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SUMMARY 

Dispersal, i.e. individuals’ movement between breeding sites, is a key process for 

metapopulation dynamics and gene flow. Differences in phenotypic and life-history traits 

between dispersing and philopatric (i.e. non-dispersing) individuals, also called dispersal 

syndromes, have been put forward as an important determinant of the success of dispersal 

strategies. However, the mechanisms underlying such syndromes remain poorly known in 

most species. In particular, the relative role of environmental (external) and physiological 

(internal) constraints in shaping differences between dispersing and philopatric individuals 

deserves more attention. This project aimed at clarifying the impact of environmental 

variation and oxidative constraints, linked to the production of reactive oxygen species 

during mitochondrial respiration, on phenotypes associated to dispersal in a migratory 

passerine bird, the collared flycatcher Ficedula albicollis. To disentangle the direct effect of 

environment from fixed phenotypic differences, energetic constraints were experimentally (i) 

increased through a wing load manipulation or (ii) relieved through food supplementation. 

The different experiments were performed during breeding to control for habitat selection. 

The oxidative balance of breeding collared flycatchers, including both the levels of pro-

oxidants and antioxidants and their correlation, was influenced by complex interactions of 

intrinsic (dispersal status) and extrinsic (breeding density, year, experimental treatments) 

factors. Interestingly, antioxidant capacity was influenced both by permanent individual 

differences and by food availability, whereas measures of pro-oxidants were highly variables 

within individuals. Environmental variation and energetic constraints also modulated the 

differences in reproductive success and parental behaviour between dispersing and 

philopatric individuals. Our results confirm that dispersing and philopatric birds differ in 

their management of the oxidative balance when it is competing with reproductive 

investment. These differences could have longer-term consequences on fitness and balance 

out differences between dispersing and philopatric individuals in reproductive success in 

low quality habitats. This thesis highlights that reaction norms rather than fixed differences 

often shape traits associated to dispersal, and improves our understanding of dispersal 

syndromes. 
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RÉSUMÉ 

 La dispersion, c’est-à-dire le déplacement d’un individu entre deux sites de 

reproduction, est un processus clé pour la dynamique des métapopulations et les flux de 

gènes. Les différences de phénotype et de traits d’histoire de vie entre individus dispersants 

et philopatriques (non-dispersants), ou syndromes de dispersion, peuvent avoir une 

importance majeure pour le succès des stratégies de dispersion. Cependant, les mécanismes 

qui sous-tendent ces syndromes restent mal connus chez la plupart des espèces. En 

particulier, les rôles respectifs des contraintes environnementales (externes) et 

physiologiques (internes) dans les différences entre individus dispersants et philopatriques 

mériteraient d’être mieux décrits. Ce projet vise à clarifier l’impact des variations 

environnementales et des contraintes oxydatives (liées à la production d’espèces réactives de 

l’oxygène durant la respiration mitochondriale) sur les phénotypes associés à la dispersion 

chez un passereau migrateur, le gobemouche à collier Ficedula albicollis. Afin de dissocier 

l’effet direct de l’environnement de différences fixées de phénotype, les contraintes 

énergétiques ont été expérimentalement (i) augmentées par une manipulation de la surface 

alaire ou (ii) diminuées par une supplémentation en nourriture. Ces expériences ont été 

menées durant la reproduction pour contrôler l’effet de la sélection d’habitat. L’équilibre 

oxydo-réducteur des gobemouches à collier en reproduction, incluant à la fois les niveaux de 

pro- et antioxydants ainsi que leurs corrélations, est influencé par des interactions complexes 

entre facteurs intrinsèques (statut de dispersion) et extrinsèques (densité de couples 

reproducteurs, année, traitement expérimental). La capacité antioxydante est influencée à la 

fois par des différences permanentes entre individus et par la disponibilité en nourriture, 

alors que les pro-oxydants présentent de grandes variations intra-individu. Les variations 

environnementales et les contraintes énergétiques modulent aussi les différences de succès 

reproducteur et de comportement parental liées au statut de dispersion. Nos résultats 

confirment que les oiseaux dispersants et philopatriques diffèrent dans leur gestion de 

l’équilibre oxydo-réducteur lorsqu’il est en compétition avec l’investissement reproducteur. 

Ces différences pourraient avoir des conséquences à long terme sur la valeur sélective et 

compenser les différences de succès reproducteur entre individus dispersants et 

philopatriques dans les habitats de faible qualité. Ce travail souligne que les traits associés à 

la dispersion sont souvent déterminés par des normes de réaction à l’environnement et non 

des différences fixées entre individus, et améliore notre compréhension des syndromes de 

dispersion.  
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RÉSUMÉ DÉTAILLÉ EN FRANÇAIS 
La dispersion, c’est-à-dire le déplacement d’un individu depuis son site de naissance 

ou de reproduction vers un nouveau site de reproduction, est un processus clé pour la 

dynamique des métapopulations et les flux de gènes. Les différences de phénotype et de 

traits d’histoire de vie entre individus dispersants et philopatriques (non-dispersants), ou 

syndromes de dispersion, peuvent avoir une importance majeure pour le succès des 

stratégies de dispersion. En particulier, des différences dans la réponse des individus 

dispersants et philopatriques aux variations environnementales pourraient permettre la 

coexistence de plusieurs stratégies au sein d’une population. D’un autre côté, les différences 

observées pourraient principalement venir de différences de qualité individuelle. Dans cette 

thèse, nous avons étudié la réponse d’individus dispersants et philopatriques aux contraintes 

énergétiques, en termes d’équilibre oxydo-réducteur, de succès reproducteur et de 

comportement parental. Nous nous sommes notamment demandés si la gestion de 

l’équilibre oxydo-réducteur pourrait compenser leur différence de succès reproducteur face à 

une contrainte énergétique (stratégies alternatives) ou si la reproduction et l’équilibre oxydo-

réducteur étaient modifiés dans le même sens par les contraintes énergétiques (différences de 

qualité individuelle). Afin de dissocier l’effet direct de l’environnement de différences fixées 

de phénotype, les contraintes énergétiques ont été expérimentalement (i) augmentées par 

une réduction de la surface alaire ou (ii) diminuées par une supplémentation en nourriture. 

Ces expériences ont été menées durant la reproduction pour contrôler l’effet de la sélection 

d’habitat et durant trois années afin de pouvoir étudier les variations longitudinales. 

Dans une première étude, nous avons exploré les corrélations entre le taux 

métabolique au champ (en conditions d’activité normale), un marqueur du statut pro-

oxydant (métabolites réactifs de l’oxygène ou ROMs) et un marqueur de capacité 

antioxydante (OXY), afin de déterminer l’impact relatif des différences entre individus et de 

variations environnementales sur ces marqueurs et leurs relations. Les défenses 

antioxydantes étaient corrélées positivement aux ROMs et cette relation étaient plus forte 

lorsque les contraintes énergétiques étaient élevées : lorsque les coûts de vol étaient 

augmentés ou lorsque la saison de reproduction était particulièrement mauvaise, en 2014 par 
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rapport à 2012 et 2013. La supplémentation en nourriture en 2014 n’a cependant pas diminué 

la corrélation entre marqueurs, peut-être parce qu’elle était insuffisante pour contrebalancer 

les mauvaises conditions environnementales (basses températures et faible abondance de 

nourriture). Malgré de faibles tailles d’échantillon, les résultats suggèrent aussi des 

corrélations positives entre l’activité métaboliques et les deux marqueurs de statut oxydo-

réducteur chez les femelles où la surface de vol a été réduite. Comme les défenses 

antioxydantes, mais pas les ROMS, étaient répétables entre années, les corrélations plus 

fortes sous contraintes énergétiques impliquent que l’activité métabolique pourrait être 

contrainte par la capacité d’un individu à acquérir des antioxydants. Cette étude confirme 

l’importance des variations individuelles et environnementales dans la gestion de l’équilibre 

oxydo-réducteur. 

Nous avons ensuite étudié les différences de réponses de femelles dispersantes ou 

philopatriques à une augmentation de l’activité métabolique stimulée expérimentalement 

par une réduction de la surface alaire (Chapitre IV). Les ROMs étaient plus élevés chez les 

femelles philopatriques handicapées que chez les contrôles, alors qu’aucun effet du handicap 

n’a été observé chez les dispersantes. Comme les femelles philopatriques avaient aussi une 

capacité antioxydante plus élevée indépendamment du handicap, une hypothèse est que les 

philopatriques pourrait supporter des niveaux de pro-oxydants plus importants. Cependant, 

comme les femelles philopatriques n’avaient pas un succès reproducteur plus élevé que les 

dispersantes en condition de handicap, il est aussi possible que les philopatriques soient 

moins capables de gérer une augmentation des contraintes énergétiques et aient maintenu 

leur succès reproducteur au prix d’un stress oxydatif. 

Les femelles dispersantes et philopatriques géraient aussi différemment leur équilibre 

oxydo-réducteur en fonction des variations naturelles de la qualité d’habitat, qui est 

positivement corrélée à la densité de couples reproducteurs dans cette population. Les ROMs 

augmentaient dans les plus faibles densités d’habitat chez les femelles philopatriques, mais 

restaient basses qu’elle que soit la densité chez les dispersantes. Ces différences de 

marqueurs étaient accompagnées d’un succès reproducteur plus faible des dispersantes, 

particulièrement à faible densité. Par conséquent, la gestion différente des processus oxydo-
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réducteurs et de l’investissement reproducteur ne permettait pas aux individus dispersants 

de parvenir au même succès reproducteur que les individus philopatriques. Cependant, 

comme les individus philopatriques étaient exposés à plus de pro-oxydants dans les habitats 

de faible densité, ils pourraient souffrir de plus faibles perspectives de survie et de 

reproduction qui compenseraient leur succès reproducteur plus élevé l’année de l’étude. 

L’effet direct de la qualité d’habitat sur les différences entre dispersants et 

philopatriques a été confirmée par une expérience de supplémentation en nourriture 

(Chapitre V). La supplémentation a en effet supprimé l’interaction entre dispersion et densité 

sur la masse corporelle et le succès reproducteur des mâles observée dans les nids contrôle. 

Cette interaction n’est donc pas seulement dues à des décisions de dispersions différentes 

d’individus de faible ou bonne qualité face à la qualité d’habitat, mais sont directement 

influencées par la qualité d’habitat post-dispersion. La supplémentation n’a eu cependant 

aucun effet sur la différence de réponse des ROMs à la densité entre dispersants et 

philopatriques. 

La supplémentation en nourriture a aussi modifié les différences de comportement de 

défense du nid entre individus dispersants et philopatriques. Les dispersants défendaient 

moins intensivement leur nid que les philopatriques dans les nids contrôles, mais 

augmentaient leur défense pour égaler celle des philopatriques dans les nids supplémentés. 

La supplémentation n’a cependant pas modifié l’interaction entre dispersion et densité sur la 

défense du nid, la défense augmentant avec la densité chez les dispersants uniquement. 

Les résultats des chapitres IV et V sont en partie contradictoires. En 2012 et 2013 

(Chapitre IV), les individus philopatriques subissent plus d’attaques pro-oxydantes aux 

faibles densités mais maintiennent leur succès reproducteur, alors qu’en 2014 ce sont les 

dispersants qui subissent plus d’attaques pro-oxydantes et une perte de masse aux faibles 

densités. La masse des adultes était aussi sensible aux variations de densité en 2014 mais pas 

en 2012 et 2013. Ces différences pourraient en partie trouver leur origine dans les variations 

très importante de conditions environnementales entre années. Du fait des conditions 

météorologiques, les nids contrôles ont eu un succès reproducteur beaucoup plus faible que 

les années précédentes. Des études suivies sur plusieurs années seraient nécessaires pour 
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s’assurer que les variations temporelles de l’environnement peuvent modifier si 

radicalement l’effet de la densité selon le statut de dispersion. 

Enfin, la longueur des télomères, des séquences répétées qui protègent l’extrémité 

des chromosomes, répondait aussi différemment à la densité selon le statut de dispersion 

(Chapitre VI) : les individus dispersants avaient des télomères plus longs que les 

philopatriques dans les habitats de faible densité mais pas dans les habitats denses. Ceci 

suggère soit que les individus dispersants se sont installé dans les habitats différents selon la 

longueur de leurs télomères, soit qu’ils souffraient de dommages oxydatifs plus importants 

dans les habitats de faible densité. Cependant, nous avons trouvé une corrélation négative 

entre la longueur des télomères et le taux de retour. D’autre part, un autre prédicteur du taux 

de retour, la proportion d’hémoglobine glyquée, ne différait pas en fonction du statut de 

dispersion ou de la densité. Des analyses de capture-marquage-recapture seraient 

nécessaires pour confirmer le lien négatif contre-intuitif entre longueur des télomères et 

survie dans cette population. 

Pour résumer, l’équilibre oxydo-réducteur des gobemouches à collier en 

reproduction est influencé par des interactions complexes entre facteurs intrinsèques (statut 

de dispersion) et extrinsèques (densité de couples reproducteurs, année, traitement 

expérimental). La capacité antioxydante est influencée à la fois par des différences 

permanentes entre individus et par la disponibilité en nourriture, alors que les pro-oxydants 

présentent de grandes variations intra-individu. Les variations environnementales et les 

contraintes énergétiques modulent aussi les différences de succès reproducteur et de 

comportement parental liées au statut de dispersion. Nos résultats confirment que les 

oiseaux dispersants et philopatriques diffèrent dans leur gestion de l’équilibre oxydo-

réducteur lorsqu’il est en compétition avec l’investissement reproducteur. Ces différences 

pourraient avoir des conséquences à long terme sur la valeur sélective et compenser les 

différences de succès reproducteur entre individus dispersants et philopatriques dans les 

habitats de faible qualité. Ce travail souligne que les traits associés à la dispersion sont 

souvent déterminés par des normes de réaction à l’environnement et non des différences 

fixées entre individus, et améliore notre compréhension des syndromes de dispersion. 
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It would be instructive to know not only by what physiological 

mechanisms a just apportionment is made between the nutrient 

devoted to gonads and that devoted to the rest of the parental 

organism, but also what circumstances in the life history and 

environment would render profitable the diversion of a greater or 

lesser share of the available resources towards reproduction. 

 

Ronald A. Fisher 
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1 DISPERSAL: LIFE-HISTORY CONSTRAINT OR LIFE-HISTORY 

STRATEGY? 

1.1 Defining dispersal and the processes involved 

Dispersal can be broadly defined as “any movement of individuals or propagules 

with potential consequences for gene flow across space” with “no restriction on the ploidy of 

the dispersing stage” (Ronce 2007). This wide definition includes such diverse processes as 

pollen dispersal, seed, spore, larvae or young dispersal, adults’ movements between, and 

sometimes within (e.g. oviposition-site selection), breeding events, and the movements of 

parts of an individual, such as some plants’ stolons. This definition is interesting in that it 

adopts an evolutionary framework by focusing on spatial gene flow and excludes 

movements without any direct impact on population genetics, such as foraging trips or 

seasonal and diurnal migrations 1. Restricting the definition of dispersal to gene flow does 

however not fully convey the important consequences of dispersal on local population 

dynamics, for example by a change in competition pressures (Hanski 2001). Moreover, at the 

individual level, such distinction between dispersal and other type of movement might not 

always be relevant: the processes involved in information acquisition and movement are 

often the same for different types of movements and can occur simultaneously (Burgess et al. 

2015). 

In vertebrates with internal fecundation, the main distinction is usually made 

between natal dispersal and breeding dispersal. Natal dispersal takes place before the first 

breeding attempt, whereas breeding dispersal relates to movements between successive 

breeding attempts (Greenwood & Harvey 1982). Extra-pair mating and brood parasitism 

might provide other mechanisms for dispersal within a breeding attempt, although their 

relevance to spatial gene flow has been less studied. For example, intra-specific brood 

parasitism might actually increase with relativeness (Waldeck et al. 2008). Throughout this 
                                                        
1 The terminology for movements is still ambiguous and debated in the ecology literature, as terms are often 
inconsistent among particular sub-fields for historical reasons. Migration can be used to refer to dispersal (e.g. in 
population genetics and the metapopulation literature) as well as regular movements among a fixed set of 
locations (e.g. seasonal and diurnal migrations but also nomadism), whereas dispersal can also refer to the 
population level result of individuals moving apart and is then opposed to aggregation (Dingle & Drake 2007). 
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thesis, we will thus refer to dispersal as a movement from the natal site to the first breeding 

site (natal dispersal) or between two successive breeding sites (breeding dispersal; Clobert, 

De Fraipont & Danchin 2008). 

Dispersal processes can usually be split into three phases: (a) emigration when an 

individual decides to leave its natal or current breeding site, (b) transfer between the 

departure and arrival sites, and (c) immigration when the individual decides to settle in a 

new breeding site (Matthysen 2012). Decisions during these three phases can be sequential 

and thus independent from each other, or they can occur simultaneously when multiple 

habitats can be compared. In particular, an individual might initiate prospecting movements 

to explore potential breeding sites before emigration (Reed et al. 1999; Pärt & Doligez 2003; 

Debeffe et al. 2013). Depending on the dispersing form, the transfer phase can be active, with 

the individual controlling its movement, or passive, when the direction or speed of the 

movement is out of the organism control. Some organisms, especially insects or aquatic 

animals, combine these two dispersing modes (Burgess et al. 2015). For example, spiders 

often alternate between passive long-distance dispersal through “ballooning” and active 

moves on shorter distances (Bonte et al. 2009). However, even in species that can have a very 

good control of their movements, external factors can cause “non-intentional” dispersal. It is 

particularly true in aerial and aquatic organisms that can be displaced by strong winds and 

currents (Grinnell 1922; Cain, Damman & Muir 1998). 

1.2 Why move at all: ultimate factors promoting a costly behaviour 

Dispersal entails costs to the individual (Bonte et al. 2012). First, locomotion in itself 

requires time and energy, which could be invested in other functions. In some species, long-

distance movements require particular locomotor structures, such as wings, that represent 

developmental costs. For example, macropterous insects often have delayed development or 

reproduction compared to wingless morphs of the same species (Zera & Denno 1997). The 

transfer phase, as any movement, is risky. It often occurs through unsuitable and/or 

unknown habitat (Wiens 2001; Haynes et al. 2007) and moving makes animals more 

conspicuous to predators (Yoder, Marschall & Swanson 2004). Avoiding such risks by using 
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safer corridors increases dispersal distance (Adriaensen et al. 2003) and is more sensitive to 

disruption (Epps et al. 2007). When movement is entirely passive or when information 

acquisition before and during transfer is low, there is a high risk to land in an unsuitable 

habitat (Cheptou et al. 2008). Some additional costs might arise from differences between the 

departure and settling sites. The dispersing individual will have a lower knowledge of its 

new environment (Pärt 1995), a lower social familiarity and a lower genetic relatedness with 

its neighbours. It will therefore have less cooperation opportunities and might experience a 

stronger intra-specific competition (Ekman, Bylin & Tegelström 2000; Dickinson et al. 2014). 

Moreover, it might lose many benefits of local adaptation unless they are maintained by 

habitat selection (Peterson, Hilborn & Hauser 2014). 

The persistence of dispersal despite these costs implies some fitness benefits of 

dispersing. At the individual level, dispersal is an adaptation to temporal and spatial 

variation in the environment (Lurz, Garson & Wauters 1997; Gandon & Michalakis 2001), 

especially in ephemeral habitats (Ronce 2007) and range margins (Kokko & Lopez-Sepulcre 

2006; Hughes, Dytham & Hill 2007). The quality of a habitat is influenced by its physical and 

chemical characteristics (temperature, salinity, natural or synthetic xenobiotic compounds), 

its resources (food, water, light or breeding sites availability) and its parasites and predators 

community, but also by its social environment (density of interspecific and conspecific 

competitors or collaborators) and by its genetic environment (Clobert et al. 2008). The spatial 

structure of variation is not always the same for these different components and might be 

more or less predictable. For example, the spatial structure of genetic relatedness with other 

individuals is often easily predictable, as it usually decreases with increasing distance from 

the natal site (Pusey 1987). Theoretical models have extensively shown that inbreeding 

depression and spatio-temporal variation in habitat quality can promote dispersal behaviour 

(reviewed in Starrfelt & Kokko 2012). 

At the gene level, kin selection can also explain the evolution of dispersal in a stable 

environment, even with high dispersal costs: if there is local competition for resources, the 

dispersal of some individuals can enhance the fitness of related philopatric individuals and 

therefore the inclusive fitness of the dispersing individuals (Hamilton & May 1977). More 
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recent models have attempted to evaluate the relative contribution of environmental 

fluctuations, population density and kin competition on dispersal evolution and have shown 

that kin selection could play a large role in real metapopulations with a high cost of dispersal 

and therefore strong genetic structure (Poethke, Pfenning & Hovestadt 2007). 

1.3 Sources of variation in dispersal decisions: proximal factors promoting 

dispersal 

1.3.1 Gathering information on environmental factors 

The proximate costs and benefits of dispersal are strongly linked to the ultimate 

factors that promote its evolution or restrict it: environmental quality, population density 

and kin relationships, but also ease of locomotion between suitable habitats. Optimizing 

dispersal decisions thus requires assessing environmental parameters before or during 

dispersal and thus gathering information from various sources. Individuals might get direct 

information from their habitat, such as parasites abundance (Brown & Bomberger Brown 

1992), or use their own internal condition and reproductive success as indirect cues of habitat 

quality (Ims & Hjermann 2001), which more accurately measures the interaction between an 

individual phenotype and its habitat’s characteristics. The sources of information can be 

extended in time and space by using information from other individuals (Ims & Hjermann 

2001). Social information, such as the density or reproductive success of conspecifics, can be 

used to assess habitat quality through wider spatial scales or before the first reproduction of 

natal dispersers (Greenwood, Harvey & Perrins 1979; Doligez et al. 1999; Doligez, Danchin & 

Clobert 2002; Doligez et al. 2004). Maternal effects can fine-tune the dispersal decision to 

environmental clues anterior to their offspring birth (Tschirren, Fitze & Richner 2007; Bitume 

et al. 2014; Bestion et al. 2014; Duckworth, Belloni & Anderson 2015). Environmental 

characteristics are however not the only determinants of dispersal costs and benefits. 

1.3.2 Phenotype-dependent dispersal 
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The potential costs and benefits of dispersal are often relative to an individual. Young 

or low quality individuals with low competitive abilities, but also aggressive or asocial 

individuals might perform badly in or be competitively excluded from high density habitats, 

even if other habitat characteristics are favourable (Duckworth 2008) and will settle 

accordingly in lower density, but often lower non-social quality, habitats (Doligez et al. 2004; 

Cote & Clobert 2007; Hénaux, Bregnballe & Lebreton 2007). Successful breeders, as well as 

young from large or successful families, might be more affected by kin competition and 

inbreeding (Kisdi 2004). Then, some phenotypes might also be more successful in the 

transfer phase, for example if they have a more efficient locomotion or larger nutrients 

stores. Accordingly, dispersing individuals can show morphological adaptations to the 

transfer phase such as larger wings or fat store (O’Riain, Jarvis & Faulkes 1996; Breuker, 

Brakefield & Gibbs 2007). They can also be more aggressive (Duckworth & Badyaev 2007), 

display more exploratory behaviour (Dingemanse et al. 2003; Krackow 2003; Hoset et al. 2010; 

Quinn et al. 2011; Debeffe et al. 2013, 2014) and have higher hormones or antibodies level 

(O’Riain et al. 1996; Snoeijs et al. 2004), all traits that might be advantageous for the 

exploration of a new habitat and in competitive encounters (Duckworth & Badyaev 2007; 

Fogarty, Cote & Sih 2011). In some cases, particular structures are absolutely required for 

dispersal and are specific to these individuals or species that disperse. It is now recognized 

that individual dispersal tendency covaries with other behavioural and physiological traits 

and that such differences can modulate the success of dispersal strategies and eventually the 

whole metapopulation dynamics (Bowler & Benton 2005; Hanski & Saccheri 2006; Clobert et 

al. 2009; Fogarty et al. 2011; Ronce & Clobert 2012).  

In a (meta)population where multiple causes of dispersal act simultaneously, the 

proximate triggers of dispersal can differ between individuals, according to their phenotype. 

A well documented example is the difference in dispersal causes between males and females. 

The territorial sex is usually more sensitive to competition, and will thus emigrate more at 

high density or when of low body condition (Doligez et al. 1999; Hardouin et al. 2012). 

Females can specifically avoid areas of male-biased sex-ratio were sexual harassment will be 

stronger (Legrand et al. 2015). Social information is also used differently according to 
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competitive abilities in common lizards Zootoca vivipara, suggesting that some individuals 

seek to maximise non-social habitat quality whereas others minimise competition (Vercken, 

Sinervo & Clobert 2012). Phenotype-by-environment interactions are thus crucial in 

determining the observed dispersal patterns at the individual and population levels. 

The optimization of dispersal decisions according to environmental conditions and 

individual phenotype seems to require a high behavioural flexibility. In contradiction, 

dispersal propensity has been found to be heritable in insects and birds species (reviewed in 

Roff & Fairbairn 2001 and Zera & Brisson 2012; Hansson, Bensch & Hasselquist 2003; 

Pasinelli, Schiegg & Walters 2004; Doligez et al. 2012, but see Wheelwright & Mauck 1998). 

Various phenotypic and behavioural traits strongly associated with dispersal are also 

heritable in plants, insects and, with more limited evidence, birds and mammals (Roff & 

Fairbairn 2001; Zera & Brisson 2012). Eventually, genetic polymorphism has been associated 

with dispersal in the fruit fly Drosophila melanogaster (Edelsparre et al. 2014) and in the 

Glanville fritillary Melitaea cinxia (Hanski 2012). Theoretical explanations of the maintenance 

of heritable variation in dispersal propensity rely on phenotype-dependent mechanisms of 

dispersal. An allele for body condition or inbreeding-dependent dispersal can be selected for 

because dispersal is an opportunity to find a better genetic background or to decrease 

inbreeding (Gueijman et al. 2013). Alternatively, if some traits are more beneficial to 

dispersers than to philopatric individuals, correlational selection on dispersal and these traits 

will eventually lead to their genetic integration and thus fix a genetic basis of dispersal 

propensity (Duckworth 2012). 

1.4  Dispersal syndromes: integrated life-history strategies or by-products 

of constraints on dispersal? 

The previous section illustrated through empirical evidence the idea that dispersal is 

associated with a suite of phenotypic traits that define a “dispersal syndrome” and could 

explain the maintenance of heritable dispersal behaviour if they enhance the success of 

dispersal. However, not all phenotypic traits associated with dispersal have a direct positive 

effect on the fitness of dispersers, and the observed correlations between dispersal and life-
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history traits are much more inconsistent between, and sometimes within, species than the 

correlations with other phenotypic traits (Bélichon, Clobert & Massot 1996; Doligez & Pärt 

2008; Ronce & Clobert 2012). Because different selective pressures can act on dispersal, 

different non-mutually exclusive hypotheses can be formulated on the evolutionary origin of 

the observed differences of life history traits between dispersing and non-dispersing 

individuals (Stevens et al. 2014). Their co-existence in natural population might explain the 

diversity of the patterns of associations between dispersal and life-history traits, and might 

also hinder the detection of these associations. 

1.4.1 Indirect correlation generated by differences in individual quality 

On the one hand, dispersers might be constrained to disperse because of their low 

ability to compete (Murray 1967; Waser 1985). Emigrants would then have a lower condition 

and/or reproductive success before dispersal, especially in high quality habitat, and 

immigrants might have a lower condition and/or reproductive success after dispersal. 

Accordingly, individuals with a smaller body size and lower competitive abilities sometimes 

disperse more than larger and more competitive individuals (McCauley 2010; Solmsen, 

Johannesen & Schradin 2011; Tarwater 2012). In this case, we expect the proportion of 

emigrants to be higher in plots with higher competition. Recent theoretical work has 

however shown that a direct negative correlation between dispersal and individual quality 

could evolve because dispersal is more beneficial to genes associated with deleterious alleles 

even in the absence of environmental variation: through dispersal, they can recombine with 

better genetic backgrounds or genetic backgrounds with different deleterious mutations, 

thus masking their effect when they are recessive (Gueijman et al. 2013). Inbred individuals 

will thus be more prone to disperse (Shafer et al. 2011). Although low quality dispersers 

might increase their fitness relative to their habitat of origin, they are still expected to have a 

lower fitness than philopatric individuals. 

On the other hand, dispersers might be higher quality individuals that can sustain the 

costs of dispersal, which generate opposite predictions. Natal dispersal behaviour is often 

consistent with this hypothesis, with dominant or higher quality individuals dispersing 
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more, further or earlier, and then achieving higher fitness (Nilsson 1989; Dufty Jr & Belthoff 

2001; Barbraud, Johnson & Bertault 2003; Bonte 2013; Camacho, Canal & Potti 2013; 

Scandolara et al. 2014; Bitume et al. 2014). This is particularly true when dispersal is involved 

in avoiding inbreeding and/or kin competition, because young from successful broods 

might be expected to both be of higher quality and have more siblings, and thus have a 

higher risk of inbreeding or kin competition. In that case, dispersing individuals will have a 

higher fitness than philopatric ones, despite potential costs of dispersal. 

Of course, the two previous hypotheses can occur simultaneously within the same 

population, with low quality individuals constrained to disperse by their low competitive 

ability, whereas high quality dispersers take the opportunity to settle in a plot of higher 

quality thanks to their high competitive ability. For natal dispersal, this is an expression of 

the “silver spoon” effect (Stamps 2006). In competition is higher in high quality habitats, 

disperser from low quality to high quality habitats would have a lower condition (and 

reproductive success for breeding dispersal) before dispersal and a lower fitness than 

dispersers from high to low quality habitats. For example, great tits dispersing to high 

quality areas have a larger body mass than those dispersing to low quality areas (Garant et al. 

2005). The relative importance of both mechanisms depend on the nature of environmental 

variability and on the costs of dispersal (Bonte & De La Peña 2009; Kisdi, Utz & Gyllenberg 

2012). 

1.4.2 Indirect correlation generated by other differences in individual phenotypes 

More generally, dispersal patterns might be the result of adaptive decisions 

(“matching habitat choice”) from individuals varying in their ecological optima (Edelaar, 

Siepielski & Clobert 2008; Ravigné, Dieckmann & Olivieri 2009). Dispersal is then but one 

side of individuals’ differences in their response to the environment. In this case, knowledge 

of individuals’ underlying preferences, or their phenotypic correlates, will be necessary to 

correctly interpret the observed patterns of departure and settlement (Edelaar et al. 2008). 

Emigrants from and immigrants to a population should then show opposite differences in 

their fitness response to environmental characteristics. However, dispersing individuals are 
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often considered a homogeneous group, without knowledge or distinction of their 

environmental origin. Moreover, differences in life-history traits between dispersing and 

philopatric individuals have rarely been assessed in interaction with environmental 

variables. Detailed studies of emigration and immigration decisions adjusted to different 

ecological optima between individuals thus remain scarce. Individuals can show adaptive 

habitat choice based on non-social environment: common lizards dispersing from warm 

habitats preferred lower temperature before dispersal and had lower post-dispersal survival 

in warm habitats than in cooler ones (Bestion, Clobert & Cote 2015). A correlative study in 

the barn owl Tyto alba showed that both habitat preference and reproductive success in 

forested vs. more open habitats were both linked to plumage colouration in females (Dreiss 

et al. 2012). Another example is the interaction of aggressiveness/asociality and breeding 

density on dispersal decision, although its generality remains to be tested (Wey et al. 2015): 

emigration increases and immigration and fitness prospects decrease with breeding density 

in aggressive/ asocial individuals, whereas non-aggressive/social individuals might benefit 

from cooperation and thus show opposite relationships (Myers & Krebs 1971; Cote & Clobert 

2007). Although social behaviour was not assessed, two-spotted spider mite Tetranychus 

urticae dispersing from high to low density populations increase their fitness (Bonte et al. 

2014). In the only study that tested the life-history traits responses to environmental 

variation in dispersers from different habitats (Bestion et al. 2015), only individuals 

dispersing from warm habitats showed differences in survival according to temperature: the 

opposite reaction norms in terms of dispersal were not paralleled by strictly opposite 

reaction norms in terms of life-history traits. As lifetime reproductive success was not 

measured, we cannot exclude differences in fitness due to differences in reproductive 

success. Testing the occurrence of “matching habitat choice” in dispersal decisions will thus 

require further experimental tests combining manipulations of the environment or the 

phenotype with accurate measures of dispersal and fitness (Edelaar et al. 2008). 

1.4.3 Functional correlation between dispersal and other phenotypic traits 
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Finally, dispersal might be functionally linked to other physiological and behavioural 

traits. In that case, emigration and immigration decisions are the expression of the same trait 

(dispersal propensity), thus emigrants and immigrants should not differ from each other but 

should differ from residents. Because dispersal involves costly movements during the 

transfer phase, as well as exploratory and competitive processes during the settlement phase, 

one hypothesis is that some traits reduce the cost of dispersal per se or benefit dispersers 

more than residents (Clobert et al. 2009). As detailed before, dispersing individuals can show 

morphological, physiological and behavioural adaptations to the transfer and settlement 

phases. Some traits can be more beneficial (or less detrimental) to dispersers than to 

philopatric individuals because environment automatically differ according to dispersal. For 

example, in the western bluebird, philopatric males benefit from low levels of aggression by 

being close to kin (Aguillon & Duckworth 2015) and are less aggressive than immigrants to 

and emigrants from the same area (Duckworth & Kruuk 2009). These results are also 

coherent with the “social cohesion” hypothesis that predicts lower dispersal in more social 

individuals, independently of conspecifics density, because they benefit from established 

social relationships, especially with kin (Clutton-Brock & Lukas 2012). A consistent negative 

association between sociability and dispersal has been found in mammals (Ims 1990; 

Blumstein, Wey & Tang 2009; Armitage et al. 2011) and fishes (Schürch & Heg 2010; Cote et 

al. 2010). 

Natural selection is then expected to select for the functional and/or genetic 

integration of dispersal propensity with traits that reduces the cost of dispersal or are 

beneficial to dispersers (Duckworth 2012). Empirical evidence remain scarce, because of the 

methodological limitations when testing for genetic correlations in wild populations: low 

power because of low sample size and incomplete pedigrees, imperfect knowledge of the 

pedigree due to extra-pair reproduction (Kruuk, Charmantier & Garant 2014; Teplitsky, 

Robinson & Merilä 2014). Despite these difficulties, dispersal distance or ability were found 

to be genetically correlated to exploratory behaviour in great tits Parus major (Korsten et al. 

2013), to aggressiveness in Western blue birds Sialia mexicana (Duckworth & Kruuk 2009) and 

to boldness in alpine swift Apus melba (Grégory Daniel, personal communication). At the 
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genomic level, a single nucleotide polymorphism is strongly associated with both dispersal 

rate and flight metabolic rate in the Glanville fritillary Melitaea cinxia (Hanski 2012). 

Although the traits themselves are beneficial to dispersers, they might have a 

negative impact on other traits, especially when they use resources that could be allocated to 

other functions. Evolutionary trade-offs could thus constrain the associations between 

dispersal and other life-history traits. For example, although aggressive dispersive western 

blue bird have a much higher reproductive success in the low-density habitats they colonise 

than in high-density habitats, they still experience a decrease in reproductive success with 

increasing aggressiveness (Duckworth 2008). 

1.4.4 The difficulties of estimating fitness components according to dispersal 

Distinguishing between these hypotheses can however be challenging. It requires 

assessing the fitness costs and benefits of each strategy, and notably, whether dispersal is 

associated with a decrease or increase in fitness at the within-individual level, as well as 

whether dispersers eventually achieve a lower or higher fitness than non-dispersers. First, 

isolated life-history traits might not correlate with fitness, because dispersers and non-

dispersers may achieve similar fitness through different life-history strategies (Julliard, 

Perret & Blondel 1996; Lemel et al. 1997; Marr, Keller & Arcese 2002). Second, fitness 

estimates are sensitive to differences in recapture probability between dispersers and non-

dispersers if dispersal is repeatable (in species where multiple dispersal events can occur), as 

well as between their offspring if there is a correlation between parents and offspring 

dispersal propensity (Doligez & Pärt 2008). Traits that predict survival independently of 

dispersal (i.e. that would predict survival similarly for dispersing and non-dispersing 

individuals) would thus be helpful to investigate potential trade-offs associated with 

dispersal. Finally, it is also necessary to control for relevant environmental variables and/or 

to distinguish between pre-dispersal differences (between emigrants and residents) and post-

dispersal differences (between immigrants and residents), because of the confounding effects 

of spatially variable habitat quality on dispersal propensity and on other life-history traits. 

However, estimating within-individual variation according to environment, or pre-dispersal 
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differences between-individuals, in reproductive success will only be possible if dispersal 

can occur between breeding seasons, and is not restricted to natal dispersal. 

1.5 Flexibility in dispersal syndromes: the importance of environmental 

conditions 

1.5.1 Environment modulates the association between dispersal and phenotypic traits. 

Studies of phenotypic differences between dispersing and philopatric individuals 

often assume that these differences are fixed in time and across environmental contexts. 

Although this has proved right in some cases (Ims 1990; Meylan et al. 2009), these differences, 

especially in behavioural traits, can be exhibited transiently during or close to the dispersal 

event (Hoset et al. 2010) and/or be dependent on environmental conditions including social 

context (Clobert et al. 2009; Ronce & Clobert 2012). In the case of individual difference in 

quality linked to dispersal, the costs of dispersal are often negatively linked to individual 

condition, and indirectly to the quality of the habitat of origin, whereas the benefits of 

dispersal are usually decrease with the increasing quality of the habitat of origin relative to 

other habitats that could be reached through dispersal. In particular, individual with higher 

dispersal ability are only expected to disperse when they can benefit from dispersal. The 

winged dispersing morphs in insects will decrease dispersal if the conditions become 

favourable (Shaw 1970, cited in Ims & Hjermann 2001). Increase of emigration propensity 

with body mass is only observed in low quality habitats in great tits (Verhulst, Perrins & 

Riddington 1997). In the spider Erigone dentipalpis, food deprivation of the offspring 

influences the mode of dispersal and reduces the increase in long-distance dispersal induced 

by food deprivation of the mother (Mestre & Bonte 2012). More generally, any change in the 

costs of dispersal might modify the correlation between dispersal and other traits. For 

example, mosquito fish balance the benefits of dispersing for asocial individuals with the 

risks of dispersing under high predation (Cote et al. 2013), thus generating an interaction 

between social behaviour and perceived predation risk on dispersal propensity. 
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1.5.2 Environment could also modulate the life-history correlates of dispersal. 

Despite this impact of environmental variation on dispersal-dependent phenotypes 

and the numerous studies that investigated differences in life-history traits according to 

dispersal (reviewed in Doligez & Pärt 2008), the influence of environmental variation in 

shaping life-history differences between dispersing and non-dispersing individuals has often 

been overlooked. In all the hypotheses detailed above, dispersers are expected to differ from 

philopatric individuals in their response to habitat characteristics. In that case, the 

magnitude and even the direction of the observed differences between dispersers and non-

dispersers will depend on the habitat and the stage of dispersal considered. For example, 

differences in individual quality can result in fitness differences in unfavourable habitats, 

where resources are limiting, but not in favourable habitats. The fitness consequences of 

boldness can be modulated by predation intensity: survival of female bighorn sheep Ovis 

canadensis was positively correlated with boldness in years of high predation, but not when 

there was no or little predation (Réale & Festa-Bianchet 2003). In particular, observations 

under laboratory conditions might not reflect actual differences in the wild (Zera & Denno 

1997), as trade-offs between traits might also only be observed under challenging conditions, 

when resources are limiting (Beaulieu et al. 2015). Failure to take into account the relevant 

environmental variables, or to sample different types of environments, will hinder the ability 

to detect such dispersal-related differences (Ducatez et al. 2014). 

In addition to habitat preferences directly linked to their ecological optimum, 

individuals might exhibit a preference for their natal habitat type when exploring or 

dispersing (Davis & Stamps 2004). The habitat of origin can also influence exploratory 

behaviour, and consequently settlement patterns: American red squirrels born at habitat 

edges and thus exposed to a wider variety of habitat types are more prone to explore and 

thus disperse further distances (Haughland & Larsen 2004). Although these mechanisms are 

often adaptive and associated with higher fitness in the preferred habitat, they can also mask 

other adaptive preferences, or even be maladaptive (Gilroy & Sutherland 2007; Chalfoun & 

Schmidt 2012). In these all cases, habitat preferences can restrict the expression of multiple 
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traits and generate correlations between traits directly modulated by the environment 

(Dubois & Giraldeau 2014). 

Understanding the maintenance of individual differences in life-history traits thus 

requires examining the response of dispersers and non-dispersers to relevant environmental 

variation. Overall, disentangling the various hypotheses about dispersal-related differences 

in life-history traits requires (i) a better understanding of the mechanisms underlying 

potential trade-offs between dispersal and other life-history traits, (ii) defining estimates of 

individual condition that could predict future survival and reproductive success of 

dispersers, independently of their recapture probability, and (iii) taking into account the 

effect of the environment on life-history differences between dispersers and non-dispersers. 

2 METABOLISM AND OXIDATIVE BALANCE AS MECHANISMS 

UNDERLYING THE TRADE-OFF BETWEEN DISPERSAL AND 

OTHER LIFE-HISTORY TRAITS 

Dispersal involves direct energetic costs, such as the costs of movement during 

transfer and exploration (Bonte et al. 2012). As detailed above (§ 1.3.2), dispersal is also 

correlated with other energetically demanding traits and behaviours, such as increased 

hormone and antibodies levels, increased mobility and exploration or increased 

aggressiveness toward competitors. Selection may thus favour a higher metabolic scope in 

dispersers so that dispersers could mobilise additional energy for movements per se and 

traits facilitating movements to new environments. Consistently, dispersal is positively 

associated with peak metabolic rate in females of the Glanville fritillary butterfly (Niitepõld 

et al. 2011). Energy management is thus expected to be central to the within-individual trade-

offs and between-individual correlations between dispersal and other life-history traits. 

Energy management can be separated in three steps in heterotrophic organisms: energy 

acquisition by the consumption of energy rich nutrients, energy transformation through 

respiration and fermentation to generate energy forms that are usable by the cell, and finally 

energy allocation between different functions. Although life-history trade-offs have often 

been explained at the level of energy allocation, the costs associated with energy 
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transformation could also generate trade-offs between life-history traits expressed at 

different points in time, such as dispersal and subsequent reproductive success and survival. 

2.1 Energy metabolism is associated with oxidative costs 

2.1.1 Aerobic respiration is a source of reactive oxygen species. 

From bacteria to multicellular organisms, energy transformation through respiration 

is an ubiquitous process (Schäfer, Purschke & Schmidt 1996). Electrons are transferred from 

donors (reducers), resulting from the breakdown of nutrients (carbohydrates, lipids and 

proteins), to a range of cofactors fixed to the mitochondrial or bacterial inner membrane 

(Nicholls & Ferguson 2003). Electrons are then transferred between these cofactors and 

eventually to an electron acceptor (oxidant). In aerobic respiration, dioxygen is the final 

electron acceptor. The energy released during these electron transfers allows the 

translocation of protons across the inner membrane to generate an electrochemical gradient 

that is used to produce adenosine triphosphate (ATP), the short-term energy currency in the 

cell (Mitchell 1961). 

When both dioxygen and adenosine diphosphate (ADP), which is required for ATP 

production, are not limited, the electrochemical gradient remains low, and dioxygen is 

mostly reduced into water at the end of the electron transport chain (Murphy 2009). 

However, if the proton electrochemical gradient increases, some dioxygen is reduced by only 

one electron into superoxide (O2
–•) at various points in the transport chain (Korshunov, 

Skulachev & Starkov 1997; Turrens 2003). The ion superoxide is a powerful and instable 

oxidant and a precursor for a variety of pro-oxidants called reactive oxygen species, or ROS. 

Other endogenous mechanisms, notably in catabolic reactions (beta-oxidation of lipids) and 

in innate immune response (phagocytosis, inflammation), also produce reactive oxygen 

species. Additionally, they can be generated by environmental factors, such as UV and 

ionizing radiations, metallic ions (iron, copper) and heavy metals, some pesticides (e.g. 

paraquat) and other pollutants (Limón-Pacheco & Gonsebatt 2009). The relative importance 

of mitochondrial ROS production as opposed to other sources remains poorly known 
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(Murphy 2009), but the mitochondria is the main site of endogenous production under non-

pathological conditions (Sanz, Pamplona & Barja 2006). 

2.1.2 Reactive oxygen species should be regulated for optimal cellular function. 

Reactive oxygen species can damage lipids, proteins and DNA. First, they can 

directly oxidise a function of the macromolecule, resulting for example in hydroperoxides in 

polyunsaturated fatty acids, 8-hydroxydesoxyguanosine from the deoxyguanosine base of 

DNA, or carbonyl radicals on some amino-acid side chains in proteins (Cadenas & Davies 

2000; Mateos & Bravo 2007). Second, pro-oxidant can break polymeric chains, generating 

single- and double-strand breaks in DNA or protein cleavage (Beckman & Ames 1998). 

Following breakage, DNA and polypeptides can react to form inter-strand, intra-strand or 

DNA-protein cross-links (Mateos & Bravo 2007). Finally, some oxidised molecules, especially 

lipids, remain highly reactive. As they are more long-lived than ROS and can cross 

membrane and cytosolic material, they can extend the damages far from the original site 

(Hulbert et al. 2007). All these modifications result in impaired fluidity of lipidic membranes, 

loss of functional and structural efficiency of proteins, and accumulation of mutations and 

deletions in nuclear and especially mitochondrial DNA (Beckman & Ames 1998; Raha & 

Robinson 2000; Hulbert et al. 2007).  

Despite their detrimental effects, ROS are also fundamental to many cellular function 

and signalling pathways. They are involved in the signalling of cell proliferation, 

differentiation, metabolic adaptation to hypoxia, and reproduction (Metcalfe & Alonso-

Alvarez 2010). Moreover, there are both actors and signals in immunity, programmed cell 

death (apoptosis) and autophagy (Sena & Chandel 2012). For example, humans with 

defective NADPH-oxidase, an enzyme that reduces dioxygen into superoxide, suffer from 

recurrent and persistent infections (Holland 2010). The inactivation of an uncoupling protein 

in mice strongly increased both ROS production by isolated macrophages and resistance to a 

lethal infection (Arsenijevic et al. 2000). Although evidence of the importance of ROS for 

normal biological functions in wild population is still scarce, white-browed sparrow weavers 

Plocepasser mahali with a high baseline superoxide dismutase activity also have a lower 
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immune response (Cram et al. 2015a). Efficient immune and signalling functions of ROS 

require a good balance and timing of ROS activity: if they remain active too long, they can 

promote chronic inflammation (Sorci & Faivre 2009). It is therefore widely agreed nowadays 

that the redox state of the cell is a homeostatic balance finely tuned to avoid excessive 

damages while allowing cellular communication and immune processes (Finkel & Holbrook 

2000). 

2.1.3 Antioxidant defences limit ROS production and scavenge pro-oxidants. 

Various mechanisms are involved in the control of ROS production and activity. The 

first line of defence is to directly reduce ROS production. The production of superoxide in 

the mitochondria can be prevented by a direct decrease in the proton gradient, due to 

uncoupling proteins (UCPs) that allow protons to flow through the inner membrane. These 

proteins, first identified for their role in thermogenesis in brown adipose tissue, are also 

involved in the regulation of ROS production and energy flow in mammals (Brand 2000; 

Sluse 2012). Whether they are implicated in regulating ROS production in birds remains 

controversial (Criscuolo et al. 2005; Bicudo et al. 2010 p. 91; Stier, Massemin & Criscuolo 

2014c; Stier et al. 2014b). As a second line of defences, ROS and pro-oxidants can be reduced 

into less damaging molecules. Antioxidant scavenger reactions can transform superoxide 

into less oxidizing compounds (Valko et al. 2007). Superoxide is first transformed into 

hydrogen peroxide (H2O2) by the enzyme superoxide dismutases (SOD). Hydrogen peroxide 

is still a strong oxidant, and various enzymes such as catalase, glutathione peroxidases and 

peroxiredoxins can then catalyse the reduction of hydrogen peroxide into water (and 

dioxygen in the former case). Beside these enzymatic defences, non-enzymatic antioxidants 

(vitamin E, vitamin C, carotenoids, bilirubin, uric acid) can reduce various molecules not 

targeted by enzymes, and notably quench the reaction chains of lipid peroxidation (Halliwell 

& Gutteridge 2007). They often work synergistically but can interfere when targeting similar 

molecules (Niki 2010). Finally, oxidative damages can also be prevented or repaired through 

interventions directly targeting the biomolecules that are most sensitive to oxidation. 

Organisms can limit oxidative damages with macromolecules that are more resistant to 
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oxidation, such as saturated fatty acids instead of polyunsaturated fatty acids (Hulbert et al. 

2007). When the damage is done, repair mechanisms can still restore functional molecules: 

oxidised proteins can be recognised and degraded in the proteasome (Cadenas & Davies 

2000), whereas abnormal DNA nucleotides can be excised and replaced (Hoeijmakers 2001). 

The energetic costs of antioxidant protection might thus vary widely depending on the 

mechanisms involved: whereas dietary non-enzymatic antioxidants (vitamin E, vitamin C, 

carotenoids) and some enzymes (glutathione peroxidises) might be limited by nutrients 

availability (Isaksson, Sheldon & Uller 2011), some enzymatic antioxidant protections, such 

as catalase or superoxide dismutase might be almost costless (Speakman & Garratt 2014). 

The oxidative state is therefore a balance between ROS production and control 

mechanisms (Figure 1). When the latter are not sufficient to equilibrate the former, oxidative 

damages accumulate with detrimental effects on the organism, a situation called oxidative 

stress (Finkel & Holbrook 2000). Given the variety of cellular processes involved in ROS 

production or controlled by ROS signalling, the need to control redox homeostasis might be 

a central mechanism of life-history trade-offs (Metcalfe & Alonso-Alvarez 2010; Monaghan & 

Costantini 2014). 

2.2 The role of oxidative balance in life-history trade-offs 

Because of the energetic requirement of dispersal, dispersal-related traits, and other 

life-history traits, disruption of the oxidative balance is a good candidate mechanism for 

potential trade-offs between dispersal and other life-history traits. Indeed, investment in life-

history traits has been found to influence the oxidative balance, which can in turn constrain 

future expression of life-history traits. We will here focus on the links between oxidative 

balance, reproduction and survival. 
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Figure 1: The sources of and responses to reactive oxygen species (adapted from Finkel 2000) 

 

 

2.2.1 Effects of reproduction on oxidative stress. 

Although intensively studied, the effect of reproduction on oxidative balance remains 

elusive (Stier et al. 2012; Metcalfe & Monaghan 2013; Speakman & Garratt 2014; Blount et al. 

2015). Comparison of breeding and non-breeding individuals in the field often found higher 

oxidative damages in breeders or an increase over the breeding season, but laboratory 

studies on rodents and recently on birds highlighted the lack of consistency between markers 

and tissues and often found a decrease in oxidative damages in breeding individuals 

(Speakman & Garratt 2014; Costantini et al. 2014b; Costantini, Casasole & Eens 2014a; López-

Arrabé et al. 2014; Sharick et al. 2015). The differences between breeding and non-breeding 

individuals could also be environment-dependent: females of the Bicyclus anynana butterfly 
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increased antioxidant capacity but had similar oxidative damage after mating compared to 

virgin females at high temperatures but not at moderate ones (Beaulieu et al. 2015). 

Early studies of natural or experimental variation in egg production or brood/litter 

size in birds, mammals and insects have often found a negative effect of reproductive effort 

on resistance to oxidative stress and antioxidant enzymes, but did not assess oxidative 

damages (Harshman & Zera 2007; Monaghan, Metcalfe & Torres 2009; Christe et al. 2012). 

When examined, the effects of reproductive effort on oxidative damages could be positive 

but were most often non-significant, and sometimes negative (Speakman & Garratt 2014; 

Wegmann, Voegeli & Richner 2015a). Even when the manipulation had an energetic cost, it 

did not systematically translate into a change in oxidative balance (Aloise King, Garratt & 

Brooks 2013). Results were not always consistent for a given species, depending on the 

experimental design and the tissues considered (Speakman & Garratt 2014). Significant 

correlative increases in oxidative damages were also found with other markers of 

reproductive investment, such as male-male competition or higher investment in daughters 

than in sons in rhesus macaque Macaca mulatta (Georgiev et al. 2015). 

Given the inconsistency between studies, the appropriate protocol to test for a trade-

off between reproductive effort and oxidative balance is still been discussed. If individuals 

adjust the number of their offspring to their capacity to rear them (Lack 1954), reproductive 

effort could be limited by factors independent of offspring number or even food availability 

and manipulation of brood/litter size or food availability might not alter reproductive 

investment (Speakman & Król 2010). However, enlarging brood size does often increase 

absolute reproductive success (van der Werf 1992) and manipulations of different 

components of reproductive effort showed that, in birds, the cost of egg-laying could be 

more limiting than that of nestlings rearing and that individuals were thus not at an 

energetic ceiling during the latter (Visser & Lessells 2001). As many of the studies cited 

above reported an increase in antioxidants or energy expenditure but not in oxidative 

damages, individuals seems to be able to increase antioxidant protection to maintain their 

oxidative balance (Blount et al. 2015; Zimmer & Spencer 2015). In particular, breeding 

females might maintain a low oxidative stress at all costs because of the potential deleterious 
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effects on offspring, a process called oxidative shielding (Blount et al. 2015). Such differences 

in the management of oxidative stress might partly explain the inconsistency between 

species: short-lived species are expected to sacrifice oxidative balance for early reproduction, 

whereas longer-liver species might invest more in antioxidant defences and suffer low 

damages (Rey et al. 2015). Experimental manipulations of other energetic costs, such as 

immunity, thermoregulation or foraging, were thus suggested to test for a potential trade-off 

between reproduction and oxidative maintenance. However such experimental handicap 

increased antioxidant capacity but not oxidative damages in breeding Adélie penguins 

Pygoscelis adeliae (Beaulieu et al. 2011) and had no effect on parents’ physiology in great tits 

(Wegmann, Voegeli & Richner 2015b). 

Although the results overall point toward oxidative costs of accelerated growth and 

reproduction, the exact nature of these cost (increased oxidative damage or increased 

antioxidant production/acquisition) and their relevance to life-history trade-offs in wild 

populations might be highly dependent on the species studied and the environment where it 

is studied. Experimental manipulations of reproductive costs and food availability might 

help understand the constraints (or their absence) on oxidative balance. 

2.2.2 Oxidative stress negatively impact future reproduction and survival. 

Because some antioxidants, and especially carotenoids, are involved in sexual signals, 

the link between antioxidants, oxidative damage and colouration have been extensively 

studied and showed a negative impact of oxidative stress on sexual signals in many species 

(Catoni, Peters & Martin Schaefer 2008; López-Arrabé et al. 2014; Esteban et al. 2015). Effects 

of the oxidative balance on other components of reproductive success have been less studied. 

Resistance to oxidative stress was positively correlated with reproductive performance in 

alpine swifts (Bize et al. 2008). Oxidative damages were negatively related to subsequent 

litter size in mice (Stier et al. 2012) and to reproductive effort in male Florida scrub jay 

Aphelocoma coerulescens (Heiss & Schoech 2012) but no effects were found in the wandering 

albatross (Costantini et al. 2015). These correlative studies could not tell apart the direct effect 

of oxidative stress from differences in quality between individuals, but experimental data 
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have confirmed the role of oxidative balance in constraining reproduction. The negative 

effect on reproduction of oxidative pollutants is well documented in humans, rodent, and 

non-model species (Fry 1995; Agarwal, Saleh & Bedaiwy 2003; Peterson et al. 2010). There is 

strong evidence that antioxidant supplementation increases sperm quality and thus male 

fertility (Catoni et al. 2008; Costantini et al. 2010). Sperm have high metabolic rate and their 

membrane is rich in polyunsaturated fatty acids, which makes them particularly vulnerable 

to oxidation (Blount, Moller & Houston 2001). The effect of supplementation experiments on 

female fecundity seems less universal, but no negative effect was found so far (Catoni et al. 

2008; Costantini et al. 2010). 

The deleterious effects of oxidative stress during chronic inflammation or ischaemia-

reperfusion have been well described in humans, model animals and hibernating mammals 

(Costantini et al. 2010; Chouchani et al. 2014), as well as the deleterious effects of oxidative 

pollutants (Limón-Pacheco & Gonsebatt 2009; Yang & Omaye 2009; Lichtfouse, 

Schwarzbauer & Robert 2013). A few studies so far have addressed the effect of oxidative 

stress on survival and lifespan outside these extreme conditions. Resistance to oxidative 

stress or antioxidant capacity was positively correlated with survival in birds (Alonso-

Alvarez et al. 2006; Bize et al. 2008; Saino et al. 2011; Geiger et al. 2012; Losdat et al. 2013) and 

with reproductive lifespan in zebra finches (Kim et al. 2010). Oxidative damages were also 

negatively associated with survival in king penguin chicks (Geiger et al. 2012; but see Stier et 

al. 2014d) and in European shags Phalacrocorax aristotelis (Herborn et al. 2015), but no 

correlation was found between oxidative damages and survival in the wandering albatross 

(Costantini et al. 2015). Consistently, mitochondrial uncoupling, which decreases the rate of 

ROS production for a given metabolic rate, was found to increase lifespan in mice 

(Speakman et al. 2004). However, experimental supplementations in antioxidants produced 

contradictory results. Antioxidant supplementation reduced the effects of age-related 

diseases, such as degenerative brain diseases or arthritis, in humans and laboratory rodents 

(Catoni et al. 2008; Banks, Speakman & Selman 2010; Pallauf et al. 2013). The effects on 

lifespan of antioxidant supplementation or manipulation of antioxidant genes in a wide 

range of taxa are however mixed: longevity was mostly unaffected, but it could also increase 
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or decrease depending on the antioxidant molecule and the species considered (Sanz et al. 

2006; Hulbert et al. 2007; Catoni et al. 2008; Selman et al. 2013; Pallauf et al. 2013). Vitamin 

supplementation was suggested to disrupt the natural increase of antioxidant defences 

under moderate oxidative stress, which should increase lifespan through a hormetic 2 

process (Ristow & Zarse 2010). 

These limited, and often contradicting, results suggest that oxidative balance might 

be influenced by and in turn influence the expression of life-history traits in a species-specific 

way. The potential of the oxidative balance to mechanistically link dispersal with other life 

history traits and help us predict survival and reproductive outcomes of dispersal should be 

investigated. 

2.3 Telomere length as an integrator of oxidative state? 

Telomeres are tandem-repeated simple sequences located at the ends of 

chromosomes (Moyzis et al. 1988), and highly conserved between Eukaryotes (Meyne, Ratliff 

& Moyzis 1989). Their primary role is to protect the extremities of the DNA sequence against 

(i) the fusion that readily occurs between chromosome breaks, and (ii) the degradation due 

to the end-replication problem, i.e. the fact that DNA polymerase does not replicate the very 

end of the 3’ DNA strand (Chan & Blackburn 2004). Compromised telomeres represent a 

high risk for the genome integrity and eventually the cell function, and telomere dysfunction 

directly elicits programmed cell-death as a protective mechanism (Sahin et al. 2011). At the 

whole organism level, short telomeres are associated with various degenerative disorders, 

progeria syndromes, and increased mortality in humans (Cawthon et al. 2003; Decker et al. 

2009; Ehrlenbach et al. 2009; Armanios & Blackburn 2012; Boonekamp et al. 2013). Longer 

telomeres and slower telomere shortening are also positively linked to longevity or survival 

within various species in the wild and in the laboratory (Table 1) as well as between species 

(Haussmann et al. 2003). Experimental increase of telomere length, mainly through genetic 

manipulations, consistently increased lifespan (Joeng et al. 2004; Vera et al. 2012). Although 

                                                        
2 Hormesis describe a bi-phasic stress response, where “a low dose of a stressful stimulus activates an adaptive 
response that increases the resistance of the cell or organism to a moderate to severe level of stress” (Calabrese et 
al. 2007). 
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longer telomeres can also be associated with higher annual or lifetime reproductive success 

in some species, the opposite relationship is also found (Table 1). 

Telomere shortening occurs naturally with age in many organisms as the enzyme 

telomerase, responsible for telomere synthesis, is down-regulated in most adult somatic 

tissues (Taylor & Delany 2000; Forsyth, Wright & Shay 2002). Furthermore a wide range of 

stressors and energetic challenges, such as accelerated growth or siblings competition during 

development, reproductive effort, immune challenges or social stressors (isolation or 

crowding), can accelerate telomere shortening (Table 2). Because of the deleterious effects of 

short telomeres on cell function, and their association with lower health and survival 

outcomes, telomeres could be one of the mechanisms linking stress exposure to lower 

survival and longevity. 

Oxidative stress could be a mechanism integrating the effects of various stressors on 

telomere length (Houben et al. 2008). Oxidative stress has been shown to increase telomere 

shortening in cell cultures (von Zglinicki 2002; Richter & von Zglinicki 2007), whereas 

mitochondrial uncoupling slows down telomere shortening (Passos et al. 2007). Stressors that 

had a negative effect on telomere length or dynamics also increased oxidative damages and 

two studies found a negative relation between telomere length and oxidative damages (Table 

2). Telomere length has therefore been proposed to be a good candidate marker of the 

cumulative effects of oxidative stress over time and their impact on future survival and 

reproductive prospects.  

  



Chapter I 

 
26  

Table 1: Effect of natural variation in telomere length on fitness components in non-human animals.  

Species L/F Measure Age/Stage Surv. Longevity Annual 
RS 

Lifetime 
RS Référence 

tree swallow 
Tachycineta bicolor 

F Length 1 y 
(first breeding) 

+ +   Haussmann et al. 2005 

sand martin 
Riparia riparia 

F 
 

Length variable  + 
 

  Pauliny et al. 2006 

dunlin 
Calidris alpina 

F Length variable  0  0 (F) 
+ (M) 

Pauliny et al. 2006 

alpine swift 
Apus melba 

F Length 
Shortening 

variable + 
+ 

   Bize et al. 2009 

jackdaws 
Corvus monedula 

F Shortening variable +    Salomons et al. 2009 

water python Liasis 
fuscus 

F Length adults 
hatchlings 

- 
0 

   Ujvari & Madsen 2009 

southern giant petrel 
Macronectes giganteus 

F Length variable +    Foote et al. 2010 

sand lizard 
Lacerta agilis 

F Length   + (F) 
0 (M) 

 + (F) 
0 (M) 

Olsson et al. 2011 

zebra finch 
Taeniopygia guttata 

L Length 
 
 

Shortening 

25 d 
1 y 

3, 4, 6, 7 y 
25d to 1y 

 + 
(+) 
0 
0 

  Heidinger et al. 2012 

king penguin 
Aptenodytes patagonicus 

F Length ~2.5 m  
(before fasting) 

+    Geiger et al. 2012 

leatherback turtle 
Dermochelys coriacea 

F Length variable   +  Plot et al. 2012 

house mouse 
Mus musculus musculus 

L Length 
Shortening 

 

4, 8, 12, 25 m 
4 to 25 m 

 0 
+ 
 

  Vera et al. 2012 

American redstart 
Setophaga ruticilla 

F Shortening 
 

variable +    Angelier et al. 2013 

Seychelles warbler 
Acrocephalus sechellensis 

F Length 
Shortening 

 

variable + 0 
+ 

  Barrett et al. 2013 

common tern 
Sterna hirundo 

F Length 
 

   -  Bauch, Becker & 
Verhulst 2013 

barn swallows 
Hirundo rustica 

F Shortening nestling  0   Caprioli et al. 2013 

African grey parrot 
Psittacus erithacus 
erithacus 

(F) Length variable 0    Aydinonat et al. 2014 

common tern 
Sterna hirundo 

F Length 
 

 +    Bauch et al. 2014 

jackdaw 
Corvus monedula 

F Length 
Shortening 

nestlings 0 
+ 

 0  Boonekamp et al. 2014 

zebra finch 
Taeniopygia guttata 

L Length 
 

adults 0 
 

   Reichert et al. 2014 

great reed warbler 
Acrocephalus 
arundinaceus 

F Length 
 

nestlings  + (U) 
0 (I) 

  Asghar et al. 2015 

 
L/F: Laboratory or field study. The effects could differ according to sex (F=females, M=males) and lifetime infection status (U = 
uninfected, I = infected). 
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Table 2: Studies of the negative effect of various stressors and challenges on telomere length.    

Type of stressor/ 
challenge Species Negative effects 

on telomeres 
Marker 
of OS 

Effect 
on OS r2 Référence 

Compensatory 
growth 
 

rat 
Rattus norvegicus 
 
king penguin 
Aptenodytes patagonicus 

Length (kidney) 
 
 
Length 
 

 
 
 
Damages 
AO 

 
 
 

+ 
(+) 

 
 
 
0.40 
n.s. 

Jennings et al. 1999 
 
 
Geiger et al. 2012 
 

Early-life 
competition 

European starling  
Sturnus vulgaris 
 
jackdaw 
Corvus monedula 
 
zebra finch 
Taeniopygia guttata 

Shortening 
 
 
Shortening 
 
 
Length 

 
 
 
 
 
 
OS 
AO 

 
 
 
 
 
 

+ 
+ 

 
 
 
 
 
 

+ 

Nettle et al. 2013, 2015 
 
 
Boonekamp et al. 2014 
 
 
Reichert et al. 2015 

Reproduction zebra finch 
Taeniopygia guttata 

Length 
Shortening 
 
Length 

 
 
 
Damages 
AO 

 
 
 

0 
0 

 
 
 

n.s. 
n.s. 

Heidinger et al. 2012 
 
 
Reichert et al. 2014 

Low habitat 
quality 

American redstart 
Setophaga ruticilla 
 
thick-billed murre 
Uria lomvia 

Shortening 
 
 
Length 

   Angelier et al. 2013 
 
 
Young et al. 2013 

Immune challenge house mouse 
Mus musculus musculus 
 
great reed warbler 
Acrocephalus 
arundinaceus 

Shortening 
 
 
Shortening 

   Ilmonen, Kotrschal & 
Penn 2008 
 
Asghar et al. 2015 

Psychological  
and social stress 

human 
Homo sapiens 
 
 
 
house mouse 
Mus musculus musculus 
 
African grey parrot 
Psittacus erithacus 
erithacus 
 
spotted hyena 
Crocuta crocuta 

Telomerase 
Length 
 
Shortening 
 
Shortening 
 
 
Length 
 
 
Length 

OS 
 
 

+ 
 

 

 Epel et al. 2004  
 
 
Puterman et al. 2015 
 
Kotrschal, Ilmonen & 
Penn 2007 
 
Aydinonat et al. 2014 
 
 
Lewin et al. 2015 
 

Corticosterone 
treatment 

black-legged kittiwakes 
Rissa tridactyla 

Shortening    Schultner et al. 2014 

Prenatal maternal 
stress or 
corticosterone in 
the egg 

human 
Homo sapiens 
 
domestic chicken 
Gallus domesticus 

Length 
 
 
Short telomeres 

 
 
 
Damages 
AO 

 
 
 

+ 
(-) 

 Entringer et al. 2011 
 
 
Haussmann et al. 2012 

Combination 
(immune + social 
stress) 
 

Eurasian blackbird 
Turdus merula 

Length 
Shortening 

Damages 
AO 

+ 
0 

 Hau et al. 2015 

 
Length = telomere length, Shortening = telomere shortening, Telomerase = telomerase activity, Short telomeres = 
proportion of short telomeres. Oxidative stress was measured, the effect of the stressor was given, as well as the 
correlation between telomere length or dynamics and oxidative markers, or the sign of the relationship when the 
correlation coefficient was not given in the study. Damages: oxidative damage to biomolecules. AO: antioxidant capacity, 
concentration of antioxidants and/or activity of antioxidant enzymes. OS: damages corrected for antioxidant defences. 
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3 AIMS OF THE THESIS 

The main question guiding this work will be to investigate whether dispersal 

behaviour is related to a different management of oxidative balance and reproduction under 

varying environmental conditions. Dispersing individuals might have a selective advantage 

over non-dispersing (hereafter called philopatric; see chapter IV for the measure and 

definition of philopatry and dispersal in our study system) individuals in some 

environmental conditions or compensate their lower reproductive success in constrained 

conditions through lower oxidative stress, and thus future survival and breeding success. 

Most of the results presented were obtained on individuals breeding between 2012 and 2014, 

but for the last study (Chapter VI) that used data on individuals breeding in 2011 for which 

we had sufficient data on subsequent return rate and reproductive success. 

As a preliminary step (Chapter III), I sought to clarify the correlations between two 

components of the oxidative balance in the study population, independently of the dispersal 

status: intermediate oxidative damages, measured through the concentration of reactive 

oxygen metabolites, and antioxidant defences, through a test of non-enzymatic antioxidant 

capacity. As I focussed on markers measured in only one tissue (the plasma), it was 

necessary to describe how they related to each other and to energy expenditure in the study 

population, because measures might differ among tissues (Veskoukis et al. 2009; Speakman & 

Garratt 2014). The role of energetic constraints in modulating these correlations was 

investigated through two experimental procedures during breeding, one increasing energy 

expenditure through a manipulation of wing load, another increasing food availability by 

providing additional food. 

A first experiment (Chapter IV) aimed at testing the hypothesis that dispersing and 

philopatric individuals manage oxidative costs differently during reproduction and at 

describing the reproductive consequences of such differential management. I examined the 

differences in energy expenditure, oxidative damages, antioxidant capacity and reproductive 

success between dispersing and philopatric birds. To test whether these differences depend 

on the level of energetic demand, I experimentally manipulated this demand by increasing 
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flight costs (through reducing wing area) during reproduction. Energetic demand, as well as 

energy and antioxidant availability, might also vary between habitats. The responses of 

dispersing and philopatric individuals to habitat quality were thus investigated correlatively, 

using breeding density as a marker of habitat quality in this population (Doligez et al. 2004). 

To complement this approach, a second experiment (Chapter V) tested whether 

habitat quality directly modulated the observed differences according to dispersal. Given the 

multicausal nature of dispersal, many differences between dispersing and philopatric 

individuals could indeed stem from a bias in settlement according to individual quality. This 

is why assessing a direct effect of habitat requires an experimental manipulation of habitat 

quality. Many features of habitat quality, such as food productivity, but also competition, 

predation and cooperation, ultimately impact food availability, which in turn has a strong 

impact on breeding success. I experimentally relieved the environmental constraints by 

providing additional food during the nestling feeding period and investigated whether it 

modified the oxidative and reproductive response of dispersing and philopatric individuals 

to naturally varying habitat quality, measured through breeding density (Chapter V, Paper 

1). Differences in personality traits according to dispersal have often been reported and 

could underlie differences in oxidative balance and reproductive success, but the role of 

environment in mediating those remains unclear. The effect of the food supplementation was 

therefore studied on a behavioural traits linked to parental care, nest defence toward a 

predator (Chapter V, Paper 2). 

Finally, the longer-term consequences of the differences in response to the 

environment between dispersing and philopatric individuals were studied (Chapter VI). 

Given the potential bias in the probability of recapture between dispersing and philopatric 

individuals, three potential predictors of future survival and reproduction were identified: 

an index of body condition based on body mass, the mean telomere length and the level of 

glycated haemoglobin as a proxy of glucose homeostasis. Differences in these markers 

according to dispersal and breeding density were investigated, then the predictive value of 

these markers for return rate and future reproductive success was quantified. 
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This thesis is organised in seven chapters. The first (introduction), second (methods) and 

seventh (discussion and conclusion) parts are unpublished material. The third part is not currently 

formatted for publication and might yield one to two publications in peer-reviewed journals. The 

fourth and fifth parts correspond to respectively one and two papers submitted or in preparation for 

publication. The sixth part as presented here is not formatted for publication. However, a paper is 

currently in preparation, adapted from the results on glycated haemoglobin, whereas a second paper 

on telomere length is planned. 
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1 THE COLLARED FLYCATCHER ON THE ISLAND OF GOTLAND, A 

MODEL IN THE STUDY OF DISPERSAL 

The collared flycatcher Ficedula albicollis is a small insectivorous passerine bird, 

breeding in Central Europe and wintering in sub-Saharan Africa. The breeding populations 

of the collared flycatcher have been studied intensively since the first ecological studies of 

the species in central Europe (Tinner & G 1951; Löhrl 1957; Hajek 1968; Balat 1971; 

Głowaciński 1973). They naturally breed in tree cavities and are very prone to use nest boxes, 

which made them very popular models in population ecology. 

The Swedish populations of Gotland and Öland are at the northern limit of the 

species breeding range and spatially isolated from other populations (Figure 2). Their 

existence is dependent on the presence of some of the biggest deciduous woodland areas in 

Sweden (Diekmann 1994), and especially of the Öja-Fide forest on Gotland. However, on 

Gotland, the landscape remains extremely fragmented, with areas unsuitable for breeding 

separating the suitable breeding patches (Figure 3). Collared flycatchers preferably breed in 

woodland, gardens and forested pastures (or änge) with a majority of deciduous trees and no 

dense shrub cover, but can also use coniferous woodland (Adamík & Bureš 2007; Kralj et al. 

2009). The non-breeding areas include non-planted pastures and cropped land but also 

alvars, particular limestone formations with a thin soil and sparse grassland vegetation. 
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Figure 2: Breeding distribution of the collared flycatcher in Europe, in yellow (European commission 

© 2015) 

 

The University of Uppsala has been monitoring the Gotland population in artificial 

nest boxes since 1980, and natal and breeding dispersal have been extensively studied since 

1985, first as a potential source of error when evaluating recruitment (Gustafsson 1985), then 

as the very object of study (Pärt & Gustafsson 1989; Pärt 1990). Thanks to the fragmented 

structure of this population, dispersal can be defined as a change of breeding plot between 

birth and the first breeding event (natal dispersal) or between two consecutive breeding 

events (breeding dispersal; Doligez, Gustafsson & Pärt 2009). Natal dispersal is high and 

slightly sex biased toward females with 78.4% of female recruits and 72.3% of males recruits 

ringed as nestlings being dispersers (N = 2713 females and 2283 males caught between 1981 

and 2011; X2
1 = 24.58, P < 0.0001). There is also a considerable degree of strongly female-

biased breeding dispersal with 24.3% of females and 4.8% of males being dispersers in their 

second or latter breeding attempt (N= 5279 females and 3928 males caught between 1981 and 

2011; X2
1 = 640.56, P < 0.0001). Sex-biased dispersal might contribute to inbreeding avoidance 

given the high inbreeding depression in this population (Kruuk, Sheldon & Merilä 2002). 
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Figure 3: Satellite photograph (Google earth © 2015 TerraMetrics) and land cover map of the study 

site on Gotland Island, Sweden. Dark green: woodland and other planted areas; Light green: non-

planted pastures and cropped farmland; Light yellow: dry meadows and alvars; Brown: buildings. 

  

1 km 
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Dispersal in this population follow a model of balanced dispersal, without clear 

“source” and “sink” populations (Doncaster et al. 1997). Dispersal decisions are influenced 

by habitat characteristics, assessed through own experience (Doligez et al. 1999) as well as 

public information (Doligez et al. 1999, 2002, 2004), and their interaction with individual 

condition or abilities (Doligez et al. 1999, 2004). On the contrary, size, body mass, and body 

condition are not associated with natal or breeding dispersal behaviour when considered in 

isolation (Pärt & Gustafsson 1989; Pärt 1990). Because nest box fidelity is very low, 

occupation of the previous nest box by another bird did not strongly influence dispersal 

(Pärt & Gustafsson 1989), whereas boxes previously occupied by a conspecifics were 

preferentially chosen (Kivelä et al. 2014). Despite these sources of intra-individual variability, 

dispersal was heritable, with heritability estimates obtained using animal models of 0.39 for 

natal dispersal and 0.21 for the combination of natal and breeding dispersal (Doligez et al. 

2012). 

Natal philopatry was associated with higher local survival and mating success in 

males and with higher reproductive success in females (Pärt 1990, 1991, 1994). However, a 

recent study has shown that natal dispersers only experienced a cost in term of lifetime 

reproductive success under naturally or experimentally constrained conditions, notably an 

experimental increase in brood size (Germain 2014). The effect of breeding dispersal on 

subsequent fitness was restricted to females and depended on current reproductive success, 

with unsuccessful females increasing their future fitness through an increased number of 

offspring, whereas successful females decreased their future fitness through decreased 

survival (Pärt & Gustafsson 1989).  

2 MEASURING OXIDATIVE STATE AND TELOMERE LENGTH IN 

WILD ANIMALS 

The variety of processes involved in maintaining the redox homeostasis makes it 

difficult to measure it through a simple trait. The effects of various pro- and anti-oxidants are 

not only linked to their redox potential measured in standardized conditions, but also 

depend on their location in the cell, on the configuration of their active site (for enzymes), 
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and on the other molecules around (Cadenas & Davies 2000; Niki 2010). The current 

approach is therefore to measure a range of markers varying at different temporal and 

spatial scales, from mitochondrial parameters to more integrated measures on whole tissues, 

and combining measures of pro-oxidant and anti-oxidant concentrations, with markers of 

oxidative damages to macromolecules (Monaghan et al. 2009; Lowe 2014). As the protocols of 

the studies presented here involved repeated sampling within the breeding season, blood 

samples for oxidative stress markers were limited to 40μL in most cases, yielding 

approximately 20μL of plasma. Given this limiting amount, we described the oxidative 

balance by focussing on two measures: a marker of oxidative damage, the concentration of 

reactive oxygen metabolites, and a marker of antioxidant capacity in the plasma. These 

assays have been successfully used in collared flycatchers (Markó et al. 2011). 

Plasma hydroperoxides (R-OOH) are relatively stable products (metabolites) of the 

oxidation of lipids by highly instable reactive oxygen species. They represent an 

intermediate step of oxidative damages, as they can still be reduced by antioxidants. The d-

ROM test (Diacron international) measure them indirectly by adding acetate buffer (pH = 

4.8) to release iron (chelated in transport proteins) that then react with hydroperoxides to 

produce peroxy (R-OO•) and alkoxy (R-O•) radicals through Fenton’s reaction. These 

radicals’ reaction with a chromogenic alkylamine (N,N-diethyl-para-phenilendiamine) 

produces a pink-coloured anion in proportion to the concentration of hydroperoxides in the 

sample (Alberti et al. 2000). The values of the d-ROM test were well correlated with total 

peroxides measured through a peroxide-peroxidase reaction (PoxAct assay) in patients with 

various medical conditions (and associated high peroxides concentrations) but not in healthy 

subjects with lower peroxides concentrations (Lindschinger et al. 2004). It has been shown 

that measures of plasma peroxidation levels, such as the measure obtained with the d-ROM 

test or measures of malondialdehyde, might be strongly linked to plasma lipids 

concentration (Pérez-Rodríguez et al. 2015). However, using a portable test-strip reader to 

measure triglycerides levels, we found no correlation with the results of the d-ROM test 

(Chapter III, Supplementary Information S1). 
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Plasma antioxidant capacity was measured through the OXY test (Diacron 

international), which estimates the capacity of plasma to oppose the massive oxidation action 

of the hypochlorous acid HClO by quantifying the pink-coloured anion produced by the 

reaction of the remaining HClO with N,N-diethyl-para-phenilendiamine. This measure 

integrates the activity of several non-enzymatic antioxidants, which could not be measured 

individually due to the low amount of plasma available. Contrary to other assays, this 

measure of total antioxidant capacity is not sensitive to uric acid (Costantini 2011). 

Plasma antioxidant capacity tends to decrease and ROM concentrations to decrease 

with handling stress (Haussmann et al. 2012). Differences in these plasma parameters 

following handling could therefore reflect different stress responses rather than different 

basal oxidative states. 

Tissues available for small wild animals are often restricted to blood samples, 

whereas oxidative stress levels can vary among different tissues (Veskoukis et al. 2009) and 

the variation of biomarkers in blood might not correlate with their variation in other tissues 

(Speakman & Garratt 2014). These limitations should be kept in mind when interpreting 

plasmatic markers of oxidative balance. 
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The regulation of pro-oxidants and antioxidants processes in the organism results in a 

homeostatic oxidative balance. Imbalance in the favour of pro-oxidants, or oxidative stress, 

can indeed have a deleterious effects on cell function and thus on the whole organism health 

and survival. Because pro-oxidants are mainly produced through aerobic metabolism and 

can increase following energy investment in major life-history traits such as reproduction, 

oxidative balance as been proposed as a mediator of life-history trade-offs. Variation in the 

oxidative balance will directly depend on the variability of pro-oxidant and antioxidant 

mechanisms, but little is known about their repeatability, their within-individual variation 

and their correlation across different life-stages and conditions. We manipulated energetic 

constraints through increased flight costs via a wing load manipulation in 2012 and 2013 and 

through a food supplementation in 2014 in collared flycatchers. We then tested whether the 

effect of the experimental treatments and the relative importance of within- and between-

individual variation on two markers of the oxidative balance measured in the plasma: 

reactive oxygen metabolites (ROM), a marker of pro-oxidant status, and non-enzymatic 

antioxidant defences (OXY test). We also investigated whether the experimental treatments 

modified the correlation between these markers. Antioxidant defences, but not ROM, were 

repeatable between years. Antioxidants increased under the food supplementation 

treatment, but did not vary between breeding stages, whereas ROM increased during 

reproduction in females and were higher in females than in males. Antioxidant defences and 

ROM concentration were positively correlated, and more strongly so when wing load was 

increased. The effects of energetic demands on oxidative balance were thus probably 

mediated through pro-oxidant mechanisms, whereas antioxidant capacity was determined 

by permanent individual characteristics and food availability. 

 

Authors : Charlotte Récapet, Alexandre Zahariev, Stéphane Blanc, Mathilde Arrivé, François 

Criscuolo, Blandine Doligez, and Pierre Bize 

Keywords: energetic constraint, daily energy expenditure, doubly-labelled water, reactive 

oxygen metabolites, antioxidant defences, oxidative stress, Ficedula albicollis 
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1. Introduction 

Reactive oxygen species (ROS) produced during aerobic respiration can have 

deleterious effects by oxidising biomolecules and thereby disrupting cell function. They were 

thus soon proposed as a potential constraints on life-history trade-offs: the free radical theory 

of aging postulated that the accumulation of oxidative damages with age leads to cell 

degeneration and death, then eventually to whole organism dysfunction and senescence 

(Harman 1956). Genomic and transcriptomic studies of lifespan and aging in laboratory 

models then confirmed the importance of the respiratory chain and antioxidant enzymes in 

the aging process (Beckman & Ames 1998; Balaban, Nemoto & Finkel 2005; Ricklefs 2008). 

Studies across many taxa have also found a positive link between energy expenditure, 

notably during reproduction, and oxidative stress (Adelman, Saul & Ames 1988; Fletcher et 

al. 2013), or between oxidative stress and future survival and reproductive outcomes 

(Tolmasoff, Ono & Cutler 1980; Beckman & Ames 1998; Bize et al. 2008), thus establishing 

oxidative stress as a credible mechanism underlying life-history trade-offs (Monaghan et al. 

2009; Metcalfe & Alonso-Alvarez 2010). 

To understand the potential role of oxidative balance in life-history trade-offs, it is 

however crucial to understand the variability of pro- and antioxidants in realistic ecological 

settings. Variation in pro-oxidants production can often be related to variations in 

metabolism, but the generality of this relationship is far from clear. First, a higher metabolic 

and respiratory rate might not be associated with a higher free radicals production in many 

cases (Glazier 2015; Salin et al. 2015b). In fact, uncoupling proteins (UCPs) and changes in the 

mitochondrial inner membrane structure can modulate the relationship between energy 

consumption and free radicals production (Brand 2000; Stier et al. 2014a) or future survival 

and reproduction (Speakman et al. 2004). The rapid mobilisation of oxygen when respiration 

rate is high might also explain this somewhat contradictory relationship (Bonawitz et al. 

2007; Salin et al. 2015a). Second, a higher free radicals production does not automatically 

translates into higher oxidative damages. In fact, the antioxidant capacity can be modulated 

to counteract the deleterious effects of free radicals, thus resulting in a redox balance. It has 
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been proposed that energetic constraints, if antioxidant defences are energetically costly, or a 

deficit of dietary antioxidants might result in a shift of the redox balance toward pro-

oxidants. However, it is not clear whether antioxidant protection, especially through 

antioxidant enzymes, represents such a high cost (Speakman & Król 2010; Isaksson et al. 

2011; Gems & Partridge 2013). Finally, there is no a priori expectation on how measures of 

antioxidant defences should relate to measures of ROS production and oxidative damages 

(Costantini & Verhulst 2009). If circulating antioxidants are used up to protect against 

additional reactive oxygen species, they should covary negatively with metabolic rate, ROS 

production or oxidative damages. Conversely, compensation by an increase in antioxidant in 

response to ROS production or oxidative damages could led to a positive, or an absence of, 

correlation. Markers of antioxidant capacity should thus be compared with at least a marker 

of damages to fully describe the oxidative balance. 

The interpretation of oxidative stress measures in ecological studies therefore 

requires a better understanding of their variability in the wild and the actual relationships 

between markers. Moreover, relationships between traits can differ greatly when measured 

at the within-individual level, where life-history trade-offs can be expressed, or at the 

between-individuals level, where differences in individual quality or permanent 

environment are expected to play a large role (Stearns 1989; Wilson & Nussey 2009). We 

therefore measured field metabolic rate (FMR) and two plasmatic markers of oxidative state 

(reactive oxygen metabolites through the d-ROM test and non-enzymatic antioxidant 

capacity through the OXY test) in adults of a small passerine bird, the collared flycatcher 

Ficedula hypoleuca, during consecutive breeding seasons. These two markers, frequently used 

in wild bird populations, were sensitive to manipulations of energy expenditure or 

mitochondrial ROS production (Stier et al. 2014c; Vaugoyeau et al. 2015) and have been 

linked to dietary antioxidant intake (Beaulieu & Schaefer 2014), to reproductive effort 

(Beaulieu et al. 2011; Markó et al. 2011; Reichert et al. 2014; Wegmann et al. 2015a) and to 

fitness outcomes (Geiger et al. 2012; Herborn et al. 2015). Although measures of oxidative 

balance are often variable across tissues (Veskoukis et al. 2009), we focussed on plasma 

because it could be repeatedly sampled within and between years and because we expect 
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quick variation of oxidative balance in the blood in response to energetic constraints 

(Nikolaidis et al. 2008). We first tested the repeatability of oxidative state markers within the 

same season, as well as between seasons, and then assessed the correlation among 

physiological variables, and between physiological and behavioural variables, at the 

between- and within-individual levels. 

To explain the inconsistent results across many studies to date, it has been proposed 

that antioxidant protection might be constrained by resource availability and could not 

adjust to an increased free radicals production. To test that hypothesis, in 2012 and 2013 we 

manipulated breeding females’ wing load to increase their energy expenditure, and in 2014 

we food supplemented breeding males and females to alleviate their energetic constraints. 

We expected the correlations between markers of oxidative state to be stronger in 

handicapped females compared to control ones and in parents from control broods 

compared to food supplemented ones. 

2. Material and methods 

2.1. Study population 

The study was conducted during the springs 2012 to 2014 in a natural population of collared 

flycatchers breeding on the island of Gotland, Sweden (57°07’N, 18°20’E). This hole-nesting 

passerine bird readily accepts to breed in artificial nest boxes, which were erected in the nine 

forest plots used for the study (between 13 and 78 nest boxes per plot distributed 

homogeneously). Nests were visited regularly to estimate laying date, incubation date and 

hatching date. Females were first caught on average (± S.D.) 7.2 ± 1.2 days after the start of 

incubation, then males and females were caught when the nestlings were 9.0 ± 2.1 days old. 

Birds were ringed if not previously ringed and blood sampled (see below). The data and 

samples were collected under permission from the Ringing Centre of the Museum in 

Stockholm (bird catching, measuring and ringing) and the Ethical Committee for 

Experiments on Animals in Sweden (experimental manipulation of flight feathers and blood 

sampling). 
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2.2. Experimental manipulations of energetic constraints 

In 2012 and 2013, we increased energetic constraints on females during the end of 

incubation and nestling feeding by cutting the two innermost primaries of each wing at their 

base when catching them in incubation, to mimic feather loss at the onset of moult (Moreno 

et al. 1999; Sanz, Kranenbarg & Tinbergen 2000; Ardia & Clotfelter 2007). Upon capture 

during incubation, females were alternatively assigned to the manipulated or the control 

group (same handling conditions but no feathers cut). The manipulation was successful at 

increasing energy expenditure (Chapter IV). 

In 2014, we relieved energetic constraints on both parents during the nestlings feeding 

period by providing additional food (Chapter V).  When nestlings were two days old, 

transparent plastic containers were attached to the front side of the nest box, below the nest 

hole. For supplemented nests, 30g live maggots were placed in the containers once a day 

until nestlings were 12 days old (included), i.e. over 10 days in total. Each experimental nest 

therefore received a total of 360g maggots over the whole nestling phase. Control nests 

received no food, but were visited daily to control for disturbance linked with human 

presence. Nests were assigned either to the control or supplemented group alternatively in 

space, so as to distribute treatments homogenously in space both within and between study 

plots. 

2.3. Measure of field metabolic rate 

Field metabolic rate was measured using the two-point doubly-labelled water method 

(Lifson & McClintock 1966). Upon capture during the nestling feeding phase, females were 

injected intraperitoneally with 30μL of a premixed solution composed of 0.6005g of 94% 

H2
18O, 0.1514g of 99.99% D2O and 2.8000g of 9‰ NaCl in 2012, and 1.2010g of 94% H2

18O, 

0.3028g of 99.99% D2O and 2.0481g of 9‰ NaCl in 2013. These doses were calculated to 

obtain an in vivo enrichment of about 68 ‰ and 496 ‰ in 2012, and 135 ‰ and 992 ‰ in 

2013, for 18O and deuterium respectively. 
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After injection, females were kept in a cloth bag during 45 to 60 min so that the isotopes 

equilibrate with body water (Tinbergen & Dietz 1994; Moreno et al. 1999). A 50μL blood 

sample was then taken and females were released. Females were caught again 48h42min ± 

41min after the injection and a second 50μL blood sample was taken to estimate isotope 

elimination. To limit the amount of blood taken from each female, 12 non-experimental 

females in 2012 and 20 in 2013 were sampled to estimate the background level of isotope 

enrichment for a given year (mean ± S.D.: δD = -41,9 ± 5,6 ‰ and δ18O = -1,7 ± 0,6 ‰ in 2012; 

δD = - 41,7 ± 6.0 ‰ and δ18O = -2.6 ± 0,6 ‰ in 2013). Blood samples were collected in 

heparinised glass capillaries and immediately flame-sealed. 

After fieldwork, samples were cryo-distillated for about 10 min under a vacuum system. 

Each sample was measured four times and, for each measurement, 0.1μL distillate was 

injected into an elemental analyser with thermal conversion (TC/EA) connected to a 

continuous-flow isotope ratio mass spectrometer (IRMS DELTA V PLUS, Thermo Scientific, 

Waltham, MA, USA). Each measure was first corrected for drift and memory effect, then 

normalized to the VSMOW2/SLAP2 international scale. 

CO2 production (mol/day) was calculated according to Lifson modified by Speakman 

(single pool model; Speakman 1997; Speakman & Król 2005) and converted to field metabolic 

rate (kJ/day) using Weir’s equation (de V. Weir 1949), assuming a food quotient of 0.8 for 

these insectivorous birds (Williams 1987). Due to technical problems, reliable measures were 

obtained on 38 females only out of 138 injected females (61 in 2012 and 77 in 2013), all 

sampled in 2013. 

2.4. Measures of markers of the oxidative balance 

To measure blood markers of oxidative state, a 40μL blood sample was taken from the 

brachial vein into heparin-coated Microvettes (Sarstedt, Nümbrecht, Germany). Blood 

samples were maintained at 5°C in the field before being centrifuged in the evening to 

separate plasma from red blood cells. Plasma and red blood cells were then stored at -80°C. 

Two oxidative state markers were measured: reactive oxygen metabolites (ROM) 

concentration and plasma antioxidant capacity. Plasma concentration of ROM was measured 
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using the d-ROMs test (MC0001 kit, Diacron International, Grosseto, Italy): 4μL of plasma 

were mixed with 198μL acidic buffer and 2μL chromogenic substrate (N,N-

diethylparaphenilendiamine) and left to incubate for 75mn at 37°C, before measuring OD at 

550nm. Haemolysed samples with a light orange or pink to bright red colouration were 

excluded visually (N = 104). To control for the natural opacity of some samples, 5 samples 

with OD800nm > 0.100 were excluded from the analysis. The inter-assay CV was 18.9% on 46 

duplicates and the intra-assay CV 12.7% on 20 duplicates. As this assay mainly measures 

lipid peroxides, it may be influenced by the concentration of triglycerides in the plasma 

(Pérez-Rodríguez et al. 2015). However, preliminary analyses on a subset of our samples 

provide no support for such association in our study species, and thus we did not control for 

the concentration of triglycerides in our analyses (Supplementary Information S1). Plasma 

antioxidant capacity was measured by the capacity of plasma to oppose the oxidative action 

of the hypochlorous acid HClO (OXY adsorbent test, MC434 kit, Diacron International, 

Grosseto, Italy). This assay is less sensitive to variations in uric acid concentration in the 

plasma than other methods (Costantini 2011). Each plasma sample was diluted at 1/100 in 

ultra-pure water. 5μL diluted sample were incubated 10mn at 37°C with 200μL HClO 

solution. 2μL chromogenic substrate (N,N-diethylparaphenilendiamine) were then added 

and OD at 550nm was measured to quantify HClO excess. The inter-assay CV was 10.1% on 

33 duplicates and the intra-assay CV 6.5% on 45 duplicates. 

2.5. Statistical analyses of repeatability 

To assess the correlation between the physiological markers measured on different 

years but at the same breeding stage in a given individual, we modelled ROM concentration 

and antioxidant capacity in (i) females sampled in incubation (ROM concentration: 214 

observations of 202 individuals; antioxidant capacity: 251 observations of 234 individuals), 

and (ii) males and females sampled during chicks feeding (ROM concentration: 662 

observations of 535 individuals; antioxidant capacity: 838 observations of 652 individuals) 

through separate linear mixed-effects models with individual identity and assay as random 

effects, and a fixed effect of year. The interaction between sex and manipulations was added 
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in the models describing the variables during chicks feeding. Repeatability was calculated as 

the ratio of between-individual random variance on residual variance. Its significance was 

tested using a loglikelihood-ratio test on the between-individual random effect. 

To assess the correlation between the oxidative state markers measured at different 

breeding stages within the same year in a given individual, we modelled ROM concentration 

and antioxidant capacity through linear mixed-effects models with individual identity, 

individual identity within a year, and assay as random effects, and year and the interaction 

of breeding stage and manipulation as fixed effects, on females sampled during incubation 

and/or chicks feeding (ROM concentration: 535 observations of 310 individuals; antioxidant 

capacity: 681 observations of 359 individuals). Repeatability was calculated as the ratio of the 

individual within year random variance on the sum of the individual and residual variances. 

Its significance was tested using a loglikelihood-ratio test on the individual within year 

random effect. Including body mass as a covariate in any of the models above did not change 

the variance estimates, and there was no significant effect of body mass, thus the models 

reported do not include body mass. 

The parameters of the univariate models for the repeatability analyses were estimated 

by restricted maximum likelihood (REML) using the lmer function in R (Bates et al. 2014). The 

significance of the fixed effect was tested by F-tests with Satterthwaite estimation for the 

denominator degree of freedom, using the function anova from the lmerTest library 

(Kuznetsova, Brockhoff & Christensen 2013). 

2.6. Statistical analyses of the relationships between traits 

Studying the relationship between two non-controlled variables is a classic situation 

in ecology. Although this is easily done using orthogonal regression and correlation methods 

in very simple cases, methods taking into account potential interactions with other variables 

and complex variance structures are not well implemented. As we were interested in the 

effect of the experimental treatment on the relationships between markers, we needed a 

method to test the differences in slope according to the treatment. Moreover, given that the 

random error for ROM concentration and antioxidant capacity were structured with 
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individual and assay random terms, these should be modelled when assessing the 

correlation between markers, to avoid spurious correlations to arise from pseudoreplication 

or methodological biases. Indeed, samples were usually analysed on the same day for ROM 

concentration and antioxidant capacity to avoid freeze-thaw cycles. We thus chose to use two 

statistical methods in parallel to describe the relationships between physiological markers. 

First, we modelled one variable as a function of another in a univariate mixed-effects 

regression framework to study the effect of experimental treatment, year and sex on the 

slope of the relationship. In that case, only the random structure of the response variable 

could be modelled. In a second step, we modelled the two variables as responses in a 

multivariate mixed-effects regression framework, which allowed us to estimate the 

correlation coefficients at the individual and residual levels, while correcting for the random 

structure of both variables. Although the correlation coefficients could be estimated 

separately for the different experimental groups, potential differences in slope could not be 

formally tested for. We present and discuss the results from both methods together as they 

complement each other. 

In both cases, the response variables were standardized to mean zero and variance 

one within each year, treatment and sex to account for potential differences in mean and 

variance between these groups. 

To test for differences in the slopes of the relationship between ROM concentration 

and antioxidant capacity according to experimental treatment, year and sex, ROM 

concentration was modelled in a linear mixed effects model as a function of antioxidant 

capacity, its two-way interaction with year, with sex and with experimental treatment, and 

its three-way interaction with year and sex and with year and experimental treatment. The 

simple effects of year, sex and experimental treatment were not modelled. Individual 

identity and the assay for the measure of ROM concentration were included as random 

effects. Both ROM concentration and antioxidant capacity were then modelled as a function 

of field metabolic rate and its interaction with the experimental treatment for females in 2013, 

with the assay for the measure of respectively ROM concentration or antioxidant capacity as 

random effect. Fixed effects were selected by stepwise elimination, starting with interactions. 
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Selection criteria were the p-values of type-III F-tests for LMM, with denominator degrees of 

freedom calculated using Satterthwaite's approximation (R package 'lmerTest', function 

anova, Kuznetsova, Brockhoff & Christensen 2013). No selection was performed on random 

effects, which were thus kept in all final models. The homoscedasticity and normality of 

residuals were checked graphically. 

To investigate the correlation between ROM concentration and antioxidant capacity, 

the two variables were modelled in a bivariate mixed-effects model with a random effect of 

the assay for antioxidant capacity and ROM concentration, as well as a common random 

effect of individual identity when pooling multiple years. These analyses were conducted for 

all nests together, then separately for control nests (all years), females that were handicapped 

(2012-2013), males whose female was handicapped (2012-2013), and food supplemented 

nests (2014 only). The covariance was estimated at the between- and within-individual levels 

when studying multiple years together. The total phenotypic variance-covariance matrix was 

computed as the sum of the between- and within-individual variance-covariance matrices. 

Only the phenotypic covariance is reported when there were less than 25 individuals with 

multiple measures. The correlation between field metabolic rate and respectively ROM 

concentration and antioxidant capacity were studied separately in bivariate mixed-effects 

models with a random effect of the assay. Only the phenotypic covariance was estimated. 

The bivariate models’ parameters were estimated in a Bayesian framework that 

allowed us to fit different random effects for each response variable and to estimate their 

covariance at the between- and within-individual levels. The priors for the fixed effects 

estimates were set to a multinomial distribution with expected values of 0 and a diagonal 

variance-covariance matrix with a low strength of belief (1010). The priors were set to inverse-

Wishart distributions with the variances set to 1/ni where ni was the number of variance 

components estimated for the parameter i, null covariances, and a degree of belief equal to 

the dimension of the variance-covariance matrix for the parameter. Pilot studies showed that 

the value used for the covariances were quite informative on the posterior distribution of the 

individual and residual correlations, but not on the phenotypic correlation. The analyses 

were performed with Markov chain Monte Carlo sampling using the MCMCglmm function 
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in R (Hadfield 2010), with 110000 iterations, a burn-in period of 10000, and a thinning 

interval of 50, to obtain autocorrelation values lower than 0.10 and an effective sample size 

higher than 1400 for all variables. The reported results are the mode of the posterior 

distribution as point estimate and the Highest Posterior Density as 95% credibility interval. 

3. Results 

3.1. Inter-annual repeatability of OXY and ROM 

In females measured during incubation in different years, the repeatability of 

antioxidant capacity was high (r = 0.630, X2
1 = 3.88, P = 0.049), whereas the repeatability of 

ROM concentration was very low and not significant (r = 0.033, X2
1 = 0.05, P = 0.83). 

In males and females measured during feeding in different years, the repeatability of 

antioxidant capacity was low but significant (r = 0.154, X2
1 = 4.46, P = 0.03), whereas that of 

ROM concentration was not significant (r = 0.064, X2
1 = 0.47, P = 0.50). There was no effect of 

the manipulations or their interaction with sex on antioxidant capacity (manipulations: F2,812 

= 1.55, P = 0.21; manipulations x sex = F2,796 = 0.08, P = 0.92) or ROM concentration 

(manipulations: F2,650 = 0.41, P = 0.67; manipulations x sex = F2,640 = 0.17, P = 0.84). 

Antioxidant capacity was independent of sex (F1,646 = 0.39, P = 0.54). ROM concentration was 

lower in males than in females (-0.095 ± 0.045, F1,512 = 12.34, P = 0.0005). 

3.2. Intra-annual repeatability of OXY and ROM 

The repeatabilities of ROM concentration and antioxidant capacity measured at 

incubation and feeding of the same breeding event were both null and non-significant (r = 

0.000, X2
1< 0.01, P = 1.00). The food manipulation had a positive effect on antioxidant 

capacity between the incubation and breeding stage (interaction breeding stage x 

manipulations: 19.3 ± 6.9, F2,428 = 3.34, P = 0.04, Figure 4). There was no effect of the 

manipulations, alone (F2,388 = 1.08, P = 0.34) or in interaction with the breeding stage on ROM 

concentration (F2,341 = 0.14, P = 0.87). ROM concentration was higher during nestling feeding 

compared to the incubation stage (+0.17 ± 0.06, F1,100= 13.75, P = 0.0003, Figure 4). 
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Figure 4: Antioxidant capacity and log-transformed ROM concentration by experimental treatment 

and breeding stage. Values were corrected for the year effect. 

 

3.3. Correlations between physiological markers 

Overall, there was a positive correlation between ROM concentration and antioxidant 

capacity at the phenotypic level (Table 3). The effect of antioxidant capacity on ROM 

concentration however differed according to the sex and the experimental group (interaction: 

F2,629 = 3.03, P = 0.049). More specifically, the effect of antioxidant capacity was independent 

of sex in control (F1,291 = 1.99, P = 0.160) and food supplemented nests (F1,121 = 0.00, P = 0.995), 

but was sex-dependent in nests were the females were handicapped (F1,202 = 4.13, P = 0.044): 

ROM concentration tended to increase with antioxidant capacity in handicapped females 

(0.20 ± 0.10, F1,88 = 3.65, P = 0.060) but not in males whose females had been handicapped (-

0.01 ± 0.09, F1,95 = 0.01, P = 0.933). Although not significant, the relationship was also positive 

when pooling both sexes in control nests (0.08 ± 0.06, F1,301 = 2.09, P = 0.149) and food 

supplemented nests (0.17 ± 0.09, F1,126 = 3.49, P = 0.064). Consistently, there was a positive 

correlation in food-supplemented nests, and the estimates in control nests and in 

handicapped females were positive although not significantly so (Table 3). The differences 

between the experimental groups did not stem from differences between years, as there was 

no significant interaction between antioxidant capacity and year (F2,633 = 1.05, P = 0.352) or 

antioxidant capacity, year and sex (F2,626 = 0.00, P = 0.999). However, it should be noted that 

the positive correlation found in supplemented nests (in 2014) was not much stronger than 



Chapter III 

 
52  

that in control nests in the same year, whereas the values were much lower in 2013 and 

especially 2012 (Table 3). Despite the increase in the strength of the correlation from 2012 to 

2014 in control nests (Table 3) and the slight increase in the estimates of the slope (0.06 ± 0.10, 

F1,67 = 0.38, P = 0.541 in 2012; 0.07 ± 0.10, F1,95 = 0.66, P = 0.420 in 2013; 0.14 ± 0.10, F1,109 = 1.85, 

P = 0.176 in 2014), the interaction of year by antioxidant capacity was not significant either in 

control nests only (F2,294 = 0.05, P = 0.956). 

When modelling ROM concentration as a function of field metabolic rate, the 

interaction between field metabolic rate and wing load manipulation group (F1,20 = 1.70, P = 

0.207) and the effect of field metabolic rate (F1,19 = 0.62, P = 0.543) were not significant. 

Similarly, the effect of field metabolic rate on antioxidant capacity was not influenced by the 

wing load manipulation (F1,28 = 0.39, P = 0.538) and was non-significant (F1,29 = 1.47, P = 

0.154). Consistently, the correlation coefficients were all positive but non-significantly so 

(Table 4). The coefficients’ estimates were higher in handicapped than in control females for 

both relationships. 

 

Table 3: Mode and 95% credibility interval of the posterior distribution of the coefficients of 

correlation between ROM concentration and antioxidant capacity, for different experimental groups, 

sex and year. The number of individuals is given in parentheses below the sample sizes when the 

samples covered multiple years, and thus some individuals were sampled more than once. 

Treatment Sex Years N Individual Residual Total (phenotypic) 

All F + M 2012-2014 646 
(527) 0.289 [-0.245 – 0.643] -0.076 [-0.038 – 0.193] 0.102 [0.034 – 0.188] 

Control F + M 2012-2014 307 
(274) 0.029 [-0.561 – 0.538] 0.137 [-0.061 – 0.312] 0.101 [-0.020 – 0.202] 

Wing load 
handicap F 2012-2013 91 

(87) - - 0.181 [-0.012 – 0.400] 

Wing load 
handicap M 2012-2013 120 

(112) - - 0.022 [-0.167 – 0.210] 

Food 
supplementation F + M 2014 128 - - 0.171 [0.021 – 0.350] 

Control F + M 2012 72 - - 0.015 [-0.175 – 0.272] 

Control F + M 2013 124 - - 0.075 [-0.099 – 0.260] 

Control F + M 2014 111 - - 0.155 [-0.044 – 0.334] 
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Table 4: Mode and 95% credibility interval of the posterior distribution of the coefficients of 

correlation between field metabolic rate and antioxidant capacity and ROM, respectively, for both 

experimental groups, control, or handicapped females in 2013. 

Treatment Sex Years N FMR and OXY N FMR and ROMs 

All F 2013 34 0.260 [-0.120 – 0.522] 23 0.232 [-0.255 – 0.532] 

Control F 2013 16 0.107 [-0.440 – 0.560] 12 0.153 [-0.453 – 0.650] 

Handicapped F 2013 18 0.427 [-0.053 – 0.722] 11 0.412 [-0.233 – 0.793] 

 

Additional analyses showed that the variations in field metabolic rate were partly 

explained by parental behaviours, but these were not correlated with oxidative balance 

(Supplementary Information S2). 

4. Discussion 

In this study, we aimed at describing the sources of variation and covariation 

between two plasmatic markers of the oxidative balance, and at testing the role of energy 

requirements in modulating their covariation. We also explored directly their correlation 

with energy metabolism, measured through the doubly-labelled water method. Individual 

identity and food availability were important determinants of antioxidant capacity, but not 

ROM concentration. All three physiological traits covaried or tended to covary positively. 

The correlations between traits were stronger in handicapped females and tended to be 

stronger in 2014 compared to the previous years, but relieving energetic constraints through 

food supplementation did not lessen the correlation. 

Antioxidant capacity at a given breeding stage was repeatable between years, but not 

when comparing values measured during incubation and nestling feeding in the same year. 

The repeatability was higher in incubation (r = 0.630, P = 0.049) than during nestling feeding 

(r = 0.154, P = 0.03), maybe because uncontrolled environmental factors had a stronger effect 

during nestling feeding. It thus seems that the between-year variations in antioxidant 

capacity are partly determined by individual characteristics, such as the ability to find higher 

quality food rich in antioxidants, to acquire a better territory or to produce more enzymatic 

antioxidants and spare the dietary antioxidant pools. Similarly, within-individual 
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repeatability among breeding seasons was found in barn swallows Hirundo rustica (r = 0.487, 

P < 0.001, Saino et al. 2011), Seychelles warblers Acrocephalus sechellensis (r = 0.122, P = 0.043, 

van de Crommenacker et al. 2011) and in European shags Phalacrocorax aristotelis, although 

repeatability varied with age (2-9 years old: r = 0.20, P = 0.36; 10 to 22 years old: r = 0.33, P = 

0.020; Herborn et al. 2015). The individual characteristics involved are yet not the same or do 

not act in the same way at different breeding stages, with an absence of correlation between 

breeding stages (r = 0.000, P = 1.00). Such absence of repeatability in antioxidant defences 

was reported in non-breeding captive greenfinches Carduelis chloris (r = 0.21, P = 0.29, Sepp et 

al. 2012). Conversely, antioxidant capacity was repeatable over a month in captive non-

breeding European kestrels Falco tinnunculus (r = 0.30, P < 0.001, Costantini et al. 2007), 

within breeding season in barn swallows, although the exact breeding stage at which birds 

were repeatedly sampled was unknown (r = 0.50, P < 0.001, Saino et al. 2011), and between 

pre-mating and post-weaning measures in mice (r = 0.178, P < 0.034, Stier et al. 2012). The 

absence of correlation within a given year in our study was associated with increases in 

antioxidant capacity in food-supplemented females between incubation and nestling feeding 

and could thus be partly explained by individual variation in the response to food 

supplementation. Likewise, when experimentally manipulating energy expenditure or 

oxidative balance in birds, measures of antioxidant capacity were only repeatable in control 

birds (r = 0.71, P = 0.018 in control birds, P > 0.1 in birds treated with paraquat, Meitern et al. 

2013) or were not correlated across different treatments (mean r ± s.e.m. = 0.124 ± 0.111, 

Beamonte-Barrientos & Verhulst 2013). The role of energy constraints on the oxidative 

balance is highlighted by the positive effect of food supplementation on antioxidant capacity. 

Similar experiments also impacted the oxidative balance, although not always the 

antioxidant component: food supplementation decreased ROM concentration but had no 

effect on antioxidant capacity in breeding female great tits (Giordano et al. 2015). Using 

different markers of oxidative stress, Fletcher et al. (2013) found a higher antioxidant capacity 

and lower oxidative damages in American red squirrel Tamiasciurus hudsonicus. 

Variations in ROM concentration were not repeatable either between- (incubation: r = 

0.033, P = 0.83; nestlings feeding: r = 0.064, P = 0.50) or within-year (r = 0.000, P = 1.00) and 
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were thus mainly determined by external factors or physiological changes, apart from a 

difference between males and females. This is in contrast with studies of ROM that found 

individual consistency even under different experimental treatments (Stier et al. 2012; 

Beamonte-Barrientos & Verhulst 2013; Herborn et al. 2015; but see van de Crommenacker et 

al. 2011). Individual consistency in ROM measurements can however vary with age (Herborn 

et al. 2015). ROM concentrations were strongly influenced by the changes in physiology 

between incubation and nestling feeding in females, with a strong increase between stages, 

but were not influenced by the experimental manipulations of energetic constraints. 

Males during nestlings feeding and incubating females had lower ROM concentration 

than females feeding nestling, whereas no effect of sex and breeding stage was found on 

antioxidant capacity. In mice, ROM concentration increased in breeding females, but no in 

non-breeding ones, whereas no effect of the breeding status was found on antioxidant 

capacity (Stier et al. 2012). This effect can be conditional on other constraints experienced by 

the individual: ROM levels increased during nestlings feeding in female Seychelles warblers 

naturally infected with malaria but not in uninfected females (van de Crommenacker et al. 

2012). However, antioxidant capacity significantly decreased over the breeding season in that 

species. The increase between breeding stages in females might reflect the costs of 

reproduction or the fact that oxidative damages are adaptively reduced in females during 

egg-laying to avoid negative effects on offspring, a process called oxidative shielding 

(Giordano et al. 2015; Blount et al. 2015). Testing whether reproductive costs are higher in 

females than in males, or whether the observed differences are only due to lower baseline 

oxidative damages in males, would require sampling males before hatching, which is 

difficult in that species. 

Antioxidant capacity was positively correlated with ROM concentration when 

considering all individuals irrespective of their experimental treatment (mode [95% CI] = 

0.102  [0.034 – 0.188]). This correlation seemed to lie at the between-individual level rather 

than be a within-individual trade-off, although our power to separate these two sources of 

variation was limited. This is consistent with a role of individual quality in this correlation, 

with some individuals being able to mount more efficient antioxidant defences. Despite the 
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low sample size (N = 18 and 11 respectively), our results also suggested a positive but non-

significant correlation between metabolic rate and both antioxidant capacity and oxidative 

damages in handicapped females. We cannot conclude to an absence of correlation or a 

positive correlation between metabolism and oxidative balance, but a negative correlation is 

unlikely. Further investigations are needed to confirm this relationship and test whether it 

translates to the within-individual level. It would however be consistent with a further study 

of mitochondrial function on the same population in 2014, where we found that ATP 

production during nestlings feeding was positively correlated with total reactive species 

(including both reactive oxygen species and reactive nitrogen species, derived from the 

oxidation of dinitrogen) in the mitochondria and with ROM concentration in the plasma 

(Annexe I). An absence of relationship, at least when energetic constraints remain low, 

would suggest that a higher metabolic rate does not systematically translate into higher 

oxidative damages because relatively cheap defence mechanisms can be mobilised, such as 

uncoupling proteins (Stier et al. 2014a) or enzymatic antioxidants (Isaksson et al. 2011). 

The positive relationships we observed are inconsistent with the hypothesis that 

circulating antioxidants are used up to protect against the reactive oxygen species produced 

through increased metabolism. In that case, antioxidant defences should correlate negatively 

with metabolic rate and oxidative damages or be modified in opposite ways by individual 

and environmental factors (Fletcher et al. 2013; Yang et al. 2013; Hanssen et al. 2013; López-

Arrabé et al. 2014, 2015). Positive correlations between metabolic rate and antioxidant 

capacity were however found in some birds (Cohen, Hau & Wikelski 2008), as well as 

positive correlations or variation in the same direction between oxidative damages and 

antioxidant capacity (van de Crommenacker et al. 2011; Stier et al. 2012; Isaksson 2013; Xu et 

al. 2014; Beaulieu et al. 2015; Vaugoyeau et al. 2015). Antioxidant protection could thus 

adaptively build up to face increased exposure to pro-oxidants in periods of higher energy 

demands, especially in breeding females in which oxidative stress could be particularly 

harmful for offspring (Blount et al. 2015). In our population also, antioxidant capacity is 

increased in response to increased oxidation, and possibly in response to increased metabolic 

rate. This positive correlation in the plasma could be due to an increase in antioxidant 
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defences to partially counter higher oxidative damages in some individuals. Contrary to 

other by-products of dietary lipids oxidation, hydroperoxides are degraded in the stomach 

(Kanazawa & Ashida 1998) and have a low uptake by intestinal cells (Maestre et al. 2013). 

Their contribution to plasma ROM concentration is most likely low. 

The relationship between ROM concentration and antioxidant capacity was sensitive 

to variation in the constraints experienced by the individuals. First, it was stronger in 

handicapped females in 2012-2013, which experienced stronger energetic constraints (0.181 [-

0.012 – 0.400]). The role of food availability did not appear very strong, as there was no 

noticeable difference between the correlation in control nests (0.155 [-0.044 – 0.334]) and in 

food-supplemented nests (0.171  [0.021 – 0.350]) in 2014. It is however possible that the 

treatment had not been long enough at the time of sampling to produce a difference. Second, 

the strength and slope of the relationship increased from 2012 to 2014, although not 

significantly so. This hints at a role of environmental variables in modulating the correlation 

between antioxidant defences and oxidative damages. Indeed, particularly sunny and dry 

meteorological conditions in 2012 and particularly rainy and cold conditions in 2014 resulted 

in strong differences in mortality rate among nestlings and thus in reproductive 

performances (mean fledging success in control nests ± S.D. (N) = 4.7 ± 2.6 (89) in 2012, 3.0 ± 

2.4 (99) in 2013, and 1.5 ± 2.0 (82) in 2014).  The relationship between oxidative damages and 

antioxidant capacity might thus be stronger when environmental conditions are harsher, 

although this cannot be tested correlatively with only three successive years. Overall, despite 

the low values of the correlations measured, these were more salient when individuals were 

energetically constrained experimentally or naturally. Similarly, the estimates of the 

correlation coefficient between field metabolic rate and the markers of oxidative balance 

were higher in handicapped vs. control females, although non-significantly so. The 

relationship between metabolism and oxidative balance, as well as among different 

components of the oxidative balance, were not fixed but modulated by individual condition 

and environmental quality. 

Manipulating food availability or activity levels in laboratory experiments might 

allow a better understanding of the actual relationships between metabolism and oxidative 
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balance. Alternatively, studies from wild populations might enlighten them, if enough 

relevant variation in individual and environmental conditions can be measured or if these 

can be experimentally manipulated. Several limitations will however hinder the measure of 

relevant biomarkers of oxidative balance in free-ranging populations. The oxidative 

processes, and thus markers, often vary between tissues (Veskoukis et al. 2009; Speakman & 

Garratt 2014; Blount et al. 2015). As oxidised fatty acids are mostly recycled within the cells 

and not eliminated in the general circulation (Hulbert et al. 2007), additional measures in 

metabolically active tissues, such as muscles, liver or brain, would have been necessary to 

thoroughly evaluate whether ROM concentration in the plasma also reflect processes in 

organs in our study. As blood is often the only available tissue when working on wild 

populations, designing adequate studies in captive population might give a deeper insight in 

these relationships. The timing of sampling in the wild is also often constrained by the 

biology of the species and by field constraints. Some markers can vary transiently in 

response to stressors or antioxidant consumption (Cohen et al. 2008; Beaulieu & Schaefer 

2014), and different biomarkers can have different timing of response to such interventions 

(Nikolaidis et al. 2008; Niki 2010), therefore limiting the inferences that can be drawn from 

one-time measures. More detailed studies of the time-course of pro- and antioxidant 

biomarkers in different species would help their interpretation. Finally, our study shows that 

relationships between markers of oxidative state can be relatively weak and large sample 

sizes will be required under even the harsher conditions within the natural range. 

Overall, we demonstrate that individuals were consistent between years in 

antioxidant capacity, but not ROM levels, and that the relationships between these two 

markers are conditional on the energetic constraints experienced by each individual: 

correlations between traits are stronger when wing load was slightly increased 

experimentally or when environmental conditions were naturally poorer. This probably 

comes from a tighter adjustment of antioxidant defences to free radicals production when 

conditions were constrained, either by increasing non-enzymatic antioxidant acquisition or 

enzymatic antioxidant production, or by decreasing the production of free radicals to match 

the available antioxidants. As non-enzymatic antioxidant defences were repeatable between 
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years, an individual quality, and in particular its ability to acquire high-quality territories or 

to find antioxidant-rich food, might play an important role in its ability to respond to 

oxidative stress. Understanding which are the factors modulating the correlations between 

markers of oxidative balance could eventually help explain the variation in these correlations 

among studies, species and populations. 
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Supplementary Information S1: Correlation between markers of oxidative balance and 

nutritional state in the plasma. 

In 2014, the concentrations of triglycerides, glucose and lactate were measured in 

whole blood immediately after blood taking using a portable test-strips reader designed for 

point-of-care measures in humans (Accutrend, Roche Diagnostics), whereas antioxidant 

capacity and ROM concentrations were measured through the OXY and d-ROMs tests, 

respectively. The quantity of blood deposited on the test-strip was 10μL for triglycerides and 

glucose and 15μL for lactate. ROM concentrations were not significantly correlated with 

triglycerides (Spearman’s rank correlation test: ρ = -0.01, N = 76, S = 74136, P = 0.91), lactate 

concentrations (ρ = 0.18, N = 19, S = 937, P = 0.47), or glucose concentration (ρ = -0.37, N = 20, 

S = 1817, P = 0.11). There was no correlation between the total antioxidant capacity of the 

plasma and triglycerides (ρ = -0.16, N = 93, S = 155677, P = 0.12), lactate (ρ = 0.30, N = 21, S = 

1072, P = 0.18) or glucose concentrations (ρ = -0.09, N = 24, S = 2510, P = 0.67).   
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Supplementary Information S2: Correlation between the physiological markers and 

breeding behaviour. 

To investigate the importance of behavioural differences in determining energy 

expenditure and oxidative balance, we measured two components of reproductive effort, 

nestling feeding and nest defence against a predator, in 2013 and 2014 and studied their 

correlation with ROM concentration, antioxidant capacity and field metabolic rate. 

1. Measure of feeding rate and nest defence score 

When nestlings were five-days old, parental feeding rate was recorded during one 

hour by a camouflaged camera located at least six meters from the nest box. At the beginning 

of the recording period, the experimenter went to the nest and emptied the feeders if 

necessary (in food supplemented nests in 2014). Feeding rate was then calculated for each 

parent as the number of feeding events per hour and per nestling starting from the first 

feeding event until the end of the recording, to account for the latency before returning to the 

nest that could be influenced by the birds’ response to the disturbance when setting the 

camera. Four nests for which the feeders had not been properly emptied before the test were 

excluded and 16 birds that only came to feed less than 20min before the end of the test were 

excluded, as their feeding rate could not be known with confidence. Individuals that did not 

come to feed during the entire test were excluded, as it was not possible to know whether 

they were prospecting elsewhere or were too disturbed when setting the camera. 

Nest defence was measured when chicks were 13-days old by placing a stuffed red 

squirrel on the entrance of the nest box, mimicking a nest predator attack on nestlings. To 

avoid premature fledging, nest box entrance was closed during the test. The stuffed squirrel 

was left for no longer than 5min from the arrival of the second parent and no longer than 15 

min from the observer’s arrival. If no adult was seen, it was removed after 10min. An 

observer hidden under a camouflage net and sitting at least 10 meters from the nest box 

recorded the behaviour of the pair. Because some parents arrived less than 5 min before the 

end of the test, only behavioural responses during the 4.5min following an individual first 

sighting were available for all individuals and used in the analyses. One individual that 

arrived only 16s before the end of the test was considered absent during the test. Following 
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an exploratory multivariate analysis of the behavioural data (cf. chapter V), a nest defence 

score was computed based on the behaviours that best described the intensity of the 

response: the time spent within 2 meters of the box, the number of moves, and the 

presence/absence of direct attacks to the dummy (Table S2.1). 

Table S2.1: Construction of the nest defence score. The cut-off values for the two quantitative variables 

are the tertiles in the whole population. Individuals that were not seen during the test were assigned a 

score of 0. If individuals attacked the dummy, the score was increased by 1. Thus the final score varied 

between 0 and 6. 

Not seen: 0 
Time spent within 2m of the nest box 

t ≤ 4.0% 4.0% < t ≤ 66.7% t > 66.7% 
Activity 

= 
number 

of moves 

a ≤ 7 1 2 3 

7 < a ≤ 20 2 3 4 

a < 20 3 4 5 
 

2. Statistical analyses 

The statistical analyses followed a two-steps procedure similar to that used for 

studying the relationships between the markers of oxidative balance. The effect of each 

behavioural traits on each marker of oxidative balance was studied in linear mixed models, 

with the physiological trait as a response variable, the behavioural trait and its interactions 

with year, with sex, with experimental treatment, with sex and year, and with sex and 

experimental treatment as fixed effects and the assay and individual identity as random 

effects. Field metabolic rate was modelled as a function of each behavioural variable and its 

interaction with the experimental treatment in a linear model (no random effects). 

Each behavioural trait was then modelled in a trivariate linear mixed model, together 

with ROM concentration and antioxidant capacity. The random effects of the test date and 

observer for behavioural variables, the random effects of the assay for antioxidant capacity 

and ROM concentration, as well as a common random effect of individual identity when 

pooling multiple years were modelled. These analyses were conducted for all nests together 

(2013-2014), then separately for control nests (2013-2014), females that were handicapped 

(2013), males whose female was handicapped (2013), and food supplemented nests (2014). 
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The correlation between field metabolic rate and each behavioural variable were 

studied separately in bivariate mixed-effects models with random effects of the day and 

observer. Only the phenotypic covariance was estimated. 

3. Results 

When modelling ROM concentration and antioxidant capacity as a function of 

feeding rate or nest defence behaviour, and their interaction with year, sex, and experimental 

treatment, none of these effects were significant (Table S2.2). Consistently, there was no 

robust correlation between the oxidative balance markers and feeding rate or the nest 

defence score in the whole dataset or any of the subsets considered (Tables S2.3 and S2.4). 

When modelling field metabolic rate as a function of feeding rate, the interaction 

between feeding rate and experimental group (F1,25 = 0.77, P = 0.39) and the effect of feeding 

rate (F1,26 = 2.59, P = 0.12) were not significant and no robust correlations were found 

between these two variables (Table S2.5). The field metabolic rate increased with the nest 

defence score (0.34 ± 0.14, F1,33 = 5.92, P = 0.02), independently of the wing load manipulation 

(F1,32 = 0.09, P = 0.76). Consistently, the field metabolic rate and nest defence score were 

significantly positively correlated when pooling control and handicapped females, and the 

estimates were similar, although non significant, in both groups separately (Table S2.5). 
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Table S2.2 Effect of feeding rate on the markers of oxidative balance and marginal effects of the 

interactions with sex, year and experimental treatment. The sample size and number of different 

individuals are given beside the response variable. 

Response 
variable Effect Estimate F Num. 

d.f. 
Denom. 

d.f. P 

ROM concentration (N = 314, Nind = 287) 

 Feeding rate -0.00 ± 0.05 0.00 1 306 0.969 

 Feeding rate:sex  0.54 1 303 0.462 

 Feeding rate:year  0.15 1 307 0.695 

 Feeding rate:treatment  0.33 2 302 0.719 

 Feeding rate:sex:year  0.79 1 301 0.455 

 Feeding rate:sex:treatment  0.39 2 300 0.680 

Antioxidant capacity (N = 379, Nind = 332) 

 Feeding rate 0.01 ± 0.05 0.06 1 380 0.813 

 Feeding rate:sex  3.50 1 379 0.062 

 Feeding rate:year  0.00 1 377 0.960 

 Feeding rate:treatment  0.52 2 376 0.597 

 Feeding rate:sex:year  0.99 1 378 0.319 

 Feeding rate:sex:treatment  0.53 2 375 0.590 

ROM concentration (N = 379, Nind = 332) 

 Nest defence 0.02 ± 0.05 0.21 1 369 0.646 

 Nest defence:sex  -0.56 1 371 0.574 

 Nest defence:year  0.36 1 361 0.547 

 Nest defence:treatment  0.00 2 369 0.997 

 Nest defence:sex:year  1.46 1 365 0.227 

 Nest defence:sex:treatment  2.62 2 364 0.074 

Antioxidant capacity (N = 469, Nind = 403) 

 Nest defence 0.02 ± 0.04 0.19 1 452 0.664 

 Nest defence:sex  0.87 1 449 0.353 

 Nest defence:year  0.36 1 402 0.549 

 Nest defence:treatment  0.47 2 423 0.624 

 Nest defence:sex:year  0.21 1 404 0.649 

 Nest defence:sex:treatment  1.04 2 417 0.355 
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Table S2.3: Mode and 95% credibility interval of the posterior distribution of the coefficients of 

correlation between feeding rate and the markers of oxidative balance, for different experimental 

groups, sex and year. The number of individuals is given into parentheses below the sample size. 

Treatment Sex Years N Feeding rate and ROMs Feeding rate and TAC 

All (individual) 

F + M 2013-2014 314 
(287) 

0.182 [-0.364 – 0.625] -0.386 [-0.655 – 0.433] 

All (residual) -0.100 [-0.336 – 0.184] 0.047 [-0.256 – 0.337] 

All (phenotypic) 0.010 [-0.111 – 0.107] -0.044 [-0.166 – 0.061] 

Control F + M 2013-2014 158 
(149) -0.057 [-0.215 – 0.106] -0.103 [-0.268 – 0.054] 

Wing load 
handicap F 2013 24 0.305 [-0.138 – 0.647] -0.321 [-0.674 – 0.178] 

Wing load 
handicap M 2013 30 -0.073 [-0.455 – 0.338] 0.085 [-0.313 – 0.456] 

Food 
supplementation F + M 2014 102 0.019 [-0.160 – 0.225] 0.061 [-0.132 – 0.248] 

 

Table S2.4: Mode and 95% credibility interval of the posterior distribution of the coefficients of 

correlation between nest defence and the markers of oxidative balance, for different experimental 

groups, sex and year. The number of individual is given into parentheses below the sample size. 

Treatment Sex Years N Nest defence and ROMs Nest defence and TAC 

All (individual) 

F + M 2013-2014 379 
(332) 

-0.073 [-0.432 – 0.526] 0.203 [-0.365 – 0.555] 

All (residual) 0.033 [-0.140 – 0.195] -0.043 [-0.266 – 0.179] 

All (phenotypic) 0.020 [-0.084 – 0.124] 0.022 [-0.081 – 0.122] 

Control F + M 2013-2014 172 
(160) 0.047 [-0.093 – 0.207] -0.053 [-0.198 – 0.119] 

Wing load 
handicap F 2013 38 -0.211 [-0.543 – 0.112] 0.037 [-0.349 – 0.335] 

Wing load 
handicap M 2013 53 0.183 [-0.150 – 0.428] -0.109 [-0.374 – 0.212] 

Food 
supplementation F + M 2014 116 0.045 [-0.145 – 0.238] 0.174 [0.016 – 0.379]* 

*Excluding the outlying lowest value of antioxidant capacity in food supplemented individuals gave a non-
significant and much lower correlation with the nest defence score: 0.084 [-0.114 – 0.267]. 
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Table S2.5 Mode and 95% credibility interval of the posterior distribution of the coefficients of 

correlation between feeding rate or nest defence score and field metabolic rate, for both groups and 

control and handicapped females separately in 2013. 

Treatment Sex Years N Feeding rate and FMR N Nest defence and FMR 

All F 2013 30 -0.377 [-0.680 –  0.020] 35 0.417 [ 0.073 – 0.657] 

Control F 2013 15 -0.593 [-0.860 – -0.055]* 17 0.311 [-0.262 – 0.669] 

Handicapped F 2013 15 -0.037 [-0.589 –  0.473] 18 0.489 [-0.023 – 0.790] 
*Excluding the outlying highest value of feeding rate gave a non-significant correlation with the field metabolic 
rate: -0.361 [-0.751 – 0.300].  

4. Discussion 

Studies in various bird species have shown a positive relation between metabolic rate 

and feeding rate or activity levels (Bryant & Tatner 1991; Nilsson 2002). Field metabolic rate 

indeed increased with the intensity of nest defence, but it also decreased with feeding rate in 

control nests. Field metabolic rate integrate both resting metabolic rate and the costs of the 

additional activities measured through behavioural tests. Yet resting metabolic rate can 

correlate with personality traits, and especially social dominance, aggressiveness and 

boldness (Biro & Stamps 2010). Further work should investigate whether the counterintuitive 

relationship between feeding rate and metabolic rate might actually reflect a positive 

correlation between boldness and metabolic rate, as suggested by the correlation between 

nest defence toward a predator and metabolic rate. Given the low sample size and the lack of 

robustness of this last result, further data would anyway be required before concluding to a 

negative relationship in this population. 
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Dispersal is considered an energetically demanding behaviour that may entail costs 

through increased exposure to oxidative stress. Indeed, higher energy expenditure can lead 

to the production of highly reactive oxidative molecules that are deleterious to the organism 

if left uncontrolled. Thus dispersing and philopatric individuals may differ in their 

management of energy production and oxidative balance, especially under energetically 

demanding situations. To explore such differences, we experimentally increased flight costs 

via a wing load manipulation in female collared flycatchers (Ficedula albicollis) breeding in a 

patchy population and measured the effects of the manipulation on field metabolic rate, 

plasmatic markers of oxidative state and reproductive success of dispersing and philopatric 

females. The wing load manipulation successfully increased female energy expenditure 

independently of their dispersal status. Its impact on the oxidative balance however differed 

according to dispersal status: the concentration of reactive oxygen metabolites (ROM), a 

marker of pro-oxidant status, was higher in the manipulated than the control group in 

philopatric females only. Independently of the manipulation, plasma antioxidant capacity 

differed according to dispersal status: philopatric females showed higher antioxidant 

capacity than dispersing ones. Nestlings raised by philopatric females also had a higher 

fledging success. Interestingly, differences between dispersing and philopatric individuals 

also depended on habitat quality, as measured by local breeding density. Reactive oxygen 

metabolites showed opposite trends with increasing density between philopatric and 

dispersing females, and nestling body mass increased with increasing density in dispersing 

females only. Our results suggest that dispersing individuals maintain a stable oxidative 

state when facing challenging conditions, through a reduction of their reproductive effort. 

Conversely, philopatric individuals can adjust their effort to current conditions to maintain 

their reproductive output, possibly by taking advantage of a better knowledge of their 

environment to acquire higher quality resources. These differences may impact life-history 

strategies depending on dispersal. 
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1. Introduction 

Dispersal, defined as a movement between the birth site and the first breeding site 

(natal dispersal) or between two successive breeding sites (breeding dispersal; Greenwood & 

Harvey 1982), has important ecological and evolutionary consequences both at the 

individual and the population level (Clobert et al. 2001; Matthysen 2012). Dispersal allows 

individuals to escape adverse conditions and thereby enhance their fitness. It is also a key 

driver of gene flow and metapopulation dynamics (Hanski 2001; Whitlock 2001). 

Individual dispersal propensity often covaries with other behavioural, morphological 

and physiological traits (Bowler & Benton 2005; Hanski & Saccheri 2006; Clobert et al. 2009). 

These associations are thought to have evolved because they reduce the costs of movement 

and/or of settlement in the new habitat (Ronce 2007). Accordingly, dispersing individuals 

can show adaptations to movement, such as larger wings or fat store (O’Riain et al. 1996; 

Breuker et al. 2007). They also show adaptations to competitive encounters, such as higher 

aggressiveness (Duckworth & Badyaev 2007), and to exploration of a new habitat plot, such 

as higher exploratory behaviour (Dingemanse et al. 2003; Korsten et al. 2013; Debeffe et al. 

2014), lower xenophobia (O’Riain et al. 1996) or higher immune response (O’Riain et al. 1996; 

Snoeijs et al. 2004). 

Although associations with phenotypic traits may enhance dispersal success, they 

may also entail costs in terms of reproductive success or survival prospects, especially when 

resources are scarce (Hanski 2012). Indeed, most of the phenotypic traits associated with 

dispersal (e.g. high aggressiveness, exploration, immunity, or metabolic rate; Clobert et al. 

2009) are likely to be energetically demanding (Debeffe et al. 2014). Due to such energetic 

constraints, dispersing and philopatric individuals may evolve different life-history 

strategies, with different relative investment in maintenance and reproduction (Dytham & 

Travis 2006; Cotto, Kubisch & Ronce 2014). Although metabolic requirements could play an 

important role in shaping these strategies (Hanski, Saastamoinen & Ovaskainen 2006), the 

physiological constraints that underlie life-history variation in relation to dispersal remain 

unclear. 
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Among the metabolic processes that could be involved in shaping such life-history 

variation, the regulation of the oxidative balance is expected to play a particularly important 

role. Energy production through aerobic metabolism leads to the production of highly 

unstable oxidative components, called reactive oxygen species or ROS (Finkel & Holbrook 

2000; Balaban et al. 2005). ROS can damage the structure of biological macromolecules 

through oxidation and thereby disturb from cell to whole organism functioning, i.e. impose 

an oxidative stress (Halliwell & Gutteridge 2007; Costantini et al. 2010), but they are also 

messengers in central cell signalling pathways such as cell death signals (Kamata & Hirata 

1999; Finkel 2003). If a higher metabolic rate is selected in dispersing individuals compared 

to philopatric ones to face increased energetic requirements, dispersers could thus be 

exposed to a higher production of ROS that could lead to more oxidative damage and 

reduced life expectancy. Oxidative damages can be prevented through antioxidant defences 

including inducible enzymes (such as the superoxide dismutase; Balaban et al. 2005) or 

molecules acquired through the diet (such as vitamin E; Halliwell & Gutteridge 2007). 

Therefore, dispersing individuals may also regulate a higher production of ROS via an 

increased investment in antioxidant defences, either internally produced or externally 

acquired. Thereby they could maintain high survival prospects possibly at the expense of 

other functions, in particular reproduction. Interestingly, both oxidative state and 

antioxidant defences have been linked to exploratory behaviour (Herborn et al. 2011; Arnold 

et al. 2015), a behavioural trait associated with dispersal (Korsten et al. 2013). Direct links 

however remain poorly investigated so far. 

Here, we explored whether dispersing and philopatric individuals differ in 

metabolism and oxidative state during reproduction in a patchy population of a small 

passerine bird, the collared flycatcher Ficedula albicollis. We compared different markers of 

energy management and oxidative state (field metabolic rate, energy stores, oxidative 

damages and antioxidant capacity), as well as reproductive output, between individuals 

having or not dispersed between habitat plots. In addition, to test whether metabolic and 

oxidative differences between dispersing and philopatric individuals depend on the level of 

energetic demand, we experimentally manipulated this demand by increasing flight costs 
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(through reducing wing area) during reproduction. We focused on females because they can 

easily be manipulated during incubation in this species, allowing sufficient time for the 

manipulation to impact reproductive decisions during nestling rearing. If dispersing and 

philopatric females differ in their energy management or reproductive investment, they 

should respond differently to such an experimental handicap in terms of metabolism, 

oxidative balance and reproductive performance. Differences in these physiological 

parameters and/or reproductive output between dispersing and philopatric females could 

also arise from differences in habitat quality, either because dispersing and philopatric 

individuals respond differently to habitat quality or because they settle in habitat of different 

quality. Therefore, we also controlled for natural environmental variation in habitat quality, 

measured by the local breeding density of conspecifics, which positively relate to 

reproductive success in this population (Doligez et al. 2004). We predicted that differences in 

metabolism, oxidative balance or reproductive performance between dispersing and 

philopatric females could be manipulation- and/or environment-dependent. More 

specifically, we expected differences to be stronger in more constrained conditions (i.e. for 

manipulated females with higher flight cost and/or in low quality habitats), where 

dispersing females might either pay a higher cost through increased oxidative stress or 

decreased reproduction or show stronger defences against oxidative damage compared to 

philopatric females. 

2. Material and methods 

2.1. Study population and definition of dispersal 

The study was conducted during the springs 2012 and 2013 on the island of Gotland, Sweden 

(57°07’N, 18°20’E). Collared flycatchers are hole-nesting passerine birds that readily accept to 

breed in the artificial nest boxes erected in the nine forest plots used for the study (between 

13 and 78 nest boxes per plot distributed homogeneously). Nests were visited every third 

day to record laying date and clutch size. Close to hatching, nests were visited daily to 

record hatching date and number of hatched eggs. Nestlings were cross-fostered when two-
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days old to measure post-hatching investment independently from pre-hatching effects 

(Supplementary Information S1). Females were first caught 5 to 12 days (on average 7.9 ± 0.9 

(SD) days) after the start of incubation, then again when the nestlings were 5 to 16 days old 

(on average 8.8 ± 2.3 (SD) days). They were ringed if not previously ringed, weighed to the 

nearest 0.1g, aged (yearlings or older adults) based on plumage characteristics and their 

tarsus length was measured to the nearest 0.1mm by a single observer (C.R.). Nestlings were 

weighed and their tarsus length measured when 12 days old. After fledging, nests were 

checked for dead nestlings to record the final number of fledglings. The data and samples 

were collected under permission from the Ringing Centre of the Museum in Stockholm (bird 

catching, measuring and ringing) and the Ethical Committee for Experiments on Animals in 

Sweden (experimental manipulation of flight feathers and blood taking). 

The study plots are separated mainly by habitat unsuitable for breeding in this 

species (fields and pastures). This spatially fragmented configuration allows defining 

dispersal as a change of breeding plot between birth and the first breeding event (natal 

dispersal) or between two consecutive breeding events (breeding dispersal; see Doligez et al. 

1999 for a discussion of this binary definition of dispersal in this population). We considered 

in our analyses only previously ringed individuals, whose dispersal status is known (we 

excluded 143 unringed immigrant females out of 327 observations, i.e. 44.8%). Our final 

dataset included 97 females in 2012 and 87 females in 2013, among which 26 females were 

caught in both years. 

2.2. Wing load manipulation 

Female flight energy requirement was increased by cutting the two innermost 

primaries of each wing at their base to mimic feather loss at the onset of moult (Moreno et al. 

1999; Sanz et al. 2000; Ardia & Clotfelter 2007). Upon capture during incubation, previously 

ringed females were alternatively assigned to the manipulated or the control group (same 

handling conditions but no feathers cut). Manipulated females did not differ from control 

ones in terms of main morphological and breeding characteristics (Supplementary Table S1). 
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2.3. Field metabolic rate and body composition  

Field metabolic rate and body composition were measured using the two-point 

doubly-labelled water method (Lifson & McClintock 1966). Upon capture during the nestling 

feeding phase, females of known dispersal status were injected intraperitoneally with 30μL 

of a premixed solution composed of 0.6005g of 94% H2
18O, 0.1514g of 99.99% D2O and 

2.8000g of 9‰ NaCl in 2012, and 1.2010g of 94% H2
18O, 0.3028g of 99.99% D2O and 2.0481g 

of 9‰ NaCl in 2013. These doses were calculated to obtain an in vivo enrichment of about 68 

‰ and 496 ‰ in 2012, and 135 ‰ and 992 ‰ in 2013, for 18O and deuterium respectively 

(enrichment = [Rsample/Rstandard - 1]/1000 with R being the ratio of heavy on light isotope). 

After injection, females were kept in a cloth bag during 45 to 60 min so that the 

isotopes equilibrate with body water (Tinbergen & Dietz 1994; Moreno et al. 1999). After this 

period of time, a 50μL blood sample was taken and females were released. Females were 

caught again about 48h (on average 48h42min ± 41min) after the injection and a second 50μL 

blood sample was taken to estimate isotope elimination and thereby measure metabolic rate. 

To limit the amount of blood taken from each experimental female, 12 non-experimental 

females in 2012 and 20 in 2013 were sampled to estimate the background level of isotope 

enrichment for a given year (mean ± S.D.: δD = -41,9 ± 5,6 ‰ and δ18O = -1,7 ± 0,6 ‰ in 2012; 

δD = - 41,7 ± 6.0 ‰ and δ18O = -2.6 ± 0,6 ‰ in 2013). Blood samples were collected in 

heparinised glass capillaries and immediately flame-sealed. 

After field work, samples were cryo-distillated for about 10 min under a vacuum 

system. Each sample was measured four times and, for each measurement, 0.1μL distillate 

was injected into an elemental analyser with thermal conversion (TC/EA) connected to a 

continuous-flow isotope ratio mass spectrometer (IRMS DELTA V PLUS, Thermo Scientific, 

Waltham, MA, USA). Each measure was first corrected for drift and memory effect, then 

normalized to the VSMOW2/SLAP2 international scale. 

CO2 production (mol/day) was calculated according to Lifson modified by 

Speakman (single pool model; Speakman 1997; Speakman & Król 2005) and converted to 

field metabolic rate (kJ/day) using Weir’s equation (de V. Weir 1949), assuming a food 
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quotient of 0.8 for these insectivorous birds (Williams 1987). Unfortunately, and despite 

doubling the enrichment in 2013 compared to 2012, we under-estimated the turnover rate. 

Consequently most final isotopic enrichments were close to background levels. Based on our 

analytical precision, only samples with final δD and δ18O enrichments of respectively 20‰ 

and 5‰ above background levels should be kept in the calculations, which corresponded to 

26 females only out of 117 injected females (61 in 2012 and 56 in 2013), all sampled in 2013. 

This sample of birds was not biased with respect to the combination of dispersal status and 

experimental group (Pearson's Chi-squared test: X2
3 = 1.25, P = 0.74). 

Body composition was calculated by hydrometry (Blanc et al. 2005) and was available 

for all 117 injected females, because it is measured before isotope elimination. Total body 

water was calculated from the 18-oxygen labelled water using a correction factor of 1.007 for 

exchange. Fat-free mass was derived from total body water and the average hydration 

coefficient (73.2%). Fat mass was calculated as the difference between total body mass and 

fat-free mass. 

2.4. Oxidative state markers 

To measure blood markers of oxidative state, a 40μL blood sample was taken from 

the brachial vein into heparin-coated Microvettes (Sarstedt, Nümbrecht, Germany) on 

females captured while feeding nestlings. Blood samples were maintained at 5°C in the field 

before being centrifuged in the evening to separate plasma from red blood cells. Plasma and 

red blood cells were then stored at -80°C. 

Two oxidative state markers were measured: reactive oxygen metabolites (ROM) 

concentration and plasma antioxidant capacity. These markers have been related to 

reproductive output in different avian species (reviewed in Stier et al. 2012). Plasma 

concentration of ROM was measured using the d-ROMs test (MC0001 kit, Diacron 

International, Grosseto, Italy): 4μL of plasma were mixed with 198μL acidic buffer and 2μL 

chromogenic substrate (N,N-diethylparaphenilendiamine) and left to incubate for 75mn at 

37°C, before measuring OD at 550nm. To control for the natural opacity of some samples, 15 

samples with OD800nm > 0.100 were excluded from the analysis. The mean intra-plate and 
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inter-plate CV were 20.9% on 9 samples and 22.4% on 35 samples, respectively. These high 

values were partly explained by the low absolute values for ROM concentration, an order of 

magnitude lower than measured in other bird species, and thus the larger relative 

measurement error (Stier et al. 2013; Wegmann et al. 2015b). ROM concentrations were 

however repeatable both in 2012 (F19,20 = 2.80, P = 0.01, r = 0.474) and 2013 (F19,20 = 34.13, P < 

0.001, r = 0.943). 

Plasma antioxidant capacity was measured by the capacity of plasma to oppose the 

oxidative action of the hypochlorous acid HClO (OXY adsorbent test, MC434 kit, Diacron 

International, Grosseto, Italy). Each plasma sample was diluted at 1/100 in ultra-pure water. 

5μL diluted sample were incubated 10mn at 37°C with 200μL HClO solution. 2μL 

chromogenic substrate (N,N-diethylparaphenilendiamine) were then added and OD at 

550nm was measured to quantify HClO excess. The mean intra-plate and inter-plate CV 

were 6.7% on 34 samples and 8.6% on 22 samples, respectively. Antioxidant capacity was 

repeatable both in 2012 (F15,16 = 3.83, P = 0.006, r = 0.586) and in 2013 (F20,21 = 2.92, P = 0.009, r 

= 0.490). 

2.5. Statistical analyses 

We studied the effect of dispersal status and wing load manipulation on female body 

mass, body composition, field metabolic rate and oxidative state markers. We controlled for 

habitat quality at the plot scale by including as a covariate breeding density, measured as the 

proportion of available nest boxes occupied by flycatchers in a plot during the year 

considered. Plot density is positively correlated with plot fledging success in this population 

(Doligez et al. 2004) but unlike fledging success, it is unlikely to be affected by our wing load 

manipulation. A nest box was considered available to flycatchers when it contained no nest 

from another species, mainly great tit Parus major and blue tit Cyanistes caeruleus, up to five 

days after the earliest egg laying date for flycatchers in the same plot. Using local breeding 

success (i.e. average number of fledged young per nest in the plot) of control birds as an 

alternative measure of local habitat quality did not come to any significant link with 
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physiology and body mass, but drawing inferences from these results was hampered by 

different biases (detailed in Supplementary Information S2). 

Because there were large differences in ROM and antioxidant capacity absolute 

values between 2012 and 2013 (Supplementary Table S2), probably due to differences in the 

experimental kits used in the laboratory, these values were centred and standardized within 

each year. Nevertheless, a year effect was included in the models to explore between-year 

differences in relevant biological processes. 

In addition to dispersal status, wing load manipulation, plot density, nestling age on 

the day of parental sampling, brood size at hatching and year were included as fixed factors 

as well as all pairwise interactions between dispersal status, plot density and manipulation. 

For field metabolic rate, ROM concentration and plasma antioxidant capacity, adult body 

mass during nestling feeding was included as a covariate, and for body mass and body 

composition, tarsus length was included as a covariate. In addition, the time lapse between 

the expected sampling time (48h after equilibration) and the actual sampling time was also 

included as a covariate for field metabolic rate. To account for the non-independence of data 

for individuals measured in both years and for individuals breeding in the same plot, 

individual and plot were included as random effects in linear mixed models. The plate was 

also added as a random effect when modelling ROM concentration and antioxidant capacity. 

The effect of female age (yearling vs. older adult) and its interaction with dispersal status 

were included in preliminary analyses of adult metabolism, oxidative state markers and 

mass (as well as reproductive success) to account for potential differences between natal and 

breeding dispersal, which are under different selective pressures (Greenwood & Harvey 

1982). Because they were retained in none of the final models, they are however not 

described in the results. 

We investigated the effect of foster mothers' dispersal status on their nestlings’ body 

mass when 12-days old, which is a predictor of future survival and recruitment (Lindén, 

Gustafsson & Pärt 1992), and their fledging success. Body mass was investigated using a 
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linear mixed model and fledging probability using a generalized linear mixed model with a 

logit link function and a binomial error distribution. Foster nest, nest of origin and plot were 

included as random effects. The dispersal status of the foster mother, its wing load 

manipulation and the foster plot density were included as fixed effects, as well as all 

pairwise interactions between dispersal status, manipulation and density. Year, female body 

mass during nestling feeding and brood size at hatching were included as covariates. For 

nestling body mass, weighing time was also included as a covariate. 

In a second step, we directly tested the effect of female oxidative state on 

reproductive output. The foster mother antioxidant capacity and ROM concentration as well 

as their interaction with dispersal status, wing load manipulation, and plot density were 

included to the final models on nestling body mass and fledging success obtained in the first 

step. 

Fixed effects were selected by stepwise elimination, starting with interactions. 

Selection criteria were the p-values of type-III F-tests for LMM, with denominator degrees of 

freedom calculated using Satterthwaite's approximation (R package 'lmerTest', function 

anova, Kuznetsova, Brockhoff & Christensen 2013) and the p-values of type-III Wald chi-

square tests for GLMM (R package 'car', function Anova, Fox & Weisberg 2011). No selection 

was performed on random effects, which were thus kept in all final models. The complete 

final models, as well as the partition of the random effect variances, are given in 

Supplementary Tables S3 and S4. The homoscedasticity and normality of residuals were 

checked graphically. 

3. Results 

3.1. Female metabolic rate, body mass and body mass composition 

The field metabolic rate of females was not explained by their dispersal status, either 

alone (F1,20 = 0.005, P = 0.94) or in interaction with the experimental wing load manipulation 

(F1,17 = 0.02, P = 0.89). Nevertheless, field metabolic rate was higher in manipulated than 
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control females (estimate ± SE = 8.7 ± 3.5, F1,19 = 6.10, P = 0.023) and decreased with brood 

size at hatching (-4.0 ± 1.6, F1,20 = 6.54, P = 0.019). Female field metabolic rate was not 

significantly associated with plot density (F1,3 = 1.07, P = 0.37), elimination time (F1,22 = 0.17, P 

= 0.29), body mass (F1,20 = 0.31, P = 0.58) or nestling age (F1,22 = 1.37, P = 0.25). 

Adult body mass did not differ according to dispersal status (F1,165 = 2.43, P = 0.12), 

wing load manipulation (F1,152 = 1.09, P = 0.30) or plot density (F1,12 = 2.02, P = 0.18); all 

interactions between these variables were non-significant (all P > 0.11). Body mass however 

increased with tarsus length (0.48 ± 0.10, F1,159 = 20.81, P < 0.0001), decreased with nestling 

age on the day of capture (-0.09 ± 0.02, F1,131 = 19.11, P < 0.0001) and was lower in 2013 

compared to 2012 (-0.17 ± 0.08, F1,82 = 4.19, P = 0.04). Regarding the two components of body 

mass, neither fat-free nor fat mass differed between dispersing and philopatric females (fat-

free mass: F1,38 = 2.37, P = 0.13; fat mass: F1,112 = 0.086, P = 0.77). Fat-free mass was however 

higher in manipulated females compared to control ones (0.18 ± 0.07, F1,30 = 6.39, P = 0.017) 

and increased with plot density (1.10 ± 0.38, F1,22 = 8.53, P = 0.008); all interactions between 

dispersal status, manipulation and plot density were non-significant (all P > 0.15). Fat-free 

mass also increased with tarsus length (0.60 ± 0.10, F1,107 = 37.48, P < 0.0001), decreased with 

nestling age on the day of female capture (-0.05 ± 0.02, F1,20 = 8.44, P = 0.009) and was lower 

in 2013 compared to 2012 (-0.56 ± 0.05, F1,14 = 119.73, P < 0.0001). Fat mass did not differ 

between manipulated and control females (F1,106 = 0.62, P = 0.43) and was not associated with 

plot density (F1,17 = 0.30, P = 0.59) or tarsus length (F1,80 = 0.21 , P = 0.65), but decreased with 

nestling age (-0.05 ± 0.02, F1,109 = 9.13, P = 0.003) and was higher in 2013 compared to 2012 

(0.49 ± 0.06, F1,64 = 54.56, P < 0.0001). There was no effect of brood size at hatching on total 

body mass or its components (all P > 0.12). 

3.2. Female oxidative state 

The effect of wing load manipulation on ROM concentration depended on dispersal 

status (interaction dispersal status x manipulation: F1,112 = 5.60, P = 0.02; Figure 5): among 

manipulated females, ROM concentration was higher in philopatric compared to dispersing 

females (0.40 ± 0.18, F1,60 = 4.65, P = 0.035), while no difference was observed among control 
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females (-0.24 ± 0.19, F1,56 = 1.48, P = 0.23). The effect of plot density on ROM concentration 

also depended on dispersal status (interaction dispersal status x plot density: F1,116 = 5.28, P = 

0.02; Figure 6), with inverse although non-significant relationships for dispersing and 

philopatric females: ROM concentration decreased with increasing plot density (but non-

significantly so) among philopatric females (-0.95 ± 0.83, F1,26 = 1.32, P = 0.26) whereas it 

increased (but non-significantly so) among dispersing females (0.62 ± 1.09, F1,6 = 0.33, P = 

0.59), leading to the overall significant interaction (Figure 6).  

 

 

 

 

Figure 5: ROM concentration (scaled within each year) depending on wing load manipulation for 

dispersing and philopatric females. 
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Figure 6: ROM concentration (scaled within each year) depending on plot density for dispersing and 

philopatric females. Plot density quantiles were used to define three density classes for the sake of 

illustration (low density: < 63.32% of nest boxes occupied, high density: ≥ 74.07%). 

 

In addition, the effect of plot density on ROM concentration differed between 

manipulated and control females (interaction manipulation x plot density: F1,116 = 6.01, P = 

0.02), with again inverse although non-significant relationships for manipulated and control 

females: ROM concentration decreased with increasing plot density (but non-significantly 

so) among manipulated females (-1.39 ± 0.92, F1,19 = 2.29, P = 0.15) whereas it increased (but 

non-significantly so) among control females (0.63 ± 0.82, F1,56 = 0.60, P = 0.44), leading to the 

overall significant interaction. There was no effect of body mass (F1,120 = 0.48, P = 0.49), brood 

size (F1,119 = 0.01, P = 0.91) or nestling age (F1,119 = 0.73, P = 0.39). Adding antioxidant capacity 

as a covariate yielded qualitatively similar results (not detailed here). 

Antioxidant capacity was higher in philopatric females compared to dispersing ones 

(0.52 ± 0.18, F1,145.95 = 8.19, P = 0.005). Wing load manipulation and plot density had no effect 

on antioxidant capacity, either alone (manipulation: F1,146 = 0.01, P = 0.91; density: F1,16 2.36, P 

= 0.14) or in interaction with each other or with dispersal status (all P > 0.19). Finally, there 

was no effect of body mass (F1,149 = 1.27, P = 0.26), brood size (F1,154 = 0.55, P = 0.46) and 

nestling age (F1,154 = 0.92, P = 0.34). 
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3.3. Nestling body mass and fledging success 

The effect of plot density on 12 day-old nestling body mass differed between 

dispersing and philopatric foster mothers (interaction dispersal status x plot density: F1,151 = 

5.05, P = 0.026). Dispersing females reared nestlings with a lower body mass than philopatric 

females in low-density plots, but no difference was observed anymore when density 

increased (Figure 7). The wing load manipulation had no effect on nestling body mass, either 

alone or in interaction with the dispersal status of the mother or with plot density (all P > 

0.18). Nestling body mass was also lower in 2013 compared to 2012 (-1.82 ± 0.23, F1,164 = 64.28, 

P < 0.0001), decreased with increasing brood size (-0.31 ± 0.09, F1,152 = 10.60, P = 0.001) and 

increased with the time at weighting (2.57 ± 0.86, F1,156 = 8.99, P = 0.003). There was no effect 

of the body mass of the foster mother (F1,134 = 1.55, P = 0.22) on nestlings’ body mass. 

 

 

 

Figure 7: Mean nestling body mass at 12 days of age (corrected for year) depending on plot density for 

dispersing and philopatric foster mothers. Three density classes were defined for the sake of illustration 

(see Figure 6). 
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Fledging probability was higher when the foster mother was philopatric (odd-ratio 

[95% CI] = 5.74 [1.63 – 22.80], X2
1 = 7.11, P = 0.008). Plot density and wing load manipulation 

had no effect on fledging probability, either alone or in interaction with each other and with 

the dispersal status of the mother (all P > 0.22). Fledging probability was lower in 2013 

compared to 2012 (0.019 [0.004 – 0.071], X2
1 = 28.59, P < 0.0001). There was no effect of the 

body mass of the foster mother (X2
1 = 0.15, P = 0.70) or the initial brood size (X2

1 = 0.21, P = 

0.65) on fledging probability. 

3.4. Link between oxidative state and reproductive output 

Nestling body mass increased with the antioxidant capacity of the foster mother 

(+0.35 ± 0.13, F1,92 = 7.34, P = 0.008) but decreased with her ROM concentration (-0.42 ± 0.20, 

F1,94 = 4.47, P = 0.04). Nestling fledging probability was independent of the antioxidant 

capacity of the foster mother (X2
1 = 0.68, P = 0.41) or her ROM concentration (X2

1 = 1.33, P = 

0.25). All these effects were independent of the dispersal status of the foster mother, plot 

density or wing load manipulation (all P > 0.07).  

4. Discussion 

To reduce energetic costs potentially associated with dispersal, dispersers may adopt 

specific metabolic strategies, with potential consequences on reproduction and survival. In 

this study, we investigated experimentally whether dispersing and philopatric individual 

differ in metabolic markers during reproduction depending on the energetic demand. Only 

plasma antioxidant capacity was higher in philopatric than dispersing females 

independently of the experimental increase in wing load and local breeding density. In 

response to the increase in wing load, metabolic rate increased in both dispersing and 

philopatric females, but ROM increased in philopatric females only. Similarly, only 

philopatric individuals showed higher ROM in low-density plots compared to high-density 

ones. Overall, nestlings raised by dispersing mothers had a lower fledging probability and 

body mass compared to philopatric mothers, especially in low-density plots. Our results 
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suggest that dispersing and philopatric individuals manage oxidative balance and 

reproductive investment differently under constrained energetic conditions. 

Physiological differences between dispersing and philopatric individuals 

Philopatric females showed higher plasma antioxidant capacity than dispersing ones. 

Plasma antioxidant capacity has been shown to be correlated with dietary non-enzymatic 

antioxidants (e.g. vitamins, carotenoids) in humans (Talegawkar et al. 2009; Wang et al. 

2012b; a) and birds (Cohen & McGraw 2009). Moreover, the OXY-test used here to measure 

antioxidant capacity, through a reduction of the activity of the hypochlorous acid, mostly 

reflects the activity of these non-enzymatic antioxidants rather than enzymes targeting 

specific oxidants such as superoxide, hydrogen peroxide or lipid peroxide. Thus the 

difference between dispersing and philopatric females in antioxidant capacity supports the 

idea that philopatric individuals have higher familiarity with their habitat and thus may be 

more efficient at finding high quality resources (Pärt 1995). Alternatively, philopatric and 

dispersing individuals may differ in their antioxidant capacity prior to dispersal. 

Discriminating these alternatives would require sampling individuals before dispersal. 

Some major enzymatic antioxidants, such as catalase and superoxide dismutase, are 

active in the plasma of birds (Kurhalyuk et al. 2009; Oropesa et al. 2013; Cram, Blount & 

Young 2015b). They could be alternative low-cost antioxidant mechanisms. Therefore, 

dispersing and philopatric individuals may mobilize different types of antioxidant defences. 

Quantifying multiple antioxidants would help determining whether different antioxidant 

mechanisms are correlated or on the contrary are traded against each other (Romero-Haro & 

Alonso-Alvarez 2014). It was however not possible here because of the small quantity of 

plasma available. 

Other differences in markers of oxidative state between dispersing and philopatric 

individuals depended on external (breeding density) and/or internal (wing load 

manipulation) factors. This could result from the multicausal nature of dispersal and the 

resulting heterogeneity within the dispersing and philopatric groups (Cote & Clobert 2007; 

Cote et al. 2013; Baines, McCauley & Rowe 2014). Testing this hypothesis would require 
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identifying the motivation to disperse for each individual, which currently remains a 

challenge. The manipulation- or density-dependent differences between dispersing and 

philopatric individuals could also reflect different responses to environmental and 

physiological challenges. 

Effect of the experimental manipulation of wing load 

As expected, the wing load manipulation modified female energy budget, with a 

higher field metabolic rate and a higher fat free mass for manipulated compared to control 

females. The difference in fat free mass likely results from an increase in muscular mass, 

which has a critical influence on flight performance (Verspoor et al. 2007) and can increase 

following wing load manipulations (Lind & Jakobsson 2001). This would at least partly 

explain the absence of a decrease in body mass between control and manipulated females, a 

result previously observed in various passerine species (Winkler & Allen 1995; Swaddle & 

Witter 1997; Chai 1997; Hemborg & Lundberg 1998; Lind & Jakobsson 2001; Senar, 

Domenech & Uribe 2002; Carrascal & Polo 2006). Interestingly, female wing load 

manipulation affected neither the physiological parameters of their partners (Supplementary 

Table S5) nor the mass and fledging success of their nestlings. This suggests that 

manipulated females developed stronger flight muscles allowing them to maintain the same 

reproductive output as control females, without any noticeable compensation from their 

partner. Behavioural measures of reproductive investment, such as feeding rates, would help 

to confirm the absence of compensation by mates of manipulated females. 

The increase of field metabolic rate in response to wing load manipulation is expected 

to come at an oxidative cost. The interaction between female dispersal status and 

manipulation on ROM concentrations suggests that this cost might differ between dispersing 

and philopatric females. Among philopatric females, manipulated females showed higher 

ROM concentrations than control ones, whereas there was no difference among dispersing 

females (Figure 5). This could suggest that philopatric females can sustain higher oxidative 

pressures thanks to their ability to mount more efficient antioxidant responses than 

dispersing ones. However, accounting for the level of antioxidant activity did not explain the 
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interaction. Therefore, either philopatric females mounted a more efficient enzymatic 

antioxidant response or dispersing females were able to mitigate the deleterious effect of 

increased metabolic rate, at least on the short-term, whereas philopatric females were not. 

Habitat quality modulates differences between dispersing and philopatric individuals 

We used the density of breeders in a plot as a measure of local habitat quality. We 

found increasing nestling body mass with increasing density. Thus, in general, individuals 

did not appear to undergo stronger competition in denser plots. On the contrary, denser 

plots appeared of higher quality in terms of reproduction and may thus be more attractive. 

This is in line with previous results in this population showing a positive correlation 

between local breeding density and success at the plot scale, and consequently higher 

immigration rate (Doligez et al. 2004). 

Differences between dispersing and philopatric individuals depended on plot 

breeding density (Figure 6): although no significant effects were detected for dispersing and 

non-dispersing females separately, the overall interaction between dispersal status and plot 

density suggests that ROM concentrations of philopatric females decreased with increasing 

density, potentially reflecting a decreasing exposure to oxidants. Contrarily, dispersing 

individuals only showed slightly higher ROM concentrations with increasing breeding 

density, although, once again, the effect was not significant in dispersing females separately. 

Although the low sample size (N = 26) prevented us to explore an interaction between plot 

density and dispersal status on metabolic rate, our observations might be due to an increase 

in reproductive effort for philopatric females in less dense habitats. This allowed them to 

raise heavier nestlings compared to dispersing females in lower density plots, whereas no 

difference was observed in higher density plots. Again, such differences support the idea 

that philopatric individuals have a better access to resources, which may appear particularly 

important when resources are limited. Overall, the interactions observed between local 

breeding density, dispersal status and wing load manipulation on different measures of 

oxidative status and reproductive success suggest that habitat quality plays a key role in 

shaping oxidative costs during reproduction. However, these results remain correlative, and 
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we cannot exclude a confounding effect of individual quality, with high quality individuals 

settling in high quality habitats. An experimental manipulation of habitat quality, e.g. 

through food supplementation or parasite infestation, is needed to disentangle the role of 

habitat and individual quality on the management of oxidative costs.  

Overall this study shows that dispersal-related differences in metabolic markers and 

reproductive success are often condition- or habitat-dependent. The results reveal no general 

associations between metabolic markers and dispersal, although dispersing and philopatric 

individuals manage oxidative costs differently depending on reproductive effort (wing load 

manipulation) and environmental conditions (breeding density). They suggest that 

dispersing individuals do not adjust reproductive effort even in challenging conditions, 

resulting in a lower reproductive output, contrary to philopatric individuals that may adjust 

their effort to the local conditions through physiological responses, possibly because of their 

better knowledge of the environment. Our study therefore calls for further work 

investigating the differential management of oxidative constraints between individuals, 

especially in the context of dispersal. 
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Supplementary Information S1: Cross-fostering protocol 

We aimed at measuring the post-hatching reproductive investment and outcome of females 

depending on their dispersal status, their wing load manipulation group and local habitat 

quality (measured by plot breeding density). Reproductive parameters can however also be 

influenced by genetic and pre-hatching parental effects. To control for such confounding 

effects, we cross-fostered two-day old nestlings and analysed the body mass and fledging 

success of nestlings depending on the characteristics of their foster mother. Nestlings of 

experimental females were cross-fostered within triplets of broods of same hatching date and 

similar average body mass (difference between broods in average body mass < 1g on day 2). 

Whenever possible, all nestlings were exchanged with nestlings from the two other broods in 

the triplet, so that an experimental female reared none of its own nestlings, but nestlings 

coming from two other broods. Partial cross-fostering were conducted when no or only one 

suitable other brood was available, or when brood sizes where too different. For practical 

reasons, most exchanges were performed within breeding plots. Nests where early mortality 

was high (i.e. 3 or more nestlings dead on day 2) were not cross-fostered.  
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Supplementary Information S2: Using local breeding success of control nests as an 

alternative measure of habitat quality 

Local breeding success, i.e. the average number of fledged young per nest in a plot, could 

have been used as an alternative measure of local habitat quality (Doligez et al. 1999, 2002; 

Clobert et al. 2001). Here, this habitat quality index was not significantly related to our 

measures of adults’ metabolism, oxidative balance, mass, and body composition (results not 

detailed here). This was not due to an effect of our wing load manipulation on reproductive 

success, because (i) local success was computed on control nests only and (ii) the wing load 

manipulation did not influence final measures of reproductive success (see text). The absence 

of relation between local breeding success and our adult measures may however be due to 

early failed nests (i.e. before or just after hatching), which were included in the computation 

of local breeding success and whose parents might be of lower quality than those included in 

this study. Excluding early failed nests would however have created another bias. Overall, 

the individuals studied here experienced very low nestling mortality before being sampled: 

only 83 out of 370 of the nestlings that did not fledge (22%) died before nine days of age, the 

average time when the parents were caught. A lot of the environmental variation shaping 

final local breeding success, and especially spatio-temporal variation in weather conditions 

and food availability, might not yet have impacted the adults at the time of sampling. 

Finally, because a large fraction of females were manipulated and their nests were thus 

excluded from the computation of local breeding success, we cannot exclude that low sample 

sizes prevented us from efficiently measuring local habitat quality using local breeding 

success. For all these reasons, we therefore did not use local success as a measure of habitat 

quality in this study. 
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Table S3: Final linear mixed-effects models describing female field metabolic rate, body 

mass, body composition and markers of adult oxidative state during nestling feeding. The 

effect of year is expressed as 2013 compared to 2012, and the effect of dispersal status as 

philopatric individuals compared to dispersing ones. 

Effect Estimate ± S.E. F Num. d.f. Den. d.f. P 

Field metabolic rate (2013 only) 
Vresidual = 73 (N = 26 observations), Vhabitat = 18 (N = 9 plots) 

Wing load manipulation 8.7 ± 3.5 6.10 1 18.91 0.023 

Brood size (hatchlings) -4.0 ± 1.6 6.54 1 19.93 0.019 

Body mass 
Vresidual = 0.18 (N = 182 observations), Vindiv. = 0.23 (N = 156 females), Vhabitat = 0.01 (N = 9 plots) 

Year -0.17 ± 0.08 4.19 1 82.23 0.044 

Nestlings age -0.09 ± 0.02 19.11 1 131.40 < 0.001 

Tarsus length 0.48 ± 0.10 20.81 1 159.29 < 0.001 

Fat free mass 
Vresidual = 0.01 (N = 117 observations), Vindiv.= 0.23 (N = 106 females), Vhabitat = 0.01 (N = 9 plots) 

Year -0.59 ± 0.05 119.73 1 14.20 < 0.001 

Nestlings age -0.05 ± 0.02 8.44 1 19.98 0.009 

Tarsus length 0.60 ± 0.10 37.48 1 106.58 < 0.001 

Wing load manipulation 0.18 ± 0.07 6.39 1 30.27 0.017 

Plot density 1.10 ± 0.38 8.53 1 21.94 0.008 

Fat mass 
Vresidual = 0.10 (N = 117 observations), Vindiv.= 0.03 (N = 106 females), Vhabitat = 0.01 (N = 9 plots) 

Year 0.49 ± 0.07 54.56 1 64.27 < 0.001 

Nestlings age -0.05 ± 0.02 9.13 1 109.50 0.003 

Reactive oxygen metabolites (ROM) concentration 
Vresidual = 0.46 (N = 129 observations), Vindiv. = 0.00 (N = 116 females), Vhabitat = 0.03 (N = 9 plots), Vplate = 0.06 (N = 11) 

Wing load manipulation 1.33 ± 0.71 5.32 1 115.55 0.023 

Dispersal status 1.35 ± 0.73 5.36 1 115.25 0.022 

Plot density 2.27 ± 1.10 0.12 1 10.48 0.731 

Dispersal status x Manipulation 0.61 ± 0.26 5.60 1 112.01 0.020 

Manipulation x Plot density -2.56 ± 1.04 6.01 1 115.78 0.016 

Dispersal status x Plot density -2.45 ± 1.07 5.28 1 115.95 0.023 

Total antioxidant capacity 
Vresidual = 1.09 (N = 157 observations), Vindiv. = 0.00 (N = 139 females), Vhabitat = 0.07 (N = 9 plots), Vplate = 0.11 (N = 8) 

Dispersal status 0.56 ± 0.18 9.65 1 150.18 0.002 
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Table S4: Final generalized linear mixed-effects models and linear mixed-effects models 

describing nestling probability of fledging and body mass at 12 days of age, respectively, 

as a function of the foster mother characteristics. The effect of year is expressed as 2013 

compared to 2012, and the effect of dispersal status as philopatric individuals compared to 

dispersing ones. 

Effect Estimate ± S.E. Test statistic P 

Nestling fledging probability  
N = 1116 nestlings, Vfoster= 12.18 (N = 197 pairs),  Vgenetic= 1.49 (N = 239 pairs), Vhabitat = 0.00 (N = 9 plots) 

Year -3.96 ± 0.74 X2
1 = 28.58 < 0.001 

Dispersal status 1.75 ± 0.66 X2
1 = 7.11 0.008 

Nestling body mass at day 12 
Vresidual = 0.55 (N = 898 nestlings), Vfoster= 1.12 (N = 167 pairs),  Vgenetic= 0.49 (N = 203 pairs), Vhabitat = 0.35 (N = 9 plots) 

Year -1.82 ± 0.23 F1,164 = 64.28 < 0.001 

Brood size -0.31 ± 0.09 F1,152 = 10.60 0.001 

Time of weighting 2.57 ± 0.86 F1,156 = 8.99 0.003 

Dispersal status 3.18 ± 1.25 F1,149 = 6.45 0.012 

Plot density 4.07 ± 1.98 F1,31 = 1.75 0.196 

Dispersal status x Plot density -4.17 ± 1.86 F1,151 = 5.05 0.026 
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Table S5: Final mixed-effects models describing male body mass and markers of adult 

oxidative state, as well as nestling probability of fledging and body mass at 12 days of age 

as a function of the foster father characteristics. The initial full models were the same as 

those described for females in the text. The effect of year is expressed as 2013 compared to 

2012. 

Effect Estimate ± S.E. Test statistic P 

Body mass 
Vresidual = 0.17 (N = 171 observations), Vindiv. = 0.17 (N = 144 males), Vhabitat = 0.03 (N = 9 plots) 

Year -0.20 ± 0.08 F1,95  = 6.26 0.014 

Nestlings age -0.09 ± 0.02 F1,140 = 21.25 < 0.001 

Tarsus length 0.32 ± 0.09 F1,149 = 13.15 < 0.001 

Reactive oxygen metabolites (ROM) concentration 
Vresidual = 0.60 (N = 148 observations), Vindiv. = 0.00 (N = 130 males), Vhabitat = 0.00 (N = 9 plots), Vplate = 0.00 (N = 11) 

Year -0.32 ± 0.13 F1,144 = 5.75 0.018 

Nestlings age 0.07 ± 0.03 F1,144 = 7.09 0.009 

Plot density -1.90 ± 0.55 F1,144 = 11.89 0.001 

Total antioxidant capacity 
Vresidual = 0.71 (N = 164 observations), Vindiv. = 0.03 (N = 140 males), Vhabitat = 0.00 (N = 9 plots), Vplate = 0.08 (N = 10) 

No significant effect - - - 

Nestling fledging probability  
N = 988 nestlings, Vfoster= 7.28 (N = 174 pairs),  Vgenetic= 0.42 (N = 216 pairs), Vhabitat = 0.22 (N = 9 plots) 

Year -3.36 ± 0.62 X2
1 = 29.48 < 0.001 

Nestling body mass at day 12 
Vresidual = 0.72 (N = 830 nestlings), Vfoster= 1.04 (N = 157 pairs),  Vgenetic= 0.32 (N = 193 pairs), Vhabitat = 0.21 (N = 9 plots) 

Year -1.85 ± 0.20 F1,152 = 84.71 < 0.001 

Brood size -0.32 ± 0.09 F1,155 = 12.50 < 0.001 

Time of weighting 1.61 ± 0.80 F1,156 = 4.04 0.046 
 

 

 

  



 

95  
 

 

 

 



Chapter V 

 
96  

 

PAPER 1 – FOOD SUPPLEMENTATION MITIGATES HABITAT-

DEPENDENT DIFERENCES BETWEEN DISPERSING AND NON-

DISPERSING INDIVIDUALS IN COLLARED FLYCATCHERS. 
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Dispersal is a crucial trait affecting many ecological and evolutionary processes. 

Dispersal allows individuals to respond to environmental variation, but it entails costs and 

recent research shows that dispersal could be associated with phenotypic and life-history 

traits that allow dispersers to reduce dispersal costs. Differences in resulting life-history 

strategies between dispersing and philopatric individuals may thus represent alternative 

strategies. However, the role of environmental variation in shaping these differences has 

often been overlooked. Our previous results in a patchy population of a small passerine, the 

collared flycatcher, suggest that dispersing individuals invest less in reproduction but more 

in maintenance with decreasing local density, a proxy of habitat quality in this population, 

whereas philopatric individuals maintain a high reproductive investment in all habitats at 

the expense of increased oxidative stress. These differences could result from different 

responses to habitat quality. Alternatively, dispersing (resp. philopatric) individuals 

breeding in low quality habitats could also be phenotypically different from those in high 

quality habitats. To investigate the importance of environmental conditions in mediating 

differences in life-history traits between dispersing and philopatric individuals, we 

experimentally manipulated habitat quality by providing additional food during the nestling 

rearing period and we measured subsequent body mass, plasmatic markers of oxidative 

state and reproductive effort and output for experimental parents. Density-dependent 

differences between dispersing and philopatric individuals in body mass and fledging 

success were observed in control nests, but these differences disappeared in supplemented 

nests. Most differences between control and supplemented nests were observed in low-

density plots, thus confirming that density reflects habitat quality in this population. Our 

results confirm the importance of environmental conditions in shaping differences in life-

history traits according to dispersal. Considering that reaction norms rather than fixed 

differences shape traits associated to dispersal may help improving our understanding of 

dispersal syndromes. 
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1. Introduction 

Dispersal has long been recognized as a key process in ecology and evolution in the 

wild. In particular, it may allow individuals to escape adverse conditions especially in 

degrading environments, reduces local extinction risk in metapopulations and maintains 

gene flow between populations, shaping local adaptation and speciation processes (Clobert 

et al. 2001). At the individual level, dispersal has been shown to entail costs, e.g. the 

development of morphological structures for mobility, the mortality risks during movement 

and settlement in new habitats or the loss of familiarity with the habitat and social 

environment (Bonte et al. 2012). Therefore, selective pressure should favour dispersal of 

individuals bearing traits allowing them to reduce such costs (Duckworth 2012). In the last 

decade, a growing number of studies have shown that between-individual variation in 

dispersal behaviour often correlates with variation in behavioural, morphological and 

physiological traits (Clobert et al. 2009; Ronce & Clobert 2012; Debeffe et al. 2014). Such 

covariation can strongly affect population dynamics (Bowler & Benton 2005; Phillips et al. 

2006; Duckworth & Badyaev 2007; Clobert et al. 2009; Hanski 2012) and evolution (Garant et 

al. 2005; Edelaar & Bolnick 2012), because dispersers are not a random sample of the 

population with respect to many phenotypic traits. 

Because of such correlations between dispersal and phenotypic traits reducing 

dispersal costs, dispersing and philopatric individuals might differ in their investment in 

other life-history traits, and thus in their life-history strategies, even though they might 

eventually reach the same lifetime individual fitness (Bélichon et al. 1996; Julliard et al. 1996; 

Marr et al. 2002). Such differences would result in “life-history syndromes” associated to 

dispersal. Correlations between dispersal and life history traits have been well described at 

the interspecific level (Stevens et al. 2013, 2014), although patterns are often inconsistent 

between taxa (Stevens et al. 2014). However, the existence and direction of correlations at the 

intraspecific level between dispersal and other life-history traits such as reproductive 

performance or survival remains controversial, because no general pattern emerges from 
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empirical studies comparing life-history traits between dispersing and philopatric 

individuals (reviewed in Bélichon et al. 1996; Doligez & Pärt 2008). 

Correlative studies may however fail to find expected relationships between 

dispersal and other life-history traits, or may even find opposite relationships, if the 

expression of the traits expected to covary with dispersal depends on environmental 

conditions and dispersing and philopatric individuals are found in different habitats. 

Accordingly, it is often reported that dispersing individuals use ephemeral habitat, newly 

created habitat or range edges more frequently than philopatric individuals (Duckworth 

2008; Sexton et al. 2009). Because environmental conditions in such habitats are often less 

favourable than in long-term occupied habitat (e.g. Gaston 2009), the covariation between 

dispersal and the traits considered may mostly be mediated by habitat quality. Alternatively, 

dispersing and philopatric individuals may occupy similar habitats but respond differently 

to the same environmental conditions (van Noordwijk & de Jong 1986; Price, Kirkpatrick & 

Arnold 1988; Stearns 1989). We however know little about the differential life-history 

responses of dispersing and philopatric individuals to environmental variation. The 

modulation of the covariation between dispersal and other life-history traits depending on 

environmental conditions has only been investigated correlatively in a few studies so far 

(Tschirren et al. 2007; Duckworth & Badyaev 2007; Germain 2014). Whether environmental 

conditions could directly alter the difference in breeding strategies between dispersing and 

philopatric individuals still needs to be tested, by manipulating habitat quality without 

influencing habitat choice. Among factors determining habitat quality, food availability 

seems a privileged target for such experiments because energy requirements shape many 

life-history trade-offs. Furthermore, because both food availability and dispersal decisions 

can be strongly modulated by population density (Doligez et al. 2004; Matthysen 2005; Le 

Galliard et al. 2012), variation in local density seems an important factor to take into account 

when addressing the role of environmental conditions.  

To experimentally test the importance of habitat quality in shaping differences 

between dispersing and philopatric individuals in breeding decisions, we provided 

additional food during the nestling feeding period in a patchy population of collared 
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flycatchers Ficedula albicollis. Food supplementation has previously been shown to improve 

reproductive output in pied flycatchers Ficedula hypoleuca, a sister species (Verhulst 1994; 

Siikamäki 1998). We measured body mass and plasmatic markers of oxidative state (reactive 

oxygen metabolites and antioxidant capacity) for experimental parents, as well as their 

reproductive effort, measured through nestling provisioning rate, nestlings’ body mass and 

fledging success. Previous results in this species suggest that dispersing individuals produce 

less offspring when breeding density decreases, but incur lower physiological costs in terms 

of oxidative stress, than philopatric individuals (cf. Chapter IV). In this population, local 

breeding density could potentially reflect habitat quality, because it is positively correlated 

with average breeding success (Doligez et al. 2004), but it could also reflect the level of 

intraspecific competition during breeding. If the differences previously observed between 

dispersing and non-dispersing individuals are the result of fixed phenotypic differences or 

breeding strategies, the food supplementation treatment should not affect them. However, if 

environmental conditions mediate these differences, we predict that density-dependent 

differences between dispersing and philopatric individuals will be reduced in food-

supplemented nests compared to the control situation. If low breeding density reflects low 

food availability, as the main factor affecting breeding success in this population, the effect of 

the food supplementation should be stronger in low-density habitats. Conversely, if high 

breeding density reflects high intraspecific competition for food resources, the effect of the 

food supplementation should be stronger in high-density habitats. 

2. Material and methods 

2.1.1 Study population and definition of dispersal 

The study was conducted during spring 2014 on the island of Gotland, Sweden 

(57°07’N, 18°20’E). Collared flycatchers bred in artificial nest boxes erected in eight spatially 

discrete forest plots, with 17 to 42 breeding pairs per plot. Nests were surveyed every second 

day starting from 27 April to estimate laying date, clutch size, incubation date and hatching 

date. Males and females were caught when nestlings were six to 12 days old (mean nestling 
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age when catching the parents ± S.E. = Females: 9.7 ± 1.2; Males: 9.3 ± 1.3). Birds were 

weighed (to the nearest 0.1g), their tarsus length was measured (to the nearest 0.1mm by a 

single observer, C.R.) and a blood sample was taken (see below). Birds could be aged as 

yearlings or older adults (2 years old or more) based on plumage characteristics (Svensson 

1992) or previous capture history. Nestlings were ringed when eight days old and weighed 

when 12 days old. Nests were checked at the end of the season to evaluate fledging success 

for each nestling. 

Local breeding density was measured as the proportion of available nest boxes 

occupied by flycatchers in a plot during the year considered. A nest box was considered 

available to flycatchers when it was empty (i.e. contained no nest from another species, 

mainly great tit Parus major and blue tit Cyanistes caeruleus) up to five days after the earliest 

egg laying date for flycatchers in the same plot. This measure of density is positively 

correlated with reproductive success at the plot level (Doligez et al. 2004) and was previously 

found to influence differences in oxidative balance and reproductive success between 

dispersing and non-dispersing individuals (Chapter IV). 

The landscape of the study area is spatially fragmented, with breeding forest plots 

separated by fields, pastures and meadows unsuitable for breeding in this species. Dispersal 

was defined as a change of breeding plot between birth and the first capture as a breeder 

(natal dispersal) or between two consecutive captures as a breeder on different years 

(breeding dispersal; see Doligez et al. 1999 for a discussion of this definition of dispersal in 

this population). We excluded from our analyses all individuals that were caught for the first 

time on a given year (i.e. previously unringed individuals) and were thus of unknown 

dispersal status. Our dataset included 87 females (29 dispersing, 58 philopatric) and 77 males 

(14 dispersing, 63 philopatric) caught when feeding nestlings, coming from 121 different 

nests. Only one male was caught twice on two different nests (i.e. polygynous). As 

previously found in this (and other passerine) species, dispersal was lower in males than in 

females (Chi-squared test: X2
1 = 4.28, P = 0.038) and in adults than in yearlings: 9 out of 12 

yearlings were dispersers, but only 34 out of 152 older adults (X2
1 = 13.32, P = 0.0003). 

However, dispersal status was independent of early breeding parameters such as of laying 
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date (Wilcoxon rank-sum test; females: W = 862, P = 0.86; males: W = 549, P = 0.19) and 

clutch size (females: W = 782, P = 0.55; males: W = 415, P = 0.63). 

2.1. Parental provisioning rate 

When nestlings were five-days old, parental feeding rate was recorded during one 

hour using a camouflaged camera located at least six meters from the nest box. At the 

beginning of the recording period, the experimenter went to the nest, emptied the feeders if 

necessary (see below) and determined the number of nestlings as well as their level of 

hunger, as their response to the experimenter whistling: (0) nestlings sleeping; (1) up to two 

nestlings begging but stopping within a few seconds; (2) most nestlings begging but 

stopping within a few seconds; (3) most nestlings begging continuously. Feeding rate was 

calculated for each parent as the number of feeding events per hour and per nestling, starting 

from the first feeding event until the end of the recording. This accounted for the parents’ 

latency to resume feeding visits, which could be influenced by the birds’ response to the 

disturbance when setting the camera: feeding rate calculated by excluding this latency was 

not correlated with latency (r = -0.05, CI95% = [-0.21 – 0.11], t142 = -0.63, P = 0.53). Three nests 

for which the feeders had not been properly emptied before the test were excluded from the 

analyses. Three birds that resumed feeding visits less than 20min before the end of the 

recording were excluded, because their feeding rate could not be calculated with confidence. 

Individuals that did not resume feeding visits during the hour of recording were also 

excluded because it was not possible to know whether they were absent from the 

surroundings during that time or too disturbed by the presence of the camera (but including 

them with a feeding rate of zero did not qualitatively change the results). 

2.2. Cross-fostering 

The dispersal behaviour of breeding adults might influence the quality of their 

offspring through (i) genetic effects, (ii) pre-hatching effects (including breeding habitat 

choice and maternal effects) or (iii) post-hatching investment in nestling care. We were here 

interested in post-hatching parental responses to the supplementation treatment in relation 
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to their dispersal status. Therefore, nestlings were cross-fostered when two days old to 

dissociate pre-treatment effects of the parental dispersal status from effects linked to the 

treatment. Nestling body mass and survival were then analysed in relation to their foster 

parents’ dispersal status and experimental treatment only (i.e. we did not account for 

parents’ dispersal status in the nest of origin). Nestlings were cross-fostered within triplets of 

broods hatched on the same day and with similar body mass (i.e. with a difference in brood 

average body mass < 1g on day 2). Whenever possible, all nestlings were exchanged with 

nestlings from the two other broods in the triplet, so that experimental parents reared none 

of their own nestlings, but nestlings coming from two other broods. Partial cross-fostering 

were conducted when only one suitable other brood was available or when brood sizes 

differed too much. For practical reasons, exchanges were performed within breeding plots 

whenever possible (663 out of 1017 nestlings) or between nearby plots. Nests with a high 

early mortality (3 or more dead hatchlings on day 2) were not cross-fostered but were 

included in the supplementation experiment and the analyses if there was still at least one 

nestling alive. 

2.3. Food supplementation 

Food availability was manipulated at the nest level by providing additional food. 

When nestlings were two days old, transparent plastic containers were attached to the front 

side of the nest box, below the nest entrance. For supplemented nests, 30g of live maggots 

were placed in the containers daily until nestlings were 12 days old (included), i.e. over 11 

days in total. Each experimental nest therefore received a total of 330g maggots over the 

whole nestling phase. Control nests received no food but were visited daily to control for 

disturbance linked with human presence. Nests that hatched the same day were assigned 

either to the control or supplemented treatment group alternatively in space, to distribute 

treatments homogeneously according to space and hatching date within study plots. 

The supplemented (N = 60) and control nests (N = 61) did not differ in laying date (W 

= 1926, P = 0.62), female body mass during incubation (Student t-test: t111 = 1.28, P = 0.20) or 

brood size at the beginning of the experiment (W = 2031, P = 0.27). 
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2.4. Blood markers of oxidative state 

A 40μL blood sample was taken from the brachial vein into heparin-coated 

Microvette tubes (Sarstedt, Nümbrecht, Germany) from both parents when the nestlings 

were six to 12 days old. Blood samples were maintained at 5°C in the field before being 

centrifuged in the evening to separate plasma from red blood cells. Plasma and red blood 

cells were then stored at -80°C until analyses in the laboratory. 

The oxidative balance is multidimensional. First, the different types of oxidative 

damage, on the one hand, and different mechanisms of antioxidant defences, on the other 

hand, do not always correlate positively (Dotan, Lichtenberg & Pinchuk 2004). Second, the 

level of antioxidant defences may not predict accurately the level of oxidative damages and 

these two components should always be measured simultaneously (Costantini & Verhulst 

2009). Because of the low amount of plasma available per individual, we chose to focus on 

two markers of oxidative state, describing oxidative damages and non-enzymatic oxidative 

defences, independently of uric acid (Costantini 2011): the reactive oxygen metabolites 

(ROM) and the plasma total antioxidant capacity. These markers have been successfully used 

in birds to assess the cost of reproduction (Beaulieu et al. 2011; Stier et al. 2012). Here, we 

followed protocols successfully used in a previous study in the collared flycatcher 

(Supplementary Information S1 and Chapter IV). In our analyses, the inter-plate CVs were 

8% and 13% on 11 duplicates for the d-ROMS and OXY tests respectively and the intra-plate 

CVs were both 6% on 11 duplicates. 

2.5. Statistical analyses 

To test whether food supplementation altered the dispersal-dependent responses to 

breeding density, we examined the three-way interaction of dispersal status, food 

supplementation and breeding density on adult body mass, markers of oxidative balance 

and feeding rate using linear mixed models (LMM). Adult age (yearling vs. older), nestlings’ 

age at parents’ sampling and brood size at hatching were included as fixed covariates, as 

well as parents’ body mass (when analysing markers of oxidative balance and feeding 
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behaviour) or tarsus length (when modelling adult body mass). Sex was included in 

interaction with all other main effects (except for age, see below), to account for potential sex-

dependent responses. Due to the very small number of yearlings in 2014 (12 yearlings out of 

164 parents), the interaction between age and other variables could not be tested. Pair and 

breeding plot were included as random effects to account for the non-independence of the 

two members of a pair and for spatial environmental variation. For the markers of oxidative 

balance, the assay was also included as a random effect. Finally, for feeding rate, nestlings’ 

hunger level and the starting hour of the recording were added as fixed effects and the 

recording day was added as a random effect to account for climatic variation between days. 

We then examined the three-way interaction of dispersal status, food 

supplementation and breeding density on nestlings' body mass when 12-days old, which is a 

predictor of future survival and recruitment in the collared flycatcher (Lindén et al. 1992), 

and on the fledging probability of nestlings. Nestling body mass was analysed using a linear 

mixed model, while fledging probability was analysed using a generalised linear mixed 

model (GLMM, with a logit link function and a binomial error distribution). We analysed 

males and females separately, because dispersal status was not always known for both 

members of a pair. We modelled the three-way interaction between the foster parent’ 

dispersal status, food supplementation of the foster nest and breeding density. Parent body 

mass, hatching date and brood size were included as covariates and foster nest, nest of origin 

and plot as random effects. Age was only included as a covariate in the models for females, 

because only three yearling males were found among experimental birds in this study. When 

analysing nestlings’ body mass, the time of weighing was also included as a covariate. 

All models were run using the R software (R Core Team 2014). Fixed effects were 

selected by stepwise backward elimination. Selection criteria were the p-values of type-III F-

tests for LMM, with denominator degrees of freedom calculated using Satterthwaite's 

approximation (R package 'lmerTest', function anova, Kuznetsova, Brockhoff & Christensen 

2013) and the p-values of type-III Wald chi-square tests for GLMM (R package 'car', function 

Anova, Fox & Weisberg 2011). No selection was performed on random effects, which were 

thus kept in all final models. 
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3. Results 

3.1. Adult body mass 

The three-way interaction between dispersal status, breeding density and food 

supplementation treatment on adult body mass was significant (F1,149 = 8.75, P = 0.004, Figure 

8). Among dispersing birds, adult body mass increased with breeding density in control 

nests (post-hoc test: F1,18 = 11.71, P = 0.003; estimate ± SE: 2.61 ± 0.76) but not in 

supplemented nests (F1,11 = 1.51, P = 0.25). Conversely, the body mass of philopatric birds did 

not depend on density whatever the treatment group (both P > 0.32). The relation between 

body mass and breeding density was also sex-dependent (interaction between breeding 

density and sex: F1,99 = 5.69, P = 0.019). Body mass increased with density in females (F1,7 = 

7.79, P = 0.025; estimate ± SE: 1.39 ± 0.50) but not in males (F1,58 = 0.38, P = 0.54). Body mass 

also increased with tarsus length (F1,151 = 19.37, P < 0.001; estimate ± SE: 0.43 ± 0.10) and was 

higher in yearlings than older adults (F1,149 = 4.16, P = 0.043; estimate ± SE for yearlings 

compared to older adults: 0.39 ± 0.19). Finally, body mass tended to decrease with nestling 

age at parents’ capture (F1,115 = 3.11, P = 0.080; estimate ± SE: -0.07 ± 0.04) and did not depend 

on brood size at hatching (F1,96 = 0.12, P = 0.73). 

 

 
Figure 8: Body mass as a function of breeding density and food supplementation for philopatric (left) 

and dispersing (right) individuals. Three classes of breeding density were defined here for the sake of 

illustration, based on the distribution of breeding density in the study plots: “low” (from 43 to 50% of 

available nest boxes occupied), “intermediate” (from 65 to 73%) and “high” (from 80 to 91%). 
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3.2. Adult oxidative balance 

ROM concentration depended on plot density differently between dispersing and 

philopatric birds (interaction between dispersal status and plot density: F1,132 = 4.49, P = 

0.036, Figure 9). ROM concentration tended to increase with breeding density in philopatric 

individuals (F1,81 = 3.49, P = 0.065; estimate ± SE : 0.184 ± 0.098) but not in dispersing ones (F1,6 

= 0.20, P = 0.67). ROM concentrations did not depend on the food supplementation treatment 

(F1,95 = 0.13, P = 0.72; all two- and three-way interactions with dispersal and density were not 

significant: all P > 0.29). ROM concentration depended on brood size differently between 

males and females (F1,81 = 4.22, P = 0.043), with a tendency for decreasing ROM with 

increasing brood size in females (F1,67 = 2.98, P = 0.09; estimate ± SE: -0.028 ± 0.016) and a 

reverse but non-significant pattern in males (F1,61 = 0.64, P = 0.43; estimate ± SE: 0.018 ± 

0.022). ROM concentration did not depend on age (F1,122 = 0.11, P = 0.74), body mass (F1,121 = 

0.03, P = 0.86) or nestling age (F1,106 = 1.24, P = 0.27). 

We found a significant interaction of sex and dispersal status on antioxidant capacity 

(F1,157 = 4.12, P = 0.044). The relative values of antioxidant capacity for dispersing and 

philopatric individuals were reversed between males and females, leading to the interaction 

despite no significant within-sex difference (tendency for higher antioxidant capacity in 

philopatric compared to dispersing females: F1,83 = 3.64, P = 0.060; estimate ± SE: 16.2 ± 8.5; 

and no difference in males: F1,74 = 0.93, P = 0.34; estimate ± SE: -9.4 ± 9.7). The 

supplementation treatment had a positive effect on antioxidant capacity (F1,157 = 4.18, P = 

0.043; estimate ± SE for supplemented compared to control adults: 11.1 ± 5.4). Antioxidant 

capacity did not depend on breeding density (F1,156 = 0.01, P = 0.93), adult age (F1,155 = 0.92, P 

= 0.34), body mass (F1,157 = 0.01, P = 0.91), nestling age (F1,158 = 1.41, P = 0.24) or brood size 

(F1,156 = 0.24, P = 0.62). All interactions between dispersal status, food supplementation 

and/or breeding density were not significant (all P > 0.23). 
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Figure 9: Concentration of reactive oxygen metabolites (ROM) as a function of breeding density and 

dispersal status (dispersing vs. philopatric individuals). Three classes of breeding density were defined 

here for the sake of illustration (cf. Figure 8). 

3.3. Feeding rate 

Overall, feeding rate per nestling was higher for dispersing compared to philopatric 

individuals (F1,126 = 10.90, P = 0.001; estimate ± SE for dispersing compared to philopatric 

individuals: 0.5 ± 0.2). Feeding rate also decreased with plot density in control nests (F1,70 = 

8.79, P = 0.004; estimate ± SE: -1.8 ± 0.6) but not in supplemented ones (F1,40 = 0.83, P = 0.37), 

leading to a significant interaction between plot density and supplementation treatment on 

feeding rate (F1,68 = 6.85, P = 0.011, Figure 10). Feeding rate per nestling also decreased with 

increasing brood size (F1,84 = 29.32, P < 0.001; estimate ± SE: -0.3 ± 0.1). Feeding rate did not 

depend on parent’s age (F1,119 = 0.39, P = 0.53), body mass (F1,114 = 0.03, P = 0.86), nestlings’ 

hunger level (F3,95 = 1.40, P = 0.25) or the time of the day when feeding rate was recorded 

(F1,72 = 1.84, P = 0.18). 
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Figure 10: Feeding rate per hour and per nestling as a function of breeding density and food 

supplementation treatment. Three classes of breeding density were defined here for the sake of 

illustration (cf. Figure 8) 

3.4. Nestling body mass 

Nestling body mass when 12 days old did not differ between dispersing and 

philopatric foster mothers (F1,65 = 0.07, P = 0.80; all two- and three-way interactions with food 

supplementation treatment and/or breeding density were not significant). It did not depend 

on the foster female’s age (F1,69 = 0.40, P = 0.53) or body mass (F1,62 = 2.84, P = 0.10) either. 

Nestling body mass tended to be higher for dispersing compared to philopatric foster males 

(F1,54 = 3.43, P = 0.069; estimate ±  SE for dispersing compared to philopatric males: 1.04 ± 

0.56; all two- and three-way interactions with food supplementation treatment and/or 

breeding density were not significant). Nestling body mass did not depend on the foster 

father’s body mass (F1,53 = 0.19, P = 0.66). For both analyses, nestling body mass did not 

depend on the supplementation treatment (P > 0.37), breeding density (P > 0.86) or their 

interaction (P > 0.40). Nestling body mass decreased with hatching date (P < 0.02; Table S3) 

but did not depend on brood size (P > 0.12) or the time of the day when the nestlings were 

weighed (P > 0.36).  
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3.5. Fledging success 

Fledging probability did not depend on the foster female’s dispersal status (X2
1 = 1.26, 

P = 0.26; all two- and three-way interactions with food supplementation treatment and/or 

breeding density were not significant). Fledging probability did not depend either on the 

female’s age (X2
1 = 0.63, P = 0.43) or body mass (X2

1 = 2.23, P = 0.14). Fledging probability was 

higher in supplemented compared to control nests (X2
1 = 6.53, P = 0.011; estimate ± SE for 

supplemented compared to control nests: 1.86 ± 0.73) but it did not depend on breeding 

density (X2
1 = 1.01, P = 0.31; the interaction with food supplementation was not significant). 

Conversely, fledging probability differed between foster dispersing and philopatric males 

but this effect depended on both plot density and supplementation treatment (three-way 

interaction: X2
1 = 6.26, P = 0.012, Figure 11). Among philopatric males, fledging probability 

increased with breeding density in control nests (X2
1 = 8.84, P = 0.003; estimate ± SE: 9.76 ± 

3.28) while it was equally high in supplemented nests (X2
1 = 0.01, P = 0.93), leading to a 

significant interaction between supplementation treatment and plot density for philopatric 

fathers (X2
1 = 4.44, P = 0.035). Among dispersers, fledging probability did not depend on 

supplementation treatment (X2
1 = 1.44, P = 0.23), breeding density (X2

1 = 0.15, P = 0.70) or 

their interaction (X2
1 = 2.56, P = 0.11) (but sample sizes were low). Fledging success also 

decreased with the foster father’s body mass (X2
1 = 5.72, P = 0.017; estimate ± SE: -1.40 ± 0.59). 

For both analyses, fledging probability decreased with increasing hatching date (P < 0.001, 

Table S2) but did not depend on brood size at hatching (P > 0.51). 
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Figure 11: Number of fledged nestlings as a function of breeding density and food supplementation 

treatment for philopatric (left) and dispersing (right) males. Three classes of breeding density were 

defined here for the sake of illustration (cf. Figure 8). 

 

4. Discussion 

Differences in life-history traits between dispersing and philopatric individuals are 

frequently observed, but their origin is yet poorly understood. Previous results in the 

collared flycatcher have shown that differences between dispersing and philopatric 

individuals in oxidative balance and reproductive output depended on local breeding 

density. These differences may result from differences in habitat quality and/or competition 

for food and breeding sites. Through a manipulation of food availability after the onset of 

breeding, i.e. during the nestling feeding period, we investigated whether those phenotypic 

differences between dispersing and philopatric birds were due to habitat quality effects or 

were explained by fixed individual differences associated with dispersal. In control nests, we 

observed density-dependent differences in body mass and fledging success between 

dispersing and philopatric individuals, but these differences disappeared in supplemented 

nests. The food supplementation treatment only interacted with dispersal through a three-

way interaction with breeding density, indicating that only traits that are already differently 

sensitive to natural environmental conditions according to dispersal were also differently 

sensitive to the experimental treatment. This confirms that the differences observed between 
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dispersing and philopatric individuals are not fixed but depend on environmental 

conditions, which emphasizes that the description of dispersal syndromes needs to account 

for environmental variation. 

Differences between dispersing and philopatric birds in non-supplemented conditions 

Dispersing and philopatric individuals differed in their feeding behaviour and 

antioxidant capacity (for females), independently of plot breeding density or food 

supplementation. The higher antioxidant capacity of philopatric females compared to 

dispersing ones is consistent with previous results in that species (cf. Chapter IV). It could be 

result from an advantage of breeding in a familiar habitat, which facilitates both the access to 

good quality breeding sites and the search for food (Pärt 1995). Alternatively, dispersing 

individuals could be lower quality individuals that were constrained to disperse because of 

their low competitive ability and could not secure a good site and/or are less efficient in 

searching for high quality food. Philopatric individuals also had a lower feeding rate per 

nestling than dispersing ones. Although we do not have information on the type of preys 

brought by the parents here, longer foraging trips have been shown to associate with larger 

or more numerous prey items brought in a single feeding visit in many passerine species 

(Nour et al. 1998; Grieco 2002; Schwagmeyer & Mock 2008) and prey size is an important 

determinant of the total volume of prey brought to a nest (Grundel 1987) and eventually of 

reproductive success (Schwagmeyer & Mock 2008). In our study, the absence of differences 

in nestling body mass and survival between dispersing and philopatric individuals in 

control conditions suggest that philopatric birds were able to reach the same reproductive 

output despite a lower feeding rate than dispersing ones. Philopatry thus seems to confer an 

advantage in finding high quality food. This could be associated with a higher selectivity for 

larger prey items (Naef-Daenzer, Naef-Daenzer & Nager 2000), or more generally more 

profitable, higher quality prey items, in philopatric individuals. 

When considering only control nests, fledging success increased with breeding 

density in philopatric males only, whereas body mass increased with plot density in 

dispersing individuals (males and females) only. The general directions of these effects 
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confirm that high-density habitats are also high quality breeding habitats, because measures 

of adult condition or success increase when density increases. Nevertheless, the fact that 

either reproductive success (in philopatric males) or body mass (in dispersing individuals) 

increases but not both simultaneously, as well as the negative relationship between fledging 

success and body mass observed in males, suggest a trade-off between parental condition 

and nestling survival until fledging, so that both may not increase simultaneously. In this 

case, philopatric individuals would increase their investment in maintenance when habitat 

quality increases, while dispersing males increase their investment in reproduction. 

ROM level also increased with breeding density in philopatric individuals only, 

independently of the food supplementation. This result is in contradiction with the decrease 

of ROM level with increasing breeding density observed in philopatric individuals in 2012 

and 2013 (cf. Chapter IV). Environmental conditions in 2014 differed however very strongly 

from previous years, with highly unfavourable meteorological conditions (high rain and low 

temperatures), which resulted in very high nestling mortality rate and thus poor 

reproductive output in 2014 compared to previous years (mean fledging success in control 

nests ± S.D. = 4.7 ± 2.6 in 2012, 3.0 ± 2.4 in 2013 and 1.5 ± 2.0 in 2014, to be compared to the 

average fledging success from 1980 to 2011 = 3.6 ± 0.6). Although the effect of breeding 

density on ROM level was reversed in 2014 compared to previous years, an interaction 

between breeding density and dispersal status was found in all three years. This confirms the 

importance of environmental conditions in determining the differences between dispersing 

and philopatric individuals in phenotypic traits. This result is also in line with the hypothesis 

that, in non-manipulated conditions, dispersing individuals maintain a constant 

reproductive investment whatever the environmental conditions whereas philopatric 

individuals adjust their investment to environmental conditions, and notably invest more in 

reproduction in high-density/high-quality habitats. The increase in ROM concentration with 

breeding density in philopatric individuals may thus be a consequence of the increase in 

reproductive effort to feed larger broods under constrained conditions, at least in males. 
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Food supplementation mitigated the density-dependent effects on body mass and reproduction 

Consistently with previous studies in pied flycatchers (Verhulst 1994; Siikamäki 

1998), our food supplementation was successful in increasing nestlings’ survival. Moreover, 

supplemented birds had a higher non-enzymatic antioxidant capacity. Non-enzymatic 

antioxidant capacity has been shown to positively correlate with the amount of antioxidant-

rich food in the diet in humans (Talegawkar et al. 2009; Wang et al. 2012b; a) and birds 

(Cohen & McGraw 2009). The higher antioxidant capacity of supplemented birds could be 

due to a diet richer in antioxidants if supplemented birds are more selective in their food 

choice than control birds or to lower antioxidant consumption due to a decreased foraging 

effort. However there was no effect of breeding density on antioxidant capacity, suggesting 

that individual variation rather than environmental variation drives antioxidant capacity, 

consistently with the results of chapter III. This higher antioxidant capacity did not translate 

into lower oxidative damages, as measured by ROM concentration. Enzymatic antioxidants, 

such as catalase and superoxide dismutase, could be alternative low-cost antioxidant 

mechanisms allowing non-supplemented individuals to compensate for the lower dietary 

intake of exogenous antioxidants. Enzymatic antioxidants are active in bird blood 

(Kurhalyuk et al. 2009; Oropesa et al. 2013; Cram et al. 2015b), which allows their measure in 

wild populations of small-size animals monitored on the long-term, for which blood is often 

the only tissue that can be sampled. Importantly, however, markers of oxidative state in the 

plasma do not always correlate with values in other tissues (Veskoukis et al. 2009; Speakman 

& Garratt 2014), which may limit the interpretation of patterns observed based on blood 

samples. Here, it was not possible to quantify enzymatic antioxidants because of the small 

quantity of plasma available. 

In supplemented nests, the effect of breeding density on adult body mass and on 

fledging success was no more significant. The decrease in feeding rate with density in control 

nests, independently of dispersal status, was also cancelled in supplemented nests, mainly 

because of an increase in feeding rate in high-density habitats (Fig. 3). Food availability thus 

played a role in mediating the density-dependence of these traits and in particular the 

differences between dispersing and philopatric individuals in patterns of density-



Responses to relieved energetic constraints 

115  
 

dependence on body mass and fledging success. Interestingly, for both traits, the difference 

between control and supplemented nests was observed at low densities (Fig. 1 and 4). This 

confirms that food availability was more constrained in low-density than high-density 

habitats and that density reflects habitat quality rather than intraspecific competition. 

Although the small number of dispersing males prevented us to directly investigate 

sex differences in the observed patterns, results across studies suggest that males and 

females might respond differently to breeding density and food availability. In control nests, 

philopatric males did not adjust reproductive effort even in challenging conditions, resulting 

in a lower reproductive output, but maintained their body mass. The reverse pattern was 

observed in dispersing males, but the sample size was too low to conclude on the differences 

in fledging success. These results contrast with the relationships found in females in 

previous years. Indeed, in chapter IV, we found that fledging success was constant with 

density whereas ROM concentrations decreased with increasing in philopatric females, but 

no such interaction was found in males. Such sex by dispersal interaction on life-history 

traits, also observed in other bird species (Clobert et al. 1988), could be related to different 

life-history strategies associated with dispersal in males and females, due to different costs of 

dispersal between the sexes (Pärt & Gustafsson 1989; Pärt 1990, 1994, 1995). 

Differences in life-history traits in response to variation in habitat quality between 

dispersing and philopatric individuals could correspond to different life-history strategies or 

mainly reflect differences in individual quality. Discriminating these alternatives requires 

assessing the effect of these differences on long-term individual fitness, in particular lifetime 

reproductive success. The important contribution of fledging success to lifetime reproductive 

success has been shown in this population (Gustafsson 1986) and dispersing males breeding 

in low-quality habitats might gain fitness compared to philopatric males in the same habitat, 

a conclusion limited by the small number of dispersing males. However, the impact of the 

lower body mass of dispersing individuals in low-quality habitats on future survival and 

reproductive success remains unclear. If body mass is not an important predictor of survival, 

the differences between dispersing and philopatric males might only reflect a lower quality 

of philopatric males, which produce less fledglings than dispersing males, in low quality 
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habitat. Thus, investigating the fitness consequences of these differences between dispersing 

and philopatric individual in their responses to habitat quality requires a estimating their 

survival rate as a function of breeding density or, indirectly, as a function of body mass. 

However, estimating differences in survival between dispersing and non-dispersing 

individuals can be challenging due to the higher dispersal propensity of dispersing 

individuals out of the study area and thus their lower probability of recapture (Doligez & 

Pärt 2008). 

This study experimentally demonstrated that, in collared flycatchers, differences in 

maintenance and reproductive success between dispersing and philopatric individuals are 

habitat-dependent, and not simply fixed differences determined by phenotypic differences. 

The food supplementation increased the body mass of dispersers and the fledging success of 

philopatric males in low-quality habitats, thus mitigating the dispersal-dependent effects of 

habitat quality observed in control nests. Most studies of dispersal syndromes (reviewed in 

Ronce & Clobert 2012) have described one-time differences, without investigating their 

within-individual variation and in particular the role of environmental variation, beyond 

their effect on the dispersal decision itself (but see Ims 1990; Meylan et al. 2009; Hoset et al. 

2010). Investigations of dispersal syndromes should pay more attention to the potential 

confounding effects of habitat quality and seek to measure or manipulate it before drawing 

conclusions from observed phenotypic differences between dispersing and non-dispersing 

individuals. 
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Supplementary Information S1: Protocols for the measure of oxidative state markers 

The concentration of Reactive Oxygen Metabolites in the plasma was measured using 

the d-ROMs test (MC 0001 kit, Diacron International, Grosseto, Italy). 4μL of plasma were 

mixed with 198μL acidic buffer and 2μL chromogenic substrate (N, N- 

diethylparaphenilendiamine) and left to incubate for 75mn at 37°C, before measuring OD 

twice at 550nm. The values were averaged to get the concentration in the sample. To control 

for the natural opacity of some samples, OD at 800nm was measured and samples with 

OD800> 0.100 were excluded from the analysis. 

Plasma total antioxidant capacity was estimated as the capacity of plasma to oppose 

the oxidative action of the hypochlorous acid HClO (OXY adsorbent test, MC 434 kit, 

Diacron International, Grosseto, Italy). Each plasma sample was diluted at 1/100 in ultra-

pure water. 5μL diluted sample were incubated 10 mn at 37°C with 200μL HClO solution. 

2μL chromogenic substrate (N, N- diethylparaphenilendiamine) were then added and OD at 

550nm was measured twice and averaged to quantify HClO excess. 
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Table S1: Linear mixed-effect models best describing adults’ body mass, oxidative state 

markers and feeding rate. The sample size and the partition of the variance are given for 

each model. The estimate of the effect of age is expressed as yearlings vs. older birds, and 

that of sex as males vs. females. 

-0.365 5.31

-0.029 101.69

0.136 0.30

0.296 130.45

4.22

4.49
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Table S2: Generalized linear mixed-effect models best describing fledging success. The 

sample size and the partition of the random variance are given beside each model. 

-1.46 12.23

1.86 

-2.06 

-1.40 

9.51 

-11.42 

-22.91 ± 8.66

 

Table S3: Linear mixed-effect models best describing the body mass of 12-day old 

nestlings. The sample size and the partition of the random variance are given beside each 

model. 

-0.14 6.78

-0.21 8.29

 

  



Chapter V 

 
120  

 

PAPER 2 – FOOD SUPPLEMENTATION MITIGATES DIFFERENCES IN 

NEST-DEFENCE BEHAVIOUR BETWEEN DISPERSING AND NON-
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Dispersal behaviour is a major response to environmental spatio-temporal variability 

and has been shown to be associated with individual variation in behavioural and life-

history traits. However, to what extent these differences between dispersing and non-

dispersing individuals are fixed or depend on external conditions remains poorly known. To 

explore this question, we manipulated local habitat quality by providing additional food 

during the nestling feeding period in a patchy population of collared flycatchers and we 

compared the subsequent nest defence against a dummy predator between dispersing and 

non-dispersing parents. Dispersing birds showed more intense nest defence behaviour in 

supplemented compared to control nests, whereas non-dispersing birds showed an equally 

strong response in both treatments. These effects were independent of brood value. The 

difference between dispersing and non-dispersing individuals may result from a dispersal 

cost, with dispersers being normally constrained to invest more in foraging behaviour but 

supplementation releasing this constraint. It may also reflect two distinct behavioural 

strategies associated with dispersal in this population, with dispersers adjusting their 

investment when breeding in low-quality habitat while non-dispersers show a less flexible 

reproductive investment. More attention should therefore be given to the influence of 

environmental variation on behavioural and life-history responses of dispersing and non-

dispersing individuals when assessing the costs and benefits of dispersal. 
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1. Introduction 

Dispersal, defined as the movement of individuals between breeding sites or between 

the birth site and the site of first breeding (Greenwood & Harvey 1982), is a fundamental 

process in ecology, allowing rapid individual responses to environmental variation, in 

particular the deterioration of local conditions (Clobert et al. 2001). Dispersal decisions are 

frequently driven by interactions between environmental factors and phenotype (Ims & 

Hjermann 2001), but recent studies have shown that dispersal is partly heritable in different 

taxa (e.g. (Roff & Fairbairn 2001; Doligez et al. 2009; Zera & Brisson 2012)). Furthermore, 

natural selection might favour the functional integration of dispersal with various 

phenotypic traits that allow individuals to reduce dispersal costs (Clobert et al. 2009), 

resulting in genetic correlations at the population level (Duckworth & Kruuk 2009; Korsten et 

al. 2013). In particular, temerity and exploratory propensity are the behavioural traits most 

consistently associated with dispersal (Ronce & Clobert 2012; Debeffe et al. 2013) (but see 

(Cote et al. 2010)). Thus dispersal is often predicted to be associated with fixed differences in 

behavioural and physiological traits, defining a “dispersal syndrome” (Duckworth & Kruuk 

2009; Meylan et al. 2009). However, natural selection is also expected to favour flexibility, 

allowing individuals to adjust decisions to environmental conditions. Thus, dispersing 

individuals may differ in their response to environmental conditions and in this case, the 

variation observed between dispersing and non-dispersing individuals would be conditional 

on the environment rather than fixed (Pennekamp et al. 2014). Because most studies on 

dispersal syndromes so far did not manipulate environmental conditions independently of 

habitat selection, they cannot discriminate between these alternatives. 

To explore whether differences between dispersing and non-dispersing individuals in 

behavioural traits were fixed or conditional on environmental conditions, we manipulated 

habitat quality by providing additional food during the nestling rearing period in a patchy 

population of collared flycatchers Ficedula albicollis. Just before fledging, we measured nest 

defence behaviour against a natural nest predator, the red squirrel, for individuals that 

previously bred in the patch and for new comers, while controlling for brood value. 
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2. Material and methods 

The study was conducted in spring 2014 on a patchy population of collared 

flycatchers breeding in nest boxes on the island of Gotland, Sweden (57°07’N, 18°20’E). Nest 

boxes in our eight experimental plots were monitored regularly throughout the season to 

record breeding data (laying and hatching dates, clutch and brood size, mass and tarsus 

length of nestlings on day 12). Parents were caught inside boxes, aged (yearlings vs. older 

adults) based on plumage characteristics (Svensson 1992) and previous capture history, and 

weighed when chicks were six to 12 days old. Dispersal was defined as a change of breeding 

patch between birth and the first capture as a breeder (natal dispersal) or between successive 

captures as a breeder (breeding dispersal). Non-dispersing individuals did not change plot 

between successive captures (see (Doligez et al. 1999) for a discussion of this binary definition 

of dispersal in the collared flycatcher). We excluded all previously unringed adults, which 

were of uncertain dispersal status because a fraction of local breeders are missed every year. 

Permission for catching and ringing adult and young birds was granted by the Ringing 

Centre from the Museum of Natural History in Stockholm (licence number 471:M009 to CR). 

Food availability was manipulated by providing additional food to half of our nests 

(N = 86 supplemented nests) from day two to day 12 post-hatching. 30g of live maggots were 

provided once a day, between 07:00 and 19:00, in transparent containers attached to nest 

boxes. Control nests (N = 82) received no food, but were also visited daily to be subjected to 

the same level of disturbance. Nests that hatched the same day were assigned either to the 

control or supplemented treatment group alternatively in space, to distribute treatments 

homogeneously according to space and hatching date within study plots. Breeding density 

in the plot, i.e. the fraction of available nest boxes that were occupied by flycatchers in the 

plot, was calculated to account for natural variation in habitat quality between plots. 

Breeding density is positively correlated with breeding success in our population (Doligez et 

al. 2004), but could also reflect varying levels of competition. 

Nest defence was measured when chicks were 13-days old by placing a stuffed red 

squirrel on the entrance of the nest box, mimicking a nest predator attack on nestlings. To 
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avoid premature fledging, nest box entrance was closed during the test. The stuffed squirrel 

was left for no longer than 5min from the arrival of the second parent and no longer than 15 

min from the observer’s arrival. If no adult was seen, it was removed after 10 min. An 

observer hidden under a camouflage net and sitting at least 10 meters from the nest box 

recorded the behaviour of the pair. Recorded behaviours are described in Table S1. Because 

some parents arrived less than 5 min before the end of the test, behavioural responses during 

the 4.5 min only following an individual first sighting were available for all individuals and 

used in the analyses. One individual that arrived only 16 s before the end of the test was 

considered absent during the test. Following a multivariate analysis of the data exploring 

correlations between behavioural responses (Supplementary material S1), a nest defence 

score was computed based on the behaviours that best described the intensity of the 

response: (i) time spent within 2 meters of the box, (ii) total number of moves and (iii) 

presence/absence of direct attacks on the dummy (Table 1). Similar scoring system are used 

in other studies of nest defence (Hakkarainen & Korpimaki 1994; Duckworth 2006). 

 

Table 5: Construction of the nest defence score. Tertiles of the distribution for the whole population 

were used as cut-off values for the two quantitative variables. Individuals that were not seen during 

the test were assigned a score of 0. If individuals attacked the dummy, the score was increased by 1. 

Thus the final score varied between 0 and 6. 

 
Time spent within 2m of the nest box 

t ≤ 29.9% 29.9% < t ≤ 81.1% t > 81.1% 

Number 
of moves 

a ≤ 14 1 2 3 

14 < a ≤ 26 2 3 4 

a < 26 3 4 5 
 

In total, nest defence score was obtained for 128 individuals whose dispersal status 

was known, 67 females (25 dispersing, 42 non-dispersing) and 61 males (10 dispersing, 51 

non-dispersing) from 101 different nests. The supplemented (N = 51) and control nests (N = 

40) differed neither in brood size at the beginning of the treatment (Wilcoxon rank-sum test: 

W = 886, P = 0.257) nor in laying date (W = 903, P = 0.350).  
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The influence of individual dispersal status, supplementation treatment and breeding 

density, as well as their interactions, on individual nest defence score was investigated using 

a linear mixed-effects model. Sex, age (yearling vs. older), adult body mass, brood size on the 

day of the nest defence test and average nestling body mass were included as fixed 

covariates as well as their interaction with the supplementation treatment; nest and observer 

were included as random effects to control for the non-independence of the two pair 

members and for variation between observers. To test whether nest defence behaviour was 

measured on a biased sample of breeders with respect to dispersal and supplementation 

treatment, the effect of supplementation treatment and dispersal status were investigated on 

(i) the probability of total brood failure (using GLM with a binomial error distribution), (ii) 

brood size on the day of the nest defence test and (iii) average nestling body mass (with 

average tarsus length as covariate), on males and females separately to avoid pseudo-

replication of the breeding data. We also tested the effect of dispersal in interaction with the 

supplementation treatment, which was non-significant in all three models and thus not 

reported in the results. All analyses were run using the R software. Non-significant effects 

(starting with interactions) were removed based on type-III F-tests with denominator 

degrees of freedom calculated using Satterthwaite's approximation (R package 'lmerTest' 

(Kuznetsova et al. 2013)). 

3. Results 

The mean (± SE) nest defence score was 2.9 ± 1.7. Nest defence score differed between 

dispersing and non-dispersing individuals and this difference depended on the food 

supplementation treatment (interaction between dispersal status and supplementation 

treatment: F1,108 = 3.95, P = 0.049, Figure 12). In control nests, dispersing birds had a lower 

score than non-dispersing ones (post-hoc test: F1,50 = 7.61, P = 0.008; estimate ± SE for 

dispersing compared to non-dispersing individuals: -1.32 ± 0.48), whereas the score of non-

dispersing and dispersing birds did not differ anymore in supplemented nests (F1,68 = 0.57, P 

= 0.45).  The difference between dispersing and non-dispersing individuals also depended 

on breeding density (interaction between dispersal status and breeding density: F1,106 = 6.38, 
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P = 0.010, Figure 13). Among dispersing individuals, nest defence decreased with increasing 

density (post-hoc test: F1,21 = 5.11, P =  0.030; estimate ± SE: -3.65 ± 1.62), while no relation 

was observed in non-dispersing birds (F1,85 = 2.34, P = 0.13). 

 

 

Figure 12: Effect of the food supplementation treatment on the nest defence score of dispersing and 

non-dispersing individuals. 

 

 

 

Figure 13: Effect of breeding density on the nest-defence score of dispersing and non-dispersing 

individuals. 
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Furthermore, brood size affected nest defence score depending on supplementation 

treatment (interaction between treatment and brood size: F1,61 = 4.10,  P = 0.047): the nest 

defence score tended to increase with brood size in control nests (F1,49 = 3.42, P = 0.070; 

estimate ± SE: 0.23 ± 0.12), but not in supplemented nests (F1,43 = 0.38, P = 0.54). Individual’s 

age, either alone or in interaction with dispersal status, body mass and sex, as well as 

average nestling body mass, had no effect on nest defence score (all P > 0.18, Table S3). 

The probability of total brood failure between the start of the supplementation 

treatment and the nest defence test was lower in supplemented nests, although only 

marginally so in females (males: F1,76 = 6.19, P = 0.020; females: F1,100 = 3.27, P = 0.070; 

estimates ± SE for supplemented nests compared to control ones: -1.48 ± 0.63 and -0.78 ± 0.43 

for males and females respectively). Brood failure was independent of dispersal status 

(males: F1,75 = 0.46, P = 0.50; females: F1,99 = 0.22, P = 0.64). Brood size was higher in 

supplemented nests (males: F1,59 = 9.90, P = 0.003; females: F1,65 = 8.31, P = 0.005; estimates ± 

SE for supplemented nests compared to control ones: 1.16 ± 0.40 and 1.23 ± 0.39 for males 

and females respectively), but did not differ between dispersing and non-dispersing 

individuals (males: F1,58 = 0.06, P = 0.81; females: F1,64 = 0.36, P = 0.55). Nestling body mass 

was higher for dispersing individuals compared to non-dispersing ones, although only 

marginally so in males (males: F1,58 = 3.91, P = 0.052; females: F1,64 = 4.83, P = 0.030; estimates 

± SE for dispersing compared to non-dispersing individuals: 0.72 ± 0.36 and 0.52 ± 0.24 for 

males and females respectively) Nestling body mass did not differ between supplemented 

and control nests (males: F1,57 = 0.81, P = 0.37; females: F1,63 = 0.07, P = 0.80). 

4. Discussion 

Dispersing individuals increased the intensity of nest defence when food availability 

was increased compared to control conditions. In contrast, non-dispersing individuals 

showed a high intensity of nest defence whatever the supplementation treatment. 

Consistently, food abundance was found to be positively linked to nest defence in Ural owls 

(Kontiainen et al. 2009) and great tits (Rytkönen 2002), controlling for brood size. There was 

no evidence of a bias in our sample of nest defence scores due to higher early failure of a 
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non-random fraction of individuals with respect to dispersal, because the probability of 

breeding failure before the nest defence test did not depend on the interaction between 

supplementation treatment and dispersal status. Intra-individual flexibility rather than inter-

individual differences might therefore explain a large part of the observed variation in nest 

defence behaviour. 

The parental investment theory postulates that parental care should increase with 

current reproductive value, which increases with nestling number and condition, and 

decrease with residual reproductive value, i.e. future breeding prospect of the individual 

(Winkler 1987). Here, nest defence was positively related to brood size, reflecting current 

reproductive value, in control nests only, but was not related to fledging mass. There was no 

effect of parent age or body mass, possibly reflecting residual reproductive value, on nest 

defence behaviour. As brood size was independent of dispersal, the observed variation in 

nest defence behaviour was not mediated by differential effects of the supplementation on 

nestling survival and growth or on adult condition. 

The observed difference in nest defence behaviour between dispersing and non-

dispersing birds could result either from a constraint on dispersers or from an adaptive 

adjustment by dispersers. In control conditions, dispersing individuals may not be able to 

invest as much time and energy in nest defence as non-dispersing individuals. They may 

indeed not be able to exploit their habitat as efficiently due to unfamiliarity with the 

environment (Pärt 1995) and need to reallocate time and energy to foraging and nestling 

provisioning. However, when such constraint is released, here via food supplementation but 

also naturally when density increases, possibly reflecting increasing quality habitat, 

dispersing individuals can increase their investment in other parental care behaviours, such 

as nest defence. Under this hypothesis, the reduced nest defence in control nests would 

reflect a cost for dispersers in terms of immediate increased risk of nest predation. 

Alternatively, our results could suggest the existence of different investment strategies, with 

dispersing individuals adjusting their level of parental care depending on resource 

availability while non-dispersing ones show a constantly high investment in nest defence. 

Under this hypothesis, the reduced nest defence behaviour in control nests would reflect a 
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beneficial adjustment by dispersing individuals. In line with this idea, dispersing individuals 

reared heavier nestlings than non-dispersing individuals independently from the 

supplementation treatment, and thus seemed to benefit from adjusting their investment in 

parental care. Our study population is characterised by a low level of nest predation 

compared to other similar passerine populations, thanks to the absence of mustelid species 

on Gotland (Doligez & Clobert 2003). Because the most important factor determining 

reproductive success in our population is thus the availability of resources for nestlings, 

selection may have favoured high investment in nestling provisioning at the expense of other 

parental care behaviours. In this case, the reason why non-dispersing individuals maintain a 

high level of nest defence whatever environmental conditions remain to be explored. 

Our study experimentally showed the role of environmental conditions in mediating 

differences in behaviour during breeding between dispersing and non-dispersing 

individuals. Characterising dispersal syndromes without taking environmental variability 

into account might thus be lead to intrinsically flawed inferences. To better understand the 

processes at play on the evolution of dispersal strategies, we encourage integrating measures 

of habitat quality variation or manipulating this quality when studying behavioural 

syndromes, and more generally differences in life-histories, associated to dispersal.  
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Table S1: Ethogram used to code the behavioural tests. Alarm calls were also frequent, but 

could rarely be attributed to one of the parents, especially when these remained far from 

the nest box. They were therefore not included in the score. 

Behaviour Description 

+ 10 meters The bird flies and lands more than ten meters from the nest box or out of view. 
- 10 meters The bird flies and lands between ten and five meters from the nest box. 
-  5 meters The bird flies and lands between five and two meters from the nest box. 
-  2 meters The bird flies and lands within two meters of the nest box. 
Attack The bird attacks the dummy squirrel by giving it a peck. 
Hovering The bird does a stationary flight in front of the nest box. 
Swooping The bird plunges toward the dummy squirrel to chase it. 
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Supplementary information S2: Comparison of the nest defence score with a Principal 

Component Analysis of behaviour 

Excluding individuals that were not seen, and one individual that arrived 16s before 

the end of the test, a Principal Component Analysis was performed on the following 

variables using the function dudi.pca of the ‘ade4’ package (Dray & Dufour 2007): 

 latency between the start of the test and the bird’s arrival 

 time spent within 2 meters of the nest 

 time spent within 5 meters of the nest, but further than 2 meters 

 time spent within 10 meters of the nest, but further than 5 meters 

 time spent alarming 

 activity = number of moves 

 number of attacks and swooping (cf. Supplementary Table S1). 

The first principal component explained 33.4% of the variance in behaviour. This 

figure dropped to 17.9% for the second component. The loadings of the first principal axes 

showed that the latency and alarms did not contribute much to this axis (Supplementary 

Table S2.1). Alarms contributed positively to the first axis and were negatively correlated to 

activity and the time spent within 2 meters, as did the time spent within 5 meters and within 

10 meters. The intensity of the nest defence response was thus best described by the time 

within 2 meters, the activity, and the attacks. As the correlation coefficients between these 

three variables were moderate, we kept them all to build the nest defence score. 

Table S2.1: Loadings of the behavioural variable on first two principal axes of the PCA. Their 

correlations with the axes are given into parentheses. 

 
Loadings (Correlations) Principal axis 1 Principal axis 2 
Latency 0.041 (0.063) -0.102 (-0.114) 
Time within 2 meters -0.553 (-0.846)  -0.419 (-0.469) 
Time within 5 meters 0.348 (0.533) 0.552 (0.618) 
Time within 10 meters 0.387 (0.591) 0.048 (0.053) 
Alarms 0.293 (0.448) -0.372 (-0.416) 
Activity -0.489 (-0.748) 0.367 (0.411) 
Attacks and swooping -0.309 (-0.473) 0.483 (0.541) 
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Table S2.2: Correlation between the behavioural variables 
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Latency 0.014 0.074 -0.062 -0.086 -0.115 -0.099 
Time within 2 meters  -0.651 -0.556 -0.173 0.431 0.121 
Time within 5 meters   -0.031 0.048 -0.132 -0.118 
Time within 10 meters    0.159 -0.316 -0.072 
Alarms     -0.346 -0.171 
Activity      0.458 
 

  

Using the first Principal Component as a response variable instead of the calculated 

score yielded similar results, although the power was lower due to the individuals excluded 

(Supplementary Table S3).  

The probability not to be seen during the test (including the late individual) could not 

be properly modelled due to the low number of individuals concerned. However, it followed 

a similar pattern with a higher proportion of missed individuals in dispersing birds from 

control nests compared to philopatric birds or dispersing birds from supplemented nests: 

Table S2.3: Number of individuals that were seen (present) or not (absent) during the test. The 

proportion of absent individuals is given in parentheses. 

Treatment Control Supplemented 
Dispersal status Dispersing Philopatric Dispersing Philopatric 
Absent:Present (Proportion) 3:14 (0.18) 5:32 (0.14) 1:17 (0.06) 3:52 (0.05) 
 

Using the score thus allowed us to include these individuals in the analyses, while 

maintaining the contribution of the three major variables. 

Table S2.4: Distribution of the nest defence score 

Score 0 1 2 3 4 5 6 
N 12 19 16 30 24 21 5 
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Table S3: Linear mixed-effect model best describing the sources of variation in nest 

defence score (white cells), and non-significant marginal effects (grey cells). A similar 

model was then applied to the score and the first Principal Component for individuals 

present during the test. The sample size and the partition of the random variance are 

given beside each model. The initial full model included age, sex, brood size during the 

test, adult body mass, average body mass of nestlings, and their interaction with the 

supplementation. 
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Assessing survival prospects in a spatially limited study site can be biased with 

respect to dispersal if dispersing individuals are more prone to disperse again and thus leave 

the site. Therefore, assessing individual long-term fitness may require using indirect 

markers. We investigated three traits known to depend on physiological condition and to 

relate to survival in other species: body mass, telomere length and glycated haemoglobin. 

Telomeres, short repeated sequences that protect the end of chromosomes, are linked to 

survival in various non-model species. High glycaemia can result in haemoglobin glycation, 

which is associated with poor survival and health outcomes in humans and model species, 

but has rarely been investigated in wild animals. We investigated whether these markers 

predict return rate, subsequent dispersal and reproduction prospects in the collared 

flycatcher and could mediate the dispersing-dependent responses to environmental 

conditions described in this population. We showed that telomere length decreased with 

increasing breeding density in dispersing birds, but not in philopatric ones, whereas body 

condition decreased with increasing breeding density for all individuals. Conversely, 

glycated haemoglobin was independent of breeding density and dispersal. Glycated 

haemoglobin negatively related to survival, suggesting the selective disappearance of 

individuals with poor glucose homeostasis. In contradiction with the positive relationship 

often reported between telomere length and survival, longer telomeres were associated with 

lower local survival. Our three markers were not related to subsequent dispersal within the 

study area and their relationship to local survival did not depend on the dispersal status in 

2009. These results suggest that telomere length and glycated haemoglobin could be used as 

markers of future survival. Longitudinal analyses of both markers in a capture-mark-

recapture framework will now be necessary to validate their use. 

 

Authors: Charlotte Récapet, Blandine Doligez and Pierre Bize 

 

Keywords: return rate, telomere length, HbA1, glycated haemoglobin, glucose regulation, 

Ficedula albicollis  
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1. Introduction 

Dispersal is a key life-history trait that allows individuals to respond to spatio-

temporal variation in the environment (Clobert et al. 2001, 2012), but could entail fitness costs 

and benefits. The eventual success of dispersal strategies will depend on the differences in 

survival and reproductive success according to dispersal. Despite many empirical studies 

comparing life-history traits between dispersing and non-dispersing individuals (reviewed 

in Bélichon et al. 1996; and Doligez & Pärt 2008), no general pattern of association emerges, 

with only half of them (i.e. 65 out of 133 studies up to 2008) reporting a significant link 

between dispersal and at least one life-history trait. When a link was reported, dispersers 

showed a lower value as often as a higher value for the trait considered compared to non-

dispersers. Whether these differences modify the success of dispersal strategies will 

ultimately depend on the relative fitness of dispersing and non-dispersing individuals. 

Dispersers were found to reach lower lifetime reproductive success (LRS) than non-

dispersers at least for one sex or in some environmental conditions in a majority of 

correlative studies (i.e. 16 out of 21; Wauters, Matthysen & Dhondt 1994; Doligez & Pärt 

2008; Pärn et al. 2009; Bouwhuis et al. 2010; Gienapp & Merilä 2011; Serrano & Tella 2012; 

Nevoux et al. 2013; García-Navas et al. 2014; Germain 2014; Peterson et al. 2014), but an equal 

number of studies showed no difference in at least one sex or in some environmental 

conditions (Wauters et al. 1994; Spear, Pyle & Nur 1998; Doligez & Pärt 2008; Pärn et al. 2009; 

Gienapp & Merilä 2011; Waser, Nichols & Hadfield 2013; Nevoux et al. 2013; Germain 2014; 

Peterson et al. 2014) and a positive relationship between dispersal and LRS was even found 

in three studies (Spear et al. 1998; Maccoll & Hatchwell 2004; García-Navas et al. 2014). 

Importantly, both local survival and recruitment estimates for dispersing individuals can be 

underestimated in spatially limited study areas if dispersers and/or their offspring are more 

likely to disperse again and thus leave the study area, which would create a downward bias 

on the LRS of dispersers (Orell et al. 1999; Doligez & Pärt 2008). The hypothesis thus emerged 

that dispersal could be associated with different life-history strategies that would be 

ultimately balanced in terms of fitness, through a differential investment either in the 
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quantity and quality of offspring or in individual breeding success and survival (Bélichon et 

al. 1996; Julliard et al. 1996; Spear et al. 1998; Marr et al. 2002). 

The lack of general pattern in empirical studies on associations between life-history 

traits and dispersal could also result from an effect of environmental characteristics on the 

observed differences between dispersers and non-dispersers. Accordingly, dispersers and 

non-dispersers were sometimes found to respond differently to environmental variation in 

terms of life-history traits (Fjerdingstad et al. 2007; Bestion et al. 2015). Correlative and 

experimental studies also confirmed that local adaptation and habitat selection could play a 

large role in determining fitness differences according to dispersal (Hansson, Bensch & 

Hasselquist 2004; Peterson et al. 2014; Bonte et al. 2014). 

Directly assessing subsequent survival and reproductive prospects according to 

dispersal is challenging because, as explained above, survival estimates in a spatially limited 

study site can be biased with respect to dispersal (Doligez & Pärt 2008), but also because of 

the need of longitudinal long-term data individual and because the probability of capture of 

breeding individuals is often linked to their reproductive success (Doligez et al. 2012). 

Therefore, using markers of long-term fitness-related traits could be a better strategy than 

attempting to estimate these traits directly, especially in cases when obtaining unbiased 

estimates is difficult. As the decision to disperse often depends on the health and condition 

of the individual (Ims & Hjermann 2001), dispersal decisions could also be biased according 

to the chosen markers and the relationship between those markers and future survival and 

dispersal could differ according to past dispersal events. Assessing the usefulness of 

potential markers will require testing them in a context were dispersal can be observed in a 

large area and thus be more easily distinguished from survival. 

Among such markers, physiological parameters that could integrate the effects of 

metabolism and stress over time and have been associated to survival or reproductive 

prospects in other species are good candidates. Three such markers are of particular interest: 

body mass, telomere length and the level of glycated haemoglobin. First, body mass, when 

corrected for skeletal size, reflects the energetic balance of an individual and its energy stores 

at a given point in time (Schulte-Hostedde et al. 2005; Peig & Green 2009). A higher body 
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mass has therefore often been found to associate with higher survival prospect in wild 

animals. Energy stores are an insurance against food shortage (Ricklefs & Schew 1994) and 

accordingly factors that lessen body reserves such as diseases (Booth, Clayton & Block 1993; 

Neuhaus 2003; Hawlena et al. 2006) or physical exhaustion (Winkler & Allen 1995; Carrascal 

& Polo 2006; Harding et al. 2009; Harrison et al. 2011) are known to reduce survival. Second, 

telomere length reflects the decrease over replications, i.e. cell divisions, of these repeated 

sequences that protect the end of chromosomes (Chan & Blackburn 2004), which can be 

accelerated by various stressors such as lower habitat quality (Young et al. 2013; Angelier et 

al. 2013) and higher competition for food within a brood (Nettle et al. 2013, 2015; Boonekamp 

et al. 2014; Reichert et al. 2015). Environmental conditions could influence telomere length via 

oxidative stress (Houben et al. 2008). Indeed, oxidative stress has been experimentally shown 

to increase telomere shortening in cell cultures (von Zglinicki 2002; Richter & von Zglinicki 

2007). Moreover, an experimental increase of immune and psychological stress (Hau et al. 

2015) or corticosterone exposure (Haussmann et al. 2012) are associated with both higher 

oxidative stress and telomere attrition. Longer telomeres have therefore been linked to 

higher survival and lifespan in various animal species in the wild (reviewed in Stier et al. 

2015b). Third, the level of glycated haemoglobin reflects the irreversible glycation of 

hemoglobin proteins linked to a poor control of blood glucose levels. The level of glycated 

haemoglobin was found to correlate positively with markers of oxidative stress and 

oxidative damage (Rytter et al. 2009) and negatively with telomere length in humans (Campa 

et al. 2014). Disruption of glucose homeostasis is associated with detrimental health outcomes 

in various model species (Harwood, Listrani & Wagner 2012) and with physiological and 

pathological aging in humans (López-Otín et al. 2013). Conversely, glycated haemoglobin 

was positively correlated to individual condition in wild birds (Andersson & Gustafsson 

1995; Ardia 2006), probably because it reflects a high food availability. Its association with 

survival in wild populations has never been investigated. 

Here, we explored whether body mass, telomere length, and glycated haemoglobin 

differ between dispersing and philopatric individuals and whether they reflect future local 

survival and reproductive success depending on dispersal behaviour in a patchy population 
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of collared flycatchers (Ficedula albicollis). Previous results have shown that differences 

between dispersing and non-dispersing individuals in reproductive success were dependent 

on habitat quality, which is positively correlated with breeding density in this population 

(Chapter IV and V). Lower reproductive success was however often paralleled with lower 

exposure to oxidative stress or higher body mass, suggesting compensation between the 

reproductive and maintenance costs of low habitat quality. Such compensation will only be 

effective if lower reproductive damages or higher body mass translate into higher survival 

and thus contribute to increasing lifetime reproductive success, compensating for the 

negative effect of lower reproductive success on LRS. The long-term consequences of the 

observed variation in oxidative balance and body mass, in terms of survival and future 

reproductive prospects, therefore need to be examined. We explored whether local breeding 

density of conspecifics differentially impacted these physiological markers between 

dispersing and philopatric individuals, possibly suggesting different life-history strategies in 

response to environmental conditions depending on dispersal behaviour. 

2. Material and methods 

2.1. Study site and definition of dispersal 

The study was conducted in May-June 2009 on a breeding population of collared 

flycatchers of the island of Gotland, Sweden (57°10’N, 18°20’E). Collared flycatchers are hole-

nesting migratory birds that readily accept to breed in artificial nest boxes. The study site 

comprises 17 spatially discrete forest plots of varying size. Nest boxes were checked 

regularly to record breeding data (laying and hatching date, clutch size and brood size at 

hatching and fledging). Breeding adults were trapped within nest boxes during incubation 

(day 6 to 12) for females or during nestling feeding (day 5 to 12) for males and a few females 

missed during incubation. Upon capture, adults were identified with aluminium rings, aged 

based on plumage characteristics (yearlings vs. older adults; Svensson 1992), weighed (to the 

nearest 0.1g), measured (tarsus length to the nearest 0.1mm) and blood sampled (100 to 130 

μl from the brachial vein in EDTA-coated Microvettes, Sarstedt, Nümbrecht, Germany). 
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Blood samples were maintained at 5°C in the field before being centrifuged in the evening to 

separate plasma from red blood cells. Plasma and red blood cells were then stored at -80°C.  

The exact age of each individual was subsequently determined from previous records 

in the population for birds ringed as nestlings or first caught as yearlings. Individuals for 

which exact age was not known were excluded from the analyses. We defined dispersal as a 

change of breeding plot, either between birth and the first breeding event (natal dispersal) or 

between two consecutive breeding events (breeding dispersal; see Doligez et al. 1999 for a 

discussion of this binary definition of dispersal in this population). 

Brood size manipulations were performed two to eight days after hatching in 11 plots 

as part of another study. This manipulation could not directly impact our measures of 

markers in females, which were sampled during incubation, but could potentially affect 

measures in males. Because glycated haemoglobin integrates blood glucose levels over the 

past 3 to 5 weeks in birds (Andersson & Gustafsson 1995), it seemed unlikely that the 

manipulation could have a strong effect on this marker. However, variation in telomere 

length can be measured over approximately a week (Stier et al. 2015a). We checked whether 

brood size manipulation could affect our markers by including the number of 

added/removed nestlings in our models as well as its interaction with sex. We found no 

effect of the manipulation on any of the studied markers and it did not impact the effects of 

other variables either. Therefore, we ignored this manipulation in all analyses presented 

here. 

2.2. Measure of relative telomere length 

DNA samples were extracted from red blood cells in the laboratory using the Qiagen 

blood tissue kits and were stored at 4°C in AE buffer (10 mM Tris-HCl, 0.5 mM EDTA, pH = 

9.0). Measures of DNA concentration and purity tests were performed using a NanoDrop 

spectrophotometer (Supplementary Information S1). 

Telomere length was quantified using a real-time quantitative PCR assay developed 

to measure relative telomere length in humans and later validated for birds (Criscuolo et al. 

2009). This technique estimates relative telomere length by determining the ratio (T/S) of 
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telomere repeat copy number (T) to a non-variable copy number gene (S) used as a reference, 

here 18S, in focal samples when compared with a reference sample. The primers used also 

amplify interstitial telomere-like sequences (Delany et al. 2003). However, measures of 

telomere length including these repeats has been shown to correlate well to measures 

excluding them in different bird species (Foote, Vleck & Vleck 2013; Young et al. 2013). 

Therefore, this should not be a problem here. We followed the same protocol and used the 

same equipment as Voillemot et al. (2012) and the detailed qPCR protocol is reproduced in 

Supplementary Information S1. 

Telomere and 18S amplifications were carried out on different 396-well plates, each 

plate containing 376 samples, one serial dilution run in duplicate (two fold-dilution from 16 

ng down to 0.0625 ng of DNA, i.e. 9 wells per series) and two negative controls. Each plate 

was replicated twice to obtain two telomere and two 18S measurements for each sample. 

Serial dilutions were used to set up the threshold of fluorescence at which amplification 

would be measured and to produce a standard curve allowing assessing the efficiency and 

goodness of fit of each PCR reaction using the SDS software (version 2.4, Applied 

Biosystems, Foster City, USA). Efficiency was also calculated individually for each well using 

LinReg software (Ramakers et al. 2003), with a common window of linearity for each plate 

that was checked visually and changed manually for a few wells based on the goodness of fit 

of a linear curve. The Ct values were calculated in SDS as the number of PCR cycles needed 

for the sample to reach the threshold of fluorescence. 

Mean amplification efficiency estimated by the standard curves was 111.3% and 

127.6% for the two 18S plates and 101.5% and 102.7% for the two telomeres plates, with 

goodness of fit between 0.983 and 0.999. Mean amplification efficiency estimated by LinReg 

over all samples after quality control was 79.8% and 83.4% for 18S and 65.9% and 65.8% for 

telomeres. This is consistent with methodological studies than found systematically higher 

efficiencies with standard curves methods than with LinReg (Ruijter et al. 2013). The 

minimum efficiency of individual wells over both plates was 69.4% for 18S and 52.7% for 

telomeres. For each sample within a plate, the telomeres or 18S ratio relative to the standard 

were calculated as:  



Long-term consequences 

143  
 

 

where effstd and effsample were the efficiencies estimated through LinReg for the standard 

and the sample, respectively, and the standard was a sample chosen as a point of reference 

for the comparison of other samples between plates (Pfaffl 2004). The T/S ratio relative to the 

standard was then calculated as the mean telomeres ratio for the duplicates (i.e. the two 

values for a given sample on both plates) divided by the mean 18S ratio for the duplicates. 

For seven individuals, we had two different samples and used their mean T/S ratio in the 

statistical analyses. 

After quality control, the mean CV on 348 samples was 6.7% for the Ct of telomere 

amplification, 1.7% for the Ct of 18S amplification and 32.1% for the T/S ratio. 

2.3. Measure of glycated haemoglobin 

The level of glycated haemoglobin was measured using the Biocon Diagnostik© 

HbA1 kit (Biocon Diagnostik, GmbH, Burbach, Germany), with a protocol adapted to small 

samples. 5μl red blood cells were suspended in 150μl PBS, then 100μl of this suspension was 

mixed with 500μl of the lysis reactant and centrifuged. To quantify total haemoglobin, 40μl 

supernatant was diluted in 1000μl ultrapure water before reading the absorbance at 440 nm 

(AHbtotal). To quantify glycated haemoglobin, 100μl supernatant was mixed with 1.2mL of 

cation-exchange resin before separation by filtration. The absorbance was read at 440nm 

(AHbA1). The resulting absorbance ratio (AHbA1/AHbtotal) was standardized using the kit 

calibrator. Each sample could be analysed three times in total: in duplicate in a first assay, 

then once in a second assay, usually within the same day. The inter- and intra-assay CV were 

respectively 13.7% and 7.9% (364 samples). 

2.4. Statistical analyses 

To study the effect of dispersal in interaction with breeding density on body mass, 

telomere length and levels of glycated haemoglobin, linear models including dispersal 

status, breeding density and their interaction as fixed effects, age, squared age, sex, tarsus 
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length as covariates. Because the distance between nest boxes was similar in the different 

plots (except one plot with much higher box density, which was excluded from the analyses), 

breeding density was defined as the proportion of nest boxes occupied by flycatchers in a 

plot during the year considered (Doligez et al. 2004). Using the proportion of nests available 

to flycatchers by excluding those occupied by tits species (Chapter IV and V) yielded similar 

results. The distribution of residuals for both telomere length and the level of glycated 

haemoglobin was skewed toward high values but log-transforming these variables yielded 

normally distributed residuals. These variables were therefore log-transformed for the 

analyses. The sample sizes and distributions according to sex, age, and dispersal for each 

marker are given as Supplementary Information S2. 

The return rate, i.e. probability to be caught again in 2010 or 2011, was used as a 

proxy of survival. To test whether it could be strongly biased by dispersal out of the study 

area, we tested whether return rate varied between plots that were at the centre or periphery 

of the study area and we checked whether the factors that influenced return rate also 

influenced the probability of dispersal within the study area. The probability of return, the 

probability of dispersing to a new plot between 2009 and 2010 and the probability to fledge 

at least one young in 2010 were analysed using generalized linear models with a logit link 

and a binomial distribution of errors, as a function of log-transformed telomere length, log-

transformed level of glycated haemoglobin, body mass, breeding density, dispersal, tarsus 

length, age, squared age, sex, the position of the plot and the interaction between dispersal 

and breeding density. Because body mass strongly differed between sexes, the interaction of 

sex and body mass was also included. Among nests that succeeded to fledge at least one 

young in 2010, the number of fledged young was analysed using a linear model with the 

same effects as above. Seven individuals were caught again in 2011 but not in 2010, only one 

of which dispersed between 2009 and 2011. Telomere length measures were available for five 

of them and glycated haemoglobin and body mass measures for all of them. Studying return 

rate in 2010 only (excluding them) or dispersal between 2009 and the first recapture in 2010 

or 2011 (including them) did not change our results, but there was then no significant effect 

of the explanatory variables on reproductive success when including these individuals. 
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We did not include breeding plot or cohort as random effects in the models because 

preliminary analyses showed that the random variances for these effects were null in all 

models considered. Similarly, the interactions between dispersal and respectively body mass, 

telomere length and glycated haemoglobin were not significant when modelling return rate, 

future dispersal and future reproductive success, and are thus not described here. 

All models were run using the R software (R Core Team 2014). Statistical inferences 

were based on type-III F-tests calculated with the function Anova, in the package car (Fox & 

Weisberg 2011). 

3. Results 

3.1. Factors affecting body mass, telomere length and the level of glycated 

haemoglobin 

Body mass did not differ according to dispersal status (F1,240 = 0.47, P = 0.49), breeding 

density (F1,240 = 1.19, P = 0.28) or their interaction (F1,238 = 0.41, P = 0.53). Body mass followed 

a quadratic relationship with age (mean ± s.e. estimate for the linear effect of age: 0.37 ± 0.11, 

F1,241 = 10.60, P = 0.001; quadratic effect of age: -0.05 ± 0.02, F1,241 = 8.30, P = 0.004; Figure S3.1).  

Body mass increased with tarsus length (0.41 ± 0.09, F1,241 = 19.54, P < 0.001) and was lower in 

males than in females (-2.73 ± 0.10, F1,241 = 793.87, P < 0.001). 

Log-transformed telomere length differed between dispersing and philopatric 

individuals, but this difference depended on breeding density (interaction between dispersal 

status and breeding density: F1,209 = 7.24, P = 0.008; Figure 14). Among dispersing 

individuals, telomere length decreased with increasing breeding density (post-hoc test: -1.70 

± 0.69, F1,87 = 6.07, P = 0.016), but no effect of density was found among philopatric 

individuals (0.78 ± 0.58, F1,122 = 1.82, P = 0.18). Log-transformed telomere length was 

independent of linear and quadratic age (F1,208 = 0.48, P = 0.49 and F1,207 = 0.01, P = 0.91, 

respectively; Figure S3.2), sex (F1,208 = 0.74, P = 0.39) or tarsus length (F1,208 = 0.08, P = 0.78). 
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Figure 14: Log-transformed telomere length in 2009 as a function of dispersal status and breeding 

density. We used plot density quantiles here to define three density classes for the sake of illustration 

(low density: < 32% of nest boxes occupied, high density: ≥ 40%). 

 
The level of glycated haemoglobin did not differ according to dispersal status (F1,227 = 

0.02, P = 0.88), breeding density (F1,227 = 0.52, P = 0.47) or their interaction (F1,225 = 0.03, P = 

0.87). Log-transformed levels of glycated haemoglobin followed a quadratic relationship 

with age (Figure S3.3), showing a strong significant decline between 1 and 5 years of age 

(mean ± s.e. estimate for the linear effect of age: -0.468 ± 0.093, F1,228 = 25.39, P < 0.001) and a 

significant increase between 5 and 8 years of age  (quadratic effect of age: 0.043 ± 0.013, F1,228 

= 10.80, P = 0.001). The level of glycated haemoglobin did not depend on sex (F1,227 = 0.26, P = 

0.61) or tarsus length (F1,227 = 0.43, P = 0.51). 

Finally, body mass in either sex was not correlated with telomere length (Pearson's 

product-moment correlation test, females: r = 0.068, t126 = 0.77, P = 0.44, males: r = 0.012, t82 = 

0.11, P = 0.91) or glycated haemoglobin (r = 0.032, t134 = 0.36, P = 0.72, males: r = 0.011, t92 = 

0.10, P = 0.92). Telomere length was not correlated with the level of glycated haemoglobin (r 

= 0.118, t199 = 1.68, P = 0.10). 
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3.2. Link between physiological markers and return rate, subsequent dispersal and 

reproductive success 

Return rate was 40.1% on 248 individuals (95% confidence interval: [33.9% – 46.5%]). 

Return rate decreased with increasing telomere length (-0.710 ± 0.308, F1,198 = 5.45, P = 0.021; 

Figure 15) and with increasing levels of glycated haemoglobin (-0.659 ± 0.248, F1,198 = 7.35, P = 

0.007; Figure 16). Return rate was independent of body mass (F1,196 = 1.72, P = 0.19), sex (F1,197 

= 0.46, P = 0.50) and their interaction (F1,194 = 0.09, P = 0.76), dispersal status (F1,197 = 0.35, P = 

0.56), breeding density (F1,197 = 0.61, P = 0.44) and their interaction (F1,195 = 1.51, P = 0.22), 

linear and quadratic age (F1,197 = 1.06, P = 0.30 and F1,196 = 0.05, P = 0.82 respectively), tarsus 

length (F1,197 = 2.10, P = 0.15) or the position of the breeding plot at the centre or periphery of 

the study area (F1,160 = 0.77, P = 0.38). 

 

 

Figure 15: Return rate, used as a proxy of survival, as a function of log-transformed telomere length, 

with predicted values from a generalized-linear model with binomial error distribution (solid line) and 

their 95% confidence interval (dotted lines). 
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Figure 16: Return rate as a function of log-transformed level of glycated haemoglobin, with predicted 

values from a generalized-linear model with binomial error distribution (solid line) and their 95% 

confidence interval (dotted lines). 

 

For individuals caught again in 2010 (N = 92), the mean probability of dispersing 

between 2009 and 2010 was 23.9% (95% confidence interval: [15.6% – 33.9%]). As expected, 

dispersal probability was lower in males (estimate ± s.e. for males compared to females: -2.25 

± 0.78, F1,90 = 12.49, P < 0.001), but it did not depend on telomere length (F1,83 = 0.01, P = 0.92), 

glycated haemoglobin (F1,86 = 0.85, P = 0.36), body mass (F1,89 = 2.80, P = 0.10) and its 

interaction with sex (F1,88 = 0.57, P = 0.45), dispersal status (F1,89 = 0.82, P = 0.37), breeding 

density (F1,89 = 0.01, P = 0.94) and their interaction (F1,87 = 1.56, P = 0.22), linear and quadratic 

age (F1,89 = 0.51, P = 0.48 and F1,88 = 0.11, P = 0.74 respectively), tarsus length (F1,89 = 0.54, P = 

0.46) or the position of the breeding plot at the centre or periphery of the study area (F1,73 < 

0.01, P = 1.00). 

Fledging success for the individuals caught again in 2010 varied between 0 and 8 

fledglings (N = 89, median = 5, mean ± SE = 5.0 ± 1.9). Only 12 were paired together and thus 
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not independent. The probability to fledge at least one young was independent of telomere 

length (F1,81 = 0.32, P = 0.57), glycated haemoglobin (F1,84 = 0.33, P = 0.56), body mass (F1,87 = 

3.14, P = 0.08), sex (F1,87 = 3.22, P = 0.08) and their interaction (F1,85 = 0.53, P = 0.47), dispersal 

status (F1,87 = 0.67, P = 0.42), breeding density (F1,87 < 0.01, P = 0.99) and their interaction (F1,85 

= 0.47, P = 0.49), linear and quadratic age (F1,87 = 0.47, P = 0.49 and F1,86 = 1.57, P = 0.21 

respectively) or tarsus length (F1,87 = 0.91, P = 0.34). 

For individuals that fledged at least one young (N = 81), the number of fledged 

young was higher for dispersing individuals (0.67 ± 0.29, F1,77 = 5.80, P = 0.018), decreased 

with the body mass in 2009 (-0.22 ± 0.07, F1,77 = 9.34, P = 0.003) and increased with age (0.24 ± 

0.10, F1,77 = 5.44, P = 0.022) but was independent of telomere length (F1,70 = 1.96, P = 0.17), 

glycated haemoglobin (F1,73 = 1.28, P = 0.26), sex (F1,76 = 2.96, P = 0.09) and its interaction with 

body mass (F1,75 = 0.41, P = 0.52), breeding density (F1,76 = 1.15, P = 0.29) and its interaction 

with dispersal status (F1,75 = 2.52, P = 0.12), quadratic age (F1,76 = 1.44, P = 0.23) or tarsus 

length (F1,76 = 0.16, P = 0.69). When removing the six non-independent pairs, the effects of 

body mass (-0.17 ± 0.08, F1,66 = 4.28, P = 0.042) remained, but dispersal (0.52 ± 0.30, F1,66 = 2.99, 

P = 0.09) and age (0.19 ± 0.11, F1,66 = 2.87, P = 0.10) were no more significant. 

4. Discussion 

Because dispersal is supposed to entail energetic costs, dispersing and philopatric 

individuals may be expected to adjust their investment in life-history traits, and thus their 

life-history strategies, differently (Ronce & Clobert 2012; Cotto et al. 2014), and such 

differences may depend on environmental conditions. To assess long-term consequences of 

differential investment in life-history traits, it may be helpful to use indirect but integrative 

markers of energetic management. Here, we explored in a patchy population of collared 

flycatchers whether three potential physiological markers of survival and future 

reproductive success differed according to individual dispersal status in plots of varying 

breeding density and whether these markers potentially related to long-term fitness traits, 

i.e. a proxy of survival and future reproductive success. Among the three markers, only 

telomere length differed between dispersing and philopatric individuals in low breeding 
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density plots. Nevertheless, shorter telomeres and lower level of glycated haemoglobin were 

all associated with higher return rate, a proxy of local survival in this population. 

Conversely, these markers were in general not associated with future reproductive success 

(except body mass, which was negatively linked to fledgling number in successful nests). 

Overall, the results suggest that these physiological markers may be useful to investigate 

long-term consequences of energetic management on future survival, but revealed only 

limited differences between dispersing and philopatric individuals in our population. 

Differences in telomere length depending on breeding density: consequence of dispersal or phenotypic 

quality? 

Telomere length decreased with increasing density in dispersing birds but not in 

philopatric ones. Such differences could result either from a differential response to breeding 

density linked to dispersal status (i.e. a post-dispersal effect on telomere length) or from a 

difference in habitat choice according to telomere length in dispersing compared to 

philopatric individuals (i.e. a pre-dispersal effect on telomere length). Our correlative and 

cross-sectional study does not allow distinguishing between these alternatives. In the first 

case, the decreasing telomere length with increasing density could suggest that dispersers 

are more affected by density than philopatric individuals, for instance via competition. 

Breeding density could be a proxy of the level of competition for nesting sites and/or food 

(Van Horne 1983; Newton 1994). Although fledging success decrease with breeding density 

in the pied flycatcher Ficedula hypoleuca, a species closely related to the collared flycatcher 

(reviewed in Lundberg & Alatalo 2010), the relationship rather seems reversed in the 

Gotland population of collared flycatchers. Indeed, breeding density positively correlates 

with average reproductive success in this population (Doligez et al. 2004) as well as in the 

majority of temperate bird species (Bock & Jones 2004). Breeding density could thus have an 

indirect negative effect on telomere length through increased reproductive effort at high 

breeding density. Although shorter telomeres in wild populations have been associated with 

low quality habitat, as measured through population dynamics and food availability (Young 

et al. 2013) or individual survival and reproductive success (Angelier et al. 2013), increased 
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breeding effort can have a negative effect on telomere length (Heidinger et al. 2012; Reichert 

et al. 2014). The effect of breeding density may thus signal higher reproductive effort, due to 

higher brood sizes and/or higher competition. Several mechanisms could explain the higher 

sensitivity to competition and increased reproductive effort in dispersers compared to 

philopatric individuals. If dispersing individuals are of lower quality and less competitive 

than philopatric ones, they could need a reproductive effort to reach the same provisioning 

rate. Philopatric individuals have a higher familiarity with their habitat, which could 

decrease the costs of acquiring food and thus mitigate the impact of increased brood size or 

competition (Pärt 1995). Differences in personality traits according to dispersal could also 

increase the sensitivity to competition. If dispersers are more aggressive, they might engage 

more in competitive interactions and thus use more energy in denser habitats (Marler et al. 

1995; Careau et al. 2010). Contrarily, dispersers could be more reactive and more socially 

stressed in dense habitats, which has been negatively related to telomere length (Kotrschal et 

al. 2007; Lewin et al. 2015). 

The observed differences could also stem from difference in habitat choice according to 

telomere length and dispersal. In this case, dispersers would settle in less dense areas when 

their telomeres are longer. If telomere length is an indicator of condition, the observed 

difference may be explained by high condition individuals choosing to settle in less dense 

habitats to avoid competition with local high quality breeders. This is however not in line 

with previous results suggesting that higher competitive individuals prefer, while lower 

competitive ones avoid, attractive plots as measured by high local density and reproductive 

success (Doligez et al. 1999, 2004). Here, we found no relation between telomere length and 

body mass, and return rate decreased with increasing telomere length. These observations do 

not support the assumption that longer telomere length would indicate higher condition. 

Thus it remains unclear whether the alternative of a pre-dispersal difference in telomere 

length and differential habitat choice can explain the observed interaction between dispersal 

status and breeding density on telomere length. Experimental studies manipulating local 

density would be needed to investigate the origin of this result. 
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Longer telomeres, an indicator of lower condition and lower survival prospect? 

Here, the relation between telomere length and our proxy of survival was negative, 

which is opposite to the positive relation observed in many previous studies (Haussmann & 

Marchetto 2010; Foote et al. 2010; Olsson et al. 2011; Heidinger et al. 2012; Vera et al. 2012; 

Boonekamp et al. 2013, 2014; Caprioli et al. 2013; Barrett et al. 2013; Angelier et al. 2013; 

Aydinonat et al. 2014; Bauch et al. 2014). Two studies on captive or domestic animals, 

however, found no relation (Aydinonat et al. 2014; Reichert et al. 2014) and one study found a 

negative relation between telomere length and return rate, although it did not account for 

potential differences in the probability of recapture and/or dispersal out of the study area 

(Ujvari & Madsen 2009). The negative relation observed here was not due an age effect (i.e. 

longer telomere and lower survival in young individuals) because neither telomere length 

nor return rate depended on age. The relationship between telomere length and local 

survival or dispersal was independent of the dispersal status, excluding that telomere length 

could have very dissimilar implications in dispersing and non-dispersing individuals. We 

could however not fully exclude that longer telomere length might be associated with higher 

dispersal out of the study area or with early breeding failure, thus explaining the lower local 

survival. Notably, males are only caught after hatching in this population and show very 

limited breeding dispersal, thus early breeding failure is an important component of their 

probability of recapture when older than one year (Doligez et al. 2012). Whether the decrease 

in local survival occurs through actual survival or breeding failure, telomere length would 

still be negatively related to residual reproductive value and thus indicate a fitness cost. On 

the contrary, dispersal out of the study area would not be associated with fitness costs per se 

and could confound our results. As telomere length was not related to future dispersal 

within the study area or subsequent breeding success, and birds breeding at the edge and at 

the centre of the study area had a similar return rate, the effects of dispersal out of the study 

area or breeding failure on return rate are likely to be low and the effect of telomere length 

would mainly reflect differences in survival. Further analyses in a capture-mark-recapture 

framework and on a larger sample would however be necessary to confirm this relationship, 

but could not be conducted here because of the very low number of individuals caught in 
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2011 but not 2010 (5 out of the 91 individuals caught again after 2009 for which telomere 

length was measured). 

In our study population, the negative relation could show that telomere length may 

not reflect survival and breeding prospects as expected from previous results. If, on the 

contrary, longer telomeres are an indicator of poorer condition and residual reproductive 

success, the decrease in telomere length with increasing breeding density in dispersing 

individuals would express either (i) the higher cost they pay in low-quality, i.e. here low-

density, habitat compared to high-quality habitat or (ii) the settlement of high-quality 

dispersers in high-quality habitat and low-quality dispersers in low-quality habitats (Garant 

et al. 2005). However, no physiological mechanism among those described to date that link 

telomere shortening to cell and tissue functioning can account for a negative relation 

between telomere length and survival. A recent study on the great reed warbler Acrocephalus 

arundinaceus showed that the link between telomere length and lifespan could be modulated 

by environmental conditions, such as malaria infection (Asghar et al. 2015), but not the point 

of obtaining significant slopes in opposite direction. Whether such environmental 

modulation may drive the negative relation observed in our population may require 

longitudinal data on telomere length to explore telomere shortening in response to the 

variation in environmental conditions. 

Selective disappearance of individuals with high levels of glycated haemoglobin  

Increased anabolism due to the deregulation of glucose sensing pathways results in 

sustained high blood glucose levels and consequently a higher glycation of haemoglobin 

proteins (Yki-Järvinen 1992; Braun & Sweazea 2008). It is associated with aging and has been 

experimentally shown to reduce longevity (López-Otín et al. 2013). Thus a negative relation 

is expected between the level of glycated haemoglobin and future survival. Here, individuals 

with high levels of glycated hemoglobin indeed had a lower return rate and, for the same 

reasons stated above for telomere length, this is likely due to a link of glycated haemoglobin 

with actual survival rather than with dispersal out of the study area or increased breeding 

failure. Our study suggests that poor control of glucose homeostasis comes at a cost of 
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survival in this natural bird population. Consistently with a previous study in that 

population (Andersson & Gustafsson 1995), we found no relationship between the level of 

glycated haemoglobin and body mass. This previous study concluded that glycated 

haemoglobin could still be a measure of body condition because individuals with higher 

levels of glycated haemoglobin started breeding earlier and fledged more young than 

individuals with lower levels (Andersson & Gustafsson 1995). Our results show that the level 

of glycated haemoglobin is also negatively associated with a proxy of survival. 

Consequently, the level of glycated haemoglobin might in fact reflect the trade-off between 

current reproductive investment and future survival. However, this marker did not differ 

between dispersing and non-dispersing individuals, whatever the environmental condition, 

but was dominated by age-related changes. Indeed, our results show a significant decrease in 

glycated haemoglobin levels among individuals aged one to five years and a marginally 

significant increase thereafter. Selective disappearance from the population of individuals 

with the highest glycation levels is thus probably accounting for the counter-intuitive age-

related decline in glycated hemoglobin levels in the early age categories. 

5. Conclusion 

Of the three markers used here, only telomere length may reflect environmentally-mediated 

differences between dispersing and non-dispersing individuals in life-history strategies. To 

better understand the influence of environmental variation on the investment by dispersing 

and philopatric individuals in different life-history traits and the lifetime consequences of 

this differential investment, we could (i) use longitudinal data on these physiological 

markers and (ii) experimentally manipulate environmental conditions, e.g. here density. 

Longitudinal data would give us information on within-individual variation in the markers, 

but remains correlative, which limits the ability to test for the alternative role of differential 

settlement in driving a between-individual correlation between habitat characteristics and 

physiological markers. Although the present study was restricted to adults, the studied 

markers could predict survival differently in juveniles, which would deserve additional 

investigation. Notably, body mass at fledging is a good predictor of local survival in the 
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collared flycatcher (Lindén et al. 1992), although we found no effect in adults. Similarly, 

telomere length as juvenile, but not as adult, predicted lifespan in zebra finches (Heidinger et 

al. 2012). 

Taken together, our results suggest that differences in energy management in response to 

environmental variation between dispersing and non-dispersing individuals might impact 

telomere length with potential consequences on further survival. The level of haemoglobin 

glycation could be another physiological marker of survival prospects, but it did not differ 

between dispersing and non-dispersing individuals, even when accounting for 

environmental conditions. Importantly, all both markers combined explained only a very 

small proportion of the observed variation in return rate (5.3% of the observed deviance on 

the logit scale). Their actual predictive power is thus very low. Combining multiple 

biomarkers in a multivariate framework might allow better prediction of individual 

condition, and thus survival and reproductive prospects (Cohen et al. 2013; Milot et al. 2014), 

which could be particularly important in cases when such prospects cannot be estimated 

directly. 
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Supplementary information S1: Methodological details of the measure of telomere length 

1 DNA quality 

After quality control on qPCR values (see below), DNA concentrations of the retained 

samples ranged from 34.71 to 246.30 mg.L-1 (mean ± S.D. = 134.00 ± 41.37). The 260/280 ratio 

ranged from 1.760 to 2.360 (mean ± S.D. = 1.868 ± 0.062) and the 260/230 ratio ranged from 

1.595 to 2.450 (mean ± S.D. = 2.198 ± 0.149). 

2 qPCR reaction 

For the quantitative PCR assay, forward and reverse telomere primers were 5’-

CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3’ (Tel-1b) and 5’-

GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-3’ (Tel-2b), respectively, and 

forward and reverse 18S primers were 5 -GAGGTGAAATTCTTGGACCGG-3  and 5’- 

CGAACCTCCGACTTTCGTTCT-3’. We used 1 ng of DNA, 156 nM of each primer and 5 μl 

of SYBR Green (and 0.09 μl of betaine for the telomeres amplification to improve efficiency) 

per reaction, for a total reaction volume of 10 μl.  PCR conditions for the telomeres were 10 

min at 95°C, followed by 40 cycles of 15 s at 95°C, 30 s at 60°C and 30 s at 72°C, and those for 

18S were 2 min at 50°C, 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 30 s at 60°C. 

Both reactions ended with a dissociation program of 15 s at 95°C, 1 min at 60°C and 15 s at 

95°C. PCR plates of 396 wells were loaded with a robot (Tecan, Mannedorf, Switzerland), to 

increase consistency and repeatability among plates, and qPCRs were performed using a 

Realtime qPCR ABI 7900 HT (Applied Biosystems, Foster City, USA). 

3 Quality control 

The samples that did not meet the following criteria were excluded from the analyses: 

1. The well Ct value should be lower than 85% of the lower blank Ct value on the same 

plate (1 sample). 

2. The coefficient of variation between the Ct values for the two 18S measures for a 

given sample should be under 5% (4 samples). 

3. The difference between any of the 18S Ct values for a given sample and the median 

Ct value for 18S for the same plate should be under 1.5 (10 samples).  

The maximum coefficient of variation between the Ct values for the telomeres was 8.6%. 
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Supplementary Information S2: Age distribution for the body mass, telomere and 

glycated haemoglobin data 

Table S2.1: Sample size and age distribution of the measures of body mass 

Status Sex Age 
1 2 3 4 5 6 7 8 All 

Philopatric F 2 22 28 17 10 2 0 1 82 
Philopatric M 2 8 16 20 6 4 3 1 60 
Dispersing F 24 20 16 1 0 2 0 0 63 
Dispersing M 19 12 6 1 3 0 0 0 41 

 

Table S2.2: Sample size and age distribution of the measures of telomere length 

Status Sex Age 
1 2 3 4 5 6 7 8 All 

Philopatric F 2 19 27 16 6 1 0 1 72 
Philopatric M 2 6 15 18 6 2 2 1 52 
Dispersing F 21 18 17 0 0 1 0 0 57 
Dispersing M 16 9 5 1 1 0 0 0 32 

 

Table S2.3: Sample size and age distribution of the measures of glycated haemoglobin 

Status Sex Age 
1 2 3 4 5 6 7 8 All 

Philopatric F 1 21 26 17 10 2 0 0 77 
Philopatric M 2 8 15 18 6 4 3 1 57 
Dispersing F 22 19 17 1 0 1 0 0 60 
Dispersing M 18 10 6 0 3 0 0 0 37 
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Supplementary Information S3: Variation of the markers with age 

Figure S3.1: Variation of body condition with age in females (left) and males (right) 

 

 

 

Figure S3.2: Variation of log-transformed telomere length with age 
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Figure S3.3: Variation of log-transformed percentage of glycated haemoglobin with age 
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1 MAIN RESULTS 

Differences in life-history traits between dispersing and philopatric individuals have 

been put forward as an important determinant of the success of dispersal strategies and the 

maintenance of variation in dispersal behaviour (Clobert et al. 2009). In particular, differences 

in the response of dispersing and non-dispersing individuals to environmental variation 

might allow different strategies to co-exist within a population (alternative strategies 

hypothesis). Alternatively, the observed differences might mainly express environmentally 

determined differences in individual quality, with dispersal to low quality habitats being the 

“best of a bad job” for non-competitive individuals but dispersal to high quality habitats a 

“change for the best” for competitive ones (individual quality hypothesis). In this work, we 

investigated the response of dispersing and philopatric individuals to energetic constraints 

in terms of oxidative balance, reproductive success and parental behaviour. We then 

examined whether their management of oxidative balance could compensate for their 

differential responses to increased energy demands in terms of reproductive output 

(alternative strategies hypothesis), or whether reproduction and oxidative balance showed 

parallel responses to energetic constraints (individual quality hypothesis). 

In chapter III, we explored the correlations between field metabolic rate, pro-oxidants 

and antioxidant capacity, independently of dispersal, to determine the importance of 

individual processes and environmental variation in driving these markers and their 

relationships. Antioxidant defences were positively correlated to ROM concentration and 

this relation was stronger under energetic constraint: when the bird was handicapped to 

increase its flight costs or when the breeding season was particularly poor (i.e. in 2014 

compared to 2012 and 2013). Yet, the food supplementation in 2014 failed at relieving the 

correlation between markers, maybe because it was not sufficient to offset the demanding 

environmental conditions (low temperatures and low food availability). Despite the low 

sample sizes, our results also suggest a positive correlation between metabolic rate and both 

antioxidant capacity and ROM concentration in handicapped females. Those individuals 

with higher metabolic rate seemed to produce more ROS and thus suffer higher oxidative 
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damage, but responded by also increasing antioxidant protection. As antioxidant defences, 

but not ROM concentrations, were repeatable between years, the stronger correlation 

between these two markers, observed under energetic constraints, implies that metabolic rate 

could be constrained by the ability of a given individual to acquire antioxidants. Overall, this 

study confirmed the importance of individual and environmental variation in the 

management of oxidative balance. 

We then examined the differential response of dispersing and philopatric females to 

an increase in metabolic rate induced through a reduction of the wing area (Chapter IV). 

ROM concentrations were increased in handicapped philopatric females compared to control 

females, whereas no effect of the handicap was found in dispersing females. As philopatric 

females also had higher antioxidant capacity independently of the experimental handicap, 

one hypothesis is that philopatric females may afford to pay higher oxidative costs. 

However, because philopatric females showed no increased reproductive output, an 

alternative hypothesis is that philopatric females may simply be less able to cope with 

increased energetic constraints and maintained their reproductive output at the cost of 

oxidative damage. These results are opposite to a similar handicapping experiment in the 

pied flycatcher Ficedula hypoleuca showing no effect on female body condition and 

reproductive effort, but a significant reduction of chick growth and survival (Moreno et al. 

1999). This suggests that breeding females can adopt two different strategies by paying the 

costs either through their own condition or their chicks’ condition. Whether the long-term 

fitness consequences of these two strategies are similar remains to be tested. 

Dispersing and philopatric females also differentially managed their oxidative 

balance and reproductive investment in response to naturally varying local breeding density, 

which is positively correlated to habitat quality in this population (Doligez et al. 2004; 

Chapter IV). ROM concentrations decreased with increasing density in philopatric females, 

but were uniformly low in dispersing ones. These differences in oxidative markers were 

paralleled by a lower success for dispersing individuals, especially in constrained conditions: 

the fledging success and, in low-density habitats, body mass of nestlings were higher for a 

philopatric mother compared to a dispersing mother. Therefore, the differential management 
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of metabolic processes and reproductive investment by dispersing and philopatric 

individuals did not allow dispersing individuals to reach the same reproductive success than 

philopatric ones. However, because philopatric individuals suffered higher oxidative 

damages in low-density habitats, the costs in terms of future survival and reproductive 

success, and ultimately differences between dispersing and philopatric individuals in 

lifetime reproductive success, remain to be assessed. 

The direct effect of habitat quality on the differences between dispersing and 

philopatric individuals was confirmed by a food supplementation experiment (Chapter V). 

The food supplementation indeed cancelled the interaction between dispersal and breeding 

density on adult body mass and male fledging success (Chapter V, Paper 1). These 

interactions were therefore not only due to differential dispersal decisions of high and low 

quality individuals with respect to habitat quality, but were directly influenced by habitat 

quality post-dispersal. The food supplementation had however no effect on the response of 

ROM concentrations of dispersing and philopatric individuals to breeding density. Most 

differences between control and supplemented nests were observed in low-density plots, 

thus confirming the positive association between density and habitat quality in this 

population. Our results also confirmed the role of food availability in constraining 

antioxidant capacity, since supplemented individuals had higher antioxidant capacity than 

controls. 

The food supplementation also cancelled the difference in nest defence behaviour 

between dispersing and philopatric individuals (Chapter V, paper 2). Dispersing individuals 

had lower nest defence that philopatric ones in control nests, but they increased nest defence 

behaviour when supplemented to reach the same level as philopatric individuals. However, 

the supplementation did not modify the interaction between dispersal and density on nest 

defence behaviour, the intensity of nest defence decreasing with density in dispersers only. 

Behavioural traits associated with dispersal are thus not fixed but can be modulated by 

environmental variation. 

Chapters IV and V yielded contradicting results on the differential response to 

density according to dispersal. In 2012 and 2013 (Chapter IV), philopatric individuals 
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suffered higher pro-oxidants levels with decreasing density but maintained their 

reproductive success, whereas in 2014, dispersing individuals suffered higher pro-oxidants 

levels and body mass loss at low densities (Chapter V). These differences could stem from 

the large variation in environmental conditions observed between these years. Because of 

meteorological conditions, control nests in 2014 had a much lower fledging success than in 

previous years and adult body mass was also more sensitive to habitat quality. Follow-up 

studies over several years are necessary to describe the effects of temporal variation in 

habitat quality. 

Finally, the effect of breeding density on telomere length also differed according to 

dispersal (Chapter VI): it decreased with density in dispersing individuals but not in 

philopatric ones, resulting in longer telomeres in dispersing compared to philopatric 

individuals in low-density habitats. This suggested that dispersing individuals either settled 

in different habitats according to telomere length or that they were subjected to lower 

oxidative damages in low-density habitats. However, telomere length was negatively related 

to the individual’s return rate and another predictor of recapture probability, glycated 

haemoglobin, did not differ according to breeding density or dispersal. Capture-mark-

recapture analyses on the long-term database might help us understand whether habitat 

quality impact the future survival and reproductive success differently according to 

dispersal status. 

2 PAYING THE COST OF DISPERSAL? 

2.1 In most cases, differences in reproduction were compensated by 

differences in body mass or oxidative damages. 

Despite the differences in the responses of dispersing and philopatric individuals to 

breeding density between years, reproductive costs were always balanced by maintenance 

costs. The dispersal status, in which reproductive success (fledging success and/or nestling 

body mass) decreased with density, showed constant body mass and ROM concentrations. 

Reversely, the dispersal status, in which reproductive success remained constant, had lower 
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body mass and/or higher ROM concentrations with increasing density. This suggested a 

trade-off between these two components of fitness, although the longer term consequences of 

lower body mass or oxidative stress are still to be examined. Indeed, body mass was 

unrelated to future survival and negatively related to future reproductive success, whereas 

telomere length, a potential marker of oxidative damage, was negatively related to a proxy of 

survival (Chapter VI). The higher antioxidant capacity of philopatric individuals, irrespective 

of energetic or environmental constraints, could in particular allow them to offset the costs of 

higher hydroperoxides production in the long term. Despite this limitation, our results 

suggest that dispersing and philopatric individuals favour different fitness components 

when environmental conditions are constraining. Compensations between different life-

history traits have been proposed to explain the observed differences between dispersing 

and non-dispersing individuals. For example, dispersing blue tits Cyanistes caeruleus raise 

less but heavier offspring (Julliard et al. 1996), which might also be more dispersive 

(Riddington 1992, cited in Julliard et al. 1996) and/or disperse to higher quality habitats 

(Verhulst et al. 1997; Garant et al. 2005). In song sparrows Melospiza melodia, immigrant and 

residents eventually reach the same lifetime reproductive success though different 

combinations of life-history traits (Marr et al. 2002). Immigrant females laid later and fewer 

clutches that were compensated by a higher fledging success per egg than resident females. 

Immigrant males in the same population had higher survival but higher breeding failure 

than resident males. Although a comprehensive investigation of reproductive traits in our 

population did not find clear compensations between the various components of annual 

reproductive success between natal dispersers and philopatric individuals (Germain 2014), 

our results suggest that such compensation could occur between reproductive success and 

future survival. The main limitation to formally assess the survival of individuals from our 

study was that, at the time of writing, we had not yet access to sufficient recapture data and 

subsequent dispersal and reproductive success for the individuals included in the 

experimental studies (Chapters III to V) and could not directly test potential differences in 

survival or future reproductive success. Because dispersal out of the study area can decrease 

the estimation of local survival of dispersing individuals if they are more prone to disperse 
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again, and of their offspring if there is a correlation of dispersal propensities between 

generations (Doligez & Pärt 2008), capture-mark-recapture analyses would be needed to 

minimise such biases and would thus require multiple years of post-experiment monitoring 

of the population. 

In extremely constrained environmental conditions (low-density, i.e. low-quality 

habitats in 2014, chapter IV), dispersing females experienced lower body mass and higher 

oxidative damages than philopatric ones, without achieving higher reproductive success as 

observed in dispersing males compared to philopatric ones. Consistently, a previous 

comparison of lifetime reproductive success according to natal dispersal in this population 

found lower LRS for dispersing individuals only under particularly challenging conditions, 

i.e. experimentally increased brood size or, for females, being the secondary female of 

polygynous males, which provide little paternal care (Germain 2014). In some extreme cases, 

it thus seemed that there was an absolute and uncompensated cost to dispersers. 

Although we found no differences between yearlings and older adults in interaction 

with dispersal, in the present datasets there were only few yearlings and most of them were 

dispersers. We can thus not fully exclude that differences between in reproduction, body 

mass and oxidative balance maintenance between dispersers and philopatrics were partly 

explained by age-related effects. 

2.2 Experimental manipulations are crucial to detect the oxidative costs of 

reproduction. 

Integrating a measure of environmental quality as explanatory variables and 

experimentally manipulating individual energy requirement or food availability allowed us 

to detect the opposite investments in maintenance and reproduction, which would not have 

been visible by only studying correlations between traits. The direct between-individual 

relationships between oxidative damages or body mass and reproductive success were 

indeed ambiguous. Body mass was negatively related to fledging success in males in 2014 

(Chapter V) and positively related to nestling mortality (Chapter VI), which is consistent 

with a maintenance-reproduction trade-off. Previous results in this population have also 
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shown a negative link between male body condition and fledging success in dispersers 

(Germain 2014). No relationship was however found in 2012-2013 in males or in 2012, 2013 

and 2014 in females. There was also no effect of brood size on body mass. The negative 

relationship between fledging body mass and oxidative damage in females (Chapter IV) is 

rather consistent with a correlation based on individual quality or resource acquisition: 

higher quality individuals or those that are in a better environment might both suffer lower 

oxidative damages and produce higher quality offspring. Further investigation of the within-

individual vs. between-individuals correlation showed a negative correlation between pro-

oxidants and fledging success at the within-individual level, confirming that resource 

availability, rather than permanent individual quality, explained the observed relationship 

(data not shown). This confirms the importance of taking into account environmental 

characteristics or experimentally manipulating them to detect costs of reproduction (Metcalfe 

& Monaghan 2013; Speakman & Garratt 2014), because differences in individual quality or 

resource acquisition can hinder the detection of trade-offs (Reznick, Nunney & Tessier 2000). 

The fitness costs of higher pro-oxidants should however be determined to conclude about 

the existence of a trade-off. For example, the frequently-observed variation in antioxidant 

defences (in both directions) but stability of oxidative damages under increased energetic 

constraints is usually interpreted as the expression of organisms favouring the maintenance 

of a low oxidative stress at the expense of developing a higher antioxidant protection. 

Evidence for long term costs of antioxidant protection however remains elusive (Isaksson et 

al. 2011). The classical justification for these costs is that antioxidant defences might be 

limited by the availability of dietary antioxidants (carotenoids, vitamins E and C) or of trace 

metals such as selenium, copper, zinc, and manganese which act as cofactors of antioxidant 

enzymes (Catoni et al. 2008; Limón-Pacheco & Gonsebatt 2009). Selenium could play a 

particularly important role as a cofactor of glutathione peroxidases (Isaksson et al. 2011). In 

that case, food supplementation and food restriction experiments would help uncover the 

costs of antioxidant protection. The positive effect of the food supplementation on 

antioxidant capacity in our population (Chapter V, Paper 1) confirms that dietary 

antioxidants acquisition might be limiting for non-enzymatic antioxidant defences: although 
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the food we provided was not antioxidant-rich, it might have relieved the need to find 

energetic food and individuals would have had more time to forage for antioxidant-rich food 

(Beaulieu & Schaefer 2014) and the higher antioxidant capacity of philopatric females could 

allow them to face an increased hydroperoxides production without long term negative 

consequences. Other studies also found decreased oxidative damages in food-supplemented 

animals compared to controls in American red-squirrels (Fletcher et al. 2013) and in great tits 

(Giordano et al. 2015). Although some antioxidant enzymes such as catalase or superoxide 

dismutase might be virtually “free” to produce in terms of energy requirements, increasing 

this single line of defence might not be sufficient to avoid oxidative stress. Whereas a 

reduced or increased expression of superoxide dismutase SOD1 has strong effects on 

oxidative damages in cells and whole organisms (Ho et al. 1998; Blander et al. 2003; Elchuri et 

al. 2005; Pérez et al. 2009), overexpression of other antioxidant enzymes had a much lower 

impact on oxidative damages (Pérez et al. 2009). Nevertheless, the costs of antioxidant 

protection need not be only energetic. For example, increased antioxidant protection may 

hinder the immune response in case of an infection (Cram et al. 2015a). Submitting 

individuals to an immune challenge could be another interesting way of unravelling the 

costs of antioxidant protection. 

3 ENVIRONMENTAL VARIATION CAN MODULATE DISPERSAL 

SYNDROMES. 

The observation of behavioural, morphological, physiological and life-history 

differences between dispersing and non-dispersing individuals as led to the concept of 

dispersal syndromes (Clobert et al. 2009; Ronce & Clobert 2012). Some studies investigated 

whether behavioural differences associated with dispersal were stable in time and among 

contexts (Meylan et al. 2009; Hoset et al. 2010; Quinn et al. 2011; Cote et al. 2013), but the 

potential effects of environmental variability on the relationships between dispersal and 

other, non-behavioural traits have often been overlooked in empirical studies, beyond the 

effect of the environment on dispersal decisions. Environmental variation could however 

affect the expression of other traits associated with dispersal, such as life-history traits. Here, 



Chapter VII 

 
170  

we showed experimentally that dispersing and philopatric individuals responded differently 

to habitat quality and to energetic constraints, in terms of behaviour, oxidative balance, and 

reproductive success. Differences between dispersing and philopatric birds thus had a strong 

environmental component distinct from the settlement in habitat of varying quality of 

dispersing and philopatric individuals. 

3.1 Environmental variation: proximal or ultimate cause of dispersal 

syndromes? 

The proximate causes of dispersal are often (but not systematically) related to the 

ultimate causes of dispersal, e.g. variation in habitat quality, social and genetic contexts. 

Whether this holds true for the proximate and ultimate causes of dispersal syndromes 

remains an unsettled question (Ronce & Clobert 2012). The alternative responses of 

dispersing and philopatric individuals to environmental variation might merely reflect 

differential constraints. Philopatric females had a higher antioxidant capacity whatever their 

local breeding density or experimental group (Chapters IV and V), which they might owe to 

their higher familiarity with their habitat compared to dispersing ones. In collared 

flycatchers, antioxidant capacity appears to limit the level of pro-oxidants, and thus probably 

the energy expenditure an individual can afford (Chapter III). Philopatric females could 

afford to increase their reproductive effort to maintain their reproductive success in low-

quality habitats, at the cost of higher oxidative damages in the short-term (Chapter IV). In 

that case, we would expect philopatric females to suffer no long-term consequences of this 

transient increase in oxidative damages thanks to their high antioxidant capacity. 

Conversely, dispersing females are constrained by their low antioxidant ability: they cannot 

increase their reproductive effort with decreasing habitat quality, because this would 

increase oxidative damages, and thus they suffer a decrease in reproductive success. 

Alternatively, these different responses might have been shaped by selection on 

dispersal phenotypes. They could be respectively advantageous to philopatric and 

dispersing individuals in a spatially variable but temporally autocorrelated environment 

(Doligez et al. 1999). In that case, the reproductive costs endured by dispersing females 
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would be balanced by oxidative costs in terms of survival or future reproductive success in 

philopatric females. Because dispersing individuals breeding in low-quality habitats have a 

higher probability to change habitat between years and thus to breed in a better habitat later, 

maintaining or even decreasing their reproductive effort to limit their oxidative damages and 

thus increase their probability of future reproduction might be adaptive. Philopatric 

individuals will reversely maximise their fitness by getting the most out of their current 

habitat, given that their reproductive lifespan will rarely exceed three years (Brommer, 

Wilson & Gustafsson 2007). 

Knowledge of the fitness consequences of each “strategy” will be necessary to 

determine whether they are adaptive or only by-products of environmental constraints. It 

will however not be sufficient to conclude that variation in habitat quality can be an ultimate 

cause of the covariation between dispersal and life-history traits in response to the 

environment. Whether adaptive covariation between traits can actually be selected will 

depend on the genetic basis of the correlation between traits. The study of behavioural 

syndromes or personalities has recognized the need to partition the observed (phenotypic) 

covariation into the underlying levels of variation to assess the demographic and 

evolutionary significance of the syndromes (Dingemanse & Dochtermann 2014). Phenotypic 

covariation is indeed a weighted average of between-individual covariation and residual 

(within-individual) covariation, where the sources of between-individual variation can in 

turn be separated into genetic and permanent environment effects. 

The ability of natural selection to favour some combination of traits will depend on 

the existence of additive genetic covariation between these traits. Additive genetic 

covariation between dispersal and behavioural and life-history traits has been reported only 

in a few cases, such as fecundity and lifespan in the light brown apple moth Epiphyas 

postvittana (Gu & Danthanarayana 1992), fecundity and diapause in the sand cricket (Roff et 

al. 1999; Bégin & Roff 2002), aggressiveness in western bluebirds (Duckworth & Kruuk 2009) 

or exploratory behaviour in the great tit (Korsten et al. 2013). Other studies however found 

no additive genetic covariation between dispersal and life-history traits despite significant 

between-individual variation due to non-additive genetic effects and maternal effects (Li & 
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Margolies 1993). Some strong covariation patterns, even associated with fitness differences, 

actually lay at the within-individual level. For example, although it does not involve 

dispersal, the phenotypic correlation between early laying date and boldness in nest defence 

behaviour in female tawny owls Strix aluco could indirectly select for boldness through the 

higher recruitment of early laying females, but the correlation is entirely due to within-

individual variation and does thus not constraint selection on boldness (Brommer et al. 2014). 

In a more complex way, the dispersal, behavioural and life-history responses to 

environmental variation can also be genetically related in an adaptive way. In the side-

blotched lizard, the settlement decisions in response to social environment is genetically 

associated with morphological and behavioural traits through linkage disequilibrium and 

this association provide fitness benefits by facilitating mutualistic interactions between 

genetically similar individuals (Sinervo et al. 2006). 

3.2 Consequences for the study of dispersal syndromes 

Phenotype-by-environment interactions decrease our ability to evaluate the fitness 

associated with a particular phenotype, such as dispersal behaviour. Indeed the fitness 

differences will then be conditional on the environment in which they are measured, and 

several pitfalls will arise if the relevant environmental variables are not identified. If life-

history traits are only measured in a subset of the possible environments that the population 

experiences, the observed differences will not reflect the actual selection pressure acting at 

the whole population level (see Ducatez et al. 2014 for an example at the interspecific level). 

Even when measuring the whole possible range of environmental conditions, pooling 

together individuals that do not experience the same environment will often obscure the 

existing differences. When measuring differences between dispersing and philopatric 

individuals, the plasticity of the observed traits according to realistic environmental 

variation should be tested when feasible, through experimental manipulations of 

environmental variables and/or through the measure of within-individual responses to 

environmental variation.  



General discussion 

173  
 

Delayed responses to environmental conditions are even more difficult to assess. For 

example, natal habitat can have long-term effects on both dispersal propensity and 

phenotype, thus generating environmentally-driven dispersal syndromes (Benard & 

McCauley 2008). They can however be masked by current environmental variation if the 

conditions experienced are correlated throughout life (Descamps et al. 2008), for example 

because of habitat selection or temporal environmental trends. Longitudinal data over the 

lifespan of multiple individuals will then be needed to identify such bias, as discussed below 

(§ 5.2). 

Relevant environmental variation should also be taken into account when estimating 

the genetic (or at least between-individual) basis of traits associated with dispersal. Indeed 

differences in the response to environment can generate differences in genetic correlation of 

the traits between habitats (Donohue, Polisetty & Wender 2005). Selective pressures on 

dispersal syndromes can thus vary temporally and spatially within a (meta)population. 

Estimating the genetic basis of different plastic responses can however be challenging when 

genotype cannot be directly assessed through phenotypic traits (Donohue et al. 2005; Jacquin 

et al. 2012) or by using genetic lines bred in laboratory conditions (Pennekamp et al. 2014). 

Technically, when a trait cannot be measured as a point estimate for a given individual, but 

is rather a response to extrinsic factors, the statistical partition of variances and covariances 

described in § 3.1 requires random regression models (Dingemanse et al. 2010; Hayward et al. 

2014; see § 5.2), which are limited by their low power for most ecological datasets (Martin et 

al. 2011). 

Overall, our results confirm that environmental conditions define not only the 

probability of dispersal but also its association with different life-history traits. Although our 

system did not allow for a detailed dissection of the reaction norms as is possible in 

laboratory settings (Pennekamp et al. 2014), other approaches detailed below might help 

better describing these interactions in the collared flycatcher and other wild populations. We 

thus suggest a shift from a definition of dispersal syndromes as a multivariate dispersal 

phenotype to multivariate reaction norms shaping phenotypes in response to the 

environment. Such definition would encompass the different mechanisms for the association 
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between dispersal and life-history traits described in the introduction (§ 1.4). Through a 

better understating of the multiple dimensions of the syndromes (genetic, environmental, 

inter-generational) and thus the constraints that underlie them (e.g. linkage disequilibrium, 

temporal or spatial autocorrelation), they would allow to better discriminate between these 

mechanisms. 

4 TESTING THE IMPORTANCE OF OXIDATIVE STRESS AS A LIFE-

HISTORY CONSTRAINT 

The importance of the oxidative balance as a mechanism in life-history trade-offs and 

thus a driver, and not merely a marker, of senescence is hotly debated (Pérez et al. 2009; 

Selman et al. 2012; Speakman & Garratt 2014). The inconsistency of the evidence to date, 

described in chapter I (Part 2.2), have indeed cast many doubts on the generality of the 

increase of oxidative damages with energy expenditure and the effects of those damages on 

life-history traits. As evidence from laboratory studies will remain fundamental to describe 

in details the mechanisms involved, I do think that such debate will only be meaningful if it 

takes into account the relevance of the oxidative balance for the life histories of natural 

populations. This work illustrates some of the difficulties of integrating oxidative balance in 

a study of life-history evolution in the wild, which I discuss below. 

4.1 Describing a complex network of interactions 

Although we were able to measure two markers of oxidative balance, reactive oxygen 

metabolites and plasma antioxidant capacity, they were restricted to one tissue (plasma) and 

do not fully describe the whole network of pro- and anti-oxidant mechanisms co-occurring 

in the organism. The relevance of plasmatic markers of oxidative stress to infer oxidative 

costs or benefits in other tissues could be low. Empirical data show a large variability of 

oxidative balance markers across tissues (Veskoukis et al. 2009; Speakman & Garratt 2014). 

This is because the exposure to reactive oxygen species might vary greatly between tissues 

and because variations of molecules in the blood do not only reflect their specific activity in 

the blood, but also depend on their dietary acquisition and their elimination. In our case, 
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higher hydroperoxides probably reflects a higher production, but could also be linked to the 

dietary intake of lipids (Pérez-Rodríguez et al. 2015). Damages to relevant biomolecules, such 

as the membrane phospholipids, would then not be linked to plasma hydroperoxides. 

However, preliminary data do not support a general link between plasma triglycerides and 

hydroperoxides in our study (Chapter III, Supplementary Information) and the contribution 

of dietary hydroperoxides to plasmatic concentrations is low because of their degradation in 

the stomach (Kanazawa & Ashida 1998) and their low uptake by intestinal cells (Maestre et 

al. 2013). In that regard, the use of telomere length as a potential marker of long-term 

oxidative damages is interesting because variation in telomere length as been found to be 

correlated across tissues, including blood cells, in humans and in birds (Reichert et al. 2013; 

Daniali et al. 2013). 

Another caveat is that two markers only offer an incomplete view of the pro- and 

anti-oxidant systems. Antioxidant capacity as measured here only reflects low-weight non-

enzymatic antioxidants, whose exact contribution to oxidative balance in vivo is discussed 

(Sies 2007). As different components of antioxidant protection do not systematically correlate 

positively (Cohen & McGraw 2009; Sepp et al. 2012; Romero-Haro & Alonso-Alvarez 2014) 

and can interact positively or negatively (Hulbert et al. 2007; Seifried et al. 2007; Catoni et al. 

2008; Babin et al. 2014), combining measures of non-enzymatic antioxidant activity with 

measures of specific non-enzymatic antioxidants and of the activity of antioxidant enzymes 

is therefore advocated (Monaghan et al. 2009; Lowe 2014). In this study, measures of the 

activity of antioxidant enzymes would help better interpret the observed changes in non-

enzymatic antioxidant capacity. Similarly, damages on different types of molecules do not 

always correlate, especially in the plasma where the concentration of lipids, proteins and 

DNA fragments depend on different mechanisms. Oxidised fatty acids and amino acids 

measured in the blood do not reflect much of the damages occurring in other tissues, as 

oxidised lipids and proteins are mostly degraded and recycled within the cells (Hulbert et al. 

2007). Contrarily, oxidised DNA bases can be excised and eliminated in the general 

circulation (Lowe 2014). 



Chapter VII 

 
176  

Although studies of oxidative balance should ideally compare measures of multiple 

pro-oxidant and antioxidant markers and accurate methods have recently been developed to 

this end, the samples and funding available can still be limiting in most ecological studies. 

4.2 Modifying the oxidative balance in the wild? 

The experiments performed in this project indirectly manipulated the oxidative 

balance through manipulations of the energetic balance, i.e. by increasing energy 

expenditure or by increasing food availability. Although these manipulation were 

ecologically significant, simulating respectively the costs of early moult or a missed 

predation event and spatial variability in food availability, they do not provide much insight 

into the exact mechanisms involved. For example, food supplementation could increase 

antioxidant capacity either by directly increasing antioxidant acquisition, or by allowing 

individuals to spare antioxidants through a decrease in foraging costs and thus in the 

production of reactive oxygen species (if ROS production is positively related to metabolic 

rate). Such differences in the underlying mechanisms could have consequences on the 

individuals’ responses: variation in foraging costs and variation in food restriction have 

different effects in mice (Schubert et al. 2008). To investigate the effects of the oxidative 

balance on life-history traits, another approach would be to directly target specific 

components of the oxidative balance. The only protocol routinely used in ecological studies 

is the supplementation in dietary antioxidants. However, antioxidant supplementation can 

have contradictory outcomes, depending on the duration and dose of supplementation as 

well as the sex and life stage of the individual and the environmental conditions it 

experiences (Hulbert et al. 2007; Banks et al. 2010; Pallauf et al. 2013; Marri & Richner 2014; 

Leclaire et al. 2015). Some dietary antioxidants could also have other non-redox biological 

activities (Blount 2004; Banks et al. 2010) and even exhibit a pro-oxidant activity under 

certain conditions (Rietjens et al. 2002). Because of these uncertainties, other protocols have 

been used on model species or on wild-caught animals in captivity to increase endogenous 

antioxidant defences or increase ROS production. They are however not easily implemented 

on wild free-ranging populations. Modifications of genes expression have yielded many 
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insights on the effects of pro- and anti-oxidant genes on the physiology, behaviour and 

especially lifespan of model species (Vanfleteren & Braeckman 1999; Pérez et al. 2009; Van 

Raamsdonk & Hekimi 2012). They are however still impracticable outside lab settings, 

although the development of therapeutic and commercial applications of RNA interference 

through injection or ingestion in humans and farm animals (Davidson & McCray 2011; 

Albina et al. 2013) has opened the way to their use in non-model species, including birds and 

fishes (Ubuka et al. 2013; Choi et al. 2013; Heath et al. 2014). ROS production can also be 

manipulated through various chemicals. Mitochondrial uncouplers can decrease the rate of 

ROS production for a given metabolic rate, but they also decrease the rate of ATP production 

(Salin et al. 2015a). In accordance, treated individuals may increase their metabolic rate to 

maintain energy acquisition, which cancels any effect on oxidative balance (Stier et al. 2014b; 

Salin et al. 2015a). Some herbicides, e.g. paraquat and diquat, have been extensively used on 

birds in captivity because of their ability to increase ROS production (Isaksson & Andersson 

2008; Mougeot, Galván & Alonso-Alvarez 2012; Giraudeau et al. 2015), although the exact 

mechanisms are still discussed (Baltazar et al. 2015; Nisar et al. 2015). They can have strong 

deleterious consequences at high doses (Meitern et al. 2013). Due to their toxicity, the use of 

such pro-oxidants is restricted to captive animals, which limits their use in the investigation 

of life-history trade-off in the wild. Follow-up studies of individuals kept in captivity during 

the treatment and then released in their population of origin might still further our 

understanding of the long-term consequences of oxidative stress under realistic 

environmental constraints. 

5 TOWARD LONGITUDINAL STUDIES OF LIFE-HISTORY AND 

PHYSIOLOGICAL TRAITS 

Most of the results presented here focus on cross-sectional differences between 

individuals measured or observed over a very short time scale, which is a major limitation of 

this work for different reasons. First, the short- and long-term effects of environmental 

variation may differ not only in intensity, but also in direction. Second, as evidenced by our 

study of the correlations between metabolic, oxidative and behavioural traits, the strength, 
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slope and direction of the relationships between biological traits, but also between a 

phenotypic trait and an environmental variable, might not be the same when measured 

within individuals or between individuals. 

5.1 Estimating the long-term effects and the evolutionary consequences of 

the differential responses to breeding densities 

The environmental conditions and life-history decisions at a given point in time can 

have delayed effects (also named long-term or carryover effects) of a different nature, 

intensity, and sometimes direction compared to their short-term effects (Harrison et al. 2011; 

O’Connor et al. 2014). A well described example is the compensatory growth stimulated by a 

temporary nutritional deficit in early life, which is beneficial to the organism in the short 

term, but can have multiple negative effects on morphology, metabolism and aging in later 

life (Metcalfe & Monaghan 2001; Criscuolo et al. 2008). More relevant to our work, an 

oxidative challenge can impair immune responsiveness later in life (Mougeot et al. 2012).  

The long-term database from the collared flycatcher population on the island of 

Gotland gathers 35 years of information on reproduction and biometry. It has been 

successfully used to study the differences in lifetime reproductive success according to natal 

dispersal status (Germain 2014). Few differences were found between natal dispersers and 

philopatric individuals, with a lower reproductive success of dispersers under naturally or 

experimentally increased reproductive effort only. Natal and breeding dispersal are however 

under different selective pressures (Bowler & Benton 2005). An investigation of the 

consequences of the observed differences in oxidative balance on breeding dispersers and 

non-dispersers would thus be necessary. Although the negative effect of oxidative damages 

are usually pointed out, we cannot rule out the possibility that such moderate oxidative 

stress might be harmless or even have a positive effect by increasing the ability of the 

antioxidant system to resist stronger stresses through a hormetic effect, although hormesis is 

mostly expected early in life (Ristow & Zarse 2010). A first step would thus be to determine 

the influence of natal and breeding dispersal in interaction with breeding density on 

subsequent survival and reproductive success. Comparing the fate of dispersing and non-
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dispersing individuals is however subject to three main biases. First, the relationship 

between local survival and actual survival might differ according to dispersal, because 

dispersal can be repeatable and those individuals that dispersed might be more prone to 

disperse again, potentially out of the study area. In our case, the “study area” is fragmented 

with potential breeding sites in unmonitored gardens and forested plots between the 

monitored plots, so dispersal out of the “study area” can include short-distance dispersal 

movements (Figure 3, p. 34). Second, offspring can have a dispersal propensity matching that 

of their parents for various reasons, e.g. similar body condition or heritable variation 

(Doligez & Pärt 2008). For the same reason as above, offspring of dispersing parents would 

have a higher probability to settle in an unmonitored area, thus lessening the estimated 

recruitment success of dispersing parents. Finally, local survival can also be partially 

confounded with mating and breeding success in our population. Females are usually first 

caught in the middle of the incubation period, and males while rearing nestlings, so the 

probability of capture in case of mating failure or early breeding failure is lower for females 

and virtually null for males. On average 7.1% of females and 27.4% of males that start 

breeding are missed each year (Doligez et al. 2012). Because the long-term database covers a 

much longer period of time and a wider area than the work presented in this thesis, the 

influence of short- distance and long-distance dispersal on the probability of recapture and 

of breeding failure might be better estimated on this database, within a capture-mark-

recapture framework (Doligez et al. 2012). 

In the light of our findings, difference in the management of the oxidative balance 

between dispersing and philopatric individuals could in turn generate different selective 

pressures on senescence dynamics, in terms of survival and reproduction. A high 

reproductive investment early in life is often associated with quicker senescence in terms of 

survival and reproduction (Bouwhuis et al. 2010; Lemaître et al. 2015) and both oxidative 

stress and telomere dynamics have been proposed as mechanisms for such early-late life 

trade-offs (Dowling & Simmons 2009; Monaghan 2014), although the importance of these 

mechanisms is still hotly discussed (Pérez et al. 2009; Speakman & Selman 2011; Selman et al. 

2012; Speakman & Garratt 2014). In our case, if dispersing individuals sacrifice their 
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reproductive output in low-quality habitats to achieve a stable oxidative balance whereas 

philopatric individuals maintain the same reproductive output at the cost of more oxidative 

damages, as was the case in 2012 and 2013, then dispersing individuals might experience 

lower senescence and/or a longer lifespan. Similarly, dispersal is associated with a “slow” 

life-history strategy in some insects (Gu & Danthanarayana 1992; Roff et al. 1999). Such 

results would be contrary to the most recent models investigating the co-evolution of 

senescence strategies and dispersal, which predict accelerated actuarial senescence and/or 

shorter lifespan in dispersing individuals compared to philopatric ones, even in the presence 

of strong competition (Cotto et al. 2014). These models are based on local extinction-

colonisation dynamics within a metapopulation, where dispersing individuals often enjoy 

lower competition through the colonisation of empty patches that generate a “colonizing 

syndrome” of rapid development and high fecundity. This might not apply to models of 

balanced dispersal where dispersing and non-dispersing individuals do not systematically 

experience different levels of competition. A longitudinal study in the collared flycatchers 

could thus help apprehend empirically the links between dispersal decisions and life-history 

trajectories in such metapopulations, thanks to the development of adequate statistical 

methods to investigate variation in individual age-related trajectories (Nussey et al. 2008; 

Péron et al. 2010). 

5.2 Disentangling individual plasticity from permanent environmental 

differences 

This work demonstrated the important role of environmental variation in modulating 

dispersal-related traits, and we advocated that dispersal as well as dispersal-related traits 

might often be better understood as plastic responses to environmental variables. 

Longitudinal analyses of the collared flycatcher database would help discriminate the 

individual plastic response to environmental variation (reaction norm) from correlations 

generated by individual differences in habitat choice or by temporal trends in the 

environment. Within-individual centring of the relevant life-history traits and environmental 

variables would allow to model distinctly but within the same model these within- and 
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between-individual processes (van de Pol & Wright 2009; Figure 17) and determine the 

contribution of individual plasticity to the population average response to the environment 

(Nussey, Wilson & Brommer 2007). In the case of dispersal, the interaction between dispersal 

status and breeding densities could thus be modelled over the whole capture history of an 

individual, to test whether dispersing and non-dispersing individuals differ in their reaction 

norm to breeding density, or other relevant environmental variables. Alternatively, bivariate 

models considering in parallel the probability of dispersing and life-history traits in response 

to the environment can also evaluate the correlation between those traits, as the correlation 

between the random slopes, and would be a further step toward defining dispersal 

syndromes as more general reaction norm syndromes. 

 

 

Figure 17: Four different combinations of within- and between-individual relationships between two 

variables, with respective slopes βW and βB. Within-individual centring consist in modelling the 

dependent variable  as a function of the mean centred values  and the within-

individual mean  (from van de Pol & Wright 2009). 
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Although the original project involved longitudinal analyses of markers of oxidative 

balance and of telomere length over six years, many samples gathered from 2009 to 2011 

could not be properly analysed and the longitudinal analyses of physiological variation were 

restricted to three years, from 2012 to 2014. They enabled us to separate the individual and 

environmental components of the variation and covariation of metabolism and markers of 

oxidative balance (Chapter III), but the sample sizes were not large enough to estimate the 

within-individual response of physiological traits and of a binary trait such as dispersal to 

environmental variation. 

Finally, the probability of dispersal and life-history traits in response to breeding 

density could be studied in quantitative genetics multivariate models to evaluate the genetic 

basis of a potential covariation (Hayward et al. 2014), although the power to estimate the 

variance components might be limited by the lack of pedigree data for the numerous 

individuals that are not ringed as nestlings. Results from this population would be 

particularly valuable, because we lack clear theoretical predictions on how dispersal and 

other life-history traits should co-evolve, in the absence of strong environmental differences 

in the settlement of dispersing and non-dispersing individuals (balanced dispersal). 

As discussed above, experimental manipulations of the environment or the energetic 

and oxidative balances are crucial in the study of dispersal, to fully dissociate the condition 

experienced by the individual from immigration and emigration decisions. Taking this 

approach, we identified promising research directions that would deserve further 

exploration using the long-term dataset and the continued sampling effort in this population 

but were beyond the timeframe of this project. More generally, as the longitudinal collection 

of physiological samples is developing in many non-model wild animal populations, they 

will provide amazing opportunities to uncover the mechanisms underlying life-history 

variation in wild populations, which remain largely unknown. 
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6 CONCLUSION 

The work presented here aimed to clarify the impact of environmental variation on 

phenotypic differences between dispersing and non-dispersing individuals and to 

understand how the oxidative balance could underlie such correlations between life-history 

traits. Identifying the physiological mechanisms involved in evolutionary processes is indeed 

crucial for our comprehension of life histories evolution. 

A few theoretical models have investigated the association of dispersal and other life-

history traits at the between-individual scale (Ronce & Clobert 2012; Duputié & Massol 

2013). They highlighted the importance of environmental variation in determining the 

direction and the strength of the association (Bonte & De La Peña 2009) and the 

consequences of coordinated responses to the environment across traits on the success of 

dispersal (Fogarty et al. 2011). Our results confirm the importance of environmental 

conditions in shaping differences in life-history traits, and potentially in fitness, according to 

dispersal. In the collared flycatcher, differences of behaviour and reproductive success 

between dispersing and non-dispersing individuals are not fixed but can be modulated by 

the environment (Chapters IV and V). Considering that reaction norms rather than fixed 

differences often shape traits associated to dispersal might help improve our understanding 

of dispersal-related life-history syndromes. 

The oxidative balance of breeding collared flycatchers, including both the levels of 

pro-oxidants and antioxidant and their correlation, was determined by a complex interaction 

of intrinsic (dispersal status) and extrinsic (breeding density, year, experimental treatments) 

factors. Interestingly, and contrarily to the idea that antioxidants are mainly driven by their 

availability in the environment, antioxidant capacity was repeatable, whereas ROM 

concentration showed a high within-individual variability. Our results confirmed the 

important impact of energy demands and dietary antioxidant acquisition on the maintenance 

of the oxidative balance, but also showed individual differences, here according to dispersal 

status, in the management of these constraints when the maintenance of the oxidative 

balance is competing with reproductive success. Data on other markers would help complete 
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this picture of oxidative balance and confirm the generality of these results. Further 

investigation of the long-term fitness consequences of oxidative balance management will be 

necessary to conclude on the selective pressures acting upon each strategy. 
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1. INTRODUCTION 

Life history theories point out that free-living organisms compete for limited pool of 

energy resources, and that resources allocated to one trait are no more available for other 

traits. Hence, it is frequently proposed that variation in energy acquisition, transformation 

and allocation underlie the variation in life history trajectories of individuals, populations or 

species (Stearns, 1992; Ricklefs and Wikelski, 2002; Williams et al., 2010). Because energy flux 

at the cellular level takes mostly place in the mitochondria, there is currently growing 

interest on the role of these organelles in shaping animal life history diversities (e.g. Passos et 

al., 2007; Williams et al., 2010; Salin et al., 2012d; Hill, 2014). 

 Mitochondria enclose the protein complexes from the electron transport chain that are 

responsible for ATP synthesis through oxidative phosphorylation (OXPHOS). ATP is the 

primary cellular energy resources for cell functioning, and because most of its synthesis takes 

place in the mitochondria, mitochondria are vital to support whole organism growth, 

maturation, reproduction and survival. Mitochondria use electrons harvested from 

oxidizable substrates and O2 as a final electron acceptor to build up a proton motive force by 

pumping protons from the mitochondrial matrix into the intermembrane space (Mitchell, 

1961). The subsequent backflow of protons to the matrix across the protein complex ‘ATP 

synthase’ drives the synthesis of ATP (Mitchell, 1961). The coupling of substrate oxidation to 

ATP synthesis is however variable and not all the electrons harvested during respiration and 

equivalent protons pumped into the intermembrane space are used for ATP synthesis. Two 

factors are contributing to this variability. Firstly, some electrons are known to escape the 

mitochondrial electron transport chain and to react directly with molecular oxygen. It leads 

to the production of harmful reactive oxygen species (ROS) (Halliwell and Gutteridge, 2007), 

and damage caused by ROS during respiration has been proposed to act as an inevitable and 

universal constraint in life history evolution (Balaban et al., 2005; Dowling and Simmons, 

2009; Metcalfe and Alonso-Alvarez, 2010). Secondly, protons can also flow back to the matrix 

across other protein complexes than the ATP synthase, which leads to the decoupling of 

substrate oxidation from ATP synthesis (Divakaruni and Brand, 2011). Although 
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mitochondrial uncoupling may be viewed as costly by reducing ATP synthesis, it can also be 

beneficial by lowering ROS production (Mookerjee et al. 2010, Stier et al. 2014) and enabling 

heat production in endotherms (Golozoubova et al., 2006). Hence, a first hypothesis is that, to 

maximize fitness, selection should select for optimal mitochondrial ATP synthesis and ROS 

production per amount of oxidized substrates (Salin et al., 2012d; Salin et al., 2012a). 

Interestingly, the number of mitochondria per cell (hereafter referred to as mitochondrial 

density) may also respond to variation in the efficiency of mitochondrial energy transduction 

and be related to animal life histories (Passos et al., 2007). Accordingly, interspecific 

comparisons suggest that longer lived mammalian species have lower densities of 

mitochondria in their liver compared to shorter lived mammalian species (Passos et al., 

2007), whereas intraspecific studies are suggesting that beneficial effects of aerobic exercise 

and caloric restriction animal health and lifespan might be related to increased mitochondrial 

biogenesis in responses to these stimuli (Viña et al., 2009). Hence, a second non-mutually 

hypothesis is that, to maximise fitness, selection may also act on optimal adjustment of 

densities of functional mitochondria per cell (Passos et al., 2007). The relationships between 

mitochondrial density, ATP synthesis, ROS production, oxygen consumption and life history 

trajectories are however complex, and most remains to be done on this topic (Passos et al., 

2007; Salin et al., 2012d). 

So far, studies on mitochondrial attributes, like ATP synthesis, ROS production, 

oxygen consumption and mitochondrial densities, have mostly been performed on cell 

cultures, laboratory animals or humans, and we still know very little information on 

mitochondrial variation and life trajectories in free living animals (but see Melvin and 

Ballard, 2006; Zheng et al., 2008; Robert and Bronikowski, 2010; Glanville et al., 2012; Salin et 

al., 2012a; White et al., 2012). The weak number of studies in free-living animal populations 

is most likely attributed to methodological issues. Indeed, insights on mitochondrial 

attributes involve a terminal sampling to obtain fresh tissues used to extract and measure 

mitochondria (e.g. Melvin and Ballard, 2006; Zheng et al., 2008; Robert and Bronikowski, 

2010; Glanville et al., 2012; Salin et al., 2012a; White et al., 2012), which is difficult to reconcile 



Appendix I 

 
224  

with the need of long-term observation to gather information on an individual life history, 

and access to laboratory equipment to quickly process the samples. 

In the present study we investigated the use of blood samples to gain insight on 

mitochondrial attributes in a natural population of collared flycatchers (Ficedula albicollis). It 

has been recently demonstrated that birds, unlike mammals, have functional mitochondria 

in their erythrocytes, both in terms of respiratory activities and ROS production (Stier et al., 

2013), thus making feasible to gather information on mitochondrial functioning with 

minimally invasive sampling procedure. We measured variation in mitochondrial densities, 

total reactive species and ATP concentration and ROS production in erythrocytes of adult 

birds sampled at incubation and during chick rearing. We investigated variation in 

mitochondrial attributes in relation to breeding stage, sex and to a food supplementation 

experiment. As mentioned before, availability of resources is viewed as a prime life history 

constraint in free-living animals (Prevedello et al., 2013; Ruffino et al., 2014), and thus we 

predicted that food supplementation should lead to an increase in reproductive success and 

adult body condition. Moreover, if mitochondria play a central role in energy transduction 

from environmental resources to reproductive success, we expected that mitochondrial 

attributes should change in response to our food supplementation experiment. There is 

however little information on the relationships between mitochondrial attributes and 

environmental factors, and thus we were not able to make a priori prediction on the 

mitochondrial attributes that should respond to our food supplementation experiment and 

the direction of the responses. Similarly, because the energetic needs may differ between the 

reproductive stages and between the sexes (Monaghan and Nager, 1997), we predicted that 

mitochondrial attributes may differ between reproductive stages and between the sexes, but 

we made no further prediction on the mitochondrial attributes involved and the direction of 

the changes. 
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2. Material and Methods 

Study species and field data collection 

The collared flycatcher is a ca. 13g migratory passerine bird that breeds in natural 

cavities and readily accepts nest boxes (Pärt and Gustafsson, 1989). Most males are 

monogamous, and females lay one clutch per year of 5-7 eggs that they incubate alone 

during 13-14 days. Both parents feed the young, mainly with caterpillars, until the young 

leave the nest between 15 and 18 days after hatching. The abundance of caterpillars can 

greatly vary between- and within-years depending on weather conditions, and this can have 

dramatic effects on reproductive success of collared flycatchers (Torok and Toth, 1988). 

Adult collared flycatchers show moderate dimorphism in body size, with females having 

slightly longer tarsi and being heavier than males during incubation (Merilä, 1997). 

Data were collected from May to June 2014 in a population of collared flycatchers 

breeding in the southern part of the Swedish island of Gotland (57°10’N, 18°20’E), where 

artificial nest-boxes have been provided to the birds in discrete deciduous forest patches. 

This population is part of a long-term monitoring (> 35 years), and more information on the 

study site can be found in (Pärt and Gustafsson, 1989) and (Doligez et al., 1999). Each year, 

nests are monitored throughout the breeding season to assess occupancy, egg laying date, 

clutch size, hatching date, brood size at hatching and fledgling. In 2014, mothers were caught 

a first time inside the nest box while incubating eggs at 7.2 ± 0.11 days (mean ± SE) after 

initiating egg incubation. Mothers were trapped a second time inside the nest box while 

provisioning food to their brood at 9.3 ± 0.11 days after hatching. Fathers were trapped once 

inside the nest box while provisioning the brood at 9.5 ± 0.12 days after hatching. If adults 

had not been ringed before, they were individually identified with numbered metal ring at 

their first capture. Adult tarsus length was measured to the nearest 0.1mm with a digital 

calliper, and adults were weighted to the nearest 0.1g on an electronic scale. Bird ringing was 

carried out under licence from the Bird Ringing Centre, Swedish Museum of Natural History 

(licence number 471:M009 to CR).  
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Food supplementation experiment 

Food availability was manipulated at the nest level by providing additional food. 

When chicks were 2 days old, two 60mL transparent plastic containers were attached to the 

front side of the nest box, below the nest hole. For supplemented nests, 15g live maggots 

were placed in each container (i.e. 30g per nest in total) once a day between 7:00 and 19:00 

until chicks were 13 days old. When food had not been supplied one particular day for 

technical constraints, the nest was supplemented twice on the following day, once in the 

morning and once in the afternoon. Each experimental nest therefore received a total of 360g 

maggots over the whole chick phase. Control nests received no food, but were visited daily 

to control for disturbance linked with human presence. Nests were assigned either to the 

control or supplemented group alternatively in space, so as to distribute treatments 

homogenously in space both within and between study plots. Nests that did not survive till 

day 2 or that were affected by accidental events were excluded. The final sample sizes were 

of 69 nests in the control group and 77 nests in the supplemented group. 

 

Body condition estimates 

We estimated body condition of an individual i using the “scaled mass index” 

proposed by Peig and Green (2009). This method uses a standard major axis (SMA) 

regression of body mass (M) on a linear body measurement (L); tarsus length is used here as 

a linear body measurement. Hence, Mi and Li are the body mass and tarsus length of 

individual i respectively, L0 is the arithmetic mean value of tarsus length for the study 

population, and bSMA is the scaling exponent estimated by the SMA regression of M on L. We 

computed bSMA indirectly by dividing the slope from an ordinary least square regression (b) 

of M on L by the Pearson’s correlation coefficient (r) between M and L. This body condition 

estimate is viewed as a reliable indicator of the relative size of energy reserves accumulated 

in the body as a result of feeding (Peig and Green, 2009). We estimated body condition 

separately for females at incubation (N = 164), females at chick-rearing stage (N = 146) and 

males (N = 121). 
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Blood collection and sample preparation 

Blood samples were collected in adult females and males from the brachial vein using 

a heparin-lithium coated Microvette® (CB300 LH, Sarstedt). Immediately after collection, 

15μL of whole blood were transferred into a 500 μL of 1× Hunk’s Buffered Salt Solution 

(HBSS) and gently homogenized. This solution and the remaining blood in the Microvette® 

were stored at 5°C in the field before being process at the end of the day in a field laboratory. 

Microvettes were centrifuged for 5 min to separate plasma from the red cells. Plasma and red 

blood cells were then stored at -80°C before being shipped on dry ice to Aberdeen, UK, for 

further laboratory analysis. Red cells in HBSS solution were washed at their arrival in the 

field laboratory by centrifuging samples for 5 min to pellet cells, discarding the supernatant, 

and re-suspending cells in 785μL fresh 1× HBSS. Concentration of red cells in each sample 

was determined using a handheld automated cell counter (Scepter™ 2.0 Cell Counter, Merck 

Millipore, Germany), and all the samples were further diluted in HBSS to reach a final stock 

concentration of 4.5 × 107 cells/mL. This stock concentration of red cells was used for 

measurements of ATP concentration, ROS production and mitochondrial densities using a 

plate reader Fluostar OMEGA (BMG Labtech Ltd. UK) in the sequence as described below. 

 

ATP concentration  

ATP concentration of red cells was measured using the ATP Bioluminescence Assay 

HS II Kit (Roche Applied Science, Mannheim, Germany, cat# 699709001) according to the 

manufacturer’s protocol. This assay uses a standard luciferase reaction that allows 

quantifying intracellular ATP concentration in whole cell lysate (Fan and Wood, 2007). ATP 

was extracted from 100 μl of cell suspension at 4.5 × 107 cells/mL by adding the cell lysis 

reagent provided in the kit and incubating samples for 5 min at room temperature. Samples 

were then centrifuged for 10 min, and 50 μl of supernatant was loaded in duplicates in a 

white 96 well plate. We then added 50 μl of luciferase per well before bioluminescence 

reading at room temperature with 1 sec time delay and 1sec integration time. A standard 

curve was produced in every plate by 5 serial dilutions of known ATP concentration 

(20.625x10-6mM to 1.289x10-6mM) run in duplicate. Measurement of luciferase luminescence 
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using a plate reader is associated with a short time delay between two consecutive readings, 

and preliminary analyses showed a significant constant decline in reading values along rows 

(b = -0.157 ± xx0.011, t1,1325 =- 13.97, P= 0.000) but not columns (b = 0.013 ± xx0.011, t1,1325 = 1.15, 

P = 0.25). Plate reading was carried out sequentially row by row. Thus, we corrected our 

initial values to account for row position of a sample on the plate using the slope of linear 

regression of mean row luminescence on row number. In total, we measured ATP 

concentration in red cells of 156 females at incubation, 134 females at chick-rearing and 117 

males at chick rearing. The mean ± SE time interval between blood sampling in the field and 

ATP measurement in the laboratory was 10.1 ± 0.2 hours. ATP concentration did not 

significantly vary with time interval (b = 0.02 ± xx0.014, t1, 406 = 1.34, P = 0.18). Repeatability 

(mean ± SE of CV) was 4.26 ± 0.16. 

 

Total reactive species and superoxide production 

Total reactive species and superoxide production were measured using the 

commercial Total ROS/Superoxide detection kit (Enzo Life Sciences AG, Lausen, Switzerland, 

cat# Enz-51001) that allows real-time detection of reactive oxygen species and also 

distinguishes between different types of reactive species in live cells via the combination of 

two specific fluorescent dyes. The Oxidative Stress Detection Reagent (green fluorescence) 

reacts with a wide range of reactive oxygen species (ROS) and/or nitrogen species (RNS), 

such as hydrogen peroxide, peroxynitrite and hydroxyl radicals, thus yielding a measure of 

total reactive species, whereas the Superoxide Detection Reagent (orange fluorescence) reacts 

specifically with superoxide. The kit was used according to the manufacturer's instructions, 

with some adjustments. We made a total reactive species/superoxide detection mix by 

diluting 2μl of reconstitute Oxidative Stress Detection Reagent and 2μl Superoxide Detection 

Reagent to 10 ml of 1× HBSS Buffer. 160 μl of total reactive species/superoxide detection mix 

was added to 65 μl the cell suspension at 4.5 × 107 cells/mL in an “eppendorf” tube to reach 

a final concentration of 13 × 106 cells/mL. 100μl of each sample was loaded in a black 96 well 

plate (3.97 x 105 cells/well).  
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Plates were incubated in the dark for 30 minutes at 40°C, which is close to bird body 

temperature, before adding 0.9 μl of the reactive species inducer pyocyanin per well (final 

inducer concentration: 450 μM). Pyocyanin, a toxin produced by human pathogen 

Pseudomonas aeruginosa that cause cells premature senescence by inducing oxidative stress 

and decrease anti-oxidant activity (Muller 2002, 2009), was used to compare the maximum 

signal of total reactive species and superoxide among individuals. Plates were then read for 

one hour at 40°C in kinetic mode in two concomitant measurements, one at 485/520nm 

excitation/emission (orange fluorescence) and the second at 544/610nm excitation/emission 

(green fluorescence). A negative control was run on every plate by adding 3 μl of N-acetyl–

L–cysteine (NAC) reactive species inhibitor in a supplementary randomly chosen sample. 

NAC acts as an antioxidant, leading to a lack of fluorescence detection in live cells 

(Zafarullah et al., 2003). We measured data of total reactive species production in red cells of 

152 females at incubation, 119 females at chick-rearing and 95 males at chick-rearing, and 

superoxide production in red cells of 125 females at incubation, 102 females at chick-rearing 

and 73 males at chick-rearing. This discrepancy between the two probes was due to the fact 

that, to improve the reliability of the data, we excluded measurements with values of CV 

higher than 15%, and superoxide probe showed more readings above this limit. Time 

interval between blood sampling in the field and the measurements of total reactive 

species/superoxide (10.94 hours ± 0.18) had a significant and positive effect on both total 

reactive species (b = 0.045 ± xx0.015, t1,365 = 3.04, P = 0.003) and superoxide (b = 0.050 ±0.016 

xx, t1,299 = 3.07, P = 0.002). Therefore, the residuals of a linear regression of total reactive 

species and superoxide on time interval were extracted and used in the subsequent statistical 

analyses. Repeatability (mean ± SE of CVs) was 2.70 ± 0.11 for total reactive species and 6.13 

± 0.24 for superoxide production.  

 

Index of mitochondrial density 

As an index of mitochondrial density, we used the specific fluorescent probe nonyl 

acridine orange (NAO, cat# A1372, Life Technologies). NAO is specifically binding to the 

polyunsaturated acidic phospholipid cardiolipin that is only found in the inner 
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mitochondrial membrane. Although some controversy regarding its dependence upon 

membrane potential (Jacobson et al., 2002), NAO is a well-established dye to estimate 

mitochondria density for either in living cells (Dykens et al., 2002; Widlansky et al., 2010). 

For this assay, three μL of 2 mM NAO stock solution were diluted in 897μL of 1 × HBSS. 

Then 100 μL of cell suspension was added to get 6 μM NAO working solution and cell 

concentration of 4.5 x 106 cells/mL. Samples were incubated in the dark at 40oC for 30 

minutes, and cells were then washed by centrifuging samples at room temperature for 10 

minutes, discarding the supernatant and re-suspending cells in 400 μL of 1 × HBSS. Samples 

were then incubated a second time in the dark at 4oC for 40 minutes before being measured. 

We did a second incubation after washing the cells because we observed that NAO 

fluorescence required time to reach a stable intensity. 100μl of cell samples were loaded in 

duplicates in a black 96 well plate and read at 485nm/538nm excitation/emission. An 

internal calibrator was added in duplicates on every plate. This calibrator was made of a 

pool of red cells from different individuals that we made at the beginning of the field season, 

divided in aliquots kept at -80o C until being used in the analysis. Mean fluorescence value of 

the calibrator remained constant throughout the season (CV±SE = 4.04 ±0.63). We measured 

mitochondrial densities in red cells of 160 females at incubation, 145 females at chick-rearing 

and 120 males at chick-rearing. The mean ± SE time interval between blood sampling in the 

field and NAO measurement was 22.3 hours ± 0.2, and NAO fluorescence intensity did not 

vary with time interval (b = -0.011 ± xx0.013, t1,424 = -0.87, P = 0.39). Repeatability of 

measurements (mean ± SE of CVs) was 3.51 ± 0.13. 

 

Oxidative stress and anti-oxidant capacity measurements on plasma   

The concentration of Reactive Oxygen Metabolites and the antioxidant barrier in the 

plasma were measured using the d-ROMs and OXY-Adsorbent tests respectively (Diacron 

International, Italy). D-ROMs test mostly measures hydroperoxydes as a marker of global 

early oxidative damage (mainly on lipids and proteins). Briefly, 4μL of plasma were mixed 

with 198μL acidic buffer and 2μL chromogenic substrate (N, N- diethylparaphenilendiamine) 

and left to incubate for 75min at 37°C, before measuring optical density (OD) at 550nm twice 
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in a row. To control for the natural opacity of some samples, OD at 800nm was measured 

and those measurements with OD800 > 0.100 were excluded from the analysis. The average 

of valid d-ROM measurements for a sample was used in the analysis. All measurements 

were run in duplicates and repeatability was high (mean ± s.e. CVs). OXY adsorbent test 

estimates the capacity of plasma to oppose the oxidative action of the hypochlorous acid 

HClO, Briefly, each plasma sample was diluted at 1/100 in ultra-pure water; 5μL diluted 

sample were incubated 10 min at 37°C with 200μL HClO solution. 2μL chromogenic 

substrate (N, N- diethylparaphenilendiamine) were then added and OD at 550nm was 

measured twice in a row to quantify HClO excess and averaged. Repeatability was low but 

similar to previous analyses (mean ± s.e. CVs): the inter-plate CVs were 8% and 13% on 11 

duplicates for the d-ROMS and OXY tests respectively and the intra-plate CVs were both 6% 

on 11 duplicates. We measured OXY and d-ROMs, respectively, in the plasma of 147 and 146 

females at incubation, 141 and 135 females at chick-rearing, and 117 and 116 males at chick-

rearing. 

 

Statistical Analysis 

Our datasets were not balanced for females and males, having samples for females at 

the incubation stage and chick-rearing stage, and of males at the rearing stage only, we 

performed two different sets of statistical analyses. Firstly, we used data for females and 

males at chick-rearing to test for effects of food supplementation and sex on red cells 

mitochondrial parameters and plasmatic oxidative stress markers. We ran mixed model 

analyses where food supplementation, sex and their interaction were entered as fixed factors. 

In the same models, we entered sampling date and age of chicks as covariates to control for 

possible seasonal effects and effects of chick development on parent reproductive effort. 

Finally, we entered the nest-box as a random factor to control for the fact that males and 

females from the same nest-box are not independent observations. Secondly, we used data 

for females at incubation and chick-rearing to test for effects of reproductive stage on red 

cells mitochondrial parameters and plasmatic oxidative stress markers. Here, we entered 

reproductive stage, food supplementation and their interaction as fixed factors, sampling 
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date and incubation/chick age as covariates to control for timing effects, and female identity 

as random factor to control for pseudo-replication. Note that fluorimeter measurements of 

mitochondrial densities, total reactive species and superoxide production have an arbitrary 

unit (AU). Hence, to facilitate their interpretation and the direct comparison of our different 

statistical analyses, we normalised our different values (i.e. mitochondrial densities, total 

reactive species and superoxide production, but also ATP concentration, d-ROM and OXY) 

by subtracting population mean and dividing it by the standard deviation before using them 

in our statistical analyses. The different mixed models were performed in JMP 11.0 using the 

restricted maximum likelihood (REML) method. As recommended by Forstmeier and 

Schielzeth (2011), throughout the manuscript we are reporting the full models to avoid type I 

errors (Forstmeier and Schielzeth, 2011). Model selections based on P-values are however 

leading to similar conclusions. 

Age of parents and body condition was also added as covariate in a separate model 

in both data set. 

 

3. Results 

 

Food supplementation on reproductive success  

There was a significantly positive effect of food supplementation on offspring survival at day 

13th (ANOVA F1,143=28.46, p=0.000; Figure 1A) 

 

Adult males and females at chick-rearing stage  

There was a significant effect of sex on body condition, mitochondrial density, ATP 

concentration, total reactive species and d-ROMS, with females presenting higher values for 

body condition and d-ROM, but lower values for mitochondrial density, ATP and total 

reactive species in comparison to the males; no significant effect of sex was found on 

superoxide or OXY (Table 1; Figure 2). Food supplementation had a marginally significant 
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effect on body condition, but no significant effect on any mitochondrial attributes, d-ROM or 

OXY.  

No significant interaction between sex and food supplementation was found for any 

variable, apart from a marginally significant effect for OXY (Table 1). Age of chicks had a 

positive effect on ATP levels and superoxide production, but a negative effect on 

mitochondrial density, and no significant effect on body condition or total reactive species 

(Table 1). Sampling date had a significant effect only on ATP concentration, with late 

breeders having lower levels of ATP compared to early breeders (Table 1). No significant 

effects were found for interaction between sex and age of chicks (data not shown). 

Adding body condition as a covariate and age of parents as fixed effect did not 

change most of the results, apart from the analysis on total reactive species, where the effect 

of sex became non-significant and sampling date became significant; for superoxide age of 

chicks is no more significant and sampling date became significant (data not shown).  

 

Incubation and chick rearing stages in adult females 

Reproductive stage had a significant effect on body condition, NAO fluorescence 

intensity, ATP concentration, total reactive species, and d-ROMS, but not on superoxide or 

OXY (Table 2). Body condition and mitochondrial density were higher during incubation, 

while ATP, total reactive species, d-ROM and OXY were higher during chick rearing (Table 

2; Figure 3). Age of chicks (for chick-rearing) and time from incubation (for incubating) 

females had a significant effect on body condition and mitochondrial density, with lower 

values during chick rearing; but for ATP level was lower during incubation (Table 2). 

Sampling date had a significant effect on total reactive species and ATP, with late breeders 

having lower levels of ATP compared to early breeders, but here also reflect the fact that 

chick-rearing females has lower ATP level than incubating females. 

Again, no effect of food supplementation was found on any mitochondrial attributes, 

OXY or d-ROM as well as no significant interaction between reproductive stage and food 

supplementation, apart from OXY (Table 2). Adding body condition as a covariate did not 
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change the results (data not shown). When age of parents was added to the model the 

significant effect of age of chick on NAO and ATP disappeared. 

Since there was an effect of supplementation on fledges and survival, we did analyses 

again using only controlling nests. The lack of effect on both fledge and survival persists for 

OXY and all mitochondrial attributes and body condition (results not shown). Only d-ROM 

there was a marginally significant negative effect on fledge (T1,62 = -1.75, P=0.084, R2=0.05), 

and survival (T1,60 = -1.82, P=0.073, R2=0.05). 

 

Relationships between mitochondrial attributes, OXY, d-ROMS and primary reproductive 

investment  

Because the previous analyses revealed significant effect of sex and reproductive 

stage on most of the mitochondrial attributes (Table 1 and 2), the seeking for relationship 

between mitochondrial attributes (ATP, mitochondrial density, total reactive species, 

superoxide), d-ROMS, OXY and the primary reproductive investment traits (laying date, 

clutch size, brood size at hatching), was performed in the three groups separately 

(incubating females, chick-rearing females and chick-rearing males (Table 3). 

Regarding the comparisons among mitochondrial attributes, the correlation values 

were significant and positive between ATP concentration and total reactive species for the 

three groups. Also significant correlation was found between mitochondrial density and 

Superoxide for the three groups, being positive for incubating females and negative for both 

chick-rearing males and females (Table 3). Mitochondrial density and total reactive species 

were not significant for any comparisons. ATP concentration and mitochondrial density had 

significant negative correlation for males and females at chick rearing, but not for females at 

incubation.  

For the comparisons between mitochondrial attributes and reproductive investment 

traits, laying date was significant and positively correlated with superoxide for chick-rearing 

males and incubating females, but not for chick-rearing females. The oxidation measured on 

the plasma by d-ROMS was significantly correlated with ATP in all cases, and was negative 
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only for females on incubation. Body condition was significantly correlated with superoxide 

for males. 

4. DISCUSSION 

Hence, we used a food supplementation experiment during the chick-rearing phase 

to address the links between resources availability, body condition, mitochondrial attributes 

and plasma damage/protection in adult collared flycatchers. We predicted that food 

supplementation should lead to an increase in reproductive success and adult body 

condition. However and as said previously, relationships between life history traits and 

mitochondrial attributes are complex. We had thus no a priori predictions on the direction of 

changes in mitochondrial attributes in response to food supplementation.  

Birds have two well-defined reproductive stages, egg incubation and chick rearing, 

with different contributions of parents at each stage depending on the species. Incubation 

and chick-rearing stages are both costly, and how resources are allocated within a breeding 

event is still not clear (Dobbs et al. 2006), especially for uniparental incubating birds, where 

parents do not contribute equally in both reproductive phases. In the collared flycatcher, 

females are incubating alone the clutch but both parents provide food to the chicks. Hence, 

we investigated changes in adult female body condition and mitochondrial attributes 

between reproductive stages and in relation to the food supplementation experiment. 

Furthermore, because male and female parents do often differ in their optimum levels of 

reproductive investment at the chick rearing stage (review in Santos and Nakagawa 2012), 

we tested for differences between male and female parents regarding body condition 

mitochondrial attributes and plasma damage/protection in interaction with our food 

supplement experiment. 

Finally, given that we still know very little on the relationships between life history 

traits and mitochondrial attributes, we explored how our different measurements of 

mitochondrial attributes were correlated among each other’s and with reproductive life 

history traits.  
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Effect of food supplementation 

Although the relevance of food supply on population ecology in mammal species, 

(Prevedello et al. 2013) as well as on reproductive parameters in birds (Ruffino et al. 2014), 

the extent to which food supplementation affect the different phases of reproduction in birds 

is not unequivocal. Previous studies showed that receiving high protein on supplementary 

food during incubation did not affect current reproductive success, in terms of hatching 

success on captive kept zebra finch (Gorman and Nager 2003). As well as food-

supplemented owls during nestling period (Broomer et al. 2004) or house wrens during 

incubation (Lothery 2014) showed no effect on reproductive output. All contrasting with our 

results, which show a positive effect of food supplementation during chick rearing on fledge 

and survival. More important, Broomer et al. detected a positive effect of food 

supplementation on body mass during chick-rearing stage and an effect on reproduction 

timing in the following year. This is related to the fact that chick rearing is synchronized with 

peak of food availability; hence extra-food supply in a given breeding season will result in 

early breeding the following year. Although we do not have data for the subsequent season, 

our lack of effect on body condition, mitochondrial attributes and d-ROM/OXY for the 

parents suggests that flycatchers may invest all resources available in the current 

reproduction, i.e. in the offspring growth. In the absence of data on chicks, the positive effect 

on nestling survival suggests that this may well be the case. This conclusion is supported by 

the results from Santos and Nakagawa (2012), who showed in a meta-analysis of 

clutch/brood size manipulation that, differently from males, females do not seem to undergo 

survival cost from increasing parental effort, but rather transfer the cost to the offspring. It is 

possible, however, that such a strategy may change year to year, according to the habitat 

conditions. In poor environmental conditions, parents struggled to feed their chicken will 

relocate all the supplementary energy to the offspring in order to protect the next generation 

as much as they can.  

 

Effect of gender 
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Sexual dimorphism in the expression of mitochondria-related genes has already been shown 

in heart of rats, where in old animals most of the genes involved in the oxidative 

phosphorylation have significantly higher expression for females than males, and apoptotic 

genes have lower expression for females (Vijay et al. 2015). This matches our results 

regarding total reactive species – with lower values for females in comparison to males, but 

was in the opposite direction regarding d-ROMs, mitochondrial density and ATP 

concentration. In our case, because there was no change in the results after adding age as 

covariate, we can suggest that reproductive stage may play a main role. Especially due to the 

fact that in birds, reproduction physiology is mainly controlled by neuroendocrine system 

(Ubuka and Bentley 2010), being stress hormones also confounded by parental care type 

(Silverin 1986, Wada 2006, Bókony et al. 2009). There is some evidence that parental care has 

a negative relationship with gender differences in corticosteroid hormones: the more sex care 

tends to have a lower baseline corticosteroid hormone level (Bókony et al. 2009). However, a 

previous study found no difference of plasma corticosteroid between sexes during chick 

rearing for pied flycatcher (Ficedula hypoleuca, Silverin 1986), in which, as well as his 

congeneric collared flycatcher, both parents feed the chicks. This hence would prevent us to 

ascribe differences in mitochondrial attributes to stress hormones variation. However, we 

can speculate that, as an only-female incubating species, after spending the whole incubation 

period, females will have metabolic traits slow down when the partner is there to assist 

feeding the chicks. 

 

Effect of reproductive stage for females 

Loss of body mass from incubation to chick-rearing stage has already been reported 

as an adjustment to reduce wing-loading during chick rearing stage in passerines (Cavitt & 

Thompson 1997) and in the black-legged kittiwakes (Bech et al.2002, Rønning 2008). In our 

study, a decrease in body condition from incubation to chick-rearing stage is followed by a 

decrease in mitochondrial density as well as an increase in ATP concentration and total 

reactive species production. Because reproduction and survival requires a suitable amount of 

oxygen and ATP, and being the ATP consumption fix per cycle for the most of the 
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biochemical processes, the ratio ATP/O will dictate the necessary oxygen supply (Brand 

2005). Therefore, a degree of plasticity on mitochondrial attributes would be expected to 

cope with variation in energetic demand during life cycle, such as during different 

reproductive stages. Reproduction is known to be affected by thyroid hormones (Ubuka and 

Bentley 2011), which are important for mitochondria energy transfer (Soboll 1993), and 

therefore considered the major endocrine controller of energy expenditure. This involves 

changes in ATP synthesis through oxidative phosphorylation in mitochondria (Harper and 

Seifert 2008), being mitochondria in turn regarded as the subcellular target for the thyroid 

hormones (Goglia et al. 2002). Thriiodothyronine (T3), the metabolically active form of 

thyroid hormone, has a profound impact on mitochondrial biogenesis (Weitzel et al 2003). In 

birds T3 hormone has high turnover (Chastel et al. 2003), is positively associated with 

metabolic rate (Chastel et al. 2003, Rønning et al. 2008), and has its level increased on 

incubating females in comparison with chick-rearing. 

Thus, we can suggest that the higher mitochondrial density found during incubation 

could be due to the high affinity binding site for T3 on mitochondrial inner membrane and 

the ability of thyroid hormone to stimulate synthesis of cardiolipin (Goglia 2002). The lower 

total reactive species production during incubation goes in the opposite direction, but with 

no measurement on damage or anti-oxidant protection we cannot hold a conclusive outcome 

in this regard.  

The uncoupling property of thyroid hormone may also play a role in this case. 

Indeed, there are evidences that metabolic effects of thyroid hormone include mild 

uncoupling (Skulachev 1996), thus preventing large increase of proton electrochemical 

gradient in lack of ADP and reducing ROS production (Venditti and Di Meo 2006). 

Incubating females with higher mitochondrial density and lower ATP concentration, in 

comparison to chick rearing, produce lower total reactive species – all at the same magnitude 

(estimate value Table 2). 

It is unfortunate that we were not able to measure mitochondrial respiration at all, 

neither measure the mitochondrial attributes before reproductive period. However our data 

on mitochondrial density during both reproductive stages suggest that mitochondria 



Variation of mitochondrial attributes 

239  
 

biogenesis might take place during incubation, and uncoupling could play a role, with an 

unexpected lower ATP concentration accompanied by a lower total reactive species 

production.  
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