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SOMMAIRE 

L'aptitude phenotypique (fitness) est un concept central a l'ecologie evolutive car elle 

represente la contribution genetique relative d'un individu (ou d'un genotype) aux generations 

futures. La reproduction est intimement reliee a la capacite de survivre et la comprehension 

des pressions selectives regissant 1'allocation d'energie a ces deux composantes du fitness est 

d'interet pour plusieurs domaines d'etudes en ecologie corame par exemple la demographie, 

revolution et la conservation. Un des constats importants recents sur l'etude du fitness est que 

l'integration de plusieurs determinants provenant de differents champs de competence en 

ecologie, comme la physiologie, la genetique et la dynamique des populations, est essentielle 

afin de fournir un portrait global des facteurs gouvemant I'optimisation du fitness. Mon 

doctorat s'inspire de cette approche integratrice et a pour objectif principal d'etudier les 

determinants du fitness dans une population naturelle de tamias rayes {Tamias striatus) qui vit 

dans un environnement fluctuant. Le Tamia est un modele d'etude ideal car il est abondant, 

facilement capturable, a une longevite relativement courte et produit plusieurs jeunes a la fois. 

De plus, il est fortement affecte par la disponibilite des ressources qui fluctuent selon de courts 

cycles de deux a trois ans. Ma these comporte cinq chapitres et evalue les facteurs qui 

agissent sur le fitness dans une perspective integratrice multi-echelle (theorique, individuelle, 

populationnelle). 

En premier lieu, j 'ai voulu etablir un portrait general de nos connaissances actuelles sur la 

qualite individuelle, d'un point de vue theorique. L'etude de la qualite individuelle a ete 

l'objet de plus de 300 publications dans les 10 dernieres annees. Par contre, aucun cadre 

conceptuel ne permettait d'unifier l'utilisation de ce terme, ce qui creait une confusion quant a 

son adequation dans les differents contextes d'etudes. Ce chapitre propose trois 

recommandations precises afin d'aider les auteurs a etre plus specifiques dans l'application du 

concept de qualite et ainsi faciliter les comparaisons entre les etudes. 
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En second lieu, j 'ai voulu examiner directement une supposition fondamentale de la theorie 

des traits d'histoire de vie qui est que la reproduction est couteuse. La logistique necessaire 

pour tester cela en nature fait en sorte qu'aucun papier a ce jour n'avait documente les couts a 

la reproduction d'un point de vue energetique et metabolique en milieu naturel. Dans ce 

chapitre, nous montrons que les femelles qui ont les plus grandes tailles de portee ont 

egalement de plus grandes depenses energetiques et plus de dommages metaboliques (stress 

oxydatif)- Nos resultats offrent aux ecologistes un rare cas d'etude empirique en milieu 

naturel sur les couts de la reproduction. 

En troisieme lieu, j 'a i voulu d'abord etudier les determinants du succes reproducteur chez les 

males. La selection sexuelle est un processus majeur sous-jacent a la trajectoire evolutive des 

populations. Par contre, les donnees sur la determination genetique du succes reproducteur 

des males demeurent encore rares. Ce chapitre montre que le succes reproducteur des males, 

au sein d'une portee, est fonction de 1- leur apparentement genetique relatif a la femelle et 2-

des conditions environnementales lors de la reproduction. Cet article represente un 

avancement majeur de nos connaissances actuelles sur la selection sexuelle car il revele un 

systeme de reproduction a promiscuite extreme qui demeure neanmoins plastique par rapport 

aux fluctuations environnementales a I'echelle populationnelle. Ensuite, j 'ai voulu quantifier 

Pimportance de la reproduction avec plusieurs partenaires sur le nombre de jeunes produits, 

tant chez les males que les femelles. L'absence de soins paternels et les indications de 

promiscuite extreme offraient un contexte naturel empirique ideal pour tester l'hypothese 

selon laquelle les males et les femelles beneficient de s'accoupler avec plusieurs partenaires. 

En effet, nous montrons une relation positive, independante du sexe, entre le nombre de 

partenaires sexuels et le nombre de jeunes produits. En combinaison avec le chapitre 

precedent, ces resultats demontrent clairement que les femelles ont beaucoup a gagner a laisser 

aller, ou meme favoriser, les copulations avec plusieurs males. 
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Finalement, dans le dernier chapitre, j 'ai voulu documenter la composante survie du fitness en 

utilisant des methodes analytiques en capture-marquage-recapture et en integrant les elements 

des chapitres II et III a une approche populationnelle. Cet article montre a quel point la 

plasticite dans les niveaux d'activite et de reproduction peut contrecarrer les effets 

potentiellement nefastes de la fluctuation en ressources alimentaires. Les tamias adultes sont 

capables d'anticiper les cycles de productions de graines et d'ajuster leurs activites afin de 

maximiser leur survie ainsi que celle de leurs progenitures. La documentation de ce type de 

comportement en milieu naturel est essentielle car elle repond a des questions tant en 

recherche fondamentale (compromis de traits d'histoire de vie) qu'appliquee (adaptations a un 

environnement changeant). 
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INTRODUCTION 

lis vecurent [...] et eurent beaucoup d'enfants. N'est-ce pas la meilleure facon de terminer un 

conte? Cette phrase de conclusion classique nous confirmait que l'histoire, aussi difficile 

I'eut-elle ete, se soldait par la reussite des « bons », celle de vivre et de se reproduire, et par 

l'echec des « mauvais ». La realite des organismes vivants est toute aussi vraie, favorisant 

divers moyens d'atteindre la reussite ultime de survivre et de se reproduire dans des contextes 

environnementaux souvent variables. Cependant, tous ne reussissent pas a avoir beaucoup 

d'enfants... pourquoi? 

En observant la nature, Darwin (1859) fit quatre observations importantes : 1- Les organismes 

produisent plus de jeunes que ce que leur environnement peut supporter, 2-Les individus d'une 

meme espece different entre eux, 3- Les ressources sont limitees, seuls les mieux adaptes 

survivent et se reproduisent (selection), 4- Les caracteres permettant a ceux-ci de survivre et 

de se reproduire sont transmis a la prochaine generation (heritabilite). En d'autres termes, 

Darwin proposa que des forces de selection agissant au niveau individuel sur des traits 

heritables pouvaient engendrer, au fil du temps, un changement evolutif dans 1'expression des 

traits selectionnes au sein d'une population. Le corollaire de cette proposition est qu'il devrait 

etre possible de comprendre la trajectoire evolutive d'une population en identifiant les forces 

de selections qui agissent sur des traits heritables individuels; mon doctorat s'inspire 

directement de cela. 

La selection agit generalement au niveau des traits regissant les deux composantes ultimes de 

l'existence : la survie (selection naturelle, Darwin, 1859) et la reproduction (selection 

naturelle et selection sexuelle, Darwin, 1871). Tous les organismes luttent pour survivre mais 

seuls ceux qui possedent les traits favorisant une reproduction optimale dans un contexte 

environnemental donne seront selectionnes par rapport a ceux qui ne possedent pas de tels 
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traits. En nature, il est evident que tous les organismes ne sont pas egaux, qu'il y a de la 

variability entre eux. Ces differences sont souvent observables au niveau phenotypique 

comme par exemple entre des individus en bonne et mauvaise condition, et ultimement en 

terme de contribution relative aux generations futures (Stearns, 1992), done en aptitude 

phenotypique, ici appelee fitness. Empiriquement, comprendre la source des differences 

interindividuelles en fitness peut se traduire par 1'etude des traits phenotypiques regissant ce 

dernier (« traits d'histoire de vie »). L'age a la premiere reproduction, le nombre de jeunes 

produits, l'age a la derniere reproduction et la survie sont au nombre des exemples de traits 

d'histoire de vie (Moyes et al, 2009). De plus, il incombe de comprendre les mecanismes 

intrinseques proximaux, comme la masse corporelle, le statut immunitaire et le metabolisme, 

et les mecanismes extrinseques, comme les conditions environnementales, qui affectent 

l'expression des traits d'histoire de vie. En lien avec les 4 observations de Darwin 

mentionnees ci-haut, savoir identifier les determinants des traits d'histoire de vie peut 

permettre de comprendre les facteurs qui regissent l'optimisation du fitness et ultimement 

decortiquer les mecanismes qui determinent revolution d'une espece (Stearns, 1992). 

Heterogeneite interindividuelle et compromis entre traits d'histoire de vie 

L'existence de compromis entre traits d'histoire de vie est une supposition centrale des 

theories modernes de biologie evolutive, qui tentent d'expliquer une myriade de phenomenes 

tels la demographie, les systemes de reproduction et la senescence (Stearns, 1992; Roff, 2002). 

La survie d'un individu est grandement affectee par l'acquisition d'energie conservee sous 

forme de graisses (strategic capitaliste) ou provenant directement des ressources alimentaires 

ingerees (strategie journaliere) (Stearns, 1992). Afin de survivre, l'allocation de cette energie 

sert, au minimum, a assurer le bon fonctionnement de la machinerie metabolique, regenerer les 

tissus endommages, et a soutenir les mecanismes de defense du corps contre des agents 

pathogenes. S'ajoutent a cela toutes les depenses energetiques associees aux activites 

quotidiennes (ex. evitement des predateurs, quete de nourriture). La reproduction, quant a 
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elle, represente aussi un cout energetique majeur car les organismes doivent croitre assez pour 

devenir sexuellement matures, trouver un partenaire sexuel, et finalement, fournir les 

ressources necessaires pour assurer le developpement des embryons et des jeunea (Jonsson et 

al, 2002; Moorhouse et al, 2008; Speakman, 2008). Lorsque l'acquisition des ressources est 

limitee, le fitness individuel optimal est done regi par des compromis en allocation des 

ressources a la reproduction et a la survie generant une distribution phenotypique 

populationnelle negative entre I'allocation a la survie et a la reproduction (Williams, 1966; van 

Noordwijk & De Jong, 1986; Stearns, 1992; Roff, 2002; Roff & Fairbairn, 2007; Fig. la). 

Trait - Reproduction Trait - Reproduction 

Figure 1. Variance populationnelle en acquisition (traits hachures) et en allocation (traits 

continus) de I'energie pour deux traits d'histoire de vie, ici la survie et la reproduction. La 

zone ombragee represente la distribution des individus (genotypes) observes, selon les 

contraintes imposees par les capacites d'acquerir de I'energie (entre 1 et 2) et de I'allouer a la 

survie et la reproduction (entre R et S). Adapte de Reznick et al. (2000). 

Bien que cela soit une verite de La Palice, il faut garder en tete qu'un individu qui meurt avant 

de devenir un adulte ne peut se reproduire... mais un individu qui investit que dans la survie 
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ne fera guere mieux. C'est done entre ces deux extremes que reside tout le spectre de 

compromis possibles entre survie et reproduction (Stearns, 1989). Par exemple, le loir (Glis 

glis) maximise sa survie en omettant de se reproduire lorsque les ressources alimentaires sont 

rares (Pilastro et al, 2003) et maximise sa reproduction au detriment de sa survie lorsque la 

production de nourriture est abondante (Ruf et al., 2006). Plusieurs especes de campagnols, 

quant a eux, optent pour une strategic differente : ils ne vivent que pour une courte periode, 

moins de 1 an, mais se reproduisent abondamment tout au long de leur vie adulte (Crespin et 

al., 2002). S'ajoute a cela, entre autre, tous les compromis potentiels entre le nombre de 

jeunes produits et la taille de ceux-ci car allouer plus d'energie a moins de jeunes peut 

favoriser leur survie (Smith & Fretwell, 1974; Stearns, 1992; Humphries & Boutin, 1996; 

Oksanen et al, 2007; Wilson et al, 2009). Cette variability interspecifique en strategie de 

traits d'histoire de vie s'observe egalement au niveau intra-specifique. De facon similaire a ce 

qui est observable a l'echelle des especes, les individus provenant d'une meme population 

peuvent differer dans 1'expression de leurs traits d'histoire de vie, et ce, en fonction des 

differentes strategies qui s'offrent a eux. Par exemple, Page a la premiere reproduction peut 

varier en fonction de la condition physique. Ainsi, deux femelles d'une meme cohorte mais en 

differente condition pourraient avoir un age a la premiere reproduction different (Ardia & 

Clotfelter, 2007; Descamps et al, 2008). 

D'autres facteurs causaux, independants de l'acquisition et l'allocation des ressources, peuvent 

aussi affecter 1'optimisation des compromis entre survie et reproduction. Par exemple, la 

theorie des compromis basee sur le rythme de vie, bien que relativement ancienne (Pearl, 

1928), demeure d'actualite et l'interet pour celle-ci est grandissant, tant dans la gestion des 

activites humaines (ex. gerontologie) que dans l'etude des compromis entre traits d'histoire de 

vie (Metcalfe & Alonso-Alvarez, 2010). La production d'energie par le metabolisme aerobic 

assure le maintien du rythme de vie mais genere aussi des sous-produits toxiques sous forme 

de radicaux libres oxydants (ROS : « reactive oxygen species ») (Harman, 1957; Beckman & 

Ames, 1998; Finkel & Holbrook, 2000). Les ROS endommagent les biomolecules cellulaires 

(ex. lipides, ADN, proteines) de l'organisme causant ce qui est appele le stress oxydatif 
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(Beckman & Ames, 1998; Finkel & Holbrook, 2000). Les organismes doivent faire un 

compromis entre Pintensite du rythme de lews activites (ex. taux metabolique de base, 

depenses energetiques quotidiennes, defense immunitaire, reproduction) et la gestion des 

dommages potentiels qui en decoulent, causes par les ROS (revue dans Beckman & Ames, 

1998; Finkel & Holbrook, 2000; Costantini, 2008; et Monaghan et al, 2009). Le stress 

oxydatif est done identifie comme un des mecanismes proximaux du compromis entre 

reproduction et survie (longevite) (Beckman & Ames, 1998; Finkel & Holbrook, 2000; 

Monaghan et al, 2009). Par contre, comme pour tous les compromis associes a l'acquisition 

et 1'allocation des ressources energetiques, la detection de compromis associes au rythme de 

vie peut etre compromise par les conditions environnementales (ex. disponibilite en 

antioxydants) et par la condition individuelle (Speakman et al, 2004; Monaghan et al, 2009). 

Heterogeneite interindividuelle et qualite individuelle 

L'estimation de compromis en milieu naturel, tant en allocation d'energie qu'en gestion du 

rythme de vie, demeure problematique, surtout au niveau intra-specifique. Plusieurs travaux 

ont souligne I'importance d'integrer les variations environnementales et interindividuelles afin 

de quantifier les compromis entre survie et reproduction (Cam et al, 2002; Wilson & Nussey, 

2010). En effet, le cout a la reproduction menant a une survie moindre pourrait etre masque 

par un environnement favorable et/ou par une bonne condition individuelle (Vaupel et al, 

1979; van Noordwijk & De Jong, 1986; Stearns, 1989; Reznick et al, 2000). Par exemple, 

chez l'otarie a fourrure (Arotocephalus tropicalis), le taux de survie est plus eleve chez les 

femelles qui se reproduisent que chez celles qui ne se reproduisent pas (Beauplet et al, 2006). 

De facon similaire, chez les rennes (Rangifer tarandus), les femelles reproductrices ont aussi 

une meilleure probability de survie (Weladji et al, 2006) et une plus grande chance de se 

reproduire subsequemment comparativement aux femelles non reproductrices (Weladji et al., 

2008). Ces relations positives entre traits d'histoire de vie pourraient s'expliquer par une 

variabilite interindividuelle plus grande dans l'acquisition que dans 1'allocation des ressources 
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generant une distribution phenotypique populationnelle positive entre l'allocation a la survie et 

a la reproduction (van Noordwijk & De Jong, 1986; Stearns, 1989; Reznick et al., 2000; Fig. 

lb). Hamel et al. (2009) ont montre qu'un cout de la reproduction actuelle sur la reproduction 

future est seulement observable lorsque I'heterogeneite des femelles est prise en compte car 

seulement les « mauvaises » femelles expriment ce cout. L'heterogeneite interindividuelle 

devrait done etre tenue en compte dans les etudes sur revolution des compromis entre traits 

d'histoire de vie mais encore faut-il etre capable d'obtenir un estimateur liable de cette 

heterogeneite interindividuelle en qualite (Moyes et al, 2009; Wilson & Nussey, 2010). 

Etre « plus apte » ou etre « selectionne » sont-ils des synonymes de qualite? Peut-on evoquer 

la qualite comme un proxy de I'heterogeneite interindividuelle dans les etudes en ecologie 

evolutive? Dans sa theorie sur la selection sexuelle, Darwin (1871) proposa que les combats 

intra-sexuels et que la selection intersexuelle pouvaient generer des pressions selectives 

suffisantes pour favoriser la croissance de traits en apparence non adaptatifs. Les theories 

proposees pour expliquer revolution de ces traits sexuels secondaires evoquent qu'ils sont le 

reflet de la qualite individuelle (ex. condition : Zahavi, 1975; capacite immunitaire innee : 

Hamilton & Zuk, 1982). Dans un environnement donne, un individu de mauvaise qualite ne 

pourrait done pas se permettre la croissance de tels traits. Le concept de qualite individuelle 

est desormais couramment evoque en ecologie pour qualifier (quantifier) I'heterogeneite 

interindividuelle. Cependant, il n'y a pas de consensus sur la definition meme de ce concept 

(Wilson & Nussey, 2010) et encore moins sur le choix des types de traits le definissant. 

Selon les conditions environnementales, la qualite individuelle pourrait, d'une part, influencer 

la croissance des traits et done etre variable, selon le type d'environnement dans lequel elle 

s'exprime. Par exemple, la theorie du handicap (Zahavi, 1975) predit que les individus 

selectionnes pour la reproduction ont de plus grands/beaux traits (ex. taille des cornes, 

taille/couleur des plumes) car ils sont de meilleure qualite, et done capables de supporter les 

couts associes a la croissance de ces traits. Prenons Pexemple du daim {Dama dama), les 
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males aux plus grands bois semblent avoir un avantage dans les combats de dominance et 

gagnent ainsi un acces privilegie aux femelles en oestrus. Par contre, les bois tombent chaque 

annee et leur taille - considered ici comme un proxy de la qualite individuelle - peut done 

varier pour un raeme individu au cours de sa vie (McElligott et al., 2002). D'autre part, 

Pavancement des techniques en genetique moleculaire et en statistiques (ex. estimation de la 

variance expliquee par un effet aleatoire individuel dans un modele mixte, Pinheiro & Bates, 

2000; Cam et al, 2002) a facilite I'etude de la qualite dite fixe ou latente, done invariable dans 

le temps. La qualite fixe se definie par une heterogeneite entre les individus dans leurs 

caracteristiques intrinseques (ex. heterozygotie, immunite innee, effets maternels). Cette 

definition a 1'avantage de ne pas confondre qualite et phenotype mais peut laisser place a des 

interactions contre-intuitives entre la qualite et l'environnement, e'est-a-dire lorsque des 

individus de meilleure qualite fixe performent moins bien dans certains contextes par rapport 

aux individus de moins bonne qualite. Ces differences dans la definition de la qualite 

individuelle montrent a quel point les sources d'heterogeneite interindividuelle peuvent etre 

variees. Au-dela des questions de semantiques, ces etudes soulignent Fimportance d'integrer 

plusieurs types de traits a la fois, comme par exemple des traits genetiques, physioiogiques et 

phenotypiques dans la caracterisation des individus et dans I'etude des compromis entre traits 

d'histoire de vie (Moyes et al, 2009; Wilson & Nussey, 2010). 

Traits d'histoire de vie et considerations demographiques 

Savoir quantifier les compromis entre traits d'histoire de vie s'avere crucial en ecologie 

evolutive car la somme des contraintes observees au niveau individuel peut avoir des 

consequences qui s'observent au niveau populationnel (Pelletier et al, 2007). La variabilite 

environnementale fait en sorte que la disponibilite des ressources est souvent sporadique dans 

le temps, soit a cause de simples variations saisonnieres ou a cause de fluctuations 

interannuelles complexes (Clotfelter et al, 2007; Yang et al, 2010). Comme on l'a vu 

precedenunent, I'acquisition d'energie est centrale pour la gestion des activites qu'un 
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organisme doit accomplir et les consequences de variations en energie sur 1'optimisation des 

traits d'histoire de vie peuvent avoir des repercussions notables sur la dynamique des 

populations (Ostfeld & Keesing, 2000). Par exemple, le taux de croissance d'une population 

est souvent relie a la disponibilite des ressources alimentaires car celle-ci affecte directement 

la survie et la reproduction des individus (Jones et al, 1998; Ostfeld & Keesing, 2000; Yang 

et al, 2010). Par contre, les determinants principaux du taux de croissance des populations ne 

sont pas necessairement les memes pour toutes les especes. En general, les traits d'histoire de 

vie qui caracterisent une espece (ex. longevive, fertile, precoce, etc) offrent les elements de 

base pour predire ce qui affectera le plus la dynamique des populations. En effet, la survie 

adulte devrait etre capitale pour les especes longevives alors qu'un fort taux de fecondite en 

bas age devrait etre determinant pour les especes a courte longevite (Heppell et al, 2000). 

Alors qu'on s'attendrait a ce que des strategies favorisant la survie adulte de petits rongeurs 

soient peu communes, plusieurs etudes recentes ont documente des strategies d'histoire de vie 

conservatrices raerae pour les especes a longevite reduite (Boutin et al, 2006; Ruf et al, 2006; 

Marcello et al, 2008). II existe done un spectre de determinants populationnels qui semble 

refleter Petendu des possibilites de compromis entre traits d'histoire de vie. Par exemple, 

l'ecureuil roux (Tamiasciurus hudsonicus) ajuste son investissement reproducteur estival en 

fonction de la production automnale de cones (Reale et al, 2003; Boutin et al, 2006). La 

production de cones par l'epinette blanche varie substantiellement entre les annees 

(Lamontagne & Boutin, 2007) et est positivement correlee au taux de croissance des jeunes 

(McAdam & Boutin, 2003a). L'ajustement des traits d'histoire de vie en fonction de la 

disponibilite des ressources permet aux ecureuils de synchroniser un fort taux de croissance 

populationnelle avec la disponibilite des ressources. Des observations similaires ont ete faites 

chez d'autres rongeurs (Ruf et al, 2006; Marcello et al, 2008). En general, ceci suggere que 

les traits d'histoire de vie peuvent etre des determinants significatifs de la dynamique des 

populations (Coulson et al, 2001; Pelletier et al, 2007). En outre, comprendre les liens entre 

les compromis de traits d'histoire de vie et la dynamique des populations represente done une 

avenue prometteuse en ecologie evolutive car elle integre les concepts de selection 
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individuelle, de dynamique des populations et d'evoiution (Schoener, 2011). Par exemple, de 

plus en plus d'etudes s'attardent a faire le lien entre l'ecologie et revolution car il est 

maintenant clair que des facteurs ecologiques contemporains ont le potentiel de generer des 

evenements de micro-evolution alors que des changements evolutifs rapides peuvent laisser 

des marques ecologiques (Pelletier et al. 2009). 

Objectifs 

Mon doctorat a pour objectif principal d'utiliser une approche integratrice multi-echelle 

(theorique, individuelle, populationnelle) afin d'etudier les determinants du fitness dans une 

population naturelle de tamias rayes {Tamias striatus) vivant dans un contexte 

environnemental fluctuant. Plus specifiquement, mon chapitre I porte sur l'elaboration d'un 

cadre conceptuel unifiant les differentes utilisations du concept de « qualite individuelle ». 

Les autres chapitres sont bases sur des donnees empiriques collectees en milieu naturel. Mes 

chapitres II et III portent sur la composante reproduction du fitness dans une approche liant 

des aspects genetiques, physiologiques et phenotypiques. Mon chapitre II quantifie les 

depenses energetiques et le stress oxydatif lies a la reproduction. Mon chapitre Ilia caracterise 

d'abord, par la genetique, le systeme d'appariement des tamias et fait etat des determinants 

genetiques et phenotypiques du succes reproducteur alors que mon chapitre Illb quantifie 

1'importance de la reproduction avec plusieurs partenaires sur le nombre de jeunes produits. 

Mon chapitre IV documente la composante survie du fitness en utilisant des methodes 

analytiques de capture-marquage-recapture et en integrant les elements des chapitres II et III a 

une approche populationnelle. 
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METHODES 

Le tamia raye comme modele d'etude : biologie de I'espece 

Le tamia raye est un petit rongeur diurne de la famille des sciurides qui habite les forets de 

feuillus au nord-est de l'Amerique du nord (Elliott, 1978; Snyder, 1982; Fig. 1). Cette espece 

pese en moyenne 95 grammes et ne montre pas de dimorphisme sexuel de taille. 

L'alimentation du tamia est intimement reliee a la production de graine des arbres a paisson 

(« masting trees » en anglais, Ch. IV). Le tamia se specialise sur cette ressource en periode de 

forte abondance de graines mais devient generaliste lors des periodes sans pulse de graines, se 

nourrissant alors principalement de plantes, champignons, ainsi que de petits invertebres 

(Snyder, 1982). Le tamia habite dans un terrier et peut y accumuler de grandes quantites de 

graines lui permettant de survivre sous terre pendant des periodes allant jusqu'a pres d'un an 

(Munro et al., 2008, Ch. IV). Le tamia survie aux rigueurs de l'hiver en alternant des periodes 

de torpeur et de court eveil (Chia-Huang Wang & Hudson, 1971; Landry-Cuerrier et al, 

2008). La quantite de nourriture accumulee dans le terrier affecte directement 1'expression des 

patrons de torpeur (Humphries et al, 2003) et la probabilite de survie hivernale (Kuhn & 

Wall, 2008). Le tamia vit en moyenne de deux a trois ans (Tryon & Snyder, 1973). 

Les femelles ont une gestation d'environ 30 jours et mettent bas lors de deux saisons 

distinctes, celle du printemps (mars-avril) et celle de l'ete (juin-juillet) (Smith & Smith, 1972, 

Ch. III). L'emergence des juveniles se produit de 5 a 7 semaines apres la mise bas (Snyder, 

1982). Les jeunes dispersent du terrier maternel en moins de 2 semaines. Chez les 

populations au sud de l'aire de distribution, la reproduction printaniere se produit chaque 

annee alors que celle de l'ete n'a pas toujours lieu (Pidduck & Falls, 1973). Les femelles ont 

done le potentiel de se reproduire deux fois durant une meme annee (Smith & Smith, 1972; 

Pidduck & Falls, 1973). Chez les populations plus nordiques, comme chez nous, il semblerait 
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qu'il y a une alternance dans les saisons de reproduction (Ch. III). La reproduction estivale 

semble coincider avec les annees de forte production de graines alors que la reproduction 

printaniere suit ces fortes productions. Le systeme d'appariement des tamias s'apparente a la 

promiscuite extreme (Ch. III). Un peu avant et pendant les periodes d'oestrus, les males 

visitent les domaines vitaux des femelles (Elliott, 1978). Plus d'une dizaine de males peuvent 

etre observes autour d'une meme femelle en oestrus. Durant cette periode, les copulations 

avec plusieurs males sont frequentes (Elliott, 1978, Ch. III). Les femelles produisent 

generalement en moyenne 4 jeunes par portee, ce qui represente un cout energetique et 

metabolique pour les femelles (Smith & Smith, 1972, Ch. II). Tryon & Snyder (1973) ont 

documente que les jeunes produits lors du printemps atteignaient une taille adulte avant I'hiver 

et avaient une plus forte probability de survivre jusqu'a l'annee suivante comparativement aux 

jeunes produits durant l'ete. 

Figure 1. Tamia raye (Tamias striatus). Credit photo : Jennifer Chambers 
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Aire d'etude 

J'ai etudie le tamia sur un site de 500m par 500m situe a Mansonville, Quebec (45°05' N, 

72°26' O), dans une foret constitute principalement de feuillus matures (Fig. 2). Le suivi 

individuel des tamias sur cette aire d'etude a debute en 2005. Le site est quadrille par 

intervalles de 20m, delimites par des piquets identifies avec un code alphanumerique (Fig. 3). 

Nous avons effectue du trappage systematique des tamias grace a 228 trappes « longworth » 

appatees avec du beurre d'arachide et localisees de facon permanente a tous les deux points de 

grille a I'interieur d'un cercle ayant 250m de rayon (Fig. 3). Le trappage s'effectuait durant 

toute la periode d'activite des tamias, de la fin avril au mois de novembre et chaque jour de 

0800 a 1800 heure. Nous etions en mesure de couvrir le site en entier environ chaque 

semaine. 

Figure 2. Photo representative du site d'etude. 
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Figure 3. Quadrillage de I'aire d'etude, dimension, et disposition des trappes. Chaque point 

noir represente un piquet identifie selon les coordonnes alphanumeriques et chaque carre gris 

represente la localisation d'une trappe permanente. 
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Donnees recoltees generates 

Nous avons marque tous les nouveaux individus avec des marqueurs metalliques a code 

unique apposes aux oreilles, et avec un transpondeur sous cutane (trovan® Pit tag). Lors de 

chaque capture de tamias, nous notions le positionnement de la trappe (Fig. 3), le sexe, la 

masse au gramme pres a l'aide d'une balance Pesola 300g, et le nombre de parasites. Le 

parasite que nous notions etait une larve de mouche (Cuterebra emasculator) a son 3e stade de 

developpement. Ces larves brunes matures peuvent mesurees jusqu'a 25 mm et laisse des 

cicatrices bien visibles sur le tamia pendant plusieurs jours apres avoir quitte I'animal. 

Seulement l'age des individus captures en tant que juveniles etait connu. Pour etre classifie 

comme juvenile, I'animal devait peser moins de 70g (ou 80g selon I'article) lors de la 

premiere capture et ne pas montrer de signe de reproduction. Le statut reproducteur se 

declinait ainsi : les males avec le scrotum couleur peau etaient consideres comme juveniles 

alors que les males avec le scrotum noir etaient consideres comme adultes; pour une saison 

donnee, les males adultes avec le scrotum en position abdominal etaient consideres comme 

non sexuellement actifs alors que les males avec un scrotum hypertrophic etaient consideres 

comme sexuellement actifs; les femelles avec les mamelons caches etaient considerees comme 

non sexuellement actives alors que les femelles avec la vulve hypertrophiee, de gros 

mamelons ou allaitantes etaient considerees comme sexuellement actives. Nous avons aussi 

installe des colliers radio-emetteurs (Holohil Systems; modele PD-2C; 4.0g) afin de trouver 

par telemetrie le terrier de chaque individu. Nous effectuions la localisation durant la nuit afin 

de s'assurer que le terrier trouve correspondait au lieu de nidification. Chez les femelles 

sexuellement actives, nous installions des trappes sur le terrier que nous visitions a intervalles 

de deux jours. Ceci permettait de capturer les jeunes a l'emergence et de les assigner a leur 

mere, c'est-a-dire a la femelle qui detenait le terrier. Lors de la premiere capture, du tissu 

cutane etait echantillonne au bout de l'oreille de chaque individu. L'ADN de ces echantillons 

a ensuite ete sequence pour 11 marqueurs microsatellites genetiques. 
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Par consequent, notre population de tamias rayes est un modele d'etude ideal pour remplir les 

objectifs scientifiques fixes par mon doctorat: le tamia est abondant, facilement capturable, a 

une longevite relativement courte et produit plusieurs jeunes a la fois. De plus, il est fortement 

affecte par la disponibilite des ressources qui fluctuent selon de courts cycles de deux a trois 

ans. Ainsi, j 'a i pu recolter des mesures phenotypiques sur tous les individus et recolter des 

donnees physiologiques sur un grand nombre d'individus a differents moments de leur vie. Le 

suivi exhaustif des femelles et les analyses en genetique moleculaire m'ont permis de 

determiner le succes reproducteur des adultes sur le site. J'ai done pu mesurer les couts a la 

reproduction et docurhenter les determinants du succes reproducteur. Finalement, les releves 

de trappage et les donnees sur la productivite des arbres m'ont permis d'avoir un jeu de 

donnees puissant pour effectuer des analyses en capture-marquage-recapture et evaluer, au 

niveau populationnel, l'effet de la reproduction et de l'environnement sur la survie des tamias 

et sur la dynamique de la population. 
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CHAPITRE I 

LA QUALITE INDIVIDUELLE 

Description de 1' article et contribution 

Le terme qualite individuelle est couramment utilisee en ecologie pour quantifier 

Pheterogeneite interindividuelle. L'etude de la qualite individuelle suscite un interet croissant 

depuis les dernieres annees puisqu'elle s'integre directement aux theories en ecologie 

evolutive (ex. compromis de traits d'histoire de vie), comportementale (ex. choix de 

partenaire) et biodemographique (ex. senescence). Mais quelles sont les unites associees a 

cette mesure? L'idee du present article a germe suite a la lecture de plusieurs papiers ayant 

comme titre, par exemple, « . . . high-quality females always do better ». Ce genre de titre 

porte a reflexion. Serait-il possible que les individus de meilleure qualite fassent moins bien 

que les autres? Si tel etait le cas, alors pourquoi ces individus seraient-ils de meilleure 

qualite? C'est en discutant de cela avec mon collegue de laboratoire Renaud Baeta qu'il nous 

est venu a l'idee de faire un survol de la litterature sur ce sujet. Nous nous sommes 

rapidement rendu compte qu'il n'y avait pas de consensus sur la definition meme du concept 

de qualite (Moyes et ai, 2009; Wilson & Nussey, 2010), encore moins sur les types de traits le 

definissant, et ce malgre plus de 300 publications sur le sujet dans les 10 dernieres annees. 

Pour eclaircir cette question, j 'ai entrepris de faire une revue de litterature sur la qualite 

individuelle afin de determiner s'il y avait des tendances generales dans I'utilisation de ce 

terme et pour evaluer les risques potentiels d'utiliser un meme terme a differentes fins (ex. 

qualite genetique vs qualite phenotypique vs. fitness). Dans cet article, j 'a i effectue la revue 

de litterature, developpe les idees et redige le manuscrit. Dany Garant, Fanie Pelletier, Denis 

Reale et Renaud Baeta ont aussi participe a l'elaboration des idees, ont commente plusieurs 

versions du manuscrit et m'ont supporte moralement dans cette aventure scientifique qui ne 

fut pas sans heurts... 
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INDIVIDUAL QUALITY: TAUTOLOGY OR BIOLOGICAL REALITY? 

par 

PATRICK BERGERON, RENAUD BAETA, FANIE PELLETIER, DENIS REALE & D. 

GARANT 

Journal of Animal Ecology, 2011, 80, 361-364 

Abstract 

1. The concept of individual quality is commonly used when referring to heterogeneity in 

performance among individuals in ecology and evolution studies. 

2. Individual quality is however defined in various ways as it may refer to many different traits 

and serve different purposes across studies. 

3. In this paper, we first categorize different quality traits into static and dynamic traits, and 

discuss the different uses of the concept of quality in demographic and behavioural ecology 

studies. 

4. We argue that confusion around its application arise when authors are not clear about what 

they specifically mean by quality and when other well recognized terms are relabelled as 

quality. 

5. Instead of aiming to provide a universal definition of quality, we suggest that authors be 

more specific about the criteria used to rank individuals along a continuum for a specific 

quantity given a set of measured traits. 

6. Specifying the views and uses of quality and avoiding tautological relabeling should 

increase biological relevance of this concept and facilitate comparisons among studies. 

Keywords: fitness, frailty, heterogeneity, individual variation. 
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Introduction 

Heterogeneity among individuals is a central aspect of evolutionary ecology. Evolutionary 

changes of a population depend on selection pressures acting on individual's phenotypic and 

genetic variation (Lynch & Walsh, 1998). Individuals are rarely equally adapted to their 

environments and this inter-individual heterogeneity in performance (e.g. survival and 

reproductive success) has been historically described with a variety of terms such as 

heterogeneity in fit (Darwin, 1859), frailty (Vaupel et al, 1979), health and vigour (Hamilton 

& Zuk, 1982) or organism's state (McNamara & Houston, 1996). Nowadays, a growing 

number of studies in animal behaviour, population biology and evolutionary ecology refer to 

inter-individual variations as differences in "quality" (e.g. Birds: Sedinger et al, 2008; 

Mammals: Hamel et al, 2009; Insects: Cervo et al, 2008; Fishes: Wong et al, 2007). 

However, since many studies have sought to measure "individual quality" itself, there are 

many definitions of this concept. 

Recently, Wilson & Nussey (2010) proposed the following working definition of quality: "an 

axis of among-individual heterogeneity that is positively correlated with fitness". This 

definition summarizes well the general acceptance that quality indices mostly relate an 

individual's characteristics (phenotype or genotype) to fitness parameters. Yet, the choice of a 

quality index is always dictated by the study focus or species rather than by a general 

acceptance of what traits best describe quality. In fact, using different types of quality traits 

from a variety of conceptual frameworks may prevent researchers from adopting a single 

definition of quality. Here we highlight four key distinctions between the views and uses of 

quality. We emphasize that relabeling other well established terms (i.e. fitness) under the 

concept of quality may only bring further confusion. Instead, we suggest three 

recommendations to help authors being more explicit about their applications of this concept 

and to facilitate the comparison among studies using similar conceptual frameworks. 
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Views and uses 

A decade ago, Cam & Monnat (2000) pointed out to two prevailing views of individual quality 

(also described in Moyes et al., 2009). The first view corresponds to latent or static traits, 

expected to be constant throughout life, or at least during the period under investigation (e.g. 

adulthood), that represent underlying characteristics of an individual. Genetic traits are typical 

static traits that are known to affect survival or reproductive success (Keller & Waller, 2002; 

Foerster et al, 2003) and are often referred to as "genetic quality" (Hunt et al. 2004). Static 

traits can also be shaped by environmental conditions, such as birth weight (Stopher et al, 

2008; Moyes et al, 2009), lifetime breeding success (Beauplet et al, 2006; Lewis et al, 2006; 

Lescroel et al, 2009) or longevity (Hamel et al, 2009) that are measured only once during an 

individual's life. The second view corresponds to dynamic traits that can be repeatedly 

measured and may change during an individual's life. Examples include condition-dependent 

traits such as feather colour, antler length or body mass (Dale, 2000; Gaillard et al, 2000; 

Vanpe et al, 2007). Although not always mutually exclusive, these two views correspond to 

different assessment of an individual's quality. 

The view of individual quality is also greatly dependent on the field of research where it is 

applied. On one hand, studies often have to account for static heterogeneity in quality in order 

to unravel potential life-history trade-offs. On the other hand, there are studies seeking 

specifically for potential dynamic quality traits by looking at correlations between phenotypes 

and fitness. Demographic studies generally aim at understanding how inter-individual 

heterogeneity can affect the estimation of demographic parameters, such as survival and 

fertility (Metcalf & Pavard, 2007), that are central to the evolution of life-histories (Stearns, 

1992). For example, in studies investigating senescence patterns, age-specific survival rates 

could appear to increase towards the end of life, and this counterintuitive pattern could, at least 

partially, be explained by selective effects early in life on a potentially larger inter-individual 

heterogeneity (Vaupel et al, 1979; Carey et al, 1992): age-specific survival could increase if 

22 



low-quality individuals are the first to die (Curio, 1983), thus masking potential effects of 

senescence on survival (Vaupel & Yashin, 1985; McCleery et al, 2008). Similar problems 

can also be encountered in studies on the evolution of life-histories where inter-individual 

heterogeneity may prevent the detection of trade-offs expected to occur at the individual level; 

"good quality" animals can invest in reproduction without decreasing survival (van Noordwijk 

& De Jong, 1986; Reznick et al, 2000; Cam et al, 2002). In these studies, quality is 

presented as a special case of inter-individual heterogeneity when the differences between 

individuals are rather consistent throughout life (Moyes et al, 2009). Hence, individual 

quality is often performance-based and measured using life-history traits (i.e. longevity, 

contribution to population growth, age at first reproduction, lifetime reproductive success) of 

cohorts with complete lifetime data (Stopher et al, 2008; Hamel et al, 2009; Moyes et al, 

2009). Wilson & Nussey (2010) definition of quality mainly refers to this context. 

In behavioural ecology, studies on mate choice and sexual selection generally consider 

condition-dependent secondary sexual characters as honest signals of male quality (Zahavi, 

1975). For example, ornaments under sexual selection may have evolved as indicators of a 

male's quality, and should either correlate with genetic benefits (e.g. good-gene hypothesis: 

Hamilton & Zuk, 1982; sexy son hypothesis: Weatherhead & Robertson, 1979) or advertise 

non-genetic benefits for female offspring fitness, such as territory quality (Dijkstra et al, 

2008). The underlying prediction of all these hypotheses is that a female can assess the 

quality of potential mates based on their attributes relative to other males of the same 

population (Andersson, 1994). In this case, quality is measured from condition-dependent 

phenotypic traits that female use to predict her future offspring's performance (Galvan & 

Sanz, 2008; Janicke et al, 2008). Consequently, several behavioural ecology studies have 

aimed at linking variation in an expected quality signal of males to some fitness components 

(Gustafsson, 1986; Merila & Sheldon, 2000; Mainguy et al 2009). 
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Although Wilson & Nussey (2010) proposed a new working definition of quality based on a 

multivariate analysis of phenotypes and fitness, it does not alleviate the need to consider the 

effects of using different quality traits (e.g. static, dynamic), in different contexts (life-history, 

sexual selection), on our understanding of quality. A set of dynamic traits measured on a 

given individual may not provide the same assessment of expected fitness values compared to 

a set of static traits (Moyes et al, 2009). This is especially true given that environmental 

variations alone can sometime drive selection gradients and predictions on trait - fitness 

correlations independently of quality (Knops et al, 2007; Tuljapurkar et al, 2009). Yet, there 

are still relatively few studies that consider both static and dynamic traits in their assessment 

of an individual's quality (but see Hill et al, 1999; Roberts & Gosling, 2003; van Dongen & 

Mulder, 2008). 

Quality: a tautology? 

So is it a problem that individual quality is being defined using different traits in different 

contexts? After all, it is conceivable that one could use quality when discussing life-histories 

but assess it differently in the discussion of sexual selection. Yet, besides the difficulties 

related to the definition and measure of fitness itself ( McGraw & Caswell, 1996; Brommer et 

al, 2002; Coulson et al, 2006; Metcalf & Pavard, 2007), we believe that the use of quality is 

especially problematic in cases where it overlaps with other well-established concepts. 

Confusion arises for example, when researchers are measuring traits and are relabeling them 

as quality indices. In figure 1, we summarize what we think are the most common contexts in 

which quality is generally defined: from genetic characteristics (e.g. genome wide diversity) 

and phenotypic measurements to their links with fitness. Quality indices calculated on 

standard measurements of phenotype and genotype are largely similar to those used to perform 

selection analyses (Lande & Arnold, 1983); selection is already a function of phenotypic 

characters and individual fitness components (Arnold & Wade, 1984) and the opportunity for 

selection represents the among-individual variation in relative fitness in a population, 
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independent of traits (Lande & Arnold, 1983). Using quality in such context is thus of little 

value and restrain the possible comparisons among studies measuring selection in the wild but 

using different long-established terminologies. The worst-case scenario is of course witnessed 

in studies where fitness is relabelled as quality, which is a pure tautology since performance-

based quality measures such as lifetime reproductive success will inevitably correlate with 

fitness. It then leads to an obvious circularity in arguments related to quality, like the truism 

that high quality individuals are doing better. 
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Figure 1. The classical link between genotype and environment affecting phenotype and its 

relationships with fitness. The concept of quality potentially overlaps with a series of well 

defined concepts. 

Quality: a biological reality? 

The concept of quality may still stands apart from other terms (e.g. Fig 1) when it is used to 

rank individuals along a continuum of combinations of particular quantitative traits and 

assesses how individuals with different quality scores contribute to the evolutionary trajectory 

25 



of a population. We have also emphasized above that there are simple categories in which 

quality can fall into: static versus dynamics traits or controlling for performance using life-

history traits versus seeking for phenotypic proxies of fitness. We now draw attention to three 

recommendations that could help reconcile the different uses of the quality concept. First, 

authors should explicitly provide the type of category in which they are considering quality. 

Second, authors should discuss the implications of using terms that offer different a priori 

expectations of fitness given environmental variability. Third, authors should justify why the 

use of the term quality was preferred over the well-recognized links between genotype, 

environment, phenotype and fitness (Fig. 1). We believe these recommendations should help 

circumscribe the biological relevance of the concept of quality and ease comparisons among 

studies. 
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CHAPITREH 

LES COUTS PHYSIOLOGIQUES DE LA REPRODUCTION 
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CHAPITRE II 

LES COUTS PHYSIOLOGIQUES DE LA REPRODUCTION 

Description de Particle et contribution 

Dans le but d'etudier les determinants de l'aptitude phenotypique a plusieurs echelles, il etait 

important pour moi d'aborder cette question d'un point de vue physiologique. C'est Denis 

Reale qui, a l'origine, a eu l'idee de faire des mesures de stress oxydatif sur les tamias. En 

2008-09, 1'etude du stress oxydatif connaissait un essor considerable, les categories de 

marqueurs de stress se multipliaient et des articles de revues de litterature faisaient etat d'un 

grand manque d'etudes en milieu naturel. Avec Dany Garant, nous avons decide que le stress 

oxydatif serait la mesure physiologique de choix pour le volet physiologie de mon doctorat. 

J'ai determine la methode a employer pour mesurer le stress avec Vincent Careau. J'ai elabore 

un protocole pour connaitre le nombre de jeunes produits par femelle (la « mother run »), j 'ai 

participe a la majorite des captures et effectue la majorite des travaux de laboratoire en 

genetique et pour le stress oxydatif. Pendant ce temps, Vincent recoltait des donnees de 

depenses energetiques quotidiennes (DEE) pour son doctorat. Nous avons ensuite decide de 

combiner nos jeux de donnees pour le present article. Dans ce papier, j 'a i elabore les idees, 

analyse les donnees et redige le manuscrit. Vincent a fourni les donnees de DEE, a aussi 

participe a I'elaboration des idees et a commente plusieurs versions du manuscrit. Dany 

Garant, Denis et Murray M. Humphries ont participe a I'elaboration des idees et ont commente 

plusieurs versions du manuscrit. John R. Speakman a effectue les analyses de laboratoire de 

DEE, a commente une version du manuscrit et m'a fait peur sur la validite des mesures de 

stress oxydatif. Dany a finance 1'achat des kits de stress oxydatif et a achete la centrifugeuse a 

capillaire « vintage » de type : «n'oublie pas ton tournevis si tu ne veux pas perdre une journee 

de travail». Fanie Pelletier a contribue financierement aux analyses de DEE. Daniel 

Lafontaine nous a gracieusement prete son fluorometre. 
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THE ENERGETIC AND OXIDATIVE COSTS OF REPRODUCTION IN A FREE-

RANGING RODENT 

par 

PATRICK BERGERON, VINCENT CAREAU, MURRAY M. HUMPHRIES, DENIS 

REALE, JOHN R. SPEAKMAN & DANY GARANT 

Functional Ecology, 2011, 25, 1063-1071 

Abstract 

1. As understanding of the energetic costs of reproduction in birds and mammals continues to 

improve, oxidative stress is an increasingly cited example of a non-energetic cost of 

reproduction that may serve as a proximal physiological link underlying life-history trade-offs. 

2. Here we provide the first study to measure daily energy expenditure (DEE) and oxidative 

damage in a wild population. We measured both traits on eastern chipmunks (Tamias striatus) 

and assessed their relationships with age, reproductive status, litter size and environmental 

conditions. 

3. We found that both physiological traits were correlated with environmental characteristics 

(e.g. temperature, seasons). DEE tended to increase with decreasing temperature, while 

oxidative damage was lower in spring, after a winter of torpor expression, than in autumn. We 

also found that DEE decreased with age, while oxidative damage was elevated in young 

individuals, reduced in animals of intermediate age and tended to increase at older age. 

4. After controlling for age and environmental variables, we found that both female DEE and 

oxidative damage increased with litter size, although the latter increased weakly. 

5. Our results corroborate findings from laboratory studies but highlight the importance of 

considering environmental conditions, age and reproductive status in broader analyses of the 

causes and consequences of physiological costs of reproduction in wild animals. 

Keywords: Oxidative stress, field metabolic rate, ageing, wild population, mammals, litter 

size, life-history theory 
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Introduction 

The cost of reproduction is a fundamental selective force that shapes life-history trajectories of 

organisms (Williams, 1966; Stearns, 1992). In their attempt to maximize fitness, animals 

often have a limited amount of energy to survive and reproduce (but see Speakman & Krol, 

2010 for a different perspective on such limits). As a consequence, trade-offs will occur 

between current reproductive effort and future expected fitness because reproduction diverts 

energy away from investment in vital somatic functions or storage for future reproduction 

(Stearns, 1992; Kirkwood & Austad, 2000). Because our understanding of the nature of the 

costs of reproduction in birds and mammals continues to improve (Humphries & Boutin, 

2000; Nilsson, 2002; Alonso-Avarez et al, 2006), research attention has shifted to the 

potential non-energetic costs of reproduction that may serve as a physiological link between 

the energetic costs of current reproduction and reduced prospects for future survival and 

reproduction. 

Oxidative stress is a frequently cited example of a potential physiological cost underlying life-

history trade-offs (Beckman & Ames, 1998; Finkel & Holbrook, 2000; Metcalfe & Alonso-

Alvarez, 2010). It is generally assumed that high metabolic efforts, associated with growth, 

immunity and reproduction, increase the production of damaging reactive oxygen species 

(ROS) that escape from metabolic processes. Such increases in ROS production can create an 

imbalance between ROS levels and protection or repair mechanisms, causing oxidative 

damage to DNA, proteins and lipids, and potentially accelerated senescence (Sohal et al, 

1993; Beckman & Ames, 1998; Finkel & Holbrook, 2000; Monaghan et al, 2009, but see 

Speakman et al, 2004). Although energy expenditure and oxidative damage are commonly 

considered as proximal costs of reproduction (Speakman, 2008; Monaghan et al, 2009), very 

few studies have measured both traits on the same population (Wiersma et al, 2004; Selman 

et al., 2008) and never before in the wild. 
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Several studies, mostly on birds, have assessed the oxidative costs of reproduction, generally 

assuming rather than directly quantifying the energetic cost of reproduction. For instance, 

experimental manipulations of brood size showed that high reproductive effort caused a 

significant decrease in antioxidant defense, suspected to increase oxidative stress (Alonso-

Alvarez et al, 2004; Wiersma et al, 2004; Alonso-Avarez et al, 2006; Bertrand et al, 2006). 

Yet, whether an antioxidant decline with reproductive effort translates into oxidative damage, 

especially under realistic environmental conditions, remains for the most part unknown 

(Costantini, 2008; Monaghan et al, 2009; Costantini et al, 2010; Metcalfe & Alonso-Alvarez, 

2010). The only field study to assess the impacts of reproduction on oxidative damage, by 

Nussey et al (2009), reported no significant relationship between reproductive effort and 

oxidative damage in feral Soay sheep (Ovis aries). Yet, long-lived species, such as Soay 

sheep, with several breeding opportunities may benefit from minimizing the physiological 

costs of current reproduction and favor survival until the next breeding season. Alternatively, 

short-lived species, with high rate of extrinsic mortality, should be better candidates for 

detecting a physiological cost of reproduction because they are expected to invest heavily into 

current reproduction, potentially at the expense of maintaining somatic functions that prevent 

aging (Kirkwood & Austad, 2000). 

Age has been identified as a key factor influencing individual variability in energy expenditure 

and oxidative stress, especially close to the onset of senescence (Ricklefs & Wikelski, 2002). 

While energy expenditure has been shown to decrease with age, along with a reduction in 

growth rate and muscle mass (Tzankoff & Norris, 1978; Even et al, 2001; Roberts & 

Rosenberg, 2006), indicators of oxidative damage have been found to increase with age, 

perhaps because it becomes less advantageous to invest in oxidative defense and somatic 

maintenance (Finkel & Holbrook, 2000; Kirkwood & Austad, 2000). The relationship 

between oxidative damage and age could also be U-shaped (Alonso-Avarez et al., 2006; Bize 

et al, 2008; Alonso-Alvarez et al, 2010), if the high metabolic activity required to sustain 

growth and to mount the immune system contributes to high levels of oxidative damage early 

in life (Rubolini et al, 2006; Nussey et al, 2009). Therefore, a unit increase in energy 

31 



expenditure and oxidative stress may not represent the same costs at different ages, especially 

for individuals experiencing contrasted environmental conditions (e.g. extreme temperatures, 

food availability). Surprisingly, very few studies have documented how physiological costs of 

reproduction in energy expenditure and oxidative stress vary among known-aged individuals, 

especially in a natural context (Harshman & Zera, 2007; Descamps et al, 2009). 

Here, we provide the first study to examine natural variation in energy expenditure (daily 

energy expenditure - DEE) and oxidative damage on samples collected over three years from a 

free-ranging eastern chipmunk (Tamias striatus) population. We assessed how DEE and 

oxidative damage varied according to age, reproductive status and female litter size. We 

expected chipmunks to invest highly and rapidly into current reproduction because they suffer 

from high rates of extrinsic mortality and because the gaps between reproductive opportunities 

may last 1.5 years, despite a 2 year average longevity (Tryon & Snyder, 1973; Bergeron, 

unpubl. data). Because rapid juvenile growth rate is expected in chipmunks, we hypothesized 

that DEE should decrease with age once adult body size is reached. We also predicted that 

oxidative damage should follow a U-shaped curve, because of constraints associated with 

rapid juvenile growth and relatively weak oxidative protection at older age. Given that 

lactation is an energetically demanding period and that large litters require more energy 

investment than small litters, we also predicted that DEE and oxidative damage should 

increase with litter size (Alonso-Alvarez et al, 2010; reviewed in Speakman, 2008). 
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Materials and methods 

Study site and data collection 

We have monitored an eastern chipmunk population annually since 2004 on a 25ha study site 

located in the deciduous forest of Mount Sutton, southern Quebec, Canada (45°05' N, 72°26' 

W). Chipmunks are in torpor during winter and reproduce during early spring (for late spring 

emergence of adults and juveniles), summer (for late summer/autumn juvenile emergence) or 

both. In this population, large annual fluctuations in seed.production of red maple {Acer 

rubrum), sugar maple {A. saccharum) and especially American beech (Fagus grandifolia) 

affect above-ground activity (Munro et al., 2008), timing of reproduction and reproductive 

output. Chipmunks may skip one reproductive event, depending on mast production 

(Bergeron unpubl., data). We present data collected from 2007 to 2009. During this period, 

chipmunks reproduced in early spring 2007, summer 2008, early spring 2009 and summer 

2009. Chipmunks remained active from May to October every year, except in 2007, when 

adults returned underground in late July until next spring because there was no mast 

production of American beech trees ( Munro et al., 2008; Bergeron, unpubl. data). However, 

juveniles born in spring 2007 remained active until October (Careau, et al; 2010). As part of 

the long term study, we trapped chipmunks daily from 0800 until dusk inside a 250 m radius 

circle marked with numbered stakes at 20 m intervals (trapping grid). A Longworth trap was 

located at every second grid point (n = 228) and checked at intervals of 2 h. We 

systematically trapped the entire grid every week from May to October. Upon capture, the 

following measures were collected and used for this study: 

Body mass: Body mass at time of blood sample collection, measured to the nearest gram with 

a 300g Pesola scale. 

33 



Number of parasites: Highest number of subcutaneous 3r instars bot fly (Cuterebra 

emasculator) larvae and scars observed during a season. These brown mature larvae can 

measure up to 25 mm and conspicuous scars remain for several days once they have left the 

animal (Careau et al, 2010). 

Minimum known afie: Based on their emergence mass, new unmarked individuals weighing 

less than 80g were considered as juveniles, while individuals weighing more than 80g were 

considered as adults. However, new individuals weighing more than 80g were considered as 

juveniles if they presented no sign of reproductive maturity observed by the absence of a dark 

scrotum or developed mammae. New adults were assumed to be one year old during the year 

of first capture (as in Careau et al, 2010). 

Reproductive status: Males with testicles positioned abdominally were considered non-

reproductive and males with hypertrophied scrotum were considered reproductive. Because 

we were unable to assess female pregnancy status or precisely estimate parturition dates, our 

classification of female reproductive status focused on the distinction between lactating 

females with developed mammae vs. non-lactating females. In analyses that include both 

males and females, reproductive animals thus refer to scrotal males and lactating females, 

whereas non-reproductive animals refer to non-scrotal males and non-lactating females. In 

females-only analyses, reproductive classification refers to lactating vs. non-lactating females. 

Microsatellite genotyping: Every new animal was sampled for tissue at the tip of the ear and 

subsequently genotyped at 11 polymorphic loci (EACH1, EACH3, EACH4, EACH6, EACH8, 

EACH10, EACH11, EACH12 from Anderson et al. 2007 and Chip5, Chipl4, Chip39 from 

Peters et al, 2007), following protocols described in Chambers & Garant (2010). 

Litter size (females only): We used radio-collars (Holohil Systems Ltd., model PD-2C) to 

locate the burrows of most individuals on the grid. We specifically trapped, every two days, 

on burrows of females showing signs of reproduction (i.e. swollen vulva, mass gain, lactating) 

and assigned their juveniles as they emerged from the maternal burrow. We stopped trapping 
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on a specific burrow one week after the last untagged juvenile was caught. We used the 

software Cervus (version 3.0.3, Marshall et ai, 1998) at a 95% confidence level to confirm 

maternity observed in the field and to assign maternity to juveniles with unknown mothers 

(based on a 2% error rate for allelic drop-out and genotyping error, 95% of candidate females 

sampled and a minimum of 6 loci). For juveniles with unknown mothers, candidate mothers 

were all adult females caught on the grid during a reproductive season. Litter size is the total 

number of emerged juveniles assigned to a female during a single reproductive event. 

Blood collection: Trapped individuals were randomly assigned to either DEE or oxidative 

damage blood samplings (see below). The blood was collected in 70 uL heparinised glass 

capillary tubes after clipping a toenail. Blood sampling lasted for a maximum of 10 minutes 

and we collected a maximum of four capillaries per chipmunk. We did not collect enough 

blood to analyse DEE and oxidative damage on the same individuals. Animals were captured 

and handled in compliance with the Canadian Council on Animal Care (#2007-DT01-

Universite de Sherbrooke) and the Ministere des Ressources Naturelles et de la Faune du 

Quebec (#2008-04-15-101-05-S-F). 

Daily energy expenditure measurements 

We measured DEE (kJ/day) in 3 years, from May to August for juveniles, males and non-

lactating females and in June or August for lactating females (2007: 21 juveniles, 10 adults; 

2008: 23 adults; 2009: 24 adults, Careau, unpubl. data), using the doubly-labelled water 

(DLW) technique (Speakman, 1997). This technique estimates the carbon dioxide (CO2) 

produced by a free-ranging animal based on the differential washout of injected hydrogen ( H) 

and oxygen (lsO) isotopes. It has been previously validated by comparison with direct 

calorimetry in a range of small mammals and provides an accurate measure of DEE over 

periods of several days (Speakman et ai, 1994). The DLW technique has been previously 

used successfully on eastern chipmunks (Humphries et al., 2002). 
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Upon capture, chipmunks were injected intra-peritoneally with 240ul of DLW (37.78 and 4.57 

enriched O and H, respectively). Following injection, subjects were held in the trap for a lh 

equilibration period (Speakman & Krol, 2005). Then, a first blood sample was collected for 

initial isotope analysis. Chipmunks were then released at the site of capture and recaptured, 

weighed and bled 1 to 3 days later, aiming for 24h intervals to estimate isotope elimination 

rates. Taking samples over multiples of 24h periods minimises the substantial day to day 

variability in DEE (Speakman et al, 1994). The deviation from 24h was 0.03-8.28 h (25th 

percentile = 0.54h; median = 1.32 h, 75th percentile = 2.63 h). From 2007 to 2009, a total of 

10 animals were blood sampled without prior injection to estimate background isotope 

enrichments of 2H and l sO (Speakman & Racey, 1987: method C). Capillaries were flame 

sealed immediately after sample collection. Capillaries that contained the blood samples were 

vacuum distilled and water from the resulting distillate was used to produce CO2 and H2 

(methods in Speakman et al, 1990 for CO2 and Speakman & Krol, 2005 for H2). The isotope 

ratios 180:160 and 2H:*H were analysed using gas source isotope ratio mass spectrometry 

(Optima, Micromass IRMS and Isochrom \iG, Manchester, UK). Samples were run alongside 

three lab standards for each isotope (calibrated to International standards) to correct delta 

values to ppm. Isotope enrichments were converted to values of DEE using a single pool 

model as recommended for this size of animal (Speakman, 1993). We assumed evaporation of 

25% of the water flux (equation 7.17 in Speakman, 1997) which minimizes error in a range of 

conditions (Visser & Schekkerman, 1999). 

Oxidative damage measurements 

We collected blood during four distinct sampling periods in 2008-2009, ranging from 1 to 3 

weeks each (autumn08: 19 juveniles, 20 adults; spring09: 71 adults; summer09: 7 juveniles, 

44 adults; autumn09: 18 adults). Capillaries were stored at 4 °C until centrifugation for 

plasma collection at 11000 rpm for 6 minutes within 5 h of blood sampling. Plasma was 

immediately stored at -20°C for no more than 5 days and then transferred to -80°C until the 
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assays were performed, four months after the first blood collection. We used the same 

procedure for all four sampling periods. 

Oxidative damage was estimated as lipid peroxidation concentration (umol/L), a commonly 

used indicator of oxidative damage (e.g. Torres & Velando, 2007; Nussey et al, 2009; 

Alonso-Alvarez, et al 2010), using 30 uL of plasma and a TBARS assay kit (Zeptometrix 

coorp). We assayed nearly all blood samples twice and a randomly selected set of 18 

chipmunks in duplicate (2 samples per individual during a single blood sampling occasion) to 

determine both within and among samples repeatability. In this study, we used fluorometry to 

measure lipid peroxidation by detection of reactive plasma levels of malondialdehyde (MDA) 

estimated from a standard curve (see also Alonso-Alvarez et al, 2010 who used a similar 

technique, but see Nussey et al, 2009 for an alternative, more precise, HPLC method). The 

validity of colorimetric determination of MDA levels has been questioned, as it could be 

biased by metabolic artefacts and diet (Horak & Cohen, 2010). Furthermore, the use of a 

combination of markers directly validated on the studied species is preferable over the use of a 

single marker because correlations between markers of oxidative damage are usually unknown 

(Horak & Cohen, 2010). MDA levels have recently been shown to correlate with another 

marker of oxidative damage, glutathione levels in erythrocytes (Alonso-Alvarez et al, 2010). 

However, use of a single, non-calibrated marker of oxidative damage is a potentially important 

limitation of our study. 

Statistical analyses 

Because of the large number of explanatory variables on DEE and MDA levels, our modelling 

approach was first to determine the potential effects of confounding variables and then control 

for non null effects when testing our hypotheses. Competing models were contrasted using 

Akaike information criterion corrected for small sample size (AICc). The model with the 
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lowest AICc is the best at summarizing the information contained in the data (Burnham & 

Anderson, 2002). We computed the weight of evidence of each model (model weight) and 

used model averaging to compute estimates, standard error and 95% confidence intervals (CI) 

from the models required to account for at least 90% of the cumulative model weights. 

Models within 2 AICc values were considered equivalent (Burnham & Anderson, 2002) 

Confounding variables were combined into three groups related to sampling (group 1), 

individuals (group 2) and the environment (group 3). Sampling effects considered for DEE 

were linear effects of equilibration time, deviation from 24 h interval, and whether the animal 

was accidentally trapped between initial and final blood sampling. The sampling effect 

considered for MDA levels was a linear effect of storage time (in days). Individual effects 

considered for both DEE and MDA were sex and parasite burden (Delahay et al, 1995; 

Careau et al, 2010). Environmental effects considered for DEE included year and air 

temperature, and for MDA included season (Humphries et al, 2002; Scantlebury et al., 2005). 

Mean daily temperatures were obtained from a meteorological station located -20 km from the 

study site (Sutton, Environment Canada Station, http://climate.weatheroffice.gc.ca; 45°04' N, 

72°41' W). Body mass was always kept as a covariate in all models. DEE was log-

transformed to account for its exponential relationship with body mass. For MDA (n = 179 

samples from 119 individuals), we determined within and among sample repeatability using 

the calculation proposed by Lessells & Boag (1987). 

Having identified potential confounding influences on DEE and MDA, we proceeded to 

examine how these variables were correlated with reproductive status and age. Using the 

entire DEE dataset (n = 78 samples from 64 individuals) and linear models, we examined how 

DEE levels varied with age, age2 and reproductive status. For the subsample of sexually 

mature females for which data on litter size were available, we tested for the effects of litter 

size and age on DEE (n - 37 samples from 30 females). We also examined how MDA levels 

(n = 177 samples from 119 individuals) varied with age, age2 and reproductive status. We 
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used linear mixed models with ID included as a random term to account for pseudoreplication 

due to repeated measurements (average of 1.5 replications per ID). We then examined 

separately sexually mature females, using linear models to evaluate whether MDA varied with 

litter size and age (n = 26 samples from 19 females). We conducted all analyses and model 

selection using the statistical software R 2.7.1 (www.r-project.org) with the package "nlme" 

for mixed models and "AlCcmodavg" to compute AICc, model weights and model averaging. 

Results 

Daily energy expenditure (DEE) 

In the analysis accounting for potential confounding effects on DEE, the best fitting model 

included only environmental effects (year and air temperature), which were included in 

subsequent analyses (see Table Sla in Supporting information). The models including 

sampling and individual effects were more weakly supported by the data compared to the best 

fitting model (Table Sla). 

In the analysis testing for the effects of age and reproductive status on DEE (including mass 

and environmental effects as covariates), the best fitting model suggested that DEE was 

negatively related to age (Fig. la), was higher among reproductive than non-reproductive 

individuals, was positively related to body mass and tended to be negatively related to air 

temperature (Tables la, S2a). There was no difference in DEE between years (Table la). The 

model that included quadratic age effects and simpler models were not as well supported 

(Table S2a). 
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Figure 1: a) The relationship between log-transformed daily energy expenditure (DEE) and 

age in eastern chipmunks. For illustrative purposes, the data points and regression line plotted 

represent residuals from a model including two other predictors of DEE (Table la). 

Accordingly, the Y-axis is labelled as residual DEE and reflects residual variation in DEE not 

accounted for by reproductive status and mass, b) The relationship between oxidative damage 

(MDA) and age in chipmunks. Similar to a), plotted values and the regression line are residual 

values derived from a model incorporating seasonal effects on MDA (Table 2a). 
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Table 1: Predictors from the best fitting model, using AlCc-based model selection approach, 

of log-transformed daily energy expenditure (DEE) in free-ranging chipmunks, a) log-DEE of 

all chipmunks in relation to age (y) and reproductive status (scrotal males and lactating 

females (1) vs. non-reproductive males and females (0)). b) log-DEE of sexually mature 

females in relation to age and litter size. Both models included also mass (g) and group 3 

effects (mean daily air temperature (Ta, °C) during DEE measurement and year - 2008 and 

2009 vs 2007). Estimate, standard error (Std. Error) and 95% confidence interval (CI) are 

calculated using model averaging between models that cumulated at least 90 % of model 

weights. Estimates with 95% (CI) that are not including 0 are highlighted in bold. 

a) All chipmunks (n = 
14 males, 7 females) 
Age 
Reproductive status 
Body mass 
Ta 

Year 2008 
Year 2009 

Estimate 
: adults: 

-0.06 
0.20 
0.02 
-0.02 
0.10 
0.10 

b) Sexually mature females (n 
Litter size 
Body mass 
Age 
Ta 

Year 2008 
Year 2009 

0.06 
0.02 
-0.07 
-0.02 
0.09 
0.11 

Std. Error CI (95%) 
12 males, 45 females; juveniles: 

= 37 

0.03 
0.08 
0.00 
0.01 
0.09 
0.09 

samples 
0.03 
0.01 
0.04 
0.01 
0.18 
0.18 

-0.12 to -0.01 
0.05 to 0.35 
0.01 to 0.03 
-0.03 to 0.00 
-0.07 to 0.27 
-0.07 to 0.27 

from 30 females) 
0.01 to 0.12 
0.01 to 0.03 
-0.14 to 0.00 
-0.04 to 0.00 
-0.27 to 0.45 
-0.25 to 0.47 

Focusing on sexually mature females, the best fitting model suggested that DEE was 

positively related to litter size, positively related to body mass and tended to be negatively 

related to air temperature and age (Tables lb, S2b, Fig. 2a). There was no year effect (Table 

lb). An increase in litter size from 0 to 5 resulted in increased DEE levels from the 10th to the 

90th percentile of the population DEE distribution. The model with only the number of 
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juveniles (no age effect) was equivalent to the best model (Table S2b), probably because the 

95% CI around the age estimate was bounded at 0 (Table lb). The models that included only 

mass or mass + age effects were not as well supported (Table S2b). 

MDA levels 

The best model accounting for potential confounding effects on MDA variation included only 

environmental effects (season, Table Sib). Models that included sampling, individual, and 

environmental effects were also strongly supported (Table Sib), but the 95% CI around 

estimated effects of storage time (group 1), sex and parasites (group 2) included 0, whereas 

seasonal effects did not (group 3, MDA in spring 2009 vs. autumn 2008: -1.4 + 0.28, 95% CI 

= -2.28 to -0.52). Accordingly, only environmental effects were included in the subsequent 

analyses of MDA. MDA assay repeatability was high within (r = 0.96, Fm,\n = 57.23, p < 

0.001) and among (r = 0.77, Fi7,ia = 7.85, p < 0.001) samples. 

In the analysis testing for the effects of age and reproductive status on MDA levels (including 

mass and environmental effects as covariates), the best fitting model suggested a quadratic 

relationship between MDA and age (Tables 2a, S2c); juveniles and old individuals had higher 

plasma MDA than mid-aged individuals (Fig. lb). The 95% CI of the season effect did not 

include 0, but the body mass effect did include 0 (Table 2a). MDA was lower at emergence in 

spring 2009 compared to all other seasons (Table 2a, Fig. 3). This effect was also present at 

the within-individual level, as-shown by an analysis based on seven adults that were sampled 
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Figure 2: a) The relationship between daily energy expenditure (DEE) and female litter size in 

eastern chipmunks. For illustration purposes, the data points and regression line plotted 

represent the residuals from a linear model including body mass (Table lb), b) The 

relationship between oxidative damage levels (MDA) and female litter size in chipmunks. 

Similar to a), plotted values and the regression line represent the residuals from a linear model 

incorporating seasonal effects on MDA (Table 2b). 
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Table 2: Predictors from the best fitting model, using AlCc-based model selection approach, 

of oxidative damage (MDA) in free-ranging chipmunks, a) MDA of all chipmunks in relation 

to age (y) and reproductive status (scrotal males and lactating females (1) vs. non-reproductive 

males and females (0)). b) MDA of sexually mature females in relation to age and litter size. 

Both models included also mass (g) and group 3 effects (seasons - spring and autumn 2009 vs. 

autumn 2008). Estimate, standard error (Std. Error) and 95% confidence interval (CI) are 

calculated using model averaging between models that cumulated at least 90 % of model 

weights. Estimates with 95% (CI) that are not including 0 are highlighted in bold. 

Estimate Std. Error CI (95%) 
a) All chipmunks (n = adults: 77 males, 74 females; juveniles: 
13 males, 13 females) 
Age 
Age2 

Spring 2009 
Summer 2009 
Autumn 2009 
Body mass 

-0.70 
0.19 
-1.32 
0.03 
-0.05 
-0.01 

0.25 
0.06 
0.17 
0.18 
0.22 
0.01 

-1.18 to -0.22 
0.06 to 0.31 
-1.65 to -0.98 
-0.32 to 0.38 
-0.48 to 0.37 
-0.03 to 0.01 

b) Sexually mature females (n = 26 samples from 19 females) 
Litter size 0.14 0.07 0.01 to 0.27 
Spring 2009 -1.17 0.33 -1.82 to-0.52 
Autumn 2009 0.31 0.34 -0.35 to 0.97 
Body mass -0.01 0.02 -0.04 to 0.02 
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Figure 3: Average oxidative damage (MDA) measured over four consecutive seasons from 

2008 (08) to 2009 (09) in eastern chipmunks. For illustration purposes, the bars plotted 

represent the average residuals from a linear mixed model including age and age as fixed 

terms and individual identity as a random term (Table 2a). Error bars are the standard 

deviation of the mean. 

both prior to hibernation in autumn 2008 and at emergence in spring 2009 (mean autumn 

2008: 2.05 ±0.16, spring 2009: 1.27 ±0.19, AAICc = 9.38 between models including or not 

seasonal effects). Including ID as a random term for this subsample improved the fit of the 

model (AAICc = 2.88 between linear models with and without the random term ID), 

suggesting that there were consistent differences among individuals in plasma MDA 
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concentration. The only other equivalent model included reproductive status in addition to age 

effects (Table S2c). Yet the 95% CI around reproductive status estimate included 0. The 

models that excluded quadratic age effects were not as well supported (Table S2c). The model 

with quadratic age effects also provided a better fit to the data compared to a model with only 

linear age effect in a dataset excluding age 4 (AAICc = 4.09 between the quadratic and linear 

models). However, there was no MDA increase between age-classes 2 and 3 (estimate = 0.22 

±0.19, 95% CI = -0.15 to 0.58). 

Focusing on sexually mature females, the best fitting model suggested that MDA varied across 

seasons and increased with litter size (Tables 2b, S2d, Fig. 2b). An increase in litter size from 

0 to 5 led to increased MDA from the 40th to the 85th percentile of the population MDA 

distribution. The models that included age effects were not as well supported (Table S2d). 

However, another equivalent model excluded the number of juveniles, suggesting that the 

effect of the number of juveniles is rather weak and mostly driven by the few females that had 

large litters. There was no longer an effect of litter size on MDA once females with litter size 

of 5 and 6 were removed from the analysis. 

Discussion 

Our results obtained in a wild population of eastern chipmunks suggest that reproduction is 

physiologically costly in terms of energy expenditure and oxidative damage. 

Costs of reproduction 
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The energetic and oxidative costs of reproduction have been suggested to represent constraints 

in life-history evolution (Dowling & Simmons, 2009). Small mammals that are usually short

lived and may participate in only few reproductive events increase their metabolic rate during 

reproduction, especially during the period of lactation (Speakman, 2008). Accordingly, we 

found that DEE of wild female chipmunks was correlated with litter size, independently of 

their age. Recently, Alonso-Alvarez et al. (2010) also found a positive correlation between 

hatching success and oxidative damage in semi-captive red-legged partridges (Alectoris rufa), 

suggesting that females producing eggs with higher hatching probabilities incurred a cost in 

terms of oxidative damage, in addition to the cost of sustaining elevated energy expenditure. 

Data for mammals are less abundant. However, Garratt et al. (2011) found that several 

measures of oxidative stress were reduced during peak lactation in captive house mice 

compared with non-reproducing females. Nussey et al. (2009) found no relationships between 

reproductive effort and oxidative damage in Soay sheep. Contrasting these data and more in 

line with expectations from the bird literature, we found a positive correlation, although weak, 

between litter size and oxidative damage in wild female chipmunks, independent of age. To 

the extent that this relationship represents a true biological phenomenon (as opposed to being 

only statistically driven by 3 extreme data points), our result suggests that chipmunks may 

invest in reproduction beyond the level required to ensure a balance between ROS production 

and self-defence 

Age correlates of DEE and oxidative damage 

In mammals, DEE is expected to correlate with basal metabolic rate (BMR, Ricklefs et al, 

1996). Previous studies on humans and laboratory animals showed that a decline in BMR can 

be a physiological indicator of senescence, in part because mass-specific energy expenditure is 

expected to be higher for growing and repairing tissues than for fully grown or unrepaired 

worn-out tissues (Even et al, 2001; Roberts & Rosenberg, 2006). Accordingly, we found a 

negative, although weak, correlation between age and DEE, especially after 1 year of age once 
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controlled for body mass (Fig. 1 a). Our data also suggest that old individuals may not be able 

to counteract accumulation of oxidative damage with age. However, data on a larger sample 

size at old age, which are difficult to obtain in the wild, would be required to corroborate this 

finding. There is accumulating evidence that shifts between oxidant and antioxidant processes 

accelerate oxidation and plays a role in the aging process (Sohal et al, 1995; Sohal & 

Weindruch, 1996; Finkel & Holbrook, 2000). However, there is also a string of other studies, 

for example on the lack of positive relationship between longevity and oxidative defence, that 

are questioning the free-radical theory of aging (reviewed in Speakman & Selman, 2011). 

Yet, even if the direct effect of oxidative damage on longevity is not as important, oxidative 

damages are still relevant to our understanding of life-history trade-offs, as they may alter 

essential biological functions such as health, reproduction and cognition (Golden, 2002; 

Torres & Velando, 2007). 

It is suggested that the high metabolic rate required to sustain growth increases ROS 

production and oxidative damage (Alonso-Alvarez et al, 2007; De Block & Stoks, 2008; 

Monaghan et al, 2009). Nussey et al. (2009) reported a positive correlation between 

oxidative damage and growth rate of juvenile Soay sheep. Juvenile chipmunks are growing 

fast and can reach adult body size and sexual maturity in less than 6 months (Smith & Smith, 

1972). The oxidative damage we measured in juveniles was high (average + SD = 3.4 + 1.39 

MDA), to a level similar to that in old individuals. At the moment, it is difficult to predict the 

effects of accumulated oxidative damage at a juvenile stage on its life-history. The quadratic-

shape of oxidative damage with age observed on wild chipmunks also support similar recent 

findings on birds (Alonso-Avarez et al; 2006; Bize et al, 2008; Alonso-Alvarez et al, 2010). 

Again, to the extent that this relationship represents a true biological phenomenon, our result 

suggests that further studies on age-related costs of reproduction should consider such a 

quadratic pattern in the ontogeny of an individual. 
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Environmental correlates of DEE and oxidative damage 

We found that DEE and oxidative damage varied with temperature and season. As expected, 

DEE tended to be negatively correlated with ambient temperatures (Humphries et al.; 2002). 

Patterns of oxidative damage fluctuated over time, and levels measured were lower at 

emergence than during summer and autumn periods. Predictions regarding the expected levels 

of oxidative damage at emergence are rather ambivalent. First, one could expect levels to be 

higher in the spring than in autumn because of the low self-maintenance during torpor and 

because of the energetic burst required to reach or maintain normal body temperature during 

frequent arousals (Orr et al.; 2009). Second, one could expect levels to be equal or even lower 

at emergence because many species can adapt physiologically to varying levels of metabolic 

activity and diet (Giroud et al., 2009) and because it has been found that an increase in 

mitochondrial uncoupling allows both high metabolism (required during torpor arousal) and 

low levels of oxidative damage (Speakman et al., 2004). Chipmunks are known to show quite 

flexible torpor behaviour related to weather, food abundance and food composition (Munro et 

al., 2005; Landry-Cuerrier et al., 2008). One explanation for the adoption of such plastic 

torpor expression is to limit the accumulation of oxidative damage (Munro et al., 2005). Our 

results of oxidative damage measured in spring, at emergence, suggest that chipmunks may be 

able to maintain low levels of oxidative damage, following a winter of torpor expression (see 

also Orr et al., 2009). 

Conclusion 

There have been rapid improvements in the development, application and calibration of 

methods for assessing oxidative damage in captivity and the field, such that studies like ours 

using a single, un-calibrated marker of damage will soon be superseded by those that assess 

multiple markers, more accurately quantified and better calibrated. Thus, the patterns reported 

49 



here based on MDA levels alone need to be further investigated with additional markers. 

Additionally, there is at the moment much debate regarding the likelihood that oxidative 

damage represents a mechanistic link between increased energy expenditure and reduced 

survival (e.g. Speakman et al, 2004; Speakman & Selman, 2011). These represent important 

methodological and conceptual developments that future research must explicitly address. 

However, the results of the present study indicate that the life-history of the species (e.g. fast 

versus slow living) and the environmental conditions, age and individual states under which 

measurements are made also affect the nature and extent of physiological costs of 

reproduction in the wild. Studies measuring both oxidative stress and energy expenditure are 

very rare. Our results encourage cautiousness when assuming, without testing, that there is a 

common relationship between these two physiological traits. Better understanding of the 

energetic and oxidative costs of reproduction does depend on using the right methodological 

tools and appropriate mechanistic models, but also requires insight about the life history, 

physiological and environmental contexts in which tools are applied and models are tested. 
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Supporting information 

Table SI. Akaike values corrected for small sample size (AICc) of the models that included 

potential confounding variables on a) log-transformed daily energy expenditure (Log-DEE) 

and b) oxidative damage (MDA) in chipmunks. The best fitting models (lowest AICc) are 

highlighted in bold. The number of parameters in each model, the difference in AICc between 

each model and the best fitting model (AAICc), and model weights are also presented. 

Model 
a) Log-DEE 
Group3 
Groups2+3 
Group2 
Groups 1+3 
Groups 1+2+3 
Group 1 
Groups1+2 

b)MDA 
Group3 
Groups2+3 
Groups1+3 
Groups 1+2+3 
Groups1+2 
Group 1 
Group2 

Number of 
parameters 

6 
8 
5 
9 
11 
6 
8 

6 
8 
7 
9 
6 
4 
5 

AAICc 

0.00 
2.00 
5.66 
7.43 
9.72 
13.14 
13.47 

0.00 
0.17 
1.18 
1.33 
16.59 
20.17 
98.68 

AICc 

7.18 
9.17 
12.84 
14.60 
16.90 
20.32 
20.64 

425.22 
425.39 
426.40 
426.55 
441.81 
445.39 
523.90 

Model 
weight 

0.68 
0.25 
0.04 
0.02 
0.01 
0.00 
0.00 

0.33 
0.31 
0.19 
0.17 
0.00 
0.00 
0.00 
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Table S2. Akaike values corrected for small sample size (AICc) of the models explaining log-

transformed daily energy expenditure (Log-DEE) on a) the full data set (Log-DEE all) and b) 

on sexually mature females (Log-DEE females), and oxidative damage (MDA) on c) the full 

data set (MDA all) and d) on sexually mature females (MDA females) in free-ranging 

chipmunks. Scrotal males and lactating females are differentiated from non-reproductive 

males and females (factor Repro). The number of juveniles (NbJuv) is the litter size of 

sexually mature females. The best fitting models (lowest AICc) are highlighted in bold. The 

number of parameters in each model, the difference in AICc between each model and the best 

fitting model (AAICc), and model weights are also presented (table on next page). 
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List of models 
a) Log-DEE all 
Group3 + mass + age + Repro 
Group3 + mass + age + age2 + Repro 
Group3 + mass + Repro 
Group3 + mass + age 

Group3 + mass + age + age2 

Group3 + mass 

b) Log-DEE females 
Group3 + mass + NbJuv + age 
Group3 + mass + NbJuv 
Group3 + mass + age 
Group3 + mass 

c) MDA all 

Group3 + mass + age + age 
Group3 + mass + age + age2 + Repro 
Group3 + mass 
Group3 + mass + Repro 
Group3 + mass + age 
Group3 + mass + age + Repro 

d) MDA females 
Group3 + mass + NbJuv 
Group3 + mass 
Group3 + mass + NbJuv + age 
Group3 + mass + age 

Number 
of parameters 

8 

9 
7 
7 

8 
5 

8 
7 
7 
6 

9 

10 
7 
8 
8 
9 

6 
5 
7 
6 

AAICc 

0.00 
2.07 
2.67 
5.37 

7.19 
9.88 

0.00 
0.57 
1.98 
4.48 

0.00 
1.83 
4.59 
5.52 
6.77 
7.60 

0.00 
1.63 
2.94 
4.00 

AICc 

0.61 
2.68 
3.27 
5.98 

7.79 
10.49 

3.01 
3.58 
4.99 
7.49 

411.81 
413.64 
416.40 
417.33 
418.59 
419.42 

57.48 
59.11 
60.43 
61.49 

Model 
weight 

0.58 
0.21 
0.15 
0.04 

0.02 
0.00 

0.45 
0.34 
0.17 
0.05 

0.60 
0.24 
0.06 
0.04 
0.02 
0.01 

0.55 
0.25 
0.13 
0.07 
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CHAPITRE III 

LES DETERMINANTS DU SUCCESS REPRODUCTEUR 
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CHAPITRE Ilia 

DETERMINANTS GENETIQUES DU SUCCESS REPRODUCTEUR DES MALES 

Description de Particle et contribution 

L'objectif de cet article etait d'utiliser les assignations parentales genetiques afin de 1-

documenter le systeme d'appariement des tamias et 2- evaluer les determinants du succes 

reproducteur avec une attention particuliere portee aux males. En effet, plusieurs facteurs, 

comme par exemple le sexe ratio operationnel, les conditions environnementales, la 

competition intra-sexuelle et la selectivite des femelles, peuvent intervenir dans la capacite des 

males a copuler avec des femelles. Ainsi, les observations comportementales, lorsque 

possibles, ne procurent generalement pas la resolution necessaire pour connaitre le succes 

reproducteur des males. De plus, a 1'exception de quelques groupes taxonomiques comme les 

oiseaux, les soins paternels sont generalement rares done les associations pere-jeunes basees 

sur des observations comportementales sont impossibles. Par consequent, les assignations 

genetiques, combinees a un suivi exhaustif des populations, deviennent capitales afin de 

fournir un pouvoir d'assignation paternel representatif de la dynamique en place. Le chapitre 

precedent a montre qu'il y avait des couts potentiels a produire plusieurs jeunes. Cette 

contrainte physiologique sur la taille de portee maximale suggere qu'une selectivite des peres, 

par les femelles, serait souhaitable afin de maximiser la qualite des jeunes produits. De plus, 

le contexte environnemental contraste (copulations en ete vs hiver) offre la chance 

d'investiguer la plasticite dans le choix de partenaire pour une meme population, aspect encore 

rarement etudie en nature. Ma contribution a ce chapitre fut substantielle. J'ai etabli le 

systeme d'echantillonnage pour l'assignation des meres, j 'ai coordonne ou directement 

participe a la majorite de la collecte de donnees sur le terrain, j 'a i coordonne ou effectue la 

majorite du genotypage, j 'ai fait toutes les analyses et j 'ai ecrit le premier jet du manuscrit. 

Dany Garant, Denis Reale et Murray Humphries ont participe a 1'elaboration des idees et ont 

commente les versions subsequentes du manuscrit. 
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EVIDENCE OF MULTIPLE PATERNITY AND MATE SELECTION FOR 

INBREEDING AVOIDANCE IN WILD EASTERN CHIPMUNKS 

par 

PATRICK BERGERON, DENIS REALE, MURRAY M. HUMPHRIES & DANY GARANT 

Journal of Evolutionary Biology, 2011, 24, 1685-1694 

Abstract 

Mate selection for inbreeding avoidance is documented in several taxa. In mammals, most 

conclusive evidence comes from captive experiments that control for the availability of mates 

and for the level of genetic relatedness between mating partners. However, the importance of 

mate selection for inbreeding avoidance as a determinant of siring success in the wild has 

rarely been addressed. We followed the reproduction of a wild population of eastern 

chipmunks {Tamias striatus) during five breeding seasons between 2006 and 2009. Using 

molecular tools and parentage assignment methods, we found that multiple paternity (among 

polytocous litters) varied from 25% in an early spring breeding season when less than a 

quarter of females in the population were reproductively active, to 100% across three summer 

breeding seasons and one spring breeding season when more than 85% of females were 

reproductively active. Genetically related parents were common in this population, and 

produced less heterozygous offspring. Furthermore, litters with multiple sires showed a higher 

average relatedness among partners than litters with only a single sire. In multiply sired 

litters, however, males that were more closely related to their partners sired fewer offspring. 

Our results corroborate findings from captive experiments and suggest that selection for 

inbreeding avoidance can be an important determinant of reproductive success in wild 

mammals. 

Keywords: reproductive success, mate choice, genetic relatedness, compatible gene, Tamias 

striatus 
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Introduction 

Multiple paternity is common in several animal taxa, including many socially monogamous 

species (Meller & Birkhead, 1993; Griffith et al, 2002; Isvaran & Clutton-Brock, 2007). For 

males, the benefits of increasing their number of partners are usually straightforward to 

predict. For females, however, the advantages of engaging in multi-male mating (MMM) are 

more subtle as such behavior is less likely to significantly enhance their reproductive output 

(Bateman, 1948; Trivers, 1972; Wolff & Macdonald, 2004) and as they are also at risk of 

increased disease transmission, predation, and injury caused by sexual partners (Daly, 1978; 

Magnhagen, 1991; Lombardo, 1998). Despite these potential costs, females could benefit 

from MMM if it increases offspring fitness compared to single mating (Jennions & Petrie, 

2000; Birkhead & Pizzari, 2002; Wolff & Macdonald, 2004). In many species, extra-pair 

males provide no paternal care and their contribution to the next generation is solely genetic 

(Petrie & Kempenaers, 1998; Jennions & Petrie, 2000; Griffith et al, 2002). In such cases, 

MMM could still be beneficial if females are able to select the most appropriate male's 

genotype to maximize indirect genetic benefits that improve the fitness of their young 

(Jennions & Petrie, 2000; Wolff & Macdonald, 2004; Simmons, 2005). 

Pre-copulatory mate selection processes based on phenotypic expression of genetic quality 

may allow females to select their optimal sexual partners for indirect benefits (Andersson, 

1994). However, females are not always able to exert detection of such mates or to 

completely prevent coercive mating with other males (Stutt & Siva-Jothy, 2001; Lane et al, 

2008). Thus, mating with genetically suboptimal or genetically incompatible males remains 

an important issue in a number of species (Keller & Waller, 2002; Neff & Pitcher, 2005). The 

most frequently documented costs related to genetic incompatibility involve inbreeding 

depression, which could result in lower fitness of inbred offspring compared to offspring from 

more distantly related parents (Tregenza & Wedell, 2000). Yet, several post-copulatory 

selection mechanisms provide females that mated with undesirable males an additional 
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opportunity to bias siring success towards optimal males for their progeny (Pusey & Wolf, 

1996; Neff & Pitcher, 2005). 

MMM is common in female mammals and many captive experiments have identified pre- and 

post-copulatory selection mechanisms for inbreeding avoidance (e.g. scent cues: Brown & 

Eklund, 1994; Ilmonen et al, 2009, sperm competition: Dean et al, 2006; Firman & 

Simmons, 2008). However, in the wild, the degree of promiscuity and therefore the 

opportunity for selection is likely to vary within and among populations according to 

population demographics and environmental circumstances. Many studies conducted at the 

inter-specific level have highlighted the importance of integrating such context-dependency in 

studies of MMM (Griffith et al, 2002; Isvaran & Clutton-Brock, 2007). However, such 

processes should also be important at the intra-specific level, especially in populations where 

opportunities for MMM are variable over time (Ortego et al, 2009). Yet, whether female 

mammals can benefit from MMM by avoiding inbreeding under variable environmental 

conditions remains for the most part unknown (Cohas et al, 2007; Hoffman et al, 2007; Lane 

etal, 2008). 

In rodents, multi-male mating is common (e.g. Schulte-Hostedde et al, 2004; Cohas et al, 

2007) and potentially influenced by population demographics and environmental factors 

(McFarlane et al, 2011). The number of males in the vicinity of females is known to correlate 

with the probability of MMM (Klemme et al, 2007a; Lane et al, 2008) and MMM is also 

likely to be affected by annual variation in food abundance, which has important effects on 

rodent population dynamics (Pedersen & Greives, 2008). Evidences of kin recognition have 

also been reported in some rodent species (e.g. Hurst et al, 2001; Mateo, 2003). Recent 

studies in captive populations of house mice (Mus muculus) are suggestive that selection for 

inbreeding avoidance is also possible (Firman & Simmons, 2008; Musolf etal, 2010). 
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The eastern chipmunk (Tamias striatus), a ground-dwelling, solitary, sciurid rodent present in 

deciduous forests (Smith & Smith, 1972; Elliott, 1978; Snyder, 1982), is an interesting 

candidate to study the potential of selection for inbreeding avoidance in wild mammals. 

Chipmunk are non-sexually dimorphic and live typically from 2 to 3 years (Tryon & Snyder, 

1973; Snyder, 1982). They store large amounts of seeds produced by masting trees in their 

burrow (Humphries et al, 2003; Kuhn & Wall, 2008). Chipmunk reproduction occurs during 

two very contrasted mating seasons, spring and summer, and their occurrence is strongly 

affected by seed crops (Smith & Smith, 1972). In the northern part of their range, these two 

mating seasons rarely occur during the same year (happened only once since 2005 on our 

study site). Female oestrus can last from a few hours to several days (Smith & Smith, 1972 

and 1975; Elliott, 1978). It is commonplace to see oestrus females being chased by more than 

10 males and matings are often interrupted by harassing males (Elliott, 1978). Observations of 

multiple mating suggest chipmunks have .a promiscuous mating system (Elliott, 1978; Yahner, 

1978). Chipmunk territories are rather small (20 m radius, Elliott, 1978; Getty, 1981; Snyder, 

1982) and risks of mating among close relatives could be high, as males and females disperse 

relatively short distances, on average 345 m and 85 m respectively (Elliott, 1978). Juveniles 

born in March first emerge from their maternal burrow in May while juveniles born in July 

first emerge in late August. The average litter size is about four juveniles (Smith & Smith, 

1972; Elliott, 1978; Snyder, 1982). 

Here, we used molecular tools and paternity assignment methods to assess the extent of 

multiple paternity, patterns of genetic relatedness among parents, and potential for inbreeding 

avoidance on a population of chipmunks followed over five breeding seasons coinciding with 

contrasting environmental circumstances. Summer mating seasons are characterized by warm 

temperatures and high activity levels during mast years (Munro et al., 2008). We thus predict 

that the vast majority of litters from summer mating seasons should be multiply sired. Under a 

high level of MMM, we also predict a reproductive skew towards less genetically related 

males. By contrast, spring mating seasons are characterized by cold temperatures, deep snow 

cover and very low activity levels as chipmunks spend a majority of time underground and 
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usually express torpor at this time of year (Landry-Cuerrier et al., 2008). During this mating 

season, we thus expect both males and females to be constrained in their movement. 

Therefore, we predict that most litters should be sired by a single male and hence there to be 

no paternity skew. 

Materials and methods 

Study site and data collection 

Our eastern chipmunk population has been monitored annually since 2004 on a 25ha study site 

located in a deciduous forest of southern Quebec (45°05' N, 72°26' W), Canada. In this 

population, large annual fluctuations in seed production of American beech (Fagus 

grandifolia) affect above ground activity and torpor expression during hibernation (Humphries 

et al., 2002; Munro et al., 2005 and 2008; Landry-Cuerrier et al., 2008). We recorded years of 

high beech seed production (mast year) in autumn 2006 and 2008 (respectively 8.2 g/m2 and 

5.1 g/m2 of seeds, see Munro et al., 2008 for details on data collection) when chipmunks 

mated early in the summer (resulting in late summer - autumn juvenile emergence). 

Reproduction also occurred during the following early springs of 2007 and 2009 (for late 

spring emergence of adults and juveniles), probably because of the large amount of seeds still 

available in burrows (Humphries et al., 2003; Kuhn & Wall, 2008). There was no mast and no 

reproduction in summer 2007. However, there was reproduction in summer 2009, when seed 

production was very low (0.15 g/m2). The core data of this study were obtained during the 

summer (su) 2008 and spring (sp) 2009, when reproduction was extensively documented. We 

also include data from the other reproductive periods (su06, sp07 and su09) that were 

extracted from systematic trapping procedures. 
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We used Longworth traps checked at intervals of 2h to trap chipmunks daily from 0800 until 

dusk during their active period (May to October). The entire study area was marked with 

numbered stakes at 20 m intervals. We designated a fixed trapping grid inside a 250 m radius 

circle and considered every second grid point as a permanent trap location (228 traps, 19.63 

ha). Every new animal was sampled for tissue at the tip of the ear and uniquely marked with 

ear tags and a Trovan® PIT tag. Tissues were preserved in 95% ethanol until subsequent 

genetic analyses. At each capture, we recorded body mass, sex and reproductive status. 

Females with undeveloped mammae were considered non-reproductive and females with 

hypertrophied vulva and/or developed mammae were considered reproductively active. We 

defined reproductive activity as the number of females reproductively active divided by the 

total number of adult females caught on the grid during a reproductive season. We also used 

radio-collars (Holohil Systems Ltd., model PD-2C) to locate the burrows of most individuals 

on the grid. Table 1 summarizes the adult sex ratio and density of chipmunks at our study site. 

Microsatellite genotyping 

DNA was extracted from ear tissue using a salting out method modified from Aljanabi & 

Martinez (1997), as detailed in Chambers & Garant (2010). All marked individuals were 

genotyped at 11 polymorphic loci, using PCR protocols and primer sets from both Anderson et 

al. (2007: EACH-1, EACH-3, EACH-4, EACH-6, EACH-8, EACH-10, EACH-11, EACH-12) 

and Peters et al. (2007: Chip5, Chip 14, Chip39) and following protocols described in 

Chambers & Garant (2010). A total of 721 individuals were genotyped (Table 2). 
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Table 1: Eastern chipmunk population trapping data: number of juveniles, adult males and 

adult females caught on the grid (19.63 ha), as part of the regular systematic trapping, until the 

end of June (for spring reproduction), and from the end of June to October (for summer 

reproduction). Females with undeveloped mammae were considered non-reproductive and 

females with hypertrophied vulva and/or developed mammae were considered reproductively 

active. Genetic assignment: total number of juveniles, litters and different sires obtained from 

genetic assignments. Litters with multiple paternity is the proportion of polytocous litters that 

were assigned more than one sire. Su and Sp indicate, respectively, summer and spring 

mating seasons. 

Trapping data 
Juveniles 
Adult males / adult females 
Prop.of adult females 
reproductively active 
Adult density (per ha) 

Genetic assignment 
Juveniles 
Mothers (litters) 
Different sires 
Litter size 

1 juvenile 
> 1 juveniles (polytocous) 

Nb. of sires / polytocous litters 
1 sire 
2 sires 
3 sires 
4 sires 

Litters with multiple paternity 

Su2006 

60 
29/32 
100% 

3.11 

15 
9 
13 

4 
5 

0 
5 
0 
0 
100% 

Sp2007* 

72 
67/66 
86% 

6.78 

34 
11 
15x 

16 
11 

0 
8 
3 
0 
100% 

Su2008 

131 
39/43 
93% 

4.18 

67 
28 
29 

8 
20 

0 
11 
8 
1 
100% 

Sp2009 

38 
84/66 
24% 

7.64 

22 
9 
11 

1 
8 

6 
2 
0 
0 
25% 

Su2009 

79 
53/51 
94% 

5.30 

38 
20 
27 

10 
10 

0 
7 
2 
1 
100% 

* Genetic assignment from COLONY 
x Including 8 "dummy" sires 
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Table 2: Summary of the proportion of individuals typed (Prop. ID typed), number of alleles 

(A), observed (Ho) and expected (He) heterozygosity and exclusion probability of loci used 

for parentage analyses. Calculated on a total of 721 individuals (adults and juveniles). 

Locus 

EACH1 
EACH3 
EACH4 
EACH6 
EACH8 
EACH 10 
EACH 11 
EACH 12 
CHIP5 
CHIP 14 
CHIP39 

Mean 

Prop. ID typed 
(n) 
0.93 (671) 
0.96 (689) 
0.95 (683) 
0.93 (667) 
0.96 (689) 
0.95 (686) 
0.91 (653) 
0.97 (696) 
0.87 (630) 
0.91 (653) 
0.94 (679) 

0.93 (672) 

A 

10 
5 
13 
9 
7 
4 
18 
11 
4 
23 
3 

9.7 

Ho 

0.757 
0.550 
0.720 
0.469 
0.351 
0.445 
0.804 
0.828 
0.335 
0.855 
0.408 

0.593 

He 

0.819 
0.561 
0.728 
0.512 
0.355 
0.456 
0.847 
0.799 
0.340 
0.922 
0.405 

0.613 

Exclusion 
prob.D 

0.645 
0.267 
0.525 
0.278 
0.191 
0.212 
0.697 
0.613 
0.180 
0.841 
0.165 

0.999* 
a : Calculated as 1 - (non-exclusion probability) when the mother is known 
>K: Overall combined exclusion probability 

Parentage assignment 

For the summer 2008 and spring 2009 mating seasons, we assigned juveniles to their mother 

by trapping them as they emerged from their maternal burrows, which typically occurs five to 

seven weeks after birth (Snyder, 1982). We trapped all the burrows of reproductive females 

once every 2 days and stopped trapping at a particular burrow following a period of one week 

without trapping any new juvenile. We assigned maternity of juveniles weighing less than 

70g (Smith & Smith, 1972) to the female owning the burrow where it was caught, then 

confirmed mother-offspring relationships by genetic exclusion. Paternity was assigned for 

juveniles with a known mother based on a likelihood approach set at 95% trio confidence level 
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using the software CERVUS 3.0.3 (Kalinowski et al, 2007). During summers 2006 and 2009, 

our assignment of juveniles to mothers via trapping at burrow entrances was not as exhaustive 

as during summer 2008 and spring 2009 (see below for details on spring 2007). For these two 

summers, we ran a two-step likelihood assignment procedure (both at 95% confidence level). 

We first ran the software CERVUS to assign mothers to juveniles with unknown mothers and 

included these assignments to the dataset of juveniles with a known mother. Then, we 

performed the same paternity assignment procedure as described above. 

For summer mating seasons, candidate fathers included all the males trapped between early 

May and the end of July, when the mating season ended. In spring 2009, we could not 

determine candidate males during the early spring mating season when deep snow covered the 

study grid and activity levels were low. Therefore, we ran a preliminary analysis with an 

extended confidence level of 80% that considered as candidate fathers all the males trapped in 

2008 (including juveniles) and spring 2009 (total n = 168). We found that no more than five 

juvenile males born in 2008 could be assigned in addition to the males already belonging to 

the list of candidate fathers for 2008. Hence, we performed paternity assignment analysis of 

spring 2009 at 95% confidence level with the same 65 candidate fathers of 2008 and the 5 

additional juvenile males (n = 70). 

In spring 2007, we were unable to locate maternal burrows before the juveniles emerged, 

preventing us assigning any mothers from field observations. Hence, we used the software 

COLONY (Wang & Santure, 2009) to reconstruct full-sib and half-sib family groups based on 

the genotyped juveniles (n = 64) and candidate mothers (n = 57) caught during the systematic 

trapping of 2007. The candidate fathers included all the adult males caught in 2006 (n = 45). 

We considered the same parameters as in CERVUS: error rate of 2% (both for allelic drop-out 

and genotyping error), 90% of candidate males and 95% of candidate females sampled and all 

assignments based on a minimum of 6 loci. In COLONY, we cannot infer trio confidence 

levels between offspring, sire and mother (which was set at 95% in CERVUS), but we did 
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consider only relationships between siblings and between offspring and parents that were at 

95% confidence level. We also used COLONY to assess paternity distribution in the spring 

2009 to provide a comparable result and assess the generality of the result obtained in the 

spring 2007. 

Inbreeding and individual genetic diversity 

We assessed pairwise genetic relatedness (Rxy) for all mating seasons separately, using the 

Wang (2002) estimator provided by the software SPAGeDi 1.2 (Hardy & Vekemans, 2002). 

A high Rxy between a male and a female would reflect a high potential for inbreeding to occur 

in their progeny. We also calculated the internal relatedness (IR; Amos et al, 2001) as a 

measure of individual genetic diversity with the Excel IRmacroN4 available at: 

www.zoo.cam.ac.uk/zoostaff/amos. 

Data analyses 

We first tested if the occurrence of multiple paternity differed between mating seasons using a 

generalized linear model with a binomial error structure (logit link). We included the number 

of juveniles per litter as a covariate to account for a potential increase in the chance of 

detecting multiple paternity as litter size increases. 

We tested for male selection by comparing the distribution of Rxy coefficients observed 

among parental pairs to a random distribution obtained using the software PERM (Duchesne 

et al, 2006). We generated 20 000 random matings of reproductive individuals by permuting 

each sex separately and we repeated this procedure 10 times. A P-value was calculated for 
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each iteration based on the null hypothesis that the observed distribution of Rxy did not differ 

from the distribution of Rxy generated at random (a = 0.05). 

Because different offspring can share the same parental pair, we used linear mixed models 

with parental pairs fitted as a random term to test if juveniles' parental Rxy differed between 

mating seasons. We used the entire dataset from trapping data and a linear model to test if 

juvenile IR varied between mating seasons. We used a linear model to assess the relationship 

between offspring genetic diversity (i.e. IR) and parental Rxy. We then used linear mixed 

models with parental pairs fitted as a random term to test if parental Rxy differed between 

mating patterns (litters with single vs multiple mates). If not specified, these analyses 

excluded sp2007 because male identities were not known in all cases (see above). 

We then further investigated, in summer seasons only, the patterns observed in polytocous 

litters of 3 or more juveniles in which paternity biases could be detected. We used a linear 

model to assess the relationship between relative sire success within litters and parental Rxy 

(Olsson et al, 1996; Stockley, 1997; Kraaijeveld-Smit et al, 2002; Lane et al, 2007). Sire 

success was calculated as the difference between the proportion of paternity observed for a 

male in a litter and the expected proportion of paternity under a scenario of balanced 

paternities among males (e.g. 0.50 if two males sired offspring in the litter, 0.33 if three males 

sired offspring). A balanced relative sire success is obtained when all the males are siring the 

same number of juveniles within a given litter (observed - expected = 0). With this procedure, 

however, the relative sire success of a male in a litter is negatively linked with the sire success 

of the other males in that litter. Thus, to assess significance of the relationship and avoid 

problems of pseudoreplication, we randomly chose one male per litter but repeated this for 

1000 iterations. Each litter is considered as a single data point in the analysis. Relative male 

body mass (adjusted to July 1 from repeated measurements using a linear mixed model) and 

IR, compared to the other sires in a litter, were included as covariates in the model. The 

distribution of P-values generated through the randomization procedure presented a positive 
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skew and was normalized following a LN-transformation. Estimates of effects and standard 

errors generated by the randomization procedure were normally distributed. Model selection 

and estimates were based on the mean values of the 1000 iterations. Only one litter in spring 

2007 and one in spring 2009 showed biased paternity. Including these litters did not change 

the outcome of the analysis (result not shown). 

We also used a linear mixed model, with parental pair identity fitted as a random term (see 

above), to test if there was a significant difference in parental Rxy for litters with biased sire 

success (i.e. when at least one of the males in the litter sired relatively more offspring) and 

litters with balanced sire success (i.e. when every male sired the same proportion of offspring 

in the litter). 

We conducted all analyses using the statistical software GenStat (v. 12.1, VSN Intl.) but used 

R 2.7.1 (www.r-project.org) for the randomization procedure. Model selections were 

performed using backward procedures, sequentially removing the least significant term from 

the model based on its P-value (a = 0.05). All means are presented + SE. 

Results 

Patterns of parentage and pairwise genetic relatedness 

The incidence of multiple paternity varied significantly among reproductive periods (F4,52 = 

7.49, P <0.001). In all three summer mating seasons, more than 90% of adult females showed 

signs of reproduction and 100% of polytocous litters (> 1 juvenile) were multiply sired (su06: 

n = 5, su08: n = 20, su09: n = 10, Table 1). In spring 2007, 86% (57/66) of adult females 
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showed signs of reproduction and we found evidence of multiple paternity in 100% of the 

family group reconstructed by COLONY (n = 11). By contrast, only 24% (16/66) of the adult 

females were reproductively active in spring 2009, resulting in a small total number of 

juveniles produced and only 25% of polytocous litters (2/8) were multiply sired (Table 1). 

This result was also supported by COLONY that identified 2 multiply sired litters out of 7 

polytocous litters. Therefore, variation in the incidence of multiple paternity was exclusively 

driven by the difference between spring 2009 and all other mating seasons, including spring 

2007 (F152 = 7.49, P < 0.001), and was not related to the number of juveniles per litter (t = 

0.17, P = 0.87). 

For all mating seasons, the observed level of relatedness (Rxy) among parents did not differ 

from the level expected under random mating (su06: P = 0.29, su08: P = 0.65, sp09: P = 0.11, 

su09: P = 0.78). Yet, parental levels of Rxy differed among mating seasons (F3,26 = 533.84, P 

< 0.001, Table 3a). Using the entire dataset of genotyped juveniles caught during the 

systematic trapping between 2006 and 2009 (362/380), we did not find difference in IR among 

all reproductive periods ^4,357 = 0.48, P = 0.75). 
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Table 3: Predicted mean Rxy among partners obtained from linear mixed models for a) the 

reproductive seasons, b) the mating system and c) the patterns of within litter parentage. 

Parental pairs were included as a random term. Statistics refer to group effects. 

Predicted 
mean Rxy 

SE df 

a) 
Mating season 

Summer 2006 
Summer 2008 
Spring 2009 
Summer 2009 

b) 
Mating system 

Singly sired 
Multiply sired 

-0.05 
0.01 
-0.07 
-0.04 

-0.11 
-0.02 

0.06 
0.02 
0.02 
0.02 

0.03 
0.02 

c) 
Patterns of parentage 
(within litter) 

Biased paternity -0.06 
Balanced paternity -0.00 

0.03 
0.03 

3,26 533.84 < 0.001 

1,27 44.75 < 0.001 

1,15 545.43 O.001 

Selection for inbreeding avoidance 

The mean ± SE genetic relatedness between mothers and their offspring or fathers and their 

offspring (predicted value = 0.5; Wang 2002) was respectively 0.43 + 0.01 and 0.45 + 0.01 

(number of genetically assigned juveniles excluding 2007 = 142). There was a positive 

relationship between juvenile genetic diversity (i.e. IR) and parental Rxy (effect: 0.30 + 0.07, t 

= 4.39, P < 0.001, n = 142, Fig. 1), suggesting that relatedness among parents is a good 

predictor of their offspring genetic diversity. Of all sire-mother pairs, 20.4% (29/142) had a 
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Rxy coefficient of 0.125 or above, indicating a potential risk for inbreeding. Yet, parents of 

juveniles from polytocous litters with a single sire were less related to each other than parents 

of juveniles from multiply sired litters (difference = 0.09 + 0.01, F127 = 44.75, P < 0.001, 

Table 3b). In spring 2009, there was no relationship between average sires' relatedness to the 

mother and litter size (effect = 0.36 + 1.87, t = 0.20, P - 0.85). However, in all three summer 

mating seasons, the relative proportion of offspring sired by a given male, in litters with 

multiple paternity, was negatively related to the male's relative coefficient of relatedness with 

the dam of the litter (sire success: - 0.41 + 0.16, t = -2.53, P = 0.02, n = 18, Fig. 2). 

Furthermore, male IR and body mass relative to the other male sires of the litter were not 

significantly related to the proportion of offspring sired (IR: t = 0.26, P - 0.59, body mass: t = 

0.41, P = 0.64). 
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Figure 1: Relationship between juvenile internal relatedness (IR) as a function of parental 

pairwise relatedness (Rxy). 
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Figure 2: Relative reproductive success of males, in litters consisting of at least three 

juveniles, in relation to their relative relatedness with the female. The regression line is 

obtained from randomly selecting one male per litter (slope: 0.41 + 0.16, t - -2.53, P = 0.02, n 

= 18). We also present the data from which the random selection was performed (grey dots, n 

= 50 sires). Different symbols refer to different years. 

Nevertheless, the sire success was balanced among males in 8/18 litters (relative sire success = 

0, Fig. 2). To further investigate this aspect, we compared the litters with biased sire success 

and the litters with balanced sire success. We found that Rxy were significantly higher for 

litters with biased sire success than in litters with balanced sire success (difference = 0.06 + 

0.002, Fi,i5 = 545.43, P < 0.001, Table 3c). Body mass and IR of sires were not significantly 

different among the two groups (body mass: t = 0.24, P = 0.81, IR: t = 0.09, P - 0.93). 
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Discussion 

Three main results were obtained in this research on a wild population of eastern chipmunks. 

First, we found that multiple paternity was extremely common in four out of the five mating 

seasons we studied, but was rare during the one season when female reproductive activity was 

exceptionally low. Second, our results suggest mate choice for inbreeding avoidance in 

multiply sired litters. Third, we found that litters sired by only one male had the lowest 

parental Rxy recorded during this study. 

Mixed patterns of parentage are common in nature. For a given mating season, a relatively 

large fraction of clutch/litters could be singly sired while the others could be multiply sired 

(Griffith et al, 2002; Isvaran & Clutton-Brock, 2007). Yet, context-specific variation in 

patterns of parentage within populations remains mostly unknown. Patterns of parentage 

documented in spring 2007 and in all three summer mating seasons are, to our knowledge, the 

first to show 100% levels of multiple paternity in mammals. In chipmunks, males search 

intensively for oestrus females during the reproductive season (Galloway & Boonstra, 1989). 

Our genetic analyses corroborate previous behavioral observations that many males usually 

congregate on oestrus females' home range to mate (Elliott, 1978; Galloway & Boonstra, 

1989). Other sciurid rodents such as red squirrels (Tamiasciurus hudsonicus) and some 

ground squirrels (e.g. Urocitellus columbianus, Spermophilus tridecemlineatus) also display a 

similar mating system of scramble competition (e.g. Schwagmeyer & Woontner, 1986; Lane 

et al, 2009; Raveh et al, 2010) and multiply sired litters are common (e.g. red squirrels: 85% 

Lane et al, 2008; ground squirrels: 58%, Raveh et al, 2010). Yet, explaining why multiple 

paternity was common in spring 2007 but was so rare in the spring mating season of 2009 is 

more difficult. We originally expected a lower incidence of multiple paternity in spring than 

in summer because early-spring matings require the interruption of torpor expression during a 

period characterized by cold temperatures and deep snow cover. We suggest that the 

operational sex ratio is likely influencing the extent of multiple paternity observed in our 
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population. Indeed, the lower proportion of females that were reproductively active in spring 

2009 (24% vs 86% in spring 2007) may have made it more difficult for multiple males to 

locate and mate with oestrus females, especially during a period of minimal above-ground 

activity, cold air temperatures and extensive snow cover. Furthermore, the environmental 

factors that impaired female reproduction could have also affected male reproduction. If this 

was the case, a lower number of reproductively active males in the vicinity of the females 

could have lowered the probability of MMM, thus the opportunity for multiple paternity to 

occur (Klemme et al, 2007a; Lane et al., 2008). This is however largely speculative as the 

operational sex ratio at that time (i.e. number of reproductively active males) is impossible to 

determine. 

Males are expected to greatly benefit from mating with multiple females, especially if no 

paternal care is provided, because they are usually not constrained by gametic production 

(Bateman, 1948). In red and ground squirrels, male searching ability and extent of multiple 

mating are positively correlated with their reproductive success (Lane et al, 2009; Raveh et 

al, 2010). Several benefits of a polygynandrous mating system have also been hypothesized 

for females, including fertilization insurance, infanticide avoidance and bet-hedging for 

genetic benefits (Yasui, 1998; Wolff & Macdonald, 2004; Lane et al, 2008). Because 

multiple mating can deplete male sperm reserves, females may benefit from MMM if it 

ensures a sufficient amount of sperm for fertilization (Preston et al, 2001; Wedell et al, 2002; 

Wolff & Macdonald, 2004). Yet, it remains unclear whether it is the number of mates or the 

number of copulations per se (with the same male for instance) that influenced fertilization 

success in our system (Stockley, 2003; Klemme et al, 2007b). Without more detailed data on 

copulations, we cannot evaluate the relative importance of fertilization insurance for female 

chipmunks in our study system. Alternatively, MMM increases uncertainty of paternity, 

which should discourage males from committing infanticide and risk killing their own 

offspring (Wolff & Macdonald, 2004). One important criterion for the hypothesis of 

infanticide avoidance is that infanticide induces another oetrus cycle, allowing a non-

successful male committing infanticide to gain a mating opportunity (Wolff & Macdonald, 

73 



2004). Although infanticide has been observed in other sciurids (e.g. ground squirrels: 

Spermophilus sp., marmots: Marmota sp., prairie dogs: Cynomys sp., reviewed in Blumstein, 

2000), we found no evidence in the literature or during our study that it occurs in chipmunks. 

Also, direct behavioral observations would be required to determine the exact cause of litter 

loss, as infanticide can also be committed by mothers or other lactating females and litter loss 

could be attributed to many other extrinsic causes (Blumstein, 1997; Stevens, 1998). 

Interestingly, we found that paternity was biased towards less related males in multiply sired 

litters. This result suggests that MMM could act as a bet-hedging strategy that may effectively 

provide indirect genetic benefits for females by reducing the risk of inbreeding in this species 

where mating among close relatives is common. There is limited evidence of this process in 

wild mammals. In red squirrel females, Lane et al. (2008) found no apparent indirect benefits 

of MMM but also no evident costs (i.e. female's overwinter survival) associated with MMM. 

They concluded that MMM was positively selected for males but was selectively neutral for 

females. Yet, in alpine marmot (M. marmota), Cohas et al. (2008) found that the frequency of 

extra-pair paternity was positively correlated with the genetic similarity between social pair. 

Processes underlying mate selection in chipmunks remain unknown, and both pre- and post-

copulatory selection mechanisms, commonly observed in captive rodent studies, could be 

involved. 

It has been shown that females may actively choose compatible mates based on their 

assessment of males' phenotypic attributes (Tregenza & Wedell, 2000; Reid, 2007). Males of 

several rodent species can advertise their heterozygosity through external cues such as scents 

(Brown & Eklund, 1994; Ilmonen et al., 2009). On this basis, females could, for example, 

alter the mating order, mating frequency or mating intervals between males causing 

inequalities in fertilization potential and thus affecting paternity outcomes (e.g. Raveh et al, 

2010; reviewed in Parker & Pizzari, 2010). Males could also increase sperm allocation with 

increasing risk of MMM or adjust sperm allocation with female reproductive "value" 
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(reviewed in Wedell et al, 2002 and Parker & Pizzari, 2010 but see Ramm & Stockley, 2009). 

In this case, a male could potentially invest less sperm when mating with a related female as 

opposed to unrelated females. For example, Bretman et al. (2009) found that male field 

crickets {Gryllus bimaculatus) that were unrelated to the female provided more sperm, and as 

a result sired more offspring compared to related males. Also, genetic incompatibility could 

affect sperm fertilization success via male-female genotypic interaction effects on sperm 

vitality and competitive capacity (reviewed in Simmons, 2005) or even offspring viability, 

biasing assignment of juveniles towards unrelated parents. 

The relatedness level observed among partners during the spring 2009 was the lowest 

observed in all mating seasons (-0.07 + 0.02) and tended to be lower than expected under 

random mating. If, as we suggest, there was lower MMM potential in spring 2009, males 

could have been more efficient at guarding a female, while females could have permitted 

longer mate duration or mating intervals with their preferred males (given less harassment 

from multiple "unpreferred" males). Such selectivity during winter time could have been 

reinforced if females selected sires on the basis of their geographical location. For instance, 

Hoffman et al. (2007) reported that female fur seals (Arctocephalus gazella) actively seek 

genetically unrelated and heterozygous mates by travelling farther across the breeding colony. 

In eastern chipmunks, juvenile dispersal occurs in late spring (after early spring mating) or 

autumn (after summer mating) and is biased toward males (Loew, 1999; Chambers & Garant, 

2010). Because chipmunks are highly unlikely to change burrows during winter, their location 

during early spring mating season will strongly reflect the sex biased dispersal that occurred 

prior to hibernation. Females inclined to mate with neighbors may benefit from this non-

random spatial distribution of unrelated males when reproductive activity is low. Detailed 

behavioral observations of mating chases and winter reproductive activity are however 

required to specifically assess how mate selection is achieved on the basis of genetic 

compatibility in singly sired litters (see also Raveh et al., 2010). 
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Many captive studies have identified specific mechanisms that allow females to choose 

optimal mates to sire their offspring, although the generalization of a single common process 

seems unlikely. Regardless of the selection mechanisms, in the context of the present study, 

the key point is that chipmunks were able to avoid inbreeding in different contexts. Although 

the use of microsatellites to estimate genetic relatedness could be sometime problematic (e.g. 

Pemberton, 2008), we validated our estimates by comparing them with relatedness obtained 

from our pedigree and ruled out this potential problem. Our results suggest that mate selection 

is based on compatible genes rather than good genes, implying that non-additive genetic 

benefits may be the target of selection and drive female mate choice in this species (Mays & 

Hill, 2004; Neff & Pitcher, 2005). The literature on these issues is dominated by studies on 

captive animals that experience more homogenous environmental conditions. At this point, 

the lack of observations of copulation makes it impossible for us to determine if selectivity 

was the result of pre- or post-copulatory mechanisms. Such observations are quite challenging 

to obtain on wild populations. Nevertheless, we believe they are required in order to provide a 

better understanding of how animals cope with contrasted population demographics and 

environmental conditions to ensure that their own and their offspring' fitness are optimized. 
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CHAPITRE Illb 

NOMBRE DE PARTENAIRES ET SUCCES REPRODUCEUR 

Description de Particle et contribution 

La determination genetique du succes reproducteur des males demeure somme toute marginale 

dans les systemes d'etudes en nature. De plus, les especes modeles sur lesquelles ce succes est 

mesure sont pour la plupart polygynes - les males s'accouplent avec plusieurs femelles, et non 

l'inverse. L'avantage des copulations a partenaires multiples, pour les femelles, est done 

difficilement quantifiable chez ces especes. Historiquement, cela a cause un biais sur notre 

interpretation des benefices a la copulation multiple vers les males. Plus recemment, les 

fondements theoriques en faveur de benefices pour les femelles se sont multiplies (Jennions & 

Petrie, 2000; Birkhead & Pizzari, 2002; Wolff & Macdonald, 2004). Notamment, les femelles 

peuvent avoir un role actif dans le choix de partenaires et en tirer des benefices substantiels. 

Les especes polyandres ou de promiscuite represented des modeles ideaux pour documenter 

ce genre de benefices en nature. Dans le chapitre precedent, nous avons vu que les portees 

avec paternite multiple etaient tres frequentes chez le tamia. Dans ce chapitre, nous avons 

voulu quantifier le gain en nombre de jeunes produits associe a une augmentation du nombre 

de peres dans une portee. La pente de la relation entre ces deux valeurs represente le gradient 

de Bateman (1948). Nous avons contraste le gradient de Bateman entre les males et les 

femelles, sous la premisse que les deux sexes devraient avoir des gradients positifs et 

similaires. Ma contribution a ce chapitre fut majeure. J'ai collecte la majorite des donnees sur 

le terrain, effectue ou coordonne la majorite des analyses en laboratoire, fait toutes les 

analyses et redige la totalite du premier jet de ce manuscrit. Pierre-Olivier Montiglio, Denis 

Reale, Murray Humphries et Dany Garant on participe a I'elaboration des idees et ont 

commente les versions ulterieurs du manuscrit. 
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BATEMAN GRADIENTS IN A PROMISCUOUS MATING SYSTEM 

par 

PATRICK BERGERON, PIERRE-OLIVIER MONTIGLIO, DENIS REALE, MURRAY M. 

HUMPHRIES & DANY GARANT 

Abstract 

The Bateman gradient is increasingly recognized as a classical method to measure sexual 

selection and characterize mating system. In a landmark paper, Arnold & Duvall (1994) 

formulated predictions about sex-specific Bateman gradients for the major types of mating 

system. In promiscuous species, gradients are predicted to be strong and similar in both sexes. 

Current support for this prediction however remains equivocal as reported male gradients are 

almost constantly steeper than female gradients. Here, we estimated Bateman gradients in a 

wild population of eastern chipmunks (Tamias striatus) over two reproductive seasons 

characterized by extreme levels of promiscuity and 50% operational sex-ratios. We found 

significant and positive Bateman gradients for both sexes. The gradients were not different 

among sexes suggesting that the strength of sexual selection was similar for males and 

females. The opportunity for selection was also particularly strong for a promiscuous species 

and not different among sexes. Our results, thus, support the predicted Bateman gradients for 

a promiscuous mating system. 

Keywords: sexual selection, opportunity of selection, mating system, mammals 
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Introduction 

Measuring the strength of sexual selection acting on each sex is central to our understanding 

of the evolution of mating systems. Sexual selection is usually defined as differences in 

reproductive success that arise within a population as the result of competition over mates 

(Andersson, 1994). The extent of variation in mating and reproductive success, typically 

calculated in terms of opportunity for selection and opportunity for sexual selection, represents 

the upper limits upon which sexual selection may act (Wade, 1979; Wade & Arnold, 1980; 

Krakauer et al, 2011). Additionally, the Bateman gradient, defined as the slope of the least-

square regression of reproductive success (RS) on mating success (MS), is employed to 

measure the actual strength of sexual selection and describe mating systems (Arnold, 1994; 

Jones et al, 2000; Jones et al, 2002; Mills et al, 2007; While et al, 2011). This gradient 

directly relates to sexual selection theory because it assesses how differences in MS between 

rivals translate into RS, and is thought to represent the final common paths of all sexually 

selected traits to fitness (Arnold & Duvall, 1994; Jones, 2009; Anthes et al, 2010). These 

measures of sexual selection are often referred to as Bateman's principles and must all be non

zero for the precopulatory phase of sexual selection to operate (Arnold, 1994; Jones, 2009). 

Bateman's principles have been traditionally measured in species where males are expected to 

be under stronger competition for mates, resulting in greater opportunity for selection and 

steeper Bateman gradients among males than females (Fig 1 A, Bateman, 1948). Arnold & 

Duvall (1994) extended this framework to other common forms of mating systems based on 

the expectation that the sex experiencing stronger sexual selection should have the strongest 

Bateman gradient. They defined MSj as the number of mates with whom an individual (i) 

shares parentage and RSj as the number of juveniles assigned to a given individual (i) (Arnold, 

1994; see also Jones, 2009; Anthes et al, 2010). Therefore, in a polyandrous mating system, 

females are expected to have a stronger Bateman gradient than males. In monogamous and 

promiscuous mating systems, both sexes are expected to be under similar sexual selection, 
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measured by either very weak or strong Bateman gradients, respectively (Arnold & Duvall, 

1994). Yet, although females in promiscuous systems are expected to undergo strong and 

similar sexual selective pressures as males (Fig. 1 B), empirical support for this prediction 

remains equivocal as male gradients are found to be almost systematically steeper than female 

gradients (e.g. Bateman, 1948; Jones et al, 2002; Levitan, 2008; Munroe & Koprowski, 2011; 

but see Gopurenko, et al. 2007). In fact, a steeper gradient for males than females was found 

by Bateman in its seminal experiment using promiscuous Drosophila. 
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Figure 1: Expected relationships between mating success (MS) and reproductive success (RS) 

for males (black line) and females (grey lines). A) In a polygynous mating system, females 

reach their average litter size (RSf) after a single mating while male steadily increase their RS 

by increasing their MS (adapted from Bateman, 1948 and Arnold & Duvall, 1994). B) In a 

promiscuous mating system, multiple paternity within litters is expected to be common, 

decreasing the slope of the relationship between MS and RS for males (compared to A). For 

females, the benefits of increasing MS may increase RS as much as males (adapted from 

Arnold & Duvall, 1994). 
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Many factors may explain why very few studies have validated empirically the expected sex-

specific Bateman gradients for promiscuous mating systems. First, female fertility is usually 

more constrained by energetic requirements to produce eggs and raise offspring than male 

fertility, especially when no paternal cares are provided (Bateman, 1948). Also, the definition 

of promiscuity, which is that members of each sex should mate with several members of the 

other sex, is not categorical about the extent of multiple mating required to be described as a 

promiscuous mating system. For instance, round-tailed ground squirrels {Xerospermophilus 

tereticaudus) have recently been recognized as being promiscuous (Munroe & Koprowski, 

2011). However, multiple paternity occurred in only 55% of litters and Bateman gradients 

remained steeper for males than females (Munroe & Koprowski, 2011). Therefore, relatively 

low levels of promiscuity may lead to different expectations of sex-specific Bateman gradients 

compared to extremely promiscuous species. Similarly, other factors such as differences in 

operational sex ratios (OSRs) or population density are known to affect sex-specific 

reproductive skews which may in turn cause Bateman gradients to vary independently of the 

mating system of a species (Klemme et al., 2007a; Mills et al., 2007; Shuster, 2009). Finally, 

multi-mate mating can provide other benefits than just increasing RS. For example, multi-

male mating can favor female survival by reducing male sexual harassment or provide indirect 

genetic benefits to offspring that are affecting survival at later stages or their sexual 

attractiveness as adults (Jennions & Petrie, 2000). In these cases, multi-male mating is not 

likely to affect (or not as much) litter size. Given these constraints, Arnold & Duvall's (1994) 

theoretical prediction for promiscuous mating system has yet to find empirical grounds in wild 

populations (but see Gopurenko et al, 2007 for an example in semi-natural conditions). 

Here, we examined Arnold & Duvall's (1994) prediction for promiscuous mating systems in a 

wild population of eastern chipmunk (Tamias striatus), a small, non-sexually dimorphic, 

forest-dwelling rodent, in which we previously reported that 100% of polytocous litters were 

multiply sired and OSRs of 50% (Bergeron et al., 2011). In mammals, males rarely provide 

paternal care and their RS is expected to increase steadily as a function of their MS. For 

females, multi-male mating is common and could increase their RS by, for instance, reducing 
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the risks of infanticide, insuring ovum fertilization or providing indirect genetic benefits 

related to foetus/offspring survival (Wolff & Macdonald, 2004). Therefore, following Arnold 

& Duvall (1994), we expected to find positive and similar opportunity for selection 

coefficients and Bateman gradients for males and females (Fig. 1 B). 

Material and methods 

Study site and data collection 

We studied free-ranging chipmunks on a 25ha study site located in a deciduous forest of 

southern Quebec (45°05' N, 72°26' W) (for more details, see Bergeron et al. 2011). This 

study focuses on an exhaustive sampling of chipmunks during reproductive periods in the 

autumns 2008 and 2009. Starting in June, we monitored the reproductive status of each 

female. We used radio-collars (Holohil Systems Ltd.) to locate the burrow of every 

reproductively-active female (classified on the basis of a hypertrophied vulva and/or 

developed mammae) and specifically trapped at burrow entrance in August and September to 

catch juveniles when they first emerged from their maternal burrow. Chipmunks do not 

typically share burrows with other adults. The OSRs were calculated based on the number of 

adult males divided by the total number of adult individuals caught during a season. 

Parentage assignment 

Our trapping effort to catch emerging juveniles at maternal burrows was equal for all females 

and we assumed that all adult males from our study site accounted for 90% of all paternities 

(Bergeron et al, 2011). We used 11 microsatellite loci and the software Cervus 3.0.3 
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(Kalinowski et al., 2007) to genetically assign parentage. Maternities were first assigned from 

field observations and then corroborated genetically. We then used genetics to assign 

paternity at a 95% confidence level to juveniles with known mothers. In autumn 2008, we 

assigned 95 and 85 juveniles to 34 dams and 35 sires respectively, and in autumn 2009, we 

assigned 45 and 38 juveniles to 23 dams and 27 sires respectively. Thus, we successfully 

assigned paternity to 89% and 84% of the juveniles with known mother in 2008 and 2009, 

respectively (for more details see Bergeron et ai, 2011). As a general procedure on our study 

site, we systematically trapped the entire area every week allowing us to determined that 21 

females and 29 males did not reproduce in 2008 while 67 females and 72 males did not 

reproduce in 2009 (see below). 

Data analyses 

For this study, we used the definitions of MS, and RS, proposed by Arnold & Duvall (1994), 

which are the most frequently used measures in Bateman gradient analyses (Anthes et al, 

2010) (RS, is based on the number of juveniles assigned at emergence). All adults caught 

during a given year without any juvenile assignment received MS, and RS, scores of 0. We 

calculated the sex-specific opportunity for selection (I) and opportunity for sexual selection 

(Is) as the variance in either RS or MS divided by its mean (X) squared (i.e. I = a2
re / (Xre

2) 

and Is = a ms / {Xros ) following Jones, 2009). We used linear models to calculate Bateman 

gradients for each sex and to test if the gradients significantly differed between the sexes 

(Jones, 2009). We used generalized linear models with a Poisson error structure to test the 

statistical significance of the Bateman gradients. 

Estimation of mating success based on genetic assignments might lead to collinearity 

problems, especially when the average litter size is small: a + 1 increment of MS, necessarily 
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increases RS, by at least 1 (Anthes et al, 2010). We accounted for such collinearity issue by 

subtracting each RS, from its MS, (adjusted RS,) to further investigate the relationship between 

RS and MS, using linear models with a Poisson error structure. We used the program R 2.12.2 

(R Development Core Team, 2011) to perform all analyses. Estimates are presented + SE. 

Results 

In both years, OSRs did not significantly depart from equality (2008: 64 males, 55 females, p 

= 0.46; 2009: 99 males, 90 females p = 0.56, exact binomial tests). Restricting the data set 

only to adults that reproduced yielded the same results (2008: 35 sires, 34 dams, p = 0.99; 

2009: 27 sires, 23 dams, p = 0.67). There was no difference among years in any analyses of 

selection for each sex (results not shown) and we thus conducted all analyses with both years 

combined. 

Sexual selection was similar for both male and female chipmunks. There were no significant 

sex differences in Xre and in Xms (Xre: t = 1.33, p = 0.18; Xms'. t = -1.485, p = 0.14, unpaired t-

test, Table 1). Also, there were no significant sex differences in a2
re and in 02ms (a2^: F144J62 = 

1.25, p = 0.17; a2ms: Fi44,i62 = 1.30, p = 0.11, F-test of variance, Table 1). Hence, I and Is were 

both positive and similar for males and females (Table 1). We also found positive Bateman 

gradients (pss, Table 1, Fig. 2 A, pss male: t = 21.39, p O.001; pss female: t = 20.41, p < 0.001, 

Table 1) not significantly different among them (ANCOVA: t = 0.67, p = 0.50, Fig. 2 A). 

Bateman gradients calculated based on relative reproductive RS, (RS/Yre) and relative MS, 

(MS/Xms) were 1.00 + 0.03 and 1.02 + 0.02 for males and females respectively. Finally, male 

and female adjusted RS, increased with MS, (males: 0.85 + 0.13, t = 6.41, p < 0.001; females: 

0.94 + 0.18, t = 5.53, p <0.001, Fig. 2 B, slopes obtained from Poisson models) and the slopes 

were similar for both sexes (t = -0.37 p = 0.71). 
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Table 1. Quantitative measures of the genetic mating system of chipmunks. The opportunity 

for selection (I) is the variance in reproductive success (o2^), measured at juvenile emergence, 

divided by the mean in reproductive success (Xrs) squared. Similarly, the opportunity for 

sexual selection (Is) is the variance in mating success (a2
ms) divided by the mean in mating 

success (Xms) squared. The Bateman gradient (pss) is given by the least-squares regression of 

reproductive success on mating success. 

Quantitative measures 
Reproductive success 

•^rs 
_ 2 a re 
I 

Mating success 
-"*ms 
„2 
<J ms 
Is 

Bateman gradient 
Pss 

Males 

0.75 
1.69 
2.97 

0.66 
1.14 
2.65 

1.17 

Females 

0.97 
2.12 
2.27 

0.85 
1.45 
2.05 

1.14 
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Figure 2: A) Relationship between mating success (MS) and reproductive success (RS) in 

eastern chipmunks. The lines (males: black, females: grey) represent Bateman gradients. B) 

Relationship between MS, and adjusted RS, (RS, - MS,) in males and females. The line is the 

predicted values from the generalized linear model that includes the two sexes. In both 

graphs, the points represent the actual data and the black and grey circles are from males and 

females, respectively. Circle size is representative of sample size at each point (largest circle 

n = 101, smallest circles n = 1). 

Discussion 

We found positive and similar opportunities for selection and Bateman gradients for male and 

female eastern chipmunks, suggesting sexual selection acts equally on both sexes in this 

species. Our result are thus in accordance with the predictions of Arnold & Duvall (1994) 

regarding Bateman gradients in promiscuous mating systems. 
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Positive Bateman gradients on males are ubiquitous, especially when males do not provide 

parental care (Jones et al, 2002; Mills et al., 2007; While et al., 2011). On the opposite, 

investigations of Bateman gradients on females are still scarce. Some evidences suggest that 

females of promiscuous species generally increase their RS by increasing their MS (e.g. 

Garant et al, 2001), yet the strength of this relationship seems to greatly vary among species. 

A recent reanalysis of Bateman's data provided evidence that female Drosophila had a better 

RS when mating with more than one male (Snyder & Gowaty, 2007). A similar trend was 

also observed in the rough-skinned newts (Taricha granulose) (Jones et al, 2002). In these 

two studies however, males had much steeper Bateman gradients than females, almost 

matching Arnold & Duvall's (1994) prediction for polygynous mating systems (Fig. 1 A). A 

few studies on promiscuous mammals presented somewhat steeper Bateman gradients for 

females than those predicted for polygynous species, but that were nevertheless weaker than 

male gradients (Schulte-Hostedde et al, 2004; Munroe & Koprowski, 2011; see also Mills et 

al, 2007). The vast majority of the studies in which female Bateman gradient equalled male 

gradient were conducted on promiscuous species with sex-role reversal, in which strong 

sexual selection on females is expected given that males invest relatively more into 

reproduction and become the limiting factor for which females must compete. For example, 

female Bateman gradients were equal or greater to male gradients in sea spider {Pycnogonum 

stearnsi) and pipefish {Syngnathus typhle) (Jones et al, 2000; Barreto & Avise, 2010). 

Together, these studies suggest that sex-specific differences in Bateman gradients can be quite 

variable within a single type of mating system, in this case promiscuity (see also Levitan, 

2008). Therefore, the question remains as whether or not theoretical prediction on 

promiscuous mating systems can be applied to wild animals. 

Our system provides an excellent model to test Arnold & Duvall (1994) expectations of sexual 

selection and promiscuity in the wild (Fig. 1 B, 2 A): eastern chipmunks are not sexually 

dimorphic, multi-mate mating is extremely common and OSRs were 50% over the course of 

our study. Also, we report here that mean and variance in MS and RS were not statistically 

different between the sexes. Based on the economics of sperm and egg production 
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(anisogamy), Bateman (1948) predicted that males should be under stronger sexual selection 

pressures than females, even in a promiscuous mating system (Knight, 2002). However, such 

consideration may be underestimating the effort required by males to fertilize eggs, which 

goes beyond the production of sperm and can also include the energy required to overcome 

intra-specific competition. In many systems, males may thus be limited in their fertilization 

capacity (e.g. due to exhaustion or sperm depletion, Preston et al, 2001; Levitan, 2005), 

forcing female to actively seek multiple mates. In mammals, promiscuity has been indentified 

in more than 130 species and benefits of multi-male mating can affect litter size by ensuring, 

for instance, fertilization or favor offspring viability (e.g. good or compatible genes, 

infanticide avoidance) (reviewed in Wolff & Macdonald, 2004). In eastern chipmunks, males 

actively search for oestrus females and it is not rare to see 8-10 males scrambling on a female 

territory. This fierce competition may limit the number of females a male can fertilize. We 

also previously showed that multi-male mating by female chipmunks reduced inbreeding in 

the litter, suggesting that females may benefit from actively seeking several mates (Bergeron 

et al, 2011). Therefore, limited reproductive success in males combined with benefits of 

multi-male mating for females in this species may have provided the ideal context to observe 

equal sex-specific Bateman gradients. 

Interestingly, the levels of I and Is found in our system reached those usually reported for 

males of sexually dimorphic species (Vanpe et al., 2007), and thus suggest that both sexes 

have the opportunity to be strongly selected to increase their MS. Females had I and Is of 2.27 

and 2.05 respectively, which is much higher than values previously reported for females of 

other promiscuous species where all I and Is were lower than 1 (e.g. Jones et al, 2002; 

Schulte-Hostedde et al, 2004; Jones, 2009; Barreto & Avise, 2010; Munroe & Koprowski, 

2011). Also, although males in our system had I and Is 24% higher than females, this is less 

than differences reported among sexes in other promiscuous systems. For instance, Munroe & 

Koprowski (2011) showed recently that Is was 60% higher for males than females in round-

tailed ground squirrels. A possible reason for such high values of I and Is documented in 

females is the fact that we were able to detect females that did not reproduce over the course 
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of our study and include them in our analyses. Including non-reproductive sexually mature 

individuals almost inevitably results in reduced mean RS and MS, which in turn increases 

their variances and therefore increase I and Is (Shuster, 2009). For example in our study 

system, including the number of juveniles produced by all adult females considerably reduced 

mean litter size (X^ without 0s = 2.4, A^ with 0s = 0.97). A close monitoring of populations is 

thus advised to accurately assess levels of I and Is in the wild. 

Mammals generally produce relatively small brood compare to oviparous species such as 

fishes, insects and amphibians. Therefore, although I and Is we documented here are 

considerably large, Bateman gradients remain moderate: both sexes gained 3 juveniles by 

increasing their MS from 1 to 4 (Pss males = 1.17, pss females = 1.14). Contrastingly, for the 

same increase in MS, oviparous species can generally increase their RS by several orders of 

magnitude, yielding steeper Bateman gradients. For example, the only other study that found 

similar sex-specific Bateman gradients on a monomorphic polygamous species was on the 

small-mouthed salamander (Ambystoma texanum) (Gopurenko et al, 2007). In this system, 

males and females salamander increased their RS from 20 to 80 by increasing their MS from 1 

to 4 (pss males = 21.05, pss females = 18.34). Therefore, even if we found that chipmunks had 

a great opportunity to be sexually selected, the relatively low fitness return associated with 

increasing MS may have constrained the strength of sexual selection in this species. This 

phenomenon may be common in mammals (see also Mills et al., 2007; Munroe & Koprowski, 

2011) and greatly differ from the patterns observed in oviparous species (e.g. Jones et al, 

2002). 
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CHAPITRE IV 

CONSEQUENCES DEMOGRAPHIQUES DE LA REPRODUCTION ET DES 

FLUCTUATIONS ENVIRONNEMENTALES 

Description de Particle et contribution 

Precedemment, nous avons documente les couts a la reproduction et observe une grande 

plasticite individuelle dans l'occurrence de celle-ci chez le tamia. En effet, la proportion 

d'individus reproducteurs est variable dans le temps et la reproduction est meme 

completement inhibee a certaines occasions. Pour une espece qui vit generalement pendant 2 

ans, omettre de se reproduire pendant de longues periodes (ex. 1.5 ans) pourrait avoir des 

consequences notoires au niveau du taux de croissance populationnel. Dans ce chapitre, nous 

avons evalue les determinants de la reproduction et de la survie au niveau populationnel. De 

ce fait, nous voulions determiner si la plasticite dans les evenements de reproduction etait 

adaptative, en terme de survie adulte, mais aussi en terme de probability de survie des 

juveniles. Notre systeme d'etude est ideal pour tester cette question car les tamias dependent 

principalement de graines des arbres a paisson dont la productivity est hautement variable dans 

le temps. Notre methode d'echantillonnage m'a permis de faire des analyses de survie 

detaillees, de quantifier precisement la magnitude de la reproduction des tamias et de 

quantifier la productivity des arbres. Ma contribution a ce chapitre fut majeure. J'ai participe 

activement a la collecte de donnees, j 'ai effectue la totalite des analyses, sous la supervision 

d'Olivier Gimenez et de Dany Garant, et ecrit la totalite du premier jet du manuscrit. Denis 

Reale a e u u n role important dans 1'elaboration des idees et a revise plusieurs versions du 

manuscrit. Dany a aussi participe a l'elaboration des idees et a la revision du manuscrit. 

Murray Humphries a grandement contribue a la revision du manuscrit, notamment pour le 

rendre « punche ». Je ne peux passer sous le silence la contribution de Fanie Pelletier, qui a 

contribue a la naissance des idees de ce manuscrit et m'a aide pour les analyses du taux de 

croissance populationnel. 
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Abstract 

Pulsed systems are characterized by boom and bust cycles of resource production that are 

expected to cascade through multiple trophic levels. Many of the consumers within pulsed 

resource systems have specific adaptations to cope with these cycles that may serve to either 

amplify or dampen their community-wide consequences. We monitored a seed predator, the 

eastern chipmunk (Tamias striatus), in an American beech (Fagus grandifolia) dominated 

forest, and use capture-mark-recapture analyses to estimate chipmunk vital rates and relate 

them to inter-annual variation in beech seed production. The summer activity and 

reproduction of adults anticipated autumn beech production, with high activity and intense 

reproduction occurring in summers prior to beech masts. Chipmunks also reproduced every 

spring following a beech mast. However, adult survival was independent of beech production. 

In contrast, juvenile survival was lower in years of mast failure than in years of mast 

production but their activity was consistently high and independent of beech production. 

Population growth was strongly affected by the number of juveniles and therefore by beech 

seed production, which explains nearly 70% of variation in population growth. Our results 

suggest that a combination of resource-dependent reproduction and variable activity levels 

associated with anticipation and response to resource pulses allow consumers to buffer 

potential deleterious effects of low food abundance on their survival. 

Keywords: life-history trade-offs, mark-recapture, reproduction skipping, anticipatory 

reproduction, resource-consumer interactions 

93 



Introduction 

The dynamics of many ecosystems are characterized by pulsed resources leading to cascading 

demographic consequences on consumer populations at multiple trophic levels (reviewed in 

Ostfeld & Keesing, 2000; Yang et al, 2010). Resource pulses are typically defined as 

infrequent episodes of resource availability that are large in magnitude and short in duration 

(Yang et al, 2008). Insect outbreaks and the synchronous but intermittent production of large 

seed crops by plant populations (i.e. mast) are well-known examples of resource pulses 

(reviewed in Yang et al, 2010). Population dynamics of consumers are particularly sensitive 

to variation in food abundance (Jones et al, 1998; Yang et al, 2010). For example, the 

reproductive events of many species have frequently been shown to track pulsed resources 

(Ostfeld et al, 1996; Clotfelter et al, 2007; Yang et al, 2010). Furthermore, the prolonged 

absence of resources between pulse events can constrain key fitness components (e.g. survival 

and reproductive rates) and contribute to population collapse (reviewed in White, 2008). A 

resulting key feature of the consumer-resource interaction is a strong lagged demographic 

response of consumer communities to food abundance (Jones et al, 1998; Ostfeld & Keesing, 

2000; Yang et al, 2010). Such a lag may cause juveniles to enter the population when food 

abundance is low, potentially reducing their survival compared to juveniles born prior to or 

during resource pulse events (White, 2008). For short-lived consumers, the main determinant 

of population persistence over time is usually early adult fertility and juvenile recruitment 

rather than prolonged adult survival (Heppell et al, 2000; but see McAdam et al, 2007). 

These consumers should thus aim to adopt life-history strategies that circumvent lagged 

demographic effects (Boutin et al, 2006; Marcello et al, 2008). 

A common approach to study the consequences of pulsed resources on consumer demography 

is to examine how vital rates are affected by past or current food availability. Although 

resource pulses have been repeatedly shown to affect consumer reproduction, other vital rates 

such as survival are essential to document, since they reflect the capacity for adults to persist 
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until the next resource pulse (Ruf et al, 2006). To favor survival during prolonged periods of 

low food abundance, individuals could adopt a conservative life-history strategy by delaying 

reproduction and allocating more energy to maintenance (Stearns, 1992; Ruf et al, 2006). 

However, reproducing only in response to resource pulses may be problematic for short-lived 

species, especially in the context of rare or irregular resource pulse events. 

In addition to the classical resource-tracking strategy, cues allowing resource pulse 

anticipation by consumers could also be important drivers of their life-history strategies 

(Boutin et al, 2006; Marcello et al, 2008). For instance, rodents such as white-footed mice 

(Peromyscus leucopus) are able to anticipate spring cicadas (Magicicada spp.) outbreaks 

(Marcello et al, 2008) and red squirrels {Tamiasciurus hudsonicus and Sciurus vulgaris) are 

able to anticipate tree masting events (Boutin et al., 2006). Anticipatory life histories allow 

these species to synchronize juvenile emergence with peak food abundance, which contributes 

to juvenile survival (White, 2008). Squirrels, like many other rodent species, also reproduce 

following masting events (Boutin et al, 2006), thus mast anticipation provides an additional 

reproductive opportunity for a single masting event (Boutin et al, 2006). Given that 

anticipation of resource pulses seems possible in rodents, it should also influence other aspects 

of the ecology of these species such as seasonal activity patterns. For example, during periods 

of low resource availability, the costs of foraging (e.g. energy, injury and predation) may 

outweigh the potential energetic gain. In such conditions, animals might reduce time spent 

foraging for food and rely on previously stored resources while they remain in the safety of 

their refuges. However, few studies have corroborated Boutin et al. (2006)'s findings on 

anticipatory reproductive behavior (e.g. Falls et al, 2007; Marcello et al, 2008) and no study 

has examined whether the capacity to reproductively anticipate resource pulses does or does 

not extend to the regulation of activity patterns and its resulting effect on adult survival. 

Eastern chipmunks (Tamias striatus) are small, forest-dwelling mammals that consume and 

hoard seeds produced by masting deciduous trees (Snyder, 1982). Chipmunks display variable 
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levels of aboveground activity (Munro et al, 2008) and can reproduce during two distinct 

reproductive seasons: early spring, summer or both (Bergeron et al, 2011). Although 

chipmunks consume a variety of food items, their larder is mostly composed of seeds from 

dominant masting deciduous trees (Elliot, 1978; Snyder, 1982; Humphries et al, 2002). We 

thus expect that mast anticipation, in addition to typical reproductive responses to seed 

availability, is a major driver of chipmunk activity and life-history strategies. We hypothesize 

that American beech (Fagus grandifolia) mast - the dominant canopy tree and the main source 

of storable food items for chipmunks at our study site - is the main determinant of both 

chipmunk reproduction and aboveground activity patterns. We predict that spring 

reproduction occurs only in response to a beech mast during the preceding autumn. We also 

expect that if chipmunks are able to anticipate pulsed resources, they should reproduce in 

summer of mast years only (for juvenile emergence in autumn). Also, we predict that autumn 

beech mast anticipation regulates summer aboveground activity, such that chipmunks will 

remain underground during summers preceding beech mast failure. Finally, we predict that if 

chipmunks adopt conservative life history strategies, adult survival should be partly buffered 

against environmental variation due to the ability of females to skip reproductive events (Ruf 

et al, 2006). We therefore expect low temporal variability in adult survival that is 

independent of beech seed production. 

Methods 

Study site and data collection 

We monitored an eastern chipmunk population from 2005-2010 on a 25ha study site located in 

a deciduous forest of southern Quebec, Canada (45°05' N, 72°26' W). The entire study area 

was marked with numbered stakes at 20m intervals. We designated a fixed trapping grid 

inside a 250m radius circle and used every second grid stake as a permanent trap location for a 

total of 228 locations. We trapped chipmunks, using Longworth traps checked at intervals of 
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2h, daily from 0800 until dusk during their active period, every week from the end of April to 

October. At each capture, we weighed all individuals to the nearest lg using a Pesola balance 

and determined their reproductive status. Females were considered reproductively active if 

captured with a swollen vulva or developed mammae. Every new animal was aged, sexed and 

uniquely marked with ear tags and a Trovan® PIT tag. 

Juveniles were differentiated from adults based on either their mass at emergence (juveniles < 

80g) or the absence of darkened scrotum or developed mammae for individuals > 80g (Careau 

et al, 2010). Chipmunks can reach sexual maturity at six months of age (Snyder, 1982). At 

their first capture, juveniles caught before August 1st were assigned to spring reproduction 

while juveniles caught after August 1st were assigned to summer reproduction. Juveniles born 

from spring reproduction were classified as adults after August 1st of the same year while 

juveniles born in summer were classified as adults the following spring. Juveniles were 

considered to have recruited if they survived beyond the time point when they were classified 

as adults. 

We quantified autumn seed production of beech using 30 plastic buckets (0.06 m2 opening) 

placed under the canopy of 30 beech trees having a circumference at breast height of > 10 cm 

and evenly distributed on the trapping grid (Landry-Cuerrier et al, 2008; Munro et al, 2008). 

To avoid seed removal by seed consumers, buckets were more than 40 cm deep, installed 1 m 

away from the trunk of the target tree, and mounted on two smooth metal posts 50 cm above 

ground level. We collected buckets content twice between September and November. All 

seed coats were opened and the nuts (the only part consumed by the chipmunks) were 

weighed. We considered the average mass of the nuts collected in g/m as a proxy of beech 

seed production (see also Landry-Cuerrier et al, 2008). The amount of beech seeds collected 

in the buckets corroborated our qualitative observations of mast/non mast events, as masts are 

conspicuous when they occur, leaving the forest floor littered with seeds (Munro et al, 2008). 
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Statistics 

We calculated average reproductive success as the ratio of the number of juveniles and the 

number of adult females captured prior or after August 1st, for spring and summer 

reproduction respectively. We used a non-parametric Spearman correlation test to assess the 

relationship between average summer reproductive success and beech seed production during 

the corresponding autumn. Because the amount of seeds remaining in burrows at emergence 

in spring could not be quantified, we used the quantity of seeds produced in the preceding 

autumn as an index of seed availability during spring reproduction. 

We estimated survival and recapture rates of adult and juvenile chipmunks using the 

maximum likelihood procedure from capture-recapture histories with the program MARK 6.0 

(White & Burnham, 1999) (Appendix A). To model capture histories, we divided the annual 

active period of chipmunks into two discrete periods of three months each, pertaining to the 

seasons associated with potential juvenile emergence (see above, Fig. 1). The first season 

(early active - E) spanned from spring emergence (late-April/May) to the end of July while the 

second season (late active - L) started on August 1st and lasted until all chipmunks retreated in 

their burrows for the winter (as late as the end of October). Survival estimates are calculated 

based on the time elapsed between the median dates of each season (E: June 15th, L: 

September 15th). Hence, the capture histories allowed us to estimate local survival rates (<)>) 

during the active period (from E to L - 3 months) and inactive period (from L to E - 9 

months), and estimate recapture rates (p) at E and L. We used Cormack-Jolly-Seber models to 

estimate <f> and p probabilities for a total of 11 seasons (occasions) between spring 2005 and 

spring 2010 (Lebreton et al, 1992). All individuals captured at least once during a given 

season were included in the analyses. Model selection in MARK was based on estimates 

transformed to six month periods, representing chipmunk periods of activity (May to October) 

and inactivity (November to April) (Appendix A). 
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Figure 1. Average number of juveniles produced by adult female and estimated beech seed 

production per season. Sp, Su and F indicate spring, summer and autumn calendar seasons 

respectively. The black dotted line indicates there was a mast in autumn 2004 but we did not 

quantify beech seed production. Also presented is the timing of chipmunk reproduction 

preceding and following a mast. 

We also estimated population size at t + 1 as the product of population size at t and survival 

rates, and 95% confidence intervals as the mean values obtained from 2500 Monte Carlo 

iterations, in which different survival rates were randomly selected (at each iteration) within 

the confidence interval boundaries provided by MARX (Appendix B). We calculated 

population growth as the ratio between population size at t + 1 and population size at t 

(Coulson et al, 2008). We used linear models to assess both the relationship between 

population growth and beech seed production and the relationship between population growth 
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and the number of resident adults, immigrants, recruiting juveniles and juveniles. We used R 

2.12.2 (www.r-project.org) to perform analyses not accounted for by MARK. If not otherwise 

stated, all means are presented + SE. 

Results 

Beech masting and its effects on reproduction. We observed extreme annual fluctuations of 

beech seed production over our study area (complete mast failures: 2005, 2007; masts: 2006, 

2008, Fig. 1). Chipmunks did not reproduce (average reproductive success = 0) prior to and 

after complete mast failures (Fig. 1). However, during mast years, chipmunks mated in June, 

before beech seeds were available for consumption, and in March following masting events 

(Fig. 1). Reproduction occurred twice during the 2009 active season when seed production 

was small (0.15g/m2), but there was no reproduction the following spring 2010 (Fig. 1). Over 

all 11 seasons, there was a positive correlation between beech seed production and the number 

of juveniles per adult female (Spearman's rho: 0.81, p = 0.002). 

Beech masting effects on aboveground activity and survival. An index of adult aboveground 

activity, measured by recapture probabilities, also greatly varied among seasons and sexes, 

although there was no consistent (i.e. additive) difference between sexes through time (Fig. 2a, 

Appendix C: Table Cla). Adult aboveground activity was usually high during early active 

seasons, independent of mast, and also during late active seasons when there was mast (Fig. 

2a). However, male and female activity was much lower in late active seasons coinciding 

with mast failures, compared to the other occasions (Fig. 2a, Appendix C: Fig. CI). The 

strongest decline was observed in autumn 2007, when only 5/143 adult chipmunks known 

alive were active aboveground after July (Fig. 2a, Fig. CI). Juveniles were always highly 

active the season following their birth when they recruited in the adult population (Fig. 2b), 
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Figure 2: Biannual (on a 6 months basis) activity index and survival rate (with 95% CI) from 

the best CMR models (Appendix C). Activity index: represented by recapture rates for a) 

adults and b) juveniles. E and L indicate early (late-April to July 31st) and late (August 1st to 
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late-October) active seasons. The dotted lines in b) indicate that a single recapture rate is 

calculated at t+1 for each cohort born at t. Survival rates: for c) adults and d) juveniles. A and 

I indicate active (between E and L) and inactive (between L and E) intervals during which 

survival rates are estimated. Solid grey bars indicate beech seed production. 

The most parsimonious model of local adult survival (n = 493 capture histories) included only 

time-dependent effects on survival (Fig. 2c, Table CI a). Survival rates varied from 0.48 to 

0.90 (Fig. 2c), independently of beech seed production and seasons. Models with beech seed 

production, models with seasonal effects and models accounting for interactions between these 

two environmental components did not provide support to the data compared to the fully time-

dependent model (Table Cla). Also, there was no strong support for a sex effect on survival 

(Table Cla). For juveniles, we found lower local survival for males compared to females (Fig. 

2d, Table Clb). We also found that juvenile survival during winter 2009 was much lower than 

survival of the other cohorts, except for the 2009 active season (Fig. 2d, Table Clb, Clc). 

Population growth. There was a 3-fold change in population size on the grid over the course 

of this study (highest: n = 260 in late active 2008; lowest: n = 79 in early active 2006, Fig. 3a). 

Accordingly, there were large fluctuations in population growth across seasons, ranging from 

0.52 to 2.20 (Fig. 3b). There was a significant positive relationship between the number of 

juveniles and population growth (juveniles: 0.009 + 0.002, t = 5.722, df = 1, p > 0.001, r2 = 

0.78, Fig. 3a, Appendix C: Fig. C2) but there was no relationship between population growth 

and the number of resident adults, immigrants and recruiting juveniles to the site (all p-values 

> 0.76). Consequently, population growth increased significantly with beech seed production 

(0.11 ± 0.03, t = 4.12, df = 1, p = 0.004, r2 = 0.67, Fig. 3c). Also, population growth was 

greater in the late active season than the early active season (0.53 +0.19, t = 2.77, df = 1, p = 

0.03, Fig. 3c) but there was no interaction between season and beech seed production (season 

x seed: -0.007 ± 0.06, t = -0.11, df = 1, p = 0.92). 
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Figure 3: a) Relative contribution of juveniles, recruiting juveniles as adults at t+1, adult 

immigrants and adult residents to population size (the * represents seasons of beech seed 

production)(Appendix B). Because recapture rates are less than one, recruiting juvenile and 

resident adult numbers are estimated from the best CMR models (Appendix C). b) Population 

growth and 95% CI. E and L indicate early (end-April to July 31st) and late (August 1st to end-

October) active seasons. Solid grey bars indicate beech seed production, c) Relationship 

between population growth and beech seed production (+ SE when n > 1). Population size is 

stable when population growth = 1 (dashed line). 

Discussion 

As expected, chipmunk population dynamics were tightly linked with beech seed production. 

Our results also support the hypothesis that chipmunks reproduced in anticipation of a mast, 
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synchronizing juvenile emergence with the peak of seed availability. Our results suggest that 

the cues used by chipmunks to anticipate a mast could also influence the regulation of adult 

aboveground activity, but not juvenile activity. Between year variation in adult survival was 

independent of beech seed production, while juvenile survival tended to be positively affected 

by beech seed availability. Finally, we found that chipmunks also closely tracked beech seed 

production by reproducing every spring following a beech mast. Although we acknowledge 

that site replication would have been useful to assess the extent of spatial variation in age-

specific life-history responses, our goal here was to detail these adaptations using extensive, 

individual-based monitoring of hundreds of chipmunks over several years, which was 

logistically feasible for only one site. 

Chipmunks anticipated beech masting by mating in June, synchronizing juvenile emergence 

with ripening of beech seeds in September. These patterns are similar to those observed in red 

squirrels (Boutin et al, 2006). Boutin et al. (2006) suggested that this behavior represents an 

adaptation of squirrels to counteract the predator-satiation cycle imposed by masting plants. 

The predator-satiation hypothesis suggests that lagged numerical response of consumer 

communities to pulse resources (Jones et al, 1998; Ostfeld & Keesing, 2000; Yang et al, 

2010) allow the resource to appear at low consumer densities, preventing them from 

consuming all the resource (Janzen, 1971; Kelly & Sork, 2002). Reproductive anticipation of 

a mast caused squirrels to reach peak population density just before spruce masting (Boutin et 

al., 2006). We also found that reproducing in anticipation of a mast substantially increased 

total chipmunk population size in September, when beech seeds are ripe and begin to fall to 

the forest floor. Similarly, anticipatory reproduction allowed juvenile white-footed mice to 

capitalize on high cicada abundance (Marcello et al., 2008), which represents an even more 

ephemeral resource than storable seeds. 

We found that mast anticipation by chipmunks also extended to the regulation of their 

aboveground activity. During years of no mast, adults skipped summer reproduction and 
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remained in their burrows from July until the next spring (see also Munro et al., 2008), despite 

the opportunity to forage on alternative food items until October, which juveniles capitalized 

on. Such behavior is surprising for animals having a rather short adult longevity of about 1.4 

years (average adult annual survival rate = 0.48, adult longevity average estimated as -

l/ln(<|)avg)). Many consumer populations, responding to resource pulses, crash to extremely 

low numbers during inter-pulse intervals (White, 2008; Yang et al, 2010). Yet, Ruf et al. 

(2006) reported that dormice (Glis glis) had higher survival rates when they reduced 

reproductive activity during beech failure years, compared to survival during mast years when 

they reproduced. Many species, subject to environmental cycles, inhibit reproduction and 

activity (e.g. diapause, dormancy, torpor) to favor survival until conditions are more favorable 

for juvenile production. Here we found that adult survival was independent of beech masting, 

suggesting that extreme-suppression of aboveground activity and reproduction skipping may 

indeed buffer the expected survival costs associated with conditions of low resource 

availability. Anticipatory cues thus allowed chipmunks to regulate reproductive behavior and 

aboveground activity, causing their population to reach high density during mast years, thus 

potentially dampening predator-satiation cycles. 

It remains surprising that increasing reproductive effort prior to the availability of additional 

resources is energetically possible for small mammals. This response suggest that females 

normally pursue energetically conservative reproductive strategies, such that the prospects for 

juvenile survival are a more important determinant of variation in reproductive output than 

proximate energetic constraints affecting the capacity of females to successfully reproduce 

(Boutin et al., 2006). Alternatively, given the potential for nutrient (e.g. nitrogen) rather than 

energetic limits to reproduction and the high nutrient content of immature plant parts (e.g. 

seeds, buds) and immature insects, White (2007) and Dunn et al. (2011) suggest that increases 

in reproductive effort prior to resource pulses may simply reflect responses to high nutrient 

availability rather than anticipation of high energy availability. Yet, several lines of evidence 

make us believe that chipmunks express adaptive reproductive plasticity by using anticipatory 

reproductive effort during mast years and restrained reproduction during years of mast failure. 
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First, chipmunks collect the vast majority of their food items on the forest floor (Elliott, 1978) 

and thus have very limited access to immature seeds present in the forest canopy. However, 

they could have had access to some chemical cues expressed by flowers appearing in late 

April-May (Berger et al., 1981). Second, chipmunks store enormous amounts of seeds in their 

burrows (Humphries et al., 2002; Kuhn & Wall, 2008), which serves to decouple resource 

availability in their larder hoard from resource availability on the forest floor. For example, 

chipmunks had enough food in their burrows in a non-mast year to survive underground from 

July to May and presumably could have used these reserves to support current reproduction 

instead of survival for future reproductive opportunities. Third, juveniles that are born in 

summer and emerge in August-September should be very sensitive to beech availability 

because they only have one or two months to find their own burrow and accumulate a larder 

hoard for winter. In many species, the resources accumulated by juveniles, either as fat or 

food storage, greatly affect winter survival (e.g. Gaillard et al., 2000; Larivee et al., 2010). 

During the summer 2009, chipmunks reproduced in anticipation of a mast but beech seed 

production in autumn was very small, perhaps because chipmunks misread the cue to masting 

or that the masting event itself was impeded (e.g. by poor pollination). Interestingly, we 

observed lower juvenile survival rate the following winter, whereas adult survival remained 

unaffected. These results are consistent with resource anticipation being driven by juvenile 

survival prospects rather than reproduction being constrained by food availability for adults, 

but the latter remains a parsimonious alternative explanation made more attractive by the lack 

of a demonstrated proximate mechanism linking current reproduction to future resource 

availability. 

Consistent with the common resource-tracking strategy (Yang et al., 2010), chipmunks also 

reproduced during early springs that followed beech masts. Juveniles emerged in spring and 

remained active during the entire season (until October). We previously found that juveniles 

that emerged in spring 2009 were able to mate in June of the same year (Bergeron et al., 

2011). This timing of reproduction is commonly observed as a rapid resource-tracking 

strategy by rodents. For example, bank voles (Myodes glareolus) and mice (Apodemus 
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flavicollis, P. leucopus, P. maniculatus) intensively reproduce during winters following a mast 

(Jensen, 1982) causing these populations to reach outbreak levels in springs. In the absence of 

a mast, these rodents did not mate during winter. It is difficult to determine why chipmunks 

are not reproducing during early springs following mast failures, as juveniles that emerge 

would have an entire active season (6 months) to locate a burrow and establish a larder hoard, 

typically under mast conditions given the alternative year mast cycle in our system. One 

possibility is that the larder hoards remaining in adult burrows in late winter and early spring 

may not be sufficient to support the pre-emergence euthermy required for reproductive 

preparation (Humphries et al, 2003) and subsequent energy demands invoked by early spring 

reproduction. Alternatively, adults may refrain from reproducing if emergent juveniles do not 

have access to beech seeds in spring, left over on the forest floor from the previous autumn. 

For instance, Jensen (1982) found that M. glareolus and A. flavicollis only consumed 1-10% 

of the beech nuts produced during heavy mast years, meaning many remaining seeds were 

available the following spring. 

Chipmunk reproduction in anticipation of and in response to tree masting appears to be 

effective in maximizing the use of pulsed resources by synchronizing peak reproductive effort 

with peak seed availability. The capacity of chipmunks to undergo a rapid demographic 

response during a mast, independently of adult density, suggests that extrinsic factors such as 

food abundance are key drivers of their population dynamics, which may reduce the strength 

of negative intrinsic factors such as density-dependence. In this system, adults expressed high 

survival during mast failures while juveniles benefitted greatly from mast production. 

Although fertility and juvenile recruitment are key factors driving the population dynamics of 

short-lived species (Heppell et al, 2000), our results suggest that pulsed resources can lead to 

conservative life histories favoring adult survival. Conservative strategies are usually 

observed in long-lived species in which adult survival is very high and relatively invariant 

whereas juvenile survival is very sensitive to environmental variation (Gaillard et al, 2000; 

but see McAdam et al, 2007). Nevertheless, a combination of slow and fast life-history 

strategies may allow many short-lived species to make the most of a fluctuating environment. 
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Appendices 

APPENDIX A. CMR analyses 

Goodness of fit test 

Prior to model selection, we used the program U-CARE 2.3.2 (Choquet et al, 2002) to assess 

the goodness-of-fit (GOF) of the full model that included all capture histories of both juveniles 

and adults (n = 782). U-CARE tests the Cormack-Jolly-Seber (CJS) modeling assumption that 

all animals behave independently. If the general GOF x2-test reveals that the assumption is not 

met (e.g. due to overdispersion), U-CARE provides tests, namely TEST2 and TEST3, to target 

potential sources of variation. A significant TEST2 would indicate trap-dependence effects 

(e.g. not all individuals have equal recapture probabilities) while a significant TEST3 would 

indicate the presence of transients on the grid (e.g. newly marked individuals at occasion t 

have less chance to be recaptured at t +1 than animals already marked at t). In the full dataset, 
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TEST3 was significant (x2 = 126.74, df = 44, p < 0.001), suggesting that newly marked 

individuals, mostly juveniles, were less likely to be recaptured in the following season. 

Juvenile local survival rates are likely to be affected by permanent emigration, especially by 

males (since dispersal is male-biased in eastern chipmunks, see Chambers & Garant, 2010). 

Modeling vital rates of adults and juveniles 

We ran two separate analyses to account for juvenile transience. First, we ran an analysis on 

adults only (TEST3: y£ = 28.29, df = 38, p = 0.87) and second, we modeled juvenile survival 

by running a two age-class analysis (juvenile and adult) on all individuals captured as juvenile 

(TEST3: x2 = 1-12, df = 5, p = 0.95). For adults, we considered the 11 capture seasons (two 

per year from 2005-2009 then one in 2010). We first simplified the model structure of 

recapture probabilities and then held the selected recapture structure constant and simplified 

the survival probabilities. Once the final survival structure was selected, we checked its 

robustness to modification in the recapture structure. Juveniles were present on the grid 

during only 6 out of 11 capture seasons. We thus restricted this latter analysis to these six 

seasons (Fig. 1). During these seasons, activity was very high and 486 out of 489 (99.4%) 

chipmunks that were not captured in these seasons were never recaptured on the grid. 

Therefore, the recapture component was held constant during model selection. We ran a 

second analysis on the juvenile dataset to estimate juvenile survival during winter 2009, 

despite the fact that spring 2010 was not a reproductive seasons. Among the juveniles born in 

autumn that are recaptured at some later date, almost all of them are recaptured the following 

spring. In autumn 2006 and 2008, only 3/219 (1.4 %) juveniles were not captured the 

following spring, but were recaptured on subsequent occasions. The analysis is thus based on 

the final model obtained from the analysis conducted on the entire juvenile data set during 

reproductive season, with the recapture component held constant. 

I l l 



For both adult and juvenile modeling, we considered beech seed production as either a discrete 

variable (mastfactor: mast or no mast) or a continuous covariate (mastcovar: amount of 

seed/m , Appendix B: Table SI). We also modeled temporal effects as being either 

continuous (t) or discrete (season: early active or late active). For juveniles, we also used a 

third temporal classification to take into account when juveniles mate during the year of their 

birth (i.e. summer 2009), which may differentially affect survival and recapture rates 

compared to the other seasons when juveniles did not reproduce in the year of their birth. 

Finally, we also included sex (s) effects in our models. Both additive (+) and multiplicative 

(x) effects were considered between variables. 

As recommended for CMR model selection, we followed the parsimony principle based on 

AICC (Burnham & Anderson, 1998). Models with the lowest AICC were used for inference and 

models within 2 AICC values were considered equivalent (Burnham & Anderson, 1998). 

When survival and recapture estimates were bounded at 0 or 1, upper and lower confidence 

limits, respectively, were investigated using the prolife likelihood method by successively 

fixing the parameter, in MARK, at different values until deviance changed significantly. We 

used the MCMC estimation method implemented in MARK to incorporate a temporal random 

effect on adult survival probability, while recapture probabilities were treated as time-

dependent and fixed effects. By doing so, survival and recapture probabilities were both 

estimable in contrast with the CJS model for which the last survival and recapture probabilities 

are not identifiable separately. Survival was assumed to be normally distributed with mean 

and temporal variance to be estimated. 
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APPENDIX B. Estimating population size 

We also calculated population size at t + 1 as the product of population size at t and survival 

rates. However, survival rates are estimated along with confidence intervals that must be 

incorporated into estimates of population size. Therefore, we estimated population size and its 

95% confidence intervals as the mean values obtained from 2500 Monte Carlo iterations, in 

which different survival rates were randomly selected (at each iteration) within the confidence 

interval boundaries provided by MARK. Population size at season t + 1 was based on the 

products of population size at season t and associated selected survival rates (population size 

at occasion t + 1 = [number of adults at t x <|>aduit] + [number of juveniles at t x <t>juv])- We also 

included the number of immigrants (unmarked individuals first captured as adults) and 

juveniles arriving or born at t + 1. We considered the population size established from the 

trapping record of spring 2005 as the baseline population size. 
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APPENDIX C. Supplementary results 

Table CI. Models of survival rates and recapture probabilities for a) adults at 11 occasions and 

b) juveniles at 6 occasions. In c), we used the final model of juvenile analysis to estimate 

juvenile survival during the winter 2009. Only the best fitted models are presented. 

Model 
a) Adults 
phi(t) p(s x t) 
phi(s +1) p(s x t) 
phi(t) p(t) 
phi(t x mastfactor) p(s x t) 
phi(t) p(s +1) 
phi(s x t) p(s x t) 
phi(s x t) p(t) 
phi(s x t) p(s + t) 
phi(mastcovar) p(s x t) 
phi(season + mastcovar) p(s x t) 

b) Juveniles 
phi(al: s x season/Su09, a2: t) p(.) 
phi(al: sx t , a2: t)p(.) 
phi(al: s/Su09, a2: t) p(.) 
phi(al: s x t, a2: s x t) p(.) 
phi(al: season/Su09, a2: t) p(.) 
phi(al: s x season, a2: t) p(.) 
phi(al:s, a2:t)p(.) 

c) Juvenile with spring 2010 
phi(al: s/Su09AV09, a2: t) p(.) 
phi(al: s/Su09=W09, a2: t) p(.) 
phi(al:s/Su09, a2:t)p(.) 

AICc 

1652.413 
1654.533 
1659.854 
1663.066 
1663.438 
1669.565 
1672.057 
1674.002 
1675.580 
1677.402 

716.768 
716.909 
717.379 
721.792 
722.749 
723.308 
729.149 

914.335 
914.571 
949.905 

AAICc 

0.000 
2.120 
7.441 
10.653 
11.025 
17.152 
19.644 
21.589 
23.167 
24.988 

0.000 
0.141 
0.611 
5.024 
5.981 
6.540 
12.381 

0.000 
0.236 
35.570 

AICc Weights 

0.642 
0.222 
0.016 
0.003 
0.003 
0.000 
0.000 
0.000 
0.000 
0.000 

0.346 
0.322 
0.255 
0.028 
0.017 
0.013 
0.001 

0.530 
0.471 
0.000 

# Parameters 

29 
30 
19 
34 
21 
38 
29 
30 
16 
17 

11 
15 
9 
18 
8 
9 
7 

12 
10 
10 

Deviance 

200.075 
200.073 
228.505 
200.075 
227.925 
197.975 
219.719 
219.542 
250.446 
250.200 

26.195 
17.929 
30.963 
16.425 
38.400 
36.892 
46.859 

52.721 
57.091 
92.424 

s = sex, t = time-dependent,. = constant, mastfactor = mast of beech trees or not, mastcovar = quantitative beech 
production, season = early active or late active, al = juvenile age-class, a2 = adult age-class, / = independent 
estimate for the interval, Su09 = active interval in summer 2009, W09 = inactive interval in winter 2009 
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Figure C1. Number of observed (from trapping) and known alive (from the best CMR model 

with 95% CI) resident adults on the site. There was a strong suppression of aboveground 

activity in late active seasons 2005 and 2007. During the other seasons, the estimated 

population size was very similar to the observed numbers (estimated vs observed adult 

population size: 1.06±0.08,t= 13.095, df=l, p < 0.001, r2 = 0.97). 

115 



^ 2.5 p < 0.001,1^ = 0.78 
C t 

T"" • + 
"g 2.0 

g 1.5 
S 

o 1.0 -i 
-«s f 
3 I • Late active 
5* 0.5 f # Early active 

Q. 

0 25 50 75 100 125 150 175 

Number juveniles 

Figure C2. Relationship between population growth and the number of juveniles born in early 

spring (for early active population growth) or summer (for late active population growth). 

Population size is stable when population growth = 1 (dashed line). 
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CONCLUSION 

L'objectif de mon doctorat etait d'utiliser une approche integratrice multi-echelle 

(theorique, individuelle, populationnelle) afin d'etudier les determinants du fitness dans 

une population naturelle de tamias rayes vivant dans un contexte environnemental 

fluctuant. Bien que chacune des approches presentees dans cette these aient deja fait 

l'objet d'etudes independantes, 1'aspect novateur ici etait d'integrer ces approches dans le 

meme cadre empirique afin de s'affranchir des divergences methodologiques qui 

compromettent souvent 'la comparaison entre les etudes. Dans cette these, j 'a i done 

survole la litterature afin de bien comprendre l'etat des connaissances actuelles sur 

l'heterogeneite interindividuelle (Chapitre I). Ensuite, j 'ai etudie separement les deux 

composantes fondamentales du fitness, la reproduction et la survie. Dans un premier 

temps, j 'ai mesure directement les couts a la reproduction afin de verifier la supposition 

que la reproduction est couteuse et qu'elle peut done etre impliquee dans des compromis 

avec la survie (Chapitre II). Dans un deuxieme temps, j 'ai utilise des marqueurs 

genetiques afin de documenter le systeme d'appariement des tamias pour ensuite mieux 

evaluer les determinants du succes reproducteur au niveau individuel (Chapitre III). 

L'aspect physiologique des couts a la reproduction combine a une grande plasticite 

reproductrice en lien avec la disponibilite des ressources alimentaires ont mis les bases 

pour mon etude au niveau populationnel. Nous avons done, dans un troisieme temps, 

regarde I'effet des ressources alimentaires et des evenements de reproduction sur la 

survie des adultes et des juveniles et relie ceci au taux de croissance populationnel 

(Chapitre IV). 

Dans cette section, je resumerai les principaux resultats de ma these et presenterai des 

pistes de recherche pour les travaux futurs sur ces questions. 
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Heterogeneite interindividuelle 

L'heterogeneite entre les individus est couramment evoquee comme un aspect important 

de l'ecologie evolutive parce que les individus de bonne qualite sont susceptibles de 

contribuer davantage au taux de croissance d'une population (Wilson & Nussey, 2010). 

Par contre, il n'y a pas de consensus sur les traits a utiliser comme mesure de la qualite 

individuelle et les implications du choix de ceux-ci sur la caracterisation des individus, et 

de leurs incidences sur le fitness sont la plupart du temps ignorees (Cam et al., 2002; 

Moyes et al., 2009). Dans ce chapitre, j 'a i resume a l'aide d'un cadre conceptuel 

theorique les diverses utilisations de la qualite en ecologie. Notre principale observation 

est que, en effet, le terme « qualite individuelle » est actuellement utilise a toutes les 

sauces sans souci apparent d'uniformite favorisant les comparaisons entre les etudes. Par 

contre, nous concluons que la qualite n'est pas un terme inutile dans la mesure ou les 

limitations dans l'utilisation de ce terme, associees au choix de variables pour le 

caracteriser, soient reconnues. La qualite individuelle pourrait en effet servir a categoriser 

les individus le long d'un continuum compose d'une combinaison de traits quantitatifs et 

ainsi evaluer comment des individus avec des scores de qualite differents contribuent a la 

trajectoire evolutive d'une population. Par contre, nous suggerons que les traits mesures, 

comme par exemple la masse, soient directement evoques comme moteurs de la 

variabilite interindividuelle. Ceci permettrait d'eviter certaines confusions entre des 

etudes qui parlent soit de phenotype, de qualite ou de fitness alors que toutes ont mesures, 

par exemple, la relation masse - nombre de jeunes. Qualite ou non, je crois que les 

etudes dans le futur devraient se concentrer sur la documentation multi-variee de 

l'heterogeneite interindividuelle, c'est-a-dire qui inclut differents niveaux d'heterogeneite 

(ex. statiques vs plastiques, van Dongen et al., 2008). Cette remarque suppose une 

integration de plusieurs champs d'etude en ecologie. Les sections subsequentes de ma 

these, sur le tamia raye, tentaient de mettre en pratique cette suggestion. 

119 



Reproduction 

Soyons honnetes, les etudes sur le succes reproducteur abondent. Dans plusieurs cas, la 

premisse de base est que la reproduction est couteuse. Par contre, peu d'etudes ont 

evalue les couts a la reproduction dans leur propre systeme et citent plutot des elements 

de la litterature afin de supporter leurs dires. Le probleme ici est que toutes les etudes ne 

trouvent pas necessairement des couts a la reproduction et que ces couts, bien qu'associes 

a la production d'un jeune, peuvent varier en fonction de l'espece a l'etude et aussi en 

fonction de l'environnement (Costantini, 2008; Speakman, 2008; Monaghan et al., 2009, 

Metcalfe & Alonso-Alvarez, 2010). Le premier objectif dans ce volet de ma these etait 

done de documenter les couts a la reproduction observes sur notre site d'etude. La 

plupart des etudes sur les couts physiologiques de la reproduction se deroulent en 

captivite. Ici, ce que nous voulions faire c'est d'appliquer ces techniques de mesure en 

milieu naturel afin de voir si ces couts s'expriment dans un contexte oil les animaux sont 

laisses a eux meme en ce qui concerne l'ajustement de l'effort reproducteur. II est vrai 

qu'aj outer un nombre demesure de jeunes a une femelle representera, a un certain point, 

des couts observables. Mais qu'en est-il de cette pression selective sur les femelles si 

aucune d'entre elles n'a ce nombre de jeune en nature? C'est cette reflexion qui a 

motivee l'etude du cout a la reproduction dans notre contexte d'etude. En outre, nous 

avons trouve que les femelles qui ont les plus grandes tailles de portee ont aussi les 

depenses energetiques les plus elevees et des signes de stress oxydatif plus importants 

que les femelles qui produisent de plus petites portees. Je dois admettre que nous etions 

assez fier de recolter ce type de donnees en milieu naturel car cela impliquait un suivit 

exhaustif de la population pour determiner le succes reproducteur et pour recolter les 

donnees physiologiques. Par contre, les limitations de notre etude illustrent bien les 

pistes de recherches futures. Au-dela des considerations methodologiques longuement 

discutees dans I'article comme tel (chapitre II), je pense que I'element le plus important 

sera d'effectuer la recolte de donnees sur une periode de temps assez longue pour 

permettre 1'expression des couts en termes de reduction du potentiel reproducteur residuel 

ou meme de la survie. En effet, une depense energetique represente un cout seulement 
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lorsque les effets de celle-ci se repercutent sur le fitness. Notre etude montre qu'il est 

logistiquement possible de recolter des donnees physiologiques et de succes reproducteur 

en contexte naturel et j'espere que cela inspirera d'autres etudes a long terme a emboiter 

le pas. 

L'importance d'utiliser la genetique dans la determination du systeme de reproduction est 

maintenant bien etablie. Le deuxieme objectif du volet reproduction de ma these etait de 

documenter genetiquement le systeme d'appariement des tamias et d'evaluer les 

determinants du succes reproducteur des males. Nous avons trouve que 1'incidence des 

evenements reproducteurs etait tres variable dans le temps. A notre plus grand 

etonnement, la majorite des portees etait constitute de plusieurs peres, sauf au printemps 

2009. De plus, Fattribution des paternites au sein d'une portee etait biaisee vers les males 

les moins apparentes avec la femelle. Cet article fut tres instructif pour moi car il m'a 

donne une lecon d'humilite sur les conclusions que nous pouvons tirer d'une analyse. Je 

profite de cette conclusion de these pour mettre de l'avant les deux idees que j'aurais 

voulu amener dans 1'article mais qui ont ete retirees par manque de preuves. Ceci 

represente done des pistes pour de futurs travaux de recherche sur ce sujet. 

Premierement, je crois que l'environnement peut avoir un effet determinant sur les 

patrons d'appariement d'une population. L'environnement peut, par exemple, affecter le 

sexe ratio operationnel ou la condition des individus de telle sorte que les opportunites 

d'accouplement en sont affectees. Pour l'instant, je constate que la plupart des travaux 

ont documente les determinants environnementaux des variations interspecifiques dans 

les systemes d'appariements (Griffith et al., 2002; Isvaran & Clutton-Brock, 2007). Par 

contre, je crois qu'il peut y avoir une grande plasticite dans les systemes d'appariements 

au niveau populationnel et que celle-ci pourrait etre en partie attribuable aux variations 

environnementales. Encore une fois, un suivi a plus long terme sera necessaire pour 

tester cette idee. Deuxiemement, je suis convaincu que la selection post-copulatoire a un 

grand role a jouer dans la determination des patrons de paternite observes chez le tamia. 

La plupart des etudes sur des rongeurs en captivite pointent dans cette direction et les 

mecanismes physiques et physiologiques derriere ce processus sont de mieux en mieux 
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compris (Hurst et al., 2001; Mateo, 2003; Firman & Simmons, 2008; Musolf et al,. 2010; 

Parker & Pizzari, 2010). Par contre, il etait impossible pour nous de documenter les 

copulations et done de pouvoir eliminer le role de la selection pre-copulatoire dans la 

determination de la paternite. Ceci est un bel exemple de comment une etude en captivite 

sur la selection de partenaires, effectuee conjointement avec une approche en nature, 

pourrait venir elucider des patrons logistiquement non observables (selection pre- et post-

copulatoire) sur le terrain. Je pense que les recherches a venir sur cette question 

devraient combiner ces deux approches, du moins, e'est ce que je preconiserai dans mes 

projets de recherche futurs! 

Le dernier objectif de ma these, en ce qui concerne la reproduction d'un point de vue 

individuel, etait de documenter la resultante en termes de nombre de jeunes produits par 

rapport au nombre de partenaires sexuels (voir Arnold & Duvall, 1994). Je crois que 

notre systeme d'etude offrait un cadre ideal pour tester le modele d'Arnold & Duvall 

(1994) a l'effet que les gradients de Bateman devraient etre positifs et similaires entre les 

deux sexes dans un systeme reproducteur de promiscuite : la promiscuite est extreme sur 

notre site d'etude, le sexe ratio est de 1 pour 1 et il n'y a pas de dimorphisme sexuel. Ce 

manuscrit fait face a certaines preconceptions en ecologie, notamment que cette relation 

est evidente. Pourtant, a ma connaissance, tres peu d'erudes ont montre ce phenomene 

empiriquement, encore moins en nature. Pour l'instant, l'attention a plutot ete portee vers 

les especes polygynes ou celles avec un renversement des roles entre les sexes et je pense 

que les recherches futures devraient etudier les forces de selection sur d'autres types de 

systemes d'appariement afin de voir si les predictions sont verifiees dans des contextes 

ecologiques varies. Par ailleurs, je pense que ce manuscrit souleve l'importance d'avoir 

une vision moins categorique des systemes d'appariement, et ceci pourra aussi etre pris 

en compte dans les recherches futures. Par exemple, quel est le niveau minimal de 

reproduction a partenaires multiples requis pour categoriser une espece comme etant 

polygyne ou polyandre? Nonobstant ces considerations, il est clair que des travaux futurs 

devront tester empiriquement la validite de nos outils statistiques qui nous permettaient, 
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jusqu'a aujourd'hui, d'inferer un lien causal entre les forces selectives en place et les 

differents systemes d'appariement observes (Klug et al., 2010; Krakauer et al., 2011). 

Survie 

Le dernier chapitre de ma these a tire avantage de la documentation precise du systeme de 

reproduction des tamias et a tente de determiner les compromis potentiels entre 

reproduction et survie chez les adultes. Par ailleurs, nous avons couple nos analyses sur 

la production de jeunes et la survie, incluant celle des jeunes, a la dynamique de la 

population. Les resultats principaux de cette recherche sont que la productivite en 

graines des hetres affecte grandement l'activite et la reproduction des tamias. Nos 

resultats suggerent que la reproduction n'affecte pas la survie des adultes mais que la 

synchronicite de celle-ci avec la production de graine semble etre determinante pour la 

survie des jeunes. Nous montrons egalement que la production de jeunes est le 

determinant principal du taux de croissance populationnel. Ainsi, ces resultats suggerent 

que la plasticite en activite hors terrier et de reproduction des adultes est suffisante pour 

annuler le compromis attendu entre survie et reproduction et ce, pour le benefice de se 

reproduire aux moments les plus profitables pour la survie des jeunes (recrutement). Je 

pense qu'il y a deux pistes de travaux futurs concernant ces questions. Premierement, 

une approche experimentale pourrait permettre de documenter avec plus de precision les 

consequences de produire des jeunes a des moments non opportuns. Des jeunes produits 

en captivite, ou meme des femelles gestantes, pourraient etre relaches a des periodes qui 

varient en termes de disponibilite de graines. Aussi, 1'apport artificiel de nourriture 

pourrait venir contrecarrer les fluctuations naturelles en disponibilite de ressources et 

ainsi faire ressortir les facteurs proximaux qui affectent la decision d'un tamia de se 

reproduire ou non, surtout en periode hivernale. Deuxiemement, il serait interessant de 

comprendre ce qui permet aux tamias d'anticiper la production de graines de hetres. 

Dans ce cas-ci, une approche experimentale en milieu naturelle mais qui combine des 

analyses en laboratoire serait egalement souhaitable. La composition chimique des fleurs 
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et des graines pourraient etre evaluees et les elements actifs redistribues dans une 

population naturelle a differents moments cles pour voir s'ils declenchent I'activite 

sexuelle chez le tamia. 
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