploit these alternative sources of
nectar as well as modified the cost:benefit rafidefending feeders. In spite of the apparent
negative relationship between the tendency of iddais to trapline and to defend feeders, the
number of visits made by competitors at feedersiwipotential traplines had no bearing on
traplining tendency. Traplining tendency was akecby how individuals distributed their

visits among feeders, the number of feeders indudeotential traplines, and the minimum-
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spanning tree linking all visited feeders. Our Hesssupport the hypothesis that hummingbirds

tend to trapline when environmental conditions ad favor the defense of nectar sources.
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INTRODUCTION

Traplining is a foraging strategy whereby an indual visits in a repeatable order, in both
space and time, a series of food sources whictemeghl according to a schedule that is
predictable to some point (Thomson et al. 1997)aBjsting its schedule of visits to exploit
standing crops of food before their rate of rekment decreases or to limit exploitation by
competitors, a traplining individual can theorellica@xperience a greater and less variable
gross rate of food intake than if it foraged rantomr adopted an area-restricted search
strategy (Possingham 1989, Ohashi and Thomson 20D%plining also confers the
theoretical advantage of reducing the mean stanchog of resources per patch and thereby
creates a vacuum of resources that can discouragmpetitors (defense by exploitation;
Possingham 1989, Ohashi and Thomson 2005). Thesefitsemay be improved if the
trapliner optimizes its route to reduce travel spstich as in the traveling salesman problem
(Ohashi and Thomson 2005, Ohashi et al. 2006).liheap, however, may sometimes modify
their route to leave out food sources that haveimmecunprofitable or seek newer or better
foraging opportunities (Ohashi and Thomson 2005gbhet al. 2008).

Foraging patterns compatible with the spatial angeral component of traplining have been
observed in herbivores (e.g., geese; Prins et 380)1 frugivores (e.g., monkeys; Janson
1998), insectivores (e.g., wagtails; Davies and dtmu 1981), and nectarivores (e.g.,
bumblebees; Saleh and Chittka 2007). Yet most gatwe accounts of traplining are

anecdotal (e.g., Janzen 1971) or focus on therr¢ines of a few marked individuals at one
or a very limited sample of feeding locations (e@jill 1988, Williams and Thomson 1998,

Temeles et al. 2006). Only a few studies, mostlybomblebees, recorded the foraging
movements of either captive or free-ranging indrald among food sources to address
ecological aspects of traplining, likely becauséhef difficulty of tracking individuals in space

for long time periods (Thomson et al. 1982, 198Fpmson 1996, Thomson et al. 1997,
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Comba 1999, Makino and Sakai 2004, 2005, MakinaleR007, Saleh and Chittka 2007,
Ohashi et al. 2006, 2008). To our knowledge, nalystbhas integrated both spatial and
temporal information to quantify traplining and ess the influence of its ecological
determinants. Despite this lack of data, speciesndividuals are routinely classified as
trapliners or nontrapliners in the literature, espky for hummingbirds (e.g., Feinsinger 1976,
Gill 1988, Garrison and Gass 1999, Temeles et@D6Q In the near-absence of empirical
evidence, the same literature on hummingbirds eseggests that traplining should be
exhibited by nonterritorial individuals or specids.fact, there is no reason why territorial
individuals should not trapline to some point withdefended areas as shown by the Pied
wagtail (Motacilla alba) study of Davies and Houston (1981).

To quantify traplining, one minimally requires Sphtlata on the foraging routes taken by an
individual. Because we cannot expect foragers &the exact same trapline over time leads
to a statistical challenge (Thomson et al. 199@). iRstance, hummingbirds are expected to
modify their trapline as they learn the locatior gofitability of nectar sources, sample for
better foraging opportunities, and optimize thesute to reduce travel costs or loss to
competitors (Thomson 1996, Ohashi et al. 2006,hSafel Chittka 2007). Derogations could
also originate from foraging preferentially at theriphery of the territory early in the day to
decrease the standing crop of nectar and theredppuliage potential intruders (Paton and
Carpenter 1984), from chasing competitors (Davies ldouston 1981), or from engaging in
courtship and mating. Traplining may occur withihiararchy of spatial scales (i.e., flowers,
inflorescences, plants, and patches of plantshaethr quality and availability may vary over
space and time (Pleasants and Zimmerman 1979, Zimame1981) further complicating the
assessment of traplining. Given those potentiatcgsuof derogation, a quantitative measure
of an individual's traplining tendency would be manformative than simply determining
whether it traplines or not. Moreover, inferring ether an individual traplines or not is
afflicted by several problems (Thomson et al. 19%rist, the rejection of a null hypothesis,
such as “the forager moves randomly among foodheatc does not provide any evidence
that traplining is being used because the foragaeldcadopt any other strategy. Second, since
18



strict traplining is not realistic, using this maowent pattern as a null hypothesis would still
require us to establish a subjective, acceptablel lef derogation. Third, the level of
derogation that would need to be established maywdh environmental conditions. Lastly,
the non rejection of such a null hypothesis woutl guarantee either that traplining is being

used.

Here we first build on a new method that identifiesvement path recursion (Bar-David et al.
2009) to develop two indices of traplining tendenaye that does not allow derogation and
one that does. Using the two indices, we then egptbe influence of several ecological
variables on the traplining tendency of breedindyRthroated HummingbirdsA{chilochus
colubris) fitted with passive integrated transponders ardding freely within a 44-ha grid
composed of 45 artificial nectar feeders. Hummirggion the grid show a large variation in
both the number of feeders that they visit on @giday and their relative use of the different
feeders visited on a given day, even though fequiengde nectaad libitum (Rousseu 2010).
Some individuals concentrate their visits to a lgrfgeder, others distribute their visits more
or less evenly among several feeders (Rousseu 20t8%e contrasting patterns suggest that
some individuals may attempt to defend one feedet athers to trapline. Ecological
determinants of traplining tendency in our studgaamay thus include variables affecting

resource defense, as resource defense is a liketgesof traplining derogations.

We examined how traplining tendency was affectedhgy proportion of visits made by a
hummingbird to the feeder it visited most, as vaslby variables that could affect the resource
holding potential of individuals, such as age, aed parasite load (Ewald 1985, Temeles and
Kress 2010). Although competitors cannot cause@pstiecline in the expected standing crop
of nectar as feeders “replenish” instantly, humrbirds may still detect competitors visually
(Tamm 1985, Temeles et al. 2006). We thus congidéne number of visits made by
competitors to feeders included in traplines améax of competition. We also considered the
availability of natural flowers along traplines iaxould modify resource defense economics
19



on the feeder grid (Grant 1993) while providing iiddal foraging and mating opportunities
(i.e., sources of derogations; Makino et al. 2003neles and Kress 2010). We characterized
the habitats along traplines because landscapetsteucan affect territory establishment and
defense (LaManna and Eason 2003, Rousseu 2010)etkisasv the movement paths of
hummingbirds (Hadley and Betts 2009). Moreoverd&mape structure may affect mating
opportunities and breeding site availability in Rdbroated Hummingbirds, which are
polygynous, and possibly polygynandrous, with ori@males providing parental care
(Robinson et al. 1996). Lastly, we measured thieenice of the number and spatial spread of
feeders included in traplines on traplining tenderas these spatial variables should affect
route learning, travel costs and spatial overlah wompetitors (Ohashi et al. 2006, 2008). We
used the above variables to address the temponapaeent of traplining and assess their
influence on the variation in time between conseewisits at feeders included in traplines.
Hummingbirds with a strong traplining tendency ddademonstrate highly regular intervisit
duration (Gill 1988, Williams and Thomson 1998, &amn and Gass 1999, Temeles et al.
2006).

METHODS

Study area and sampling design

We monitored the foraging movements of Ruby-thrddtdeimmingbirds fitted with passive
integrated transponders (PIT-tags) between 20 Mdy38 August 2007-2008 on a 44-ha grid
with 45 artificial feeders located in Cleveland @by Quebec, Canada (45°, 40" N; 72°, 05’
W; Fig. 1). The grid comprised different vegetatioovers, including hayfields (8 feeders),
fallows (6 feeders), as well as mature deciduousnaixed forests (31 feeders). Feeders (Yule

Hide, model HB81, capacity 455 ml) were spaced @y th and mounted on a metal pole 1.5
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m above ground. They were covered with an oliveveal, aluminum plate (diameter: 60 cm)
to reduce direct sun exposure and prevent evaparatid variation in sucrose concentration.
We cleaned and replaced feeders weekly (withimaheurs on the same day) and filled them
with a fresh solution of 20% (w/v) sucrose, to marthe nectar found in flowers visited by
wild hummingbirds (Baker 1975, Bolten et al. 19Z®alcoff et al. 2008).

Feeders were red and originally contained fouroyellflowers' from which hummingbirds
could drink while hovering or sitting on a smallrge We removed three of the four flowers
and perches to force hummingbirds to visit a sirfigiver. Each feeder was equipped with a
PIT-tag reader (Trovan Ltd., UK, model LID650, mbd&T 614 OEM; see Charette et al.
submitted for details). Readers were programmextao for PIT tags every second and record
the PIT tag ID, date, and time (hour, min, sedefected using the LID650/LID665/LID1260
software (Trovan Ltd., UK, version 703). We trangfed time series of detections into visits

characterized by a visitor ID, a start time andieation.
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Fig. 1. Hummingbird study area consisting of a 44ghid composed of 45 artificial feeders,
each equipped with a PIT-tag reader, and locate@laveland County, Quebec, Canada.
Feeders (large dots) were spaced by 100 m andategesampling points (small dots) by
50 m.
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Capturing and marking hummingbirds

We captured hummingbirds with mist nets and Halbs$r (Russell and Russell 2001) between
06h00 and 13h00 (EST) throughout the study peAdldeeders were subjected to a minimum
capture effort every 10 day period. We oriented capture efforts toward feeders where
unmarked individuals were seen during weekly statided focal observations. We also
increased capture efforts when unmarked individwe¢se seen and when hummingbird
activity on the grid was high. Captured individualsre fitted with an official, aluminum leg
band (size X). We glued a PIT tag (Trovan Eledtrddentification System, model ID100A,;
weight: 0.09 g; size: 2.12 x 11.50 mm) on the bfsathers in the interscapular region (see
Charette et al. submitted for details). We thereddhe hummingbirds' body mass (+ 0.1 g),
wing chord (x 1 mm), exposed culmen length (£ 1 mas)well as sex and age following Pyle
(1997). We also recorded the number of mallophagdem in the hummingbirds' throat
feathers (likelyTrochiliphagus lineatus; Price et al. 2003) as an index of parasite |&adhlly,

we colored the breast of hummingbirds with a nofeo permanent marker for visual
identification (Russell and Russell 2001). Humminggp were allowed to drink nectar from an

artificial feeder every 2-5 min throughout the npanations.

Traplining: definitions and quantification

Traplining implies that visits made by an indivitlta food sources follow a repeatable order
in both space and time. Quantifying the repeatshili foraging paths in both space and time
is, however, challenging (Thomson et al. 1997).aA8rst spatially explicit exploration of

traplining behavior, we used two traplining indickst measure repeatability of foraging
paths in space and one that quantifies the vamiatidhe duration between consecutive visits

to a given food source. Each index was computdg.dai
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In the strictest acceptable scenario, a humminginrdd sample available food sources at the
onset of the day and establish a trapline from vitigvill not derogate until the next morning.
Our first index of spatial traplining tendency, $dr strict traplining, assesses how well
individuals fit within this inflexible scenario, wth matches basic traplining definitions
(Thomson et al. 1997). Our second index of spatelining tendency, FT for flexible
traplining, quantifies the propensity of individsdb trapline while being allowed to derogate
from their trapline or to switch traplines duringday. Before presenting how we computed

these two indices we first need to explain how eentified potential traplines.

Potential traplines were identified following Bagaidd et al. (2009) to assess movement path
recursions (repeated visits to a particular loecgti@eginning with the sequence of visits made
to feeders by an individual on a given day, we tbaiitecursion matrix which identified all
closed paths as well as their length (i.e., nunabéeeders visited before returning to a given
feeder) and locations (Fig. 2). Traplining, howewarould also involve circular movement
paths. Whether a recursion was part of a circulath pwas determined using two
periodograms, for clockwise and counterclockwiseles; based on the complex Fourier
transform of the feeders' spatial coordinates (E)gNote that the conjugate of the complex
Fourier transform identifies clockwise cycles irgtef counterclockwise cycles (Bar-David et
al. 2009). We thus identified all periods (i.e.ymher of feeders visited to complete a cycle)
associated with peaks in both periodograms. A peak defined as a period for which the
power dropped on either side of it or on one sided period was at the beginning or the end
of the periodogram. These periods allowed us tatiffje which diagonals in the lower
triangular recursion matrix contained recursionsn(ed by zeros “0”) that were part of
circular movement paths (Fig 2). If peaks were eissed with non-integer period values, we
considered the periods on either side of theseegaMovement path segments along potential
traplines corresponded to all sequences of contiguecursions encountered on diagonals
characterized by periods with peaks. Potentiallitrap of lengthp thus corresponded to the
first p feeders of each sequence of contiguous recursamt®untered on a diagonal
characterized by a peak period of qzé/et, if a recursion sequence on a given diagwae
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smaller than the period associated with that diajdhe trapline then equalled the recursion
length. According to this definition, traplines megymprise food sources that are visited more
frequently than others as this could occur if sdowa sources renew faster than others. Note
that recursion “sequences” composed of only ondeiew/ere rejected. Hence, if all recursion
sequences were rejected for a given movement frethmovement data for that individual on
that day were not considered in the analyses. idaials with fewer than 15 visits to feeders
on a given day were also omitted from the analyBestursion and circle analyses were
performed in R v. 2.10.1 (R Development Core Te&092 based on the MATLAB codes
provided by Bar-David et al. (2009).

We computed the ST index of spatial traplining tamxy using the diagonal (with a peak
period) of the recursion matrix that contained gneatest number of contiguous recursions.
Specifically, ST was obtained by dividing the ldnglf the longest sequence of contiguous
recursions on that diagonal by the length of thegadnal. If more than one diagonal or
sequence were identified, the first ones were used.

Instead of focusing on a single recursion sequeheek-T index of spatial traplining tendency
considered all potential traplines found in theursion matrix. We computed FT according to
an algorithm that first determined if a given visita feeder was part of the potential traplines.
For instance, suppose that the sequence of feedged by an individual on a given day was
{ABCABCRABBBDCAJBCAB} and that the potential traple{ABC} was identified. The
algorithm would sequentially search for A, B, C,B\and so on until it reached the end of the
feeder sequence. Feeder visits encountered acgotalithe expected order of the {ABC}
trapline would be marked as ones (1) and othergeass (0), which would result in the
occurrence vector {1111110110001101111}. The algoriwould then calculate FT as the
sum of occurrences (1) divided by the length of feexler sequence (i.e., 14/19 = 0.737). In
this particular case, the FT index indicate th&bo## visits to feeders were along the {ABC}
trapline. If more than one potential trapline waernitified, we calculated an occurrence vector
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for each trapline. Feeder visits scored as (1} least one occurrence vector were then treated
as (1) in a global occurrence vector and as zdpstherwise. The FT index then indicated

the proportion of visits made according to anyhaf potential traplines.

. : : trapline
Anticlock Clock
@ nticlockwise ockwise
i Peak at 3 =
@; period | TTAB|IC/A|B|C|A|B|C
S 1 B
o 2 |C
| . & (3 ) AlO
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= % 0 | 4 |B 0
O 2 5
o 5 (C 0
v | ) 6 |A 0
7 7 |B 0
s - 9 |C 0
Period Period

Fig. 2. Basic examples of a recursion matrix andogdegrams used to identify potential
traplines (see Methods for details). Let the seqgeef feeders visited by an individual on a
given day be {ABCABCABC}. That number of visits iso low to have been considered in
the analyses, but this feeder sequence is useaihfipticity. Both periodograms (for clockwise
and anticlockwise cycles) would show a peak atreogeof 3, indicating that it took 3 moves
to complete a cycle. On the other hand, the lowiangle of the recursion matrix would
contain zeros (0) on the diagonal of period 3. €hssros indicate recursions (i.e., repeated
visits to a particular location). The fact that ttgnous recursions are aligned on a diagonal
with a period that peaked in at least one periocglmgndicates that the recursions were part of
a circular movement path. These results would ifleatpotential trapline {ABC}.

Traplining also requires that individuals synchmentheir visit to food sources to maximize
benefits from resource replenishment and to mireniisses to competitors (Gill and Wolf
1977, Gill 1988, Williams and Thomson 1998). Basedhis rationale, traplining individuals

should return to food sources at regular inter¢dfdliams and Thomson 1998). Traplining
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tendency should therefore be inversely proportiotwal variation in the time between
consecutive visits to individual feeders in a tima@l We quantified this variation using the
standard deviation of the intervisit durations (s€c; SD.IVD) to each feeder in a trapline.
Because some intervisit durations were very large, & 50 000 sec) and potentially caused
by observers replacing feeders, we computed thedatd deviation after trimming the first
and last B percentiles of durations on each day. Note that\BDwas log-transformed prior
to model fitting.

Potential determinants of traplining tendency

As mentioned in the Introduction, many variablesynadfect the traplining behavior of
hummingbirds and lead to derogations from the egatnporal patterns expected from this

foraging behavior (Table 1). How we measured tleegdanatory variables is detailed below.

Meteorological conditions

We measured daily precipitations (£ 1 mm) at 6HP8T) using a pluviometer located in field
habitat. Precipitations that may have affectedlimaypy in a given day were thus measured the
next day. We placed one Thermochron® iButton® (Etdeel Data Systems, model
DS1922L) in the center of each of the three maihitat types found in our study area:
hayfields, fallows and forests, to record tempemit 0.5 °C). We programmed iButtons to
record temperature once per hour throughout theystsince the three habitat types covered
areas of similar sizes, we calculated the averag®érature on a given day as the mean

hourly temperatures from 21h00 on the previoustd&®1h00 on the focal day across the three
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habitats. This period covered the time during whictmmingbirds fasted at night then fed
during the day of interest.

Landscape composition

We quantified landscape composition within a 10-offdy zone on each side of potential
traplines used by hummingbirds on a given day. Wkndted buffer zones following the
actual sequence of feeders visited by humminglatdeg traplines. Landscape composition
variables (i.e., tree, sapling and flower densidsswell as forest gap occurrence) were first
measured on a systematic grid of 236 sampling pospiaced by 50 m (Fig. 1) before
estimating the value of each variable within 27m®Bsquare pixels by kriging. We then
computed the value of each landscape compositioiabla by averaging across pixels
included in trapline buffers weighted by the numbértimes the hummingbird visited the

pixel.

We estimated tree density using a basal area @si‘sapling” density by counting stems
with 1-9-cm DBH in a 2.2-m radius centered on taengling point. We considered that a
forest gap (> 50 A was present when found within 15 m from a sangpfinint. While these
variables were measured once in June 2006, the euaflflowers of herbaceous plants and
fruit trees (e.g.Amelanchier spp.,Prunus spp.) was counted in a 2.2-m radius centered @n th
sampling point every two weeks between early May late August 2007 and 2008. We used

flower densities measured on the date closesttoottiraplines in the analyses.

We performed kriging in ArcGIS v. 9.2 (ESRI 200&eahaving determined the correct semi-

variance function to be used with a variogram cai@guvith the package GeoR v. 1.6-25 in R
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v. 2.10.1 (R Development Core Team 2009). The gaaim analysis suggested a Gaussian
model for kriging interpolation with all landscapemposition variables, except for forest gap

occurrence, which required a spherical model.

Competition

We assessed the influence of competition on traggitendency (i.e., ST and FT) using the
number of visits made by competitors to feedersprigad in an individual's traplines as a
daily index of competition. When modeling SD.IVDewsed the daily number of visits made
by competitors to the focal feeder. These estimasssme (1) that hummingbirds can assess
competition from the foraging activity of competip because feeders provided nectdr
libitum (Tamm 1985); (2) that the amount of nectar takgndmpetitors is proportional to the
number of visits made by competitors; and (3) thatnumber of visits made by competitors
fitted with a PIT tag is proportional to those mao hummingbirds without a PIT tag.
Although we cannot assess the validity of last ageumptions, we believe that our trapping
effort kept the proportion of unmarked individualery low and homogeneous across the

study area, which lend support to the second assomp

Space use

We used three variables that characterized thefuggace by an individual hummingbird on a
given day, namely the level of spatial concentrgtithe number of trapline feeders, and the
minimum spanning tree (MST; Urban et al. 2009)imgkall visited feeders. When modeling

traplining tendency based on the ST and FT indispatial concentration consisted of the

proportion of visits to the most visited feeder. @re other hand, we defined spatial
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concentration as the proportion of visits made he feeder of interest when modeling

SD.IVD. The number of trapline feeders was thel totember of feeders included in potential

traplines. We computed the minimum distance linkaigvisited feeders, independently of

their occurrence in a potential trapline, as a M®inhg the packages ecodist v. 1.1.2 and
veganv. 1.17-0 in R v. 2.10.1 (R Development Clazam 2009).

Statistical analyses

We defined a set of nine models for each respoasahle that assessed traplining tendency
of individual hummingbirds on a given day (i.e.,,$T and SD.IVD; Table 2). These models
contrasted plausible hypotheses regarding traglitémdency based on theory and empirical
observations (Table 1). For ST and FT indices veal @weneralized linear mixed models with a
logit link function and binomial errors (Gelman ahill 2007) because these indices were
proportions. Because individual hummingbirds wemially observed on several days,
individual ID was treated as a random factor. Imtcast, for the log-transformed SD.IVD
index we used generalized linear models with amtitelink function and Gaussian errors
(Gelman and Hill 2007). Because the SD.IVD indexwamputed for each feeder included in
potential traplines, we included both feeder andhimingbird IDs as random factors. All
models were fitted using the Ime4 v. 0.999375-32kpge in R v. 2.10.1 (R Development
Core Team 2009). We fitted models only for adultnmingbirds because we were not able to

track the foraging movements of enough juvenildsir

We compared the models of each set based on tbadsecder Akaike information criterion
(AIC), and resulting Akaike weight), following Vaida and Blanchard (2005). Because no
single model clearly outclassed others for the 83 SD.IVD indices (Table 2), we performed

multimodel inference following Burnham and Anders@®02) to assess the influence of
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explanatory variables on these traplining tendemaglices. In all cases, we report
unconditional standard errors computed accordinggteation 6.12 of Burnham and Anderson
(2002) and resulting unconditional 95% confidenotenvals. This form of unconditional
standard error is advocated by Anderson (2008).cdérelucted model selection on models
fitted by maximum likelihood using the Laplacianpapximation and performed model

averaging with parameter values obtained by resttimaximum likelihood.

RESULTS

We tracked the foraging movements of 65 adult mates75 adult females in 2007-2008, for
a total of 4,123 movement paths. Movement pathisided an average (+ SD) of 61.0 £ 31.2
visits at feeders. About half (52.8%) of the movampaths included potential traplines.
Among movement paths that did not include traplid®s3% involved < 15 visits at feeders
and 27.8% did not include at least 2 feeders oecrsions. These cases were thus often
associated to individuals that did not make a straee of feeders or that were spatially
concentrated at a single feeder on a given dayeotively. Although most (84.3%)
individuals included potential traplines in theiowement paths on one day or another, there
was a strong variation in the traplining tendentyndividuals as well as among days within
individuals, based on both the ST and FT indiceg. (). However, the ST index was much
lower than the FT index, suggesting that Ruby-tteddlummingbirds have a low propensity
to trapline according to the strict definition agplining typically found in the literature
(Thomson et al. 1997).
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Fig. 3. Box-plots illustrating the distribution tiie daily, spatial traplining tendency of 118
adult Ruby-throated Hummingbirds based on thets{8d) and flexible (FT) definition of
traplining tendency (see Methods;, = 2,178 movement paths; 1 path/day/individual).
Individuals have been ranked according to medidumnega

Strict traplining (ST)

Of the 9 models, #1 and 2 accumulated 98.5% of lekavreights (Table 2). Although both
models included variables from each group of exgdlany variables (Table 1), the model
including two-way interactions between sex and $@age composition, sex and Julian date,
and between temperature and rain (#1) was threestimore likely than the other (#2).
According to our predictions (Table 1), multimodidierence revealed that females showed a

greater traplining tendency than males (Table B $ex difference remained constant over
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the breeding season, in contrast to our predi¢hiahit should vary with breeding phenology.
Body mass and parasite load did not influence ST titaplining tendency according to this
index increased with temperature independentlyre€ipitation. Unexpectedly, however, the
amount of precipitations had no effect on ST.

Among landscape composition variables (Table 1ly tnee density and the occurrence of a
forest gap affected ST (Table 3). As expected, r&feased with tree density for males and
decreased slightly for females. Moreover, ST insegawith the occurrence of forest gaps for
males, but decreased for females. Although thd leveompetition did not seem to influence
traplining tendency, ST increased unexpectedly lid spatial concentration of the focal
hummingbird. Analogously, ST increased with theatatumber of feeders contained in
potential traplines while we expected a decreasstly, ST decreased as expected with the
MST linking all feeders included in potential traggs.
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Table 1. Potential determinants of traplining ter@efor 118 adult Ruby-throated Hummingbirds in teeun Quebec, Canada,
2007-2008. Spatial traplining tendency was measacedrding to a strict (ST) and a flexible (FT)id&fon. Temporal traplining

tendency was assessed through the standard deviditiotervisit durations at feeders included eplines identified using the FT
index (SD.IVD; see Methods for details).

Group Variable (units) Justification Effect on Effect on
STor FT SD.IVD
date Year (reference = 2007) Partly controls fanaasured environmental variations. * *
Julian date Traplining tendency may vary with biieg phenology due + +
to its link with resource defense (1-3).
ind Sex (reference = males) Traplining should nyalrd used by non-territorial + -
individuals (1,3). Males are expected to defendtteres or
food sources to attract females (2).
Body mass (Q) May reflect body condition and damice status. These car *
in turn affect resource defense and monopolizgdos).
Parasite load (number of parasites) See Body mass. t *
meteo Temperature (°C) May affect thermoregulatimsts, insect availability and =+ t
resource needs (6).
Rain (mm) See Temperature. + +
land Tree density (number of trees) Resource defertseases with visibility in forest habitat + -

(7). Forest cover/gaps may affect movement (8).
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Sapling density (saplingsfin See Tree density. +

Flower density (flowers/f) Use of artificial feeders decreases with abundaimatural -
flowers (9,10) and may affect the value of feeddath
respect to resource defense and monopolization (11)

Forest gap (reference = occurrence) Resource skefetiower in open habitat compared to forest
(7). Forest cover/gaps may affect movement (8).

comp Competition (number of visits madé&aplining should occur under relatively strong qatition +
by competitors at trapline feeders for nectar (1,3). Resource monopolization decreasthsthe
[ST, FT] or at a focal trapline feederumber of competitors (7). Territory size and chgsctivity
[SD.IVD]) increases with intruder pressure in some hummidgbir
species (12,13).

space Spatial concentration (proportion $patial concentration at a given feeder is negigtive -
visits made to a given feeder by a correlated with the number of visits made by coritqest at
focal individual [SD.IVD] or to the that feeder (7). The proportion of visits madeht® tmost
most visited feeder of an visited feeder by an individual may thus reflestrigsource
individual's traplines [ST, FT]) defense strategy, if any, and thereby its trapjiéendency.

Number of feeders (within potentialerritorial individuals are expected to exploitraaler t

traplines) number of food sources than traplining individu@d1,14).
Yet more feeders increases the likelihood of ddrogs.

MST (minimum spanning tree Territorial individuals are expected to exploit bsources =+

linking all visited feeders in m)  that are more concentrated in space, as they a® mo
defendable, than traplining individuals (7,11,1vBt feeders
spread in space increases the likelihood of deimusat

interactions Sex x Julian date Traplining may waith breeding phenology, especially for =+

I+

I+

I+



females, as males do not provide any form of pafteatre
(2,15).

Temperature x Rain Effects of cold temperatureg beaexacerbated by rain (see
Temperature).

I+

Sex x Tree density Habitat openness affects resalefense and may thereby - +
have a preponderate influence on male resourceittibn
strategies compared to females (2,7). Males andlé&svare
not found in the same habitats (16; see Appendix 1)

Sex x Sapling density See Sex x Tree density. - +

Sex x Flower density Males are expected to defemdories or food sourcesto =+
attract females (2). Flower density, which may ctftee
value of feeders and thereby resource defense and
monopolization (11-13), may thus have a preponderat
influence on resource exploitation strategies oesa
compared to that of females (2,7).

I+

Sex x Forest gap See Sex x Tree density. - +

Sex x Competition Competitor pressure affectsuesodefense and may - +
thereby have a preponderate influence on male resou
exploitation strategies compared to females (2;Z3)1

1. Gill (1988). 2. Robinson et al. (1996). 3. Teasett al. (2006). 4. Carpenter et al. (1983). Gtenand Cuthil(1993). 6 Suarez
and Gass (2002). 7. Rousseu (2010). 8. Hadley attd B2009). 9. Inouye et al. (1991). 10. McCaffaeyg Wethington (2008). 11.
Grant (1993). 12. Tamm (1985). 13. Eberhard andIdE®94). 14. Temeles et al. (2005). 15. Balto§$896). 16. Armstrong
(1987).
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Flexible traplining (FT)

The data supported only model #1 for the FT indeable 2). Although this was also the best
model for ST, the determinants of traplining termeras well as their effect sizes, varied
between the two indices (Table 3). Again supportiug predictions (Table 1), females
generally had a greater propensity to trapline timates. This effect of sex, however, varied
with landscape composition along potential tragin@ee below). Moreover, traplining
tendency decreased slightly over the breeding seaisd more so for females than males. As
for ST, parasite load did not affect FT. Yet, FTcidased marginally with body mass.
Contrary to our predictions, neither temperatunethe amount of precipitations affected FT.

Table 2. Model selection for traplining tendencyl@B adult Ruby-throated Hummingbirds in
southern Quebec, Canada, 2007-2008. Spatial tnagltendency was measured according to
a strict (ST) and a flexible (FT) definition. Tempbtraplining tendency was assessed through
the standard deviation of intervisit durations egders included in traplines identified using
the FT index (SD.IVD; see Methods). Meaning andoretie of explanatory variables or
groups of variables can be found in Table 1. Moa®eissisted in generalized linear mixed
models and included individual ID as a random téomST and FT, and individual ID and
feeder ID for SD.IVD. SD.IVD has been log-transfeanprior to model fitting. K/ AICc,
and wi correspond to the number of model parametifierence in second-order Akaike
information criterion (AICc) values between modeand the model with lowest AlCc, and
Akaike weight of model i, respectively.

Model # Index  Model K OAIC. W
1 ST date + ind + meteo + land + comp + space &Jskan + 22 0.00 0.740
temp.rain + sex.land

2 date + ind + meteo + land + comp + space 18.22 0.245
3 date + ind + meteo + comp + space + sex.Julmp.rain 14 7.77 0.015
4 date + ind + sex.Julian 7 804.38 0.000
5 date + sex + meteo + sex.Julian + temp.rain 7%5.30 0.000
6 date + sex + land + sex.Julian 859.01 0.000
7 date + sex + spdte sex.Julian 6 303.75 0.000
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date + sex + comp + sex.Julian B77.88 0.000

date + sex + sex.Julian 4 813.90 0.000
date + ind + meteo + land + comp + space +Jakan + 22 0.00 1.000
temp.rain + sex.land

date + ind + meteo + land + comp + space 168.12 0.000
date + ind + meteo + comp + space + sex.Julimp.rain 14 236.09 0.000
date + ind + sex.Julian 8 5343.40 0.000
date + sex + meteo + sex.Julian + temp.rain 54%2.23 0.000
date + sex + land + sex.Julian 5820.46 0.000
date + sex + space + sex.Julian 2176.56 0.000
date + sex + comp + sex.Julian 4834.81 0.000
date + sex + sex.Julian 4 5461.69 0.000
date + ind + meteo + flower + comp + space + sdat 19 1.01 0.353

temp.rain + sex.land + FT
date + ind + meteo + flower + comp + space + FT 15 4.49 0.062

date + ind + mteo + comp + space + sex.Julian + temp.re 16 0.00 0.585
FT

date + ind + sex.Julian 8 1890.47 0.000
date + sex + meteo + sex.Julian + temp.rain 1877.17 0.000
date + sex + flower + sex.Julian 1895.51 0.000
date + sex + space + sex.Julian + FT 84.43 0.000
date + sex + comp + sex.Julian 1%91.55 0.000
date + sex + sex.Julian 4 1904.25 0.000

& This model did not converged with MST as a desoripf space use. This term was
therefore dropped from the space variables (sekTab

All of the landscape composition variables (Tablenfluenced traplining tendency according
to FT (Table 3). As for ST and supporting our pcedns, FT increased with tree density for

males and decreased slightly for females, leadng difference in FT between sexes only at
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low tree densities (Fig. 4a). The same relatiorstapcurred for sapling density. Yet, FT
increased with the occurrence of forest gaps folespebut decreased for females, as we
expected and observed for ST (Fig. 4b). Contrar$gTe FT decreased with natural flower
density for females as expected, but remainedivelgitunaffected for males (Fig. 4c). As for
ST, FT was not affected by the number of visits endy competitors at feeders within
potential traplines despite a predicted increaseth@ other hand, FT decreased as predicted
with the level of spatial concentration of the fobammingbird (Fig. 4d). The opposite was
surprisingly observed for ST. Nevertheless, FT aased with the total number of feeders
contained in potential traplines (Fig. 4e) as weeobed for ST when predicting a decrease.
Like ST, FT decreased as expected with the MSTirmlkall feeders included in potential
traplines (Fig. 4f).
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Fig. 4. Determinants of the daily, spatial trapigmitendency of 118 adult Ruby-throated
Hummingbirds in southern Quebec, Canada, 2007-ZD@&lining tendency was based on its
flexible (FT) definition (see Methods; n = 2,178 wvement paths; 1 path/day/individual).

Meaning and rationale of explanatory variables banfound in Table 1. Predicted values
result from multimodel inference using females 2088 as reference categories (Table 3).
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Predicted values are shown over the observed raonfesxplanatory variables, while
maintaining other explanatory variables at theiamealues.

Table 3. Results of the multimodel inference regaydhe spatial traplining tendency of 118
adult Ruby-throated Hummingbirds tracked in south&uebec, Canada, 2007-2008.
Traplining tendency was measured according toiet $§8T) and a flexible (FT) definition (see

Methods). Meaning and rationale of explanatory atags can be found in Table 1. Models
consisted in generalized linear mixed models amtuded individual ID as a random term.

Multimodel inference was based on the model se@ledtund in Table 2. Reference category
for Year and Sex are 2007 and males, respectively.

ST FT
Variable Coef SE LowerUpper Coef SE Lower Upper
95% 95% 95% 95%
Cl Cl Cl Cl
Year (2008) -0.098 0.033 -0.162 -0.034 0.131 0.028 0.076 0.186
Julian date -0.001 0.001 -0.003 0.001 -0.002 0.001 -0.004 0.000
Sex (female) 1.0490.356 0.351 1.747 2.507 0.279 1.960 3.054
Body mass -0.1000.073 -0.243 0.043 -0.349 0.066 -0.478 -0.220
Parasite load 0.0030.005 -0.006 0.013 0.008 0.005 -0.002 0.018
Temperature 0.0230.004 0.016 0.031 -0.002 0.003 -0.008 0.004
Rain -0.013 0.012 -0.036 0.010 -0.007 0.007 -0.021 0.007
Tree density 0.026 0.010 0.007 0.045 0.047 0.007 0.033 0.061
Sapling density 0.0020.004 -0.006 0.009 0.030 0.003 0.024 0.036
Flower density 0.000 0.000 -0.001 0.000 0.000 0.000 0.000 o0.000
Forest gap (occurrence) 0.219.172 -0.119 0.556 1.160 0.126 0.913 1.407
Competition 0.000 0.000 -0.001 0.000 0.000 0.000 0.000 0.000
Spatial concentration 0.8410.062 0.720 0.963 -2.003 0.043 -2.087 -1.919
Number of feeders 0.0890.039 0.013 0.165 0.235 0.008 0.219 0.251
MST -0.001 0.000 -0.001 0.000 -0.001 0.000 -0.001 -0.001
Sex x Julian date -0.0020.001 -0.004 0.006 -0.002 0.001 -0.004 0.000
Temperature x Rain 0.0000.001 -0.001 -0.002 0.000 0.000 0.000 0.000
Sex x Tree density -0.0360.013 -0.061 -0.010 -0.046 0.010 -0.066 -0.026
Sex x Sapling density -0.0140.009 -0.032 0.004 -0.050 0.007 -0.064 -0.036

40



Sex x Flower density 0.0000.001 -0.001 0.001 -0.003 0.000 -0.003 -0.003
Sex x Forest gap -0.4380.218 -0.865 -0.011 -1.503 0.158 -1.813 -1.193

Intervisit duration (SD.IVD)

In light of the above results, we computed SD.IViblyofor feeders included in potential
traplines identified through the FT index. Fewepleratory variables influenced the ST index
according to predictions, compared to FT. Moreo¥#dr,seems more biologically acceptable
than ST as it allows derogations along traplinesvall as temporal variations in trapline
structure. We thus calculated SD.IVD based on Z®8sits made over 6,372 feeder-days by
118 adult Ruby-throated Hummingbirds.

The three same models selected when measuringlspaplining tendency through the ST
and FT indices were supported by the SD.IVD date.,(#1-3; Table 2). These models
emphasized the importance of determinants foundlligroups of explanatory variables as
well as sex-specific effects of landscape compmsit(Table 1). Multimodel inference,
however, indicated that many variables did not haieéogically relevant effect sizes (Table
4). Contrary to our expectations (Table 1) andftat that females showed a greater spatial
traplining tendency than males (Table 3), femaieged trapline feeders with less temporal
regularity (Table 4). Analogously, SD.IVD decreasmetr the breeding season and more so
for females than males (Fig 5a). Body mass andsfiartbad did not affect SD.IVD. While
temperature had a positive influence on SD.IVD (FBg), and this independently of the
amount of precipitations, the latter had no eftaciSD.IVD.
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Table 4. Results of the multimodel inference regaydhe temporal traplining tendency of
118 adult Ruby-throated Hummingbirds tracked intlsetn Quebec, Canada, 2007-2008.
Traplining tendency was measured as the standafdtiba of intervisit durations at feeders
included in traplines identified using the FT indéD.IVD; see Methods). Meaning and
rationale of explanatory variables can be found able 1. Models consisted in generalized
linear mixed models applied to log-transformed $D.lvalues and included individual ID
and feeder ID as random terms. Multimodel inferemas based on the model selection found
in Table 2. Reference category for Year and SexX@0& and males, respectively.

Variable Coef SE Lower Upper
95% CI 95% CI
Year (2008) -0.042 0.036 -0.112 0.029
Julian date -0.0010.001 -0.002 0.001
Sex (female) 0.3770.516 -0.634 1.388
Body mass -0.0580.078 -0.210 0.095
Parasite load 0.0010.006 -0.010 0.012
Temperature 0.0200.006 0.008 0.033
Rain -0.004 0.021 -0.046 0.038
Flower density 0.000 0.000 0.000 0.001
Competition 0.001 0.000 0.000 0.001
Spatial concentration -1.9250.048 -2.019 -1.830
Number of feeders 0.0110.010 -0.008 0.029
MST 0.000 0.000 0.000 0.000
Sex x Julian date -0.0030.001 -0.005 0.000
Temperature x Rain 0.0010.001 0.000 0.002
Sex x Flower density -0.0010.000 -0.001 0.000
Sex x Competition -0.0010.001 -0.002 0.001
FT 0.332 0.062 0.211 0.453

In contrast to our predictions (Table 1), neithes tlensity of natural flowers nor the number
of visits made by competitors at trapline feedeffuenced SD.IVD (Table 4). Yet, SD.IVD
decreased with the level of spatial concentratioth® focal hummingbird as we had predicted
(Fig. 5c¢). Contrary to ST and FT, SD.IVD did notryaccording to the total number of
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feeders contained in potential traplines nor wit MST linking these feeders. Although we

predicted a negative correlation between FT and\&D).we observed the contrary (Fig. 5d).
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Fig. 5. Determinants of the daily, temporal trajlgn tendency of 118 adult Ruby-throated
Hummingbirds tracked in southern Quebec, Canad@y-2008. Traplining tendency was
measured as the standard deviation of intervisiatéhns at feeders included in traplines
identified using the flexible, spatial trapliningT) index (SD.IVD; see Methods;= 132,923
visits). Meaning and rationale of explanatory vialeés can be found in Table 1. Predicted
values (in sec) result from multimodel inferencangsfemales and 2008 as reference
categories (Table 4). Predicted values are shovar the observed ranges of explanatory
variables, while maintaining other explanatory &hhes at their mean values.
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DISCUSSION

Our study innovates in many aspects. First, ihesfirst to track precisely, in both space and
time, the large-scale foraging movements of frewtirag hummingbirds. Second, it builds on
a new method that identifies path recursions (Bavi@® et al. 2009) to propose two indices of
the spatial traplining tendency of individuals. $eetwo indices clearly reveal that Ruby-
throated Hummingbirds are unlikely to trapline adtog to the typical definition of trapline
foraging, which implies that food sources should \igited in a strict repeatable order
(Thomson et al. 1997). Third, this study quantifies influence of several variables on both
the spatial and temporal components of traplinadimg. Our results suggest that variables
known to influence resource defense and monop@izaiso affect the traplining tendency of
individuals, as expected based on the hypotheatstidplining is more likely to be exhibited
by nonterritorial individuals or species (e.g.,/IGB88, Temeles et al. 2006).

Traplining: definitions and quantification

We quantified traplining tendency by identifyingtiparecursions, and thereby potential
traplines, using objective, quantitative critersed Bar-David et al. 2009). This method
allowed us to derive indices of traplining tenderfogm the entire series of visited food

sources. This was a clear advantage compared wopgsemethods (Thomson et al. 1997),
which subjectively deleted rare transitions amoisied food sources and were thereby more

likely to identify (long) traplines or to infer thandividuals used traplining.

By using a spatial traplining tendency index (S1gttpenalized derogations from the potential
trapline associated with the greatest number of@asavithout derogations, we showed that
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breeding Ruby-throated Hummingbirds rarely visitodosources according to a strict
repeatable order during a given day (Fig. 3). Meeepwe found that the time between
subsequent visits to a given feeder within potértiaplines (SD.IVD) was often highly
variable (Fig. 5). These results must be interpretording to the spatial and temporal scales
of our study, as well as to the nature of food sesir We quantified traplining tendency over
1-day periods within a 44-ha habitat mosaic comagin45 very rich food sources
systematically spaced by 100 m. First, one may @x{strict traplining” to occur at lower
spatial and temporal scales, such as among floeeanposing inflorescences (e.g., Feinsinger
1976, Stiles and Wolf 1979, Wolf and Hainsworth 19Garrison 1995, Temeles et al. 2006).
Need for sampling and stochastic sources of demgatsuch as interactions with competitors
or mates, are necessarily less likely to interfgrn “strict traplining” at small spatial and
temporal scales. Second, the fact that nectar feetié not deplete mimicked very rich food
sources. Traplining being thought to occur undeamgf competition (Gill 1988, Temeles et al.
2006), our setup may not favor this foraging stpatén its most strict form. Our results,
however, stress the importance of investigatinglimang behavior within a hierarchy of
spatial and temporal scales, as well as withinstesy allowing various, yet standardized or
known, schedules or levels of food depletion. Alifo our indices of traplining tendency
helped pushing the envelope further regarding owtetstanding of hummingbird foraging
strategies, some efforts should be spent develogpingndex that integrates the traplining

tendency of individuals in both space and time.

Potential determinants of traplining tendency

A large variation in spatial traplining tendency svabserved both among individuals and
among days within individuals (Fig. 3). Analogoysiye found a large variation in temporal
traplining tendency among individuals as well a®agfeeders included in potential traplines

(results not shown). These results clearly indidage existence of a gradient in traplining
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tendency among individual Ruby-throated Humminghifdeurthermore, these results suggest
that Ruby-throated Hummingbirds can alter theirplirang tendency according to
environmental conditions.

Individual characteristics

Among individual characteristics, which includeddiganass, parasite load and sex, only sex
was identified as a determinant of traplining tev@e Moreover, females exhibited a greater
overall spatial traplining tendency than malesgamgected based on the fact that males are
hypothesized to defend resource patches to atti@ctales (Robinson et al. 1996).
Nevertheless, in opposition to this finding, fensalésited trapline feeders with less temporal
regularity than males. This apparent contradictiay result from the fact that our traplining
tendency indices were calculated over an entire éaysuch a large temporal scale, it is
possible that females showed less temporal regyiartheir visits to feeders outside periods
during which they used traplining. This greaternation of intervisit durations in females may
be linked with the need to feed chicks in a neglale hummingbirds do not participate in
parental care (Baltosser 1996, Robinson et al. 1998s potential explanation is reinforced
by the fact that female traplining tendency deada@nore than for males) as the season

progressed based on the FT index while it incregsede than for males) based on SD.IVD.

Meteorological conditions

Temperature and humidity certainly constrains tbeplysiology of birds especially that of
hummingbirds which have very high mass specificaielic rate (Suarez and Gass 2002).

Indeed, energy demands are likely to increasevattéonperatures, especially when it rains
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(Suarez and Gass 2002, Wilson et al. 2004). Howviohaals modify their activity budgets
and foraging strategies in face of those conssasinevertheless difficult to predict, partly
because of the thermogenesis implied by physidaligc(Suarez and Gass 2002, Welch and
Suarez 2008). We observed an increase in tempagining tendency at cold temperatures,
and this when mean daily temperatures ranged fram Z7 °C while controlling for Julian
date (Fig. 5b). This result was however not baakedy a similar effect on spatial traplining
tendency. Moreover, we found no evidence that pretions influenced traplining tendency.
The absence of a relationship between precipitatiamd traplining tendency may simply
result from the fact that we measured precipitationce per day. At this temporal scale, we
probably lacked the resolution necessary to limk episodes with bouts of a specific foraging
behavior. Quantifying the importance (i.e., coriela strength) of the various pathways by
which temperature and precipitations determinefoiha@ging strategies of hummingbirds will
likely prove to be a challenge as meteorologicalditions are known to affect the availability
of both flower nectar and insects (Taylor 1963,iét 1982), which may in turn influence the
profitability of resource defense and monopolizatifowers and McKee 1994, Temeles et al.
2004, 2005, 2006).

Landscape composition

The increase in spatial traplining tendency wittetand sapling density observed for adult
males (Fig. 4a) may result from the reduced efficie of adult male Ruby-throated
Hummingbirds at monopolizing resources in denseedsiorhabitat (Rousseu 2010).
Unprofitable conditions for resource defense anchopolization are indeed hypothesized to
lead to a greater profitability and use of traploi(Gill 1988, Temeles et al. 2006).
Analogously, spatial traplining tendency increag@dmales in presence of forest gaps (Fig.
4b), an habitat where feeder defense and monogolizare likely reduced because of a

greater influx of male competitors and lack of jpémg sites nearby feeders (Rousseu 2010).
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We have no clear explanation for the decrease @tiapraplining tendency of females in

presence of forest gaps as this sex is thoughe tmich less territorial than males (Robinson
et al. 2006, Rousseu 2010). One possibility is fteatales have a greater reluctance than
males to fly in the open (Hadley and Betts 2009) we indeed noted on our feeder grid that
males mostly visited feeders in open habitats, edeerfemales concentrated their visits to
feeders under forest cover, suggesting differeihidditat preferences or displacement of one

sex by another.

While spatial traplining tendency decreased withurad flower density for females and

remained stable for males (Fig. 4c), temporal in&py tendency was not affected in either
sex. The presence of flowers could explain the ebs® in spatial traplining tendency of
females as these alternative sources of nectaag@®is and Zimmerman 1979, Zimmerman
1981, Pleasants and Chaplin 1983) should lead togdBons associated with sampling or
exploitation (Ohashi and Thomson 2005, Makino e2807, Ohashi et al. 2008). Although

this the same effect should also apply to males,dénsity of natural flowers may have
modified the cost:benefit ratio of defending feedand thereby masked its effect on male
traplining tendency (Tamm 1985, Grant 1993, Ebetteard Ewald 1994). Overall, the sex-
dependent influence of landscape composition @iitiag tendency support the existence of
a spatial segregation based on a sex-dependerdf usgbitat (Armstrong 1987, Desroches
2011). Nevertheless, whether such a spatial segpagaas observed on our study area
(Appendix 1), result from a competitive exclusioh ane sex by another or from sex-

dependent ecological needs remains open to question

Competition

Given the apparent inverse relationship between tdraency of adult Ruby-throated
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Hummingbirds to trapline and to defend food soulse® above), it is surprising that we did
not find a positive effect of the number of viditg competitors on the traplining tendency of
individuals. Yet, although territorial hummingbirdsact to intruder pressure, this reaction may
be reduced if is not accompanied by resource depletvhich would not have occurred at
feeders (Tamm 1985, Eberhard and Ewald 1994, Garrend Gass 1999). Moreover,
competition pressure measured only on feedersdedun potential traplines may not reflect
the range of food sources used by hummingbirdssess competition when determining the
foraging strategy to employ. Future studies shald address the possibility that male and
female do not react similarly to competition pressand that individuals distinguish between

male and female competitors (Temeles and Kress)2010

Space use

Because Ruby-throated Hummingbirds can defend aodopolize feeders to which they
devote a large proportion of their visits (Rous26€d0), it is not surprising that both spatial
and temporal traplining tendency decreased with|ével of spatial concentration, again
reinforcing the link between resource defense awmgblining. Although we predicted a
decrease in traplining tendency with both the tatamber and spatial spread (MST) of
trapline feeders, as individuals would have morpoofunities to derogate from traplines
(Ohashi et al. 2006, 20p&he expected relationship was only observedpatial spread. The
positive correlation between spatial trapliningdency and the number of feeders may on the
other hand reflect that traplining individuals teduse a greater number of feeders (yet close
in space) in opposition to individuals which terad defend feeders, especially given that
feeders were spaced by 100 m and are thus incghasiifficult to defend as their number add
up (Grant 1993, Robb and Grant 1998, Rousseu 2010).
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CONCLUSION

Our results indicate that adult Ruby-throated Hunghirds vary in traplining tendency based
on their sex and environmental conditions, esplydiaihose conditions affect the defense and
monopolization of nectar sources. Moreover, we ¢buhat the traplining tendency of
individuals may vary substantially among days. Gtudy suggests that traplining and
resource defense are two foraging tactics whichuaegl as part of a conditional strategy that
determines the frequency at which each tactic nestused fensu Gross 1996). Future
research should attempt to quantify the fithesehisnassociated with both foraging tactics
under various environmental conditions. This magvprchallenging, however, as foraging
tactics may be linked with mating tactics if fenslare attracted to food-rich territories
(Robinson et al. 1996, Temeles and Kress 2010).
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APPENDIX

Appendix 1. Spatial segregation of 191 adult Rubyp#ated Hummingbirds based on the sex-
dependent use of nectar feeders on the study areegdhe breeding seasons of 2007, 2008,
and 2009. The study area located in Cleveland Go@uebec, Canada, consisted in a 44-ha
grid composed of 45 artificial feeders, each egeippvith a PIT-tag reader. Feeders (pie
charts) were spaced by 100 m. Each pie chart dépcproportions of visitsn(= 274,752)
made by malen(= 95; blue) and femalen(= 96; red) hummingbirds at a given feeder. The
green line delimit open (fields and fallows) andsgd (mature forest) habitats.

Males

Females

Open
(Feild, Fallows)

Mature forest ¢
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CONCLUSION GENERALE

L'écologie spatiale des nectarivores est un sugetretherche peu développé du fait des
difficultés a suivre les déplacements des individasmilieu naturel. Compte tenu que les
nectarivores se nourrissent a partir de fleurs anti la capacité de regénérer le nectar
consommeé et que les sources de nectar sont distsbde facon hétérogéne dans I'espace et
dans le temps, les écologistes comportementauxpas# I'nypothese que les nectarivores
puissent quérir leur nourriture paaplining. Le traplining consiste en une stratégie ou les
individus visitent des parcelles de nourriture rereables qui sont effectuées selon un ordre
fixe (prévisible) et répété (Ohashi et ThompsonX2@aleh et Chittka 2007). Cette stratégie
généralement décrite de facon anecdotique en aéaldes observations que sur une portion
du circuit dalimentation des individus, n'a jama@t® formellement observée chez des
nectarivores en milieu naturel. De plus,tiaplining fat quasiment toujours étudié sur une
base temporelle (i.e., sur les intervalles de tesggarant les visites aux sources de nectar)
alors que ce comportement possede nécessairemempmposante spatiale. Enfin, on note
dans la littérature scientifigue une absence quodsie de méthodes permettant de quantifier
ce comportement et ainsi de comparer la properdgodifférents individus a adopter cette
stratégie d’exploitation des ressources alimergaiRar conséquent, il était difficile, voire
impossible, de modéliser le niveau d'utilisationcdecomportement en fonction de variables

susceptibles de l'influencer.

La qualité des données récoltées dans le cadre ae pmojet de maitrise et la méthode
développée pour quantifier l'utilisation de ce combgment en nature me permettent de
combler en partie le manque de connaissances sustiatégies de quéte alimentaire des
nectarivores et plus particulierement, du Colibgarge rubis. En effet, I'algorithme et les
indices que j'ai développés, selon des définitlmobgiquement valables duaplining, m'ont
permis de quantifier l'utilisation des différentgsatégies de quéte alimentaire que pouvait
adopter une espéce pourtant jugée territorialeeetm@me si la disponibilité des ressources
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étaitad libitum. Mes résultats montrent clairement que le CobBbgorge rubis peut moduler
guotidiennement sa stratégie de quéte alimentairepgant pour une défense active d’'une
seule source de nectar, une utilisation de plusisaurces qui semblent non défendues et ce,
selon un patron conforme &waplining, ou encore pour une combinaison de ces extrénaes. L
technique de suivi des déplacements que j'ai désgloppée (Charette et aoumis) permet,
pour la premiere fois, de connaitre I'ensemblepdeselles d’alimentation fréquentée par des
colibris et permet enfin de se pencher sur la caapi spatiale dnaplining. En modélisant
cette composante spatiale a partir d'un nombretautied d’individus suivis sur une période
de temps considérable, j'ai montré que plusieulshlas peuvent avoir un impact majeur sur
la propension d’un individu a adopterttaplining. Par exemple, le fait de pouvoir utiliser la
concentration spatiale comme variable explicatisieume premiere dans ce genre d’étude et
nous permet de constater les liens étroits entite e@riable décrivant la propension d'un
individu @ monopoliser et défendre des sourcesedtanet le niveau deaplining. En effet, il
semble que ces deux composantes soient fortememvetsement reliées entre elles,
témoignant ainsi du choix d’'un individu a adoptetriplining plutdét que la défense active
d’'une source de nourriture comme stratégie de qalétentaire. Encore grace a la méthode
de suivi des déplacements que j'ai employee, jiaigractéeriser 'ampleur des déplacements
guotidiens des colibris au sein de mon disposyféeimental. J'ai ainsi pu déterminer que le
traplining se manifestait & une échelle assez locale, sog da rayon de moins de 1 km.
Quoique je ne peux exclure la possibilité que k@gds aient pu fréquenter des sources de
nectar externes a mon aire d'étude, je suis tostetonfiant que les colibris étudiés
concentraient leur activités d'alimentation au skirmon dispositif expérimental, entre autres
parce que I'étude s'est déroulée durant la pémedeeproduction. De plus, j'ai montré que la
structure du paysage dans lequel évolue les c®lipeut avoir une influence sur leurs
stratégies de quéte alimentaire et que cette imfligeut avoir un impact différent et plus ou
moins marqué selon le sexe des individus. Finalémenontre toute attente, je n’ai détecté
aucun effet de la pression de compétition sur deau detraplining. Jattribue cela

principalement a la présence de ressoaddéitum sur l'aire d’étude.

65



Mes résultats concernant les effets des différevaesbles sur la composante temporelle du
traplining me permettent de conclure qu'a l'instar de la csapte spatiale, la concentration
spatiale des individus a un impact majeur sur \eau detraplining. Toutefois, la régularité
dans le temps séparant les visites était corrébsgtiyement a la concentration spatiale et
n’allait donc aucunement dans le sens de mes piggtidoasées sur la littérature. En effet, on
assume que plus un individu a un comportementaj#ineurs plus cette variabilité devrait
diminuer (Thompson et al. 1997; Williams et al. 8R9Effectivement, ce dernier devra
synchroniser ces visites aux parcelles d’'intérééx de taux de renouvellement de la ressource
a cette parcelle dans le but de maintenir la qualé la parcelle a un niveau assez bas afin
d’inciter les compétiteurs a délaisser cette plrd@laton and Carpenter 1984). Toujours pour
la premiére fois, j'ai pu explorer le lien entrs leomposantes spatiales et temporelles du
traplining. J'ai entre autres noté que plus un individu sainbtiliser letraplining d'un point

de vue spatial, plus ses durées inter-visites ritai@riables. Aussi, il est important de noter
gue ce ne sont pas le méme ensemble de variables go impact sur les composantes
spatiale et temporelle duaplining. J'en conclue qu'il est important de considérdragining
dans son ensemble avant de conclure qu'une espép&detraplining. Néanmoins, je crois
gue la composante spatiale est la plus informatiVégard de la stratégie de quéte alimentaire
adoptée par un individu puisque qu'elle refléte atdage les déplacements réeellement
effectués alors que la composante temporelle niqupl pas, de facon implicite, un

mouvement d’'une parcelle & une autre.

Bien que mon projet permette de mieux comprendrdrdplining et certains facteurs
influencant cette stratégie de quéte alimentaire daibris, il demeure que le dispositif
expérimental mériterait d'étre modifié afin d'imite plus fidélement possible les variations
spatio-temporelles en nectar que I'on trouve eremitaturel. En effet, il me semble essentiel
de modifier le mode de distribution du nectar abxeavoirs afin de controler le volume de
nectar pouvant étre exploité par les colibris, @& que le taux auquel se nectar se régénére.
Ces modifications constituent, selon moi, des itmamables pour de futurs projets de
recherche portant sur les stratégies de quéte ratiine. De plus, il serait intéressant de
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pousser plus loin notre compréhension des mouvamées colibris en manipulant, par

exemple, la qualité des sources de nectar en rantlifentre autres, la concentration en
sucrose dans les abreuvoirs ou encore en manidalaensité des abreuvoirs sur I'ensemble
de l'aire d’étude ou seulement dans certaines®ectie celle-ci. Finalement, afin de mieux
cerner les effets de la structure du paysage suntivements des colibris, il serait pertinent

de modifier le paysage de notre aire d’étude endutant a certains aménagements sylvicoles.
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