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ABSTRACT 

Reproduction is an energetically demanding life history stage that comprises costly 

physiological and behavioural changes. Despite these costs, some individuals invest more in 

reproduction, and breed more successfully than others. To understand variation in reproductive 

investment, studies often evaluate factors during breeding, but conditions outside of the breeding 

season may also play a role. These linkages across life history stages remain poorly understood, 

particularly at the mechanistic level. Using wild populations of black-capped chickadees (Poecile 

atricapillus), we evaluated whether traits relating to energetic condition (i.e., circulating 

corticosterone concentrations, oxidative balance, haemolytic complement activity, and body 

condition) during the non-breeding season predicted reproductive investment in the subsequent 

breeding season. Winter haemolytic complement activity did not predict subsequent breeding 

investment. However, we found that females with high winter fat scores laid eggs sooner and fed 

their offspring more often, and females with high winter corticosterone concentrations produced 

lighter eggs. We also found that males with high winter oxidative stress had smaller clutches, that 

males with high winter fat fed their offspring more often and had nestlings with lower baseline 

corticosterone, and that males with high winter corticosterone concentrations had lighter eggs and 

smaller nestlings in the brood produced by their mate. These winter energetic traits may relate to 

reproductive investment via carry-over effects across seasons, and/or because they reflect an 

individual’s phenotypic quality. Altogether, our findings suggest that in wild populations, 

conditions experienced outside of the breeding season may be important factors explaining 

variation in reproductive investment, even in a resident species. These linkages between life 

history stages could have important implications for the study of population dynamics, 

particularly in declining populations. 

 



 

iii 
 

DECLARATION OF CO-AUTHORSHIP 

 

Manuscripts resulting from the thesis are outlined below: 

 

 

Montreuil-Spencer C., Schoenemann K., Bonier F. Relationships between winter energetic 

condition and reproductive investment in a wild bird.  

In preparation for Functional Ecology 

 

 

Comments: The development and formulation of the research question and hypotheses for this 

project were conceived by C. Montreuil-Spencer and F. Bonier. Fieldwork was led by C. 

Montreuil-Spencer and K. Schoenemann in winter, and summer fieldwork was led by C. 

Montreuil-Spencer and assisted by K. Schoenemann. Laboratory assays were performed by C. 

Montreuil-Spencer and K. Schoenemann. Data analysis and processing was done by C. 

Montreuil-Spencer, and data was interpreted by C. Montreuil-Spencer. The manuscript was 

written by C. Montreuil-Spencer, and reviewed by F. Bonier. 

 

 

 

 

 

 

 

 



 

iv 
 

ACKNOWLEDGEMENTS 

 

To begin, I would like to express my sincerest gratitude to my advisor, Fran Bonier, who 

gave continuous support, taught me important research skills, and valuable lessons on scholarship 

and mentorship, who taught me to work independently, dynamically, and fearlessly, and who, 

through various opportunities, helped reinforce my excitement for biological research. I would 

also like to thank my two very valuable committee members, Laurene Ratcliffe and Christopher 

Eckert, who helped shape my project into a concise framework, and helped me think outside the 

box. I value the opportunity to work with such well-respected and influential researchers.  

I am so grateful for the friendship and partnership with my lab mate, Kelsey 

Schoenemann. Kelsey and I have spent many months doing field work together, and many more 

doing lab work together. Her work is impeccable and done with the utmost finesse, which 

inspired me to think about the smallest of details. Through good and bad, we always came out 

strong together, supporting each other, and always making sure our data was sound! I also wish 

to thank Ivana Schoepf for her many great discussions about life, biology, and everything in 

between. Her expertise helped me through the interpretation of results, while her enthusiasm and 

kindness allowed an easy friendship to develop. Doing very intensive chickadee nest searches 

could not have been possible without the very dedicated Mathieson Smith and Anthony 

Colangelo, two volunteers who became good friends of mine throughout the years. I would like 

to thank the entire crew at Queen’s University Biological Station (QUBS) for lodging us, feeding 

us, and caring for us. Shout-out to Shannon Smith, our lab technician; she performed CORT 

hormone assays and shared many helpful tips for running PCR, and other assays. I’m grateful to 

M. Haussmann and L. Schoenle for the oxidative stress protocols, and A. Leon and J. Wagner for 

suggestions in performing haemolytic complement activity assays. Many thanks go to A. Lendvai 



 

v 
 

for all the helpful advice in using RFIDs, and for kindly providing us with the R script he 

developed to quantify parental provisioning rates from RFID, which truly made our lives so 

much easier! Lastly, I am forever grateful to my parents, Patricia Montreuil and Nigel Spencer, 

for their unconditional love and unstinting support, and for always, always encouraging me to do 

what I love most. 

Funding for this research was provided by the Natural Sciences and Engineering Research 

Council of Canada (NSERC), and from the Ontario Graduate Scholarship (OGS) from the 

Ministry of Ontario. 

 

 

 

 

 

 

 

 

 

 

 



 

vi 
 

TABLE OF CONTENTS 

Abstract............................................................................................................................................ii 

Declaration of Co-Authorship.........................................................................................................iii 

Acknowledgements .........................................................................................................................iv 

List of Figures ...............................................................................................................................viii 

List of Tables ................................................................................................................................viii 

Abbreviations..................................................................................................................................ix 

 

CHAPTER 1 – INTRODUCTION....................................................................................................1 

Energy allocation within the breeding season.........................................................................2 

Energy allocation across the non-breeding and breeding seasons..........................................3 

Measuring energetic condition …...........................................................................................6 

Black-capped chickadees………..............................................................................................9 

 

CHAPTER 2 – MATERIALS & METHODS.................................................................................11 

Study system..........................................................................................................................11 

Winter sites, captures, and blood sampling...........................................................................11 

Breeding season ....................................................................................................................12 

Parental behaviours..............................................................................................................13 

Weather data.........................................................................................................................15 

Molecular sexing...................................................................................................................15 

Corticosterone hormone assay..............................................................................................16 

Oxidative balance assays.......................................................................................................16 



 

vii 
 

Haemolytic complement activity assay..................................................................................17 

Statistical Analyses................................................................................................................18 

 

 

CHAPTER 3 – RESULTS..............................................................................................................22 

Winter energetic condition, breeding phenology, and investment into eggs......................22 

Winter energetic condition and parental behaviours…......................................................27 

Winter energetic condition and offspring phenotype………...............................................28 

Parental provisioning rate and offspring phenotype..........................................................29 

 

CHAPTER 4 – DISCUSSION .......................................................................................................30 

Winter energetic condition, breeding phenology, and investment into eggs.......................30 

Winter energetic condition and parental behaviours..........................................................40 

Winter energetic condition and offspring phenotype...........................................................43 

Conclusions........................................................................................................................ 46 

 

Literature Cited.............................................................................................................................. 47 

Appendix: Supplementary Tables…...............................................................................................69 

Table S1. Pairwise correlation matrix: Reproductive traits.................................................69 

Table S2. Pairwise correlation matrix: Winter traits............................................................70 

Table S3. Pairwise correlation matrix: Male vs. female winter energetic traits.................. 70 

Table S4. Results of GLMs: Females..................................................................................71 

Table S5. Results of GLMs: Males......................................................................................73 

Table S6. Model Selection: Females ...................................................................................75 

Table S7. Model Selection: Males ......................................................................................79 



 

viii 
 

LIST OF FIGURES 

Figure 1. Schematic representation of the framework......................................................................5 

 

Figure 2. Relationship between female laying date and parent winter fat score (b,d), and between 

female laying date and parent scaled mass index (a,c) …................................................................23 

 

Figure 3. Relationship between clutch size and parent oxidative index (a,b), and between clutch 

mass and parent oxidative index (c,d)…………..............................................................................24 

 

Figure 4. Relationship between average egg mass and parent winter fat score...............................26 

 

Figure 5. Relationship between average egg mass and female winter corticosterone levels...........26 

 

Figure 6. Relationship between average egg mass and the interaction between laying date and male 

corticosterone..................................................................................................................................26 

 

Figure 7. Relationship between rate of food provisioning to the young and parent winter fat 

scores..............................................................................................................................................27 

 

Figure 8. Relationship between total brood growth and parent winter corticosterone....................28  

 

Figure 9. Relationship between average nestling baseline corticosterone and parent winter fat score 

(b,d), and parent scaled mass index (a,c).........................................................................................29 

 

 

 

LIST OF TABLES 

 

Table 1. Summary of variables used in the analyses.......................................................................20 

 

 



 

ix 
 

LIST OF ABBREVIATIONS 

 

AICc Akaike Information Criterion corrected for small sample size 

CH50 50% haemolytic complement activity 

CHD Chromo-helicase DNA binding gene 

CORT Corticosterone 

DNA Deoxyribonucleate acid 

EIA Enzyme-linked immunosorbent assay 

GLM Generalized Linear Model 

GLMM Generalized Linear Mixed Model 

index Oxidative stress index 

pavgmod 
p-value associated to the conditional average after averaging models with a 

delta AICc less than 2. 

padj p-value after adjusting for multiple comparisons 

PCR Polymerase chain reaction 

PIT Passive Integrated Transponder 

QUBS Queen’s University Biological Station 

RFID Radio Frequency Identification Device 

ROM Reactive Oxygen Metabolite  

SI CORT Stress-Induced Corticosterone 

SMA regression Standardized major axis regression 

smi Scaled mass index 

sRBC Sheep Red Blood Cells 

TAC Total Antioxidant Capacity 



 

1 
 

CHAPTER 1 – INTRODUCTION 

 

Reproduction is an energetically demanding life history stage that comprises costly 

physiological and behavioural changes. Despite these costs, some individuals invest more in 

reproduction, and breed more successfully than others. Evolutionary ecologists have long been 

interested in quantifying variation in reproductive success and understanding why such variation 

exists. Life history theory suggests that traits relating to reproduction and self-maintenance trade 

off with each other within an individual because they compete for the same pool of internal 

energetic resources (Wilbur et al. 1974). When resources are limiting or conditions are 

challenging, an increase in fitness due to the change in one trait (e.g., relating to self-

maintenance) may cause a decrease in fitness due to a change in another (e.g., relating to 

reproduction), resulting in a life history trade-off (Zera & Harshman 2001; Roff & Fairbairn 

2007; Moore & Hopkins 2009). The way that individuals resolve the trade-off between 

reproduction and self-maintenance is a product of how energetic resources are allocated between 

competing functions. Individual variation in the extent of breeding investment can largely be due 

to size, fecundity, age, and experience (Stearns 1992; Roff 2001). Variation in breeding 

investment can also be due to variation in habitat quality (Johnson 2007) and physiological 

condition (McNamara & Houston 1996), two factors that contribute to, and depend on, the 

acquisition and allocation of resources (i.e., energy). During the breeding season, habitat quality 

and physiological condition are important factors influencing the extent of reproductive 

investment, but whether habitat quality and physiological condition prior to reproduction predicts 

or influences subsequent reproductive investment remains poorly understood. Because organisms 

have a lifetime energy budget (Jürgens & Prothero 1991; Plaut et al. 1996; Speakman 1999), the 

resolution of this trade-off during the breeding season could be influenced by energy budgets 
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outside of the breeding season. The extent to which organisms acquire resources and the ways 

they allocate energy towards current life history activities and biological functions may have 

profound effects on events and processes in subsequent life history stages, and ultimately, on 

fitness. 

Energy allocation within the breeding season 

During breeding, decisions relating to resource allocation can be based on information 

obtained from the surrounding environment. For instance, the extent of reproductive investment 

may be a function of food availability (Perrins 1970; Martin 1987; Kitaysky et al. 1999; Nagy & 

Holmes 2005; Nichols et al. 2012; Ruffino et al. 2014; Davies et al. 2015; Townsend et al. 2016) 

or climatic conditions (Chase et al. 2005; Selonen et al. 2016; McArthur et al. 2017) on the 

breeding grounds (i.e., the extrinsic limitation hypothesis: Speakman 1999). This requires 

animals to judge survival and reproductive value based on their local food supply or weather, and 

adjust their resource allocation to reproduction and self-maintenance appropriately (Drent & 

Daan 1980). To begin breeding and to rear young, parents must accumulate sufficient energetic 

resources from their environment (Rowe et al. 1994; Bêty et al. 2003). In the early stages of 

breeding, females, in particular, must build fat, protein, and calcium reserves in a very short 

period of time prior to the development of embryos (McCabe et al. 2007; Rhinehart 2016), or 

eggs (Christians 2002), but the extent of resource accumulation depends on the quality of the 

breeding habitat (Drent & Daan 1980; Kersten 1996; Penteriani et al. 2013). In some species, 

reproductive investment includes both gamete production and parental care to the young, and 

several studies provide evidence for the limitations imposed by habitat quality on offspring care 

(Whittingham & Robertson 1994; Nichols et al. 2012; Darolová et al. 2014; Kaiser et al. 2015). 

Reproductive investment can also be constrained by environmental conditions such as 
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unfavourable and unpredictable weather conditions. For example, cold, rainy weather limits 

parental provisioning efforts, and reduces nestling condition and survival in aerial insectivores 

like barn swallows (Hirundo rustica) (Jenni-Eiermann et al. 2008) and tree swallows 

(Tachycineta bicolor) (Ouyang et al. 2015), and cold spring temperatures delay breeding in great 

tits (Parus major), likely due to delayed caterpillar abundance (Stevenson & Bryant 2000). 

Altogether, these studies indicate that in unfavourable conditions and low-quality habitat, 

resources are limited and individuals may be unable to acquire sufficient energetic resources 

during the breeding season to sustain a high level of reproductive investment. This is particularly 

true of organisms that continuously replenish resources, and rely heavily on exogenous resources 

during breeding (Jönsson 1997; Houston et al. 2007). However, most organisms use a 

combination of locally-acquired resources from their current environment, and endogenously 

stored nutrients from a previous life history stage (e.g., antioxidants, minerals, fat stores, protein 

stores) (Jönsson 1997; Houston et al. 2007), thus both current and past resource availability and 

energetic condition may influence resource allocation to life history functions (Warner et al. 

2008; Stephens et al. 2009; Harrison et al. 2011).  

Energy allocation across non-breeding and breeding seasons 

While variation in resource allocation strategies and reproductive investment can be 

partially explained by habitat quality and body condition during breeding, events and processes 

occurring prior to reproduction could also contribute to that variation (Fig. 1). Animals must 

accumulate energetic resources to breed (Hario et al. 1991; Alisauskas & Ankney 1992; Rowe et 

al. 1994; Monaghan & Nager 1997; Mawhinney et al. 1999; Cargnelli & Neff 2006; Hennin et al. 

2015). However, if an individual does not have sufficient energetic resources as it transitions into 

the breeding season, it may adaptively modify reproductive effort to allocate resources towards 
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self-maintenance. In other words, organisms can modulate life history decisions based on 

previous energetically costly experiences (McNamara & Houston 1996). The term carry-over 

effect describes how events and processes occurring in one life history stage can affect individual 

performance in a subsequent period (Harrison et al. 2011). Prior to breeding, organisms may face 

energetic challenges (e.g., disease, migration, hibernation, challenging weather, reduced food 

availability), and responses to such challenges can produce downstream effects in later periods. 

Across taxa, there is evidence for carry-over effects from some laboratory experiments (Johnsson 

& Bohlin 2006; Betini et al. 2014; Wright et al. 2017), but mostly from field observations (fish: 

Araki et al. 2009; O’Connor et al. 2010, 2011; Morgan & Metcalfe 2001; birds: Baker et al. 

2004; Bearhop et al. 2004; Norris et al. 2004; Saino et al. 2004; Gunnarsson et al. 2005; Robb et 

al. 2008; Sorensen et al. 2009; Rockwell et al. 2012; Drake et al. 2013; Harrison et al. 2013; 

Clausen et al. 2015; Harms et al. 2015; Latta et al. 2016, mammals: Atkinsen & Ramsay 1995; 

Festa-Bianchet 1998; Perryman et al. 2002; Cook et al. 2004; Sanderson et al. 2014; Grassel et 

al. 2016; Selonen et al. 2016). Overall, these studies suggest that responding to challenges prior 

to breeding may reduce energetic reserves available for reproduction. 

While energy acquisition and expenditure can be limited by external food supply and 

environmental conditions in a prior life history stage, it may also be limited by the individual’s 

access to resources, and ability to acquire and assimilate energy (i.e., the intrinsic limitation 

hypothesis: Speakman 1999). In situations where we would normally expect a trade-off between 

reproduction and self-maintenance (either as a result of limiting resources, or competing 

physiological functions), we may instead see positive relationships due to variation in resource 

acquisition and assimilation that could mask the expected trade-offs (van Noordwijk & de Jong 

1986). Because of variation in resource accrual, some individuals may be in superior intrinsic 



 

5 
 

quality across life history stages, allowing them to invest heavily in both self-maintenance and 

reproduction across life history stages (Reznick et al. 2000; Hamel et al. 2009; Wilson & Nussey  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2010; Robinson & Beckerman 2013). Variation in intrinsic quality may depend on 

developmental conditions, where young developed in more high-quality environments have a 

fitness advantage later in life (i.e., the silver spoon effect: Grafen 1988). For instance, juvenile 

red squirrels reared under warmer spring conditions and higher cone abundance have higher 

reproductive success in later years (Descamps et al. 2008). Similarly, in white-tailed deer, 

maternal diet quality during gestation influenced offspring quality and survival (Therrien et al. 

2007). Silver spoon effects are not themselves carry-over effects (Harrison et al. 2011), but they 

can mask carry-over effects in later life history stages. For instance, offspring reared under 

favourable conditions that become higher-quality adults may overcome challenges more easily 

than low-quality individuals, an ability that can buffer or mask a carry-over effect. Variation in 

intrinsic quality may also depend on genetic differences in fitness-related traits. For example, 

Fig. 1 An animal’s energetic condition in one season can predict or influence life history traits in 

a subsequent season. The linkages across seasons may be due to events and processes in one 

season carrying over to influence events and processes in the next season, and/or due to individual 

variation in intrinsic quality, where some individuals are in superior energetic condition across 

life history stages compared to others [Figure and concept modified from Harrison et al. 2011]. 
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Robinson & Beckerman (2013) found genetic differences in foraging abilities in the sand 

field cricket (Gryllus firmus), and show that the vast majority of individual variation in energy 

allocation (90%) was explained by genetic variance in resource acquisition. Wilson et al. (2009) 

and Shorter et al. (2014) found genetic differences in aggressive behaviours in deer mice 

(Peromyscus keeni), with intrinsically more aggressive males being more successful in provoking 

dispersal in subordinate mice during breeding (Fairbairn 1978). Whether variation in intrinsic 

quality and physiological condition is attributed to differences in genetic makeup, developmental 

conditions, the proficiency in acquiring resources, or to other relatively more stable traits, some 

individuals may simply be “better” than others in both the non-breeding and breeding life history 

stages. Overall, evidence suggests that energetic phenotypes in the winter and breeding 

investment in the subsequent season may correlate, but the physiological mechanisms by which 

winter condition can impact future reproduction are not well understood.  

Measuring energetic condition 

Several different metrics can provide insight into the energetic state of an individual. Body 

mass and fat reserves are indices of body condition, defined as the relative size of energy reserves 

accumulated from feeding (Green 2001; Peig & Green 2009). Animals with larger fat reserves 

are more likely to survive periods of fasting than individuals with smaller reserves (Millar & 

Hickling 1990; Pravosudov & Grubb 1997). Although body mass and fat reserves are widely-

used in studies evaluating carry-over effects across seasons, they more generally provide 

information about macronutrient supply (Harrison et al. 2011), and may only offer a mechanism 

for short-term trade-offs within a life history stage (Williams 2012). To explain linkages across 

seasons, physiological mechanisms that can constrain reproduction are likely important, but less 

well studied. Indeed, physiological traits play an important role in regulating metabolism and 
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contribute to resource management (Drent & Daan 1980; Zera & Harshman 2001; Ricklefs & 

Wikelski 2002). In responding to an increase in energetic demand, organisms will alter the 

activity of many physiological systems to regain homeostasis. Therefore, physiological 

mechanisms are likely to participate in mediating allocation of energetic resources across life 

history stages. 

Circulating hormone concentrations can provide insight into the proximate mechanisms of 

variation in life history decisions because they are dynamic, change in response to internal and 

external stimuli, modulate homeostasis, prepare animals for action, and can generate correlations 

between life history traits with opposing fitness consequences (Ketterson & Nolan 1992; Zera & 

Harshman 2001; Ricklefs & Wikelski 2002; Williams 2012). Recently, researchers have been 

interested in the roles of glucocorticoid hormones in mediating carry-over effects across seasons 

(Crossin et al. 2012, 2013; Kouwenberg et al. 2013; Sanderson et al. 2014; Schultner et al. 2014; 

Harms et al. 2015). Glucocorticoids (hereafter CORT) are a family of steroid hormones found in 

all vertebrates that mediate energy allocation and responses to energetically demanding activities 

(Sapolsky et al. 2000). Short-term increases in CORT levels promote responses to acute 

challenges (Sapolsky et al. 2000; Pitk et al. 2012; Breuner et al. 2013) and energetically 

demanding activities such as foraging (Gray et al. 1990; Kitaysky et al. 2007; Crossin et al. 2012) 

or reproduction (Bonier et al. 2009, 2011; Crossin et al. 2012). However, long-term elevated 

CORT levels can be associated with oxidative damage and reduced survival (Haussmann et al. 

2012; Costantini et al. 2011), suggesting that short-term increases may be beneficial to cope with 

challenges, while long-term elevated levels may be detrimental, or may reflect environmental 

conditions that limit reproductive success. Because CORT levels can increase when energetic 

demands outweigh energetic resources (reviewed in McEwen & Wingfield 2003), CORT may be 
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a strong candidate for a mechanism linking events and processes across life history stages. 

Specifically, CORT levels during the winter may indicate the extent to which organisms invested 

resources to respond to energetically demanding activities in the winter (e.g., limited foraging 

opportunities, thermoregulation), and may thus signal a deficit of energy remaining for allocation 

to breeding. 

In species that employ aerobic metabolism, a by-product of all metabolic activities is the 

production of reactive oxygen species (Finkel & Holbrook 2000). Because oxidative damage is 

tightly linked to energy expenditure (Alonso-Alvarez et al. 2004; Wiersma et al. 2004; Costantini 

2008; Wegmann et al. 2015), it may be involved in mediating life history trade-offs between 

reproduction and self-maintenance (Dowling & Simmons 2009; Monaghan et al. 2009). To 

counterbalance oxidative damage, organisms can obtain antioxidants from their diet, and, 

because antioxidant availability varies seasonally (Cohen et al. 2009; Isaksson et al. 2007), 

animals may store them for more energetically demanding periods in the future (Royle et al. 

1999; Noguera 2017). Harrison et al. (2011) argue that the strength of carry-over effects between 

seasons can be a function of micronutrients such as antioxidants, and that these relationships 

warrants further investigation. 

Managing the immune system to fight off infections is also energetically costly and may 

trade-off against other fitness-related traits (Sheldon & Verhulst 1996; Norris & Evans 2000). In 

wintering great tits, individuals that mounted a response to an immune challenge also 

upregulated their basal metabolic activity (Ots et al. 2001). Similarly, several studies show that 

aspects of immune activation relate to corticosterone levels (Saino et al. 2003; Bourgeon & 

Raclot 2006; Stier et al. 2009) and increased production of reactive oxygen species (Lin et al. 

2004; Rubolini et al. 2005; Costantini & Dell’Omo 2006; Stier et al. 2009; van de 
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Crommenacker et al. 2010). These findings provide evidence for the interwoven network of 

systems that are simultaneously upregulated during energetically demanding activities. 

Therefore, variation in immune function may contribute to variation in energetic physiology that 

may manifest itself in variation in reproductive investment in a following life history stage. 

To date, most studies evaluating physiological mediators of carry-over effects and life 

history trade-offs in animals have addressed these questions in migratory bird species, but 

tracking migratory animals across seasons is challenging (Webster et al. 2002; Harrison et al. 

2011). Using a resident animal that is relatively sedentary year-round provides an opportunity to 

investigate the relationships between non-breeding energetic condition and subsequent 

reproductive investment. 

Black-capped chickadees 

Black-capped chickadees (Poecile atricapillus; hereafter chickadees) are small (10–12g), 

short-lived (lifespan mean: 2.5 years, range: 0–12.5 years; Foote et al. 2010) birds that reside in 

North American forests year-round. Remarkably, this small passerine overwinters at relatively 

high latitudes in harsh winter conditions, and must adaptively respond to unpredictable changes 

in weather. Like many endotherms, chickadees can upregulate fat reserves and increase 

metabolic rate to improve winter survival (Petit et al. 2017; Cornelius et al. 2017). They also 

cache food over winter, which promotes survival through the accumulation of extrinsic nutrient 

reserves when environmental conditions deteriorate (Pravosudov & Grubb 1997), but the relative 

size of an individual’s food cache can vary with their foraging abilities and status in the flock’s 

linear dominance hierarchy (Lahti et al. 1998; Pravosudov et al. 2003), and CORT positively 

correlates with spatial memory tasks and efficiency of cache retrieval (Pravosudov & Clayton 

2001; Pravosudov et al. 2001; Pravosudov et al. 2003). These findings highlight the energetically 
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demanding metabolic and behavioural adjustments that occur throughout the winter (December-

March), only a few months prior to the onset breeding (late April at our study site). 

Black-capped chickadees experience a short breeding season (late April to early July), and 

sometimes enter the breeding season after encountering harsh winter conditions. Thus, 

chickadees may face strong energetic constraints during the reproductive period. Likely using 

both stored resources (e.g., carotenoids, minerals, protein, fat) and locally-acquired resources 

(e.g., glucose, fat) (Stephens et al. 2009), a chickadee’s decision to allocate resources to 

reproduction may also be affected by conditions experienced in the winter season prior to 

reproduction, and by the extent of endogenously stored resources accumulated during winter 

foraging. 

In this study, we analysed baseline circulating CORT concentrations, oxidative balance, 

immune function, and body condition (body mass and fat score) in black-capped chickadees 

during winter, and asked whether these traits expressed during the non-breeding season predict 

reproductive investment in the subsequent season.  
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CHAPTER 2 – MATERIALS & METHODS 

 

Study System  

We conducted this study in free-ranging black-capped chickadees in mixed deciduous 

forests on properties of the Queen’s University Biological Station (QUBS) near Elgin, Ontario, 

Canada (44°34′ N, 76°19′ W), during January and February 2016, and during the subsequent 

breeding season, from April to mid-July 2016. In the winter, chickadees flock and defend 

territories that often overlap breeding territories in the following season, making them an ideal 

system to follow across life history stages. Although extrapair young are found in 29-38% of 

broods in this system (Otter et al. 1998; Mennill et al. 2004; Foote et al. 2010), chickadees are 

socially monogamous and exhibit biparental care, which allowed us to quantify both male and 

female investment in reproduction. Chickadees exhibit a high degree of individual variation in 

fecundity, with clutches that can vary from 2 to 13 eggs (Foote et al. 2010). 

Winter study sites, captures and blood sampling 

We captured 144 chickadees (50 females, 87 males, 7 unknown sex) at least once between 

January 24 and February 27, 2016 using seed-baited walk-in traps (i.e., Potter traps) placed on a 

chest high (~ 1.2 m) wooden platform. All captures took place between the hours of 0730 and 

1300. Within approximately 3 minutes of capture (mean ± SE: 2.44 ± 0.044 min), we punctured 

the brachial vein using a 26G needle, and collected up to 120µL of blood into heparinized 

microcapillary tubes. We used cotton and gentle pressure to stop blood flow. We fitted all birds 

with a uniquely numbered Canadian Wildlife Service aluminum band, a single coloured leg band, 

and a passive integrated transponder (PIT) integrated into a coloured plastic leg band (IB 

Technology, Item No. EM4102 (2.6 mm), Glenfield, Leicester, United Kingdom). The PIT band 

allowed for behavioural data collection using radio-frequency identification (RFID) devices. We 
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also took morphological measurements including wing chord length using a wing ruler (± 1.0 

mm), tarsus length using calipers (± 0.1 mm), body mass using a Pesola spring scale (± 0.25 g), 

and a score for visible fat deposits stored in the inter-clavicular depression (furculum) following 

Krementz and Pendleton (1990). Blood samples were centrifuged at 6,000 rpm for 9 minutes 

within 7 hours of capture. We separated the plasma from the red blood cells using a Hamilton 

syringe, and stored them separately in microcentrifuge tubes at -20°C. 

 

Breeding season 

In late March/early April 2016, we visually identified and followed breeding pairs 

consisting of at least one member that was banded during the previous winter. We found nests by 

tracking males after the dawn chorus, pairs excavating nest cavities, and females carrying nesting 

material. In our population, chickadees nested in tree cavities (natural cavity) or artificial nest 

boxes (artificial cavity). Once nests were located, we checked them every four days until clutch 

completion and onset of incubation. During the egg laying or early incubation stage, we accessed 

natural cavity nests by cutting a small access hole into the tree, approximately 5 cm above the 

nest cup, using a utility knife saw blade, while the female was away from the nest. We masked 

the hole with thick bark, and taped it securely to the tree using brown or camouflage-coloured 

duct tape. Out of 27 natural cavity nests, three females abandoned breeding, but only one is 

suspected to have abandoned due to nest disturbance. On the 10th day of incubation, we weighed 

the eggs (± 0.001g) using a digital scale (Smart Weight, Digital Jewelry Scale GEM20), and 

recorded female activity at the nest using a video camera placed 10–20 meters away from the 

nest. After the 10th day of incubation, we revisited the nest every 2–3 days to determine date of 

hatching. Four days after the eggs hatched, we recorded parental feeding visits using RFID. We 

installed a circular antenna around the nest cavity entrance, and attached the antenna to an RFID 
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device. This system records the bird’s PIT leg band and time of day as the bird passes through 

the antenna to enter or leave the nest. In 7 nests, we also simultaneously recorded female and 

male nest visitation using a video camera placed 10–20 meters away from the nest. Ten days 

post-hatch, we took morphological measurements (wing chord, tarsus length, body mass, and fat 

score) and collected blood samples from all nestlings. We sampled half of the brood in under 3 

minutes to measure baseline CORT, and sampled the other half 30 minutes after retrieval from 

the nest, to measure stress-induced CORT (SI CORT).  

 

All procedures followed guidelines for animal care outlined by the Canadian Council on 

Animal Care, and were approved by Queen’s University Animal Care Committee (permit 

number 2013-057). All birds were banded under Canadian Wildlife Services banding permit 

number 10771. 

 

Parental behaviours 
 

(a) Female incubation patterns 

 

We visually analyzed nest video recordings and evaluated number of off-bouts (i.e., bouts 

of time spent off the nest), duration of off-bouts and on-bouts (i.e., bouts of time spent on the 

nest), and percent time spent incubating over a 2–hour period. Average off-bout duration was 

evaluated over the full video duration (excluding the first half hour; see text below) because we 

wanted to obtain a more reliable estimate of a female’s off-bout duration, particularly for females 

that rarely left their nest relative to other females. To determine if our presence at the nest 

influenced female incubation behaviour, we compared incubation patterns in the first half hour to 

the average of other half hour periods. Number of off-bouts was not statistically different (Paired 

t-test: t = 0.48, N = 19, p = 0.637), but average duration of off-bouts was shorter during the initial 
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half hour period compared to off-bouts during other half hour periods (Paired t-test: t = 2.95, N = 

12, p = 0.013). This is likely due to the large variation in the time it took females to return to the 

nest after the disturbance (range: 0.9–19.5 min). Therefore, we excluded the first half hour of 

data for all video analyses.  

 

(b) Male and Female Provisioning behaviours  

We analysed offspring provisioning visits from 4 hours of data stored in the RFID loggers 

using an R script developed by A. Lendvai. This script provided a coarse approach to estimate 

feeding rates of both the male and female at the nest using the data collected from RFIDs. 

Because RFID accurately records PIT tag codes associated to individual birds and transcribes it 

into text files, it is an efficient way to collect data over long periods of time. However, RFID 

antennas can vary in their sensitivity. For this reason, we validated the estimates of feeding rates 

using RFID data with video footage in 7 out of 13 nests (N = 11 banded individuals) to evaluate 

whether RFID data accurately detected each parent’s visit; rate of visitation calculated from 

RFID logs and video footage were correlated (Pearson correlation: r = 0.77, N = 11, p < 0.001) 

and did not differ significantly (Paired t-test: t = -0.60, N = 11, p = 0.560). We did not exclude 

the first half hour of data in this analysis because we found that the feeding rate during the first 

half hour (mean = 2.41) were not significantly different from the average feeding rate in the other 

half hour periods (mean = 2.80) (Paired t-test: t = 1.23, N = 22, p = 0.230). For nests that were 

too high for installation of an RFID system, we analysed feeding visits only using 4–hour video 

recordings.  
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Weather data 

We obtained air temperature and wind speed data for the approximate duration of video 

recordings of incubation behaviours (video start time + 3 hours) and feeding behaviours (video 

and RFID: 1000–1600) from a weather station on the main campus of QUBS. In the few 

instances where temperature and wind speed data were missing for this station, we used data 

from a weather station located at Warner Lake, 6.10 km from the QUBS station. We obtained 

total daily precipitation data from Environment Canada’s weather station in Hartington, 

approximately 30 km away from QUBS. 

 

Molecular sexing 

To determine the sex of each individual, we extracted DNA from red blood cells using 

Qiagen DNeasy Blood and Tissue kits (Qiagen Inc., Item No. 69504, Toronto, Ontario, Canada), 

following the manufacturer’s protocol for nucleated red blood cells. We employed a polymerase 

chain reaction (PCR) to amplify a fragment of the chromo-helicase DNA binding (CHD) gene 

located on the W and Z sex chromosomes following Griffiths et al. (1998), and separated PCR 

products by electrophoresis on a 3% agarose gel, run for 45–60 minutes at 110 volts, and stained 

with Hydra Green Advanced DNA stain (Fisher Scientific, DGel Electrosystems Item No. 

IDMG04, Edmonton, Alberta, Canada). The CHD gene fragment has a ~ 410 bp deletion on the 

W chromosome (Ellegren 1996), such that individuals producing two differently sized bands 

(ZW) can be identified as females, and single bands (ZZ) as males (Griffiths et al. 1998). As a 

quality control measure, we included a sample from a known female black-capped chickadee in 

all PCRs and gel visualizations. 
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Corticosterone hormone assay 

We quantified total plasma corticosterone concentration in plasma samples using enzyme-

linked immunosorbent assay (EIA) kits and following the manufacturer’s protocol (Cayman 

Chemical Co., Item No. 510320, Ann Arbor, Michigan, United States). Prior to loading the plate, 

we diluted samples to 1:16 with assay buffer. Corticosterone was assayed using 7.5 µl of diluted 

plasma in duplicate. The average detection limit was 0.102 ng/mL. Mean intra-assay variation in 

four replicates of pooled chickadee plasma per plate was 12.98% (range: 4.94–22.13%). Inter-

assay variation was 19.91% (N = 7 plates).  

 

Oxidative balance assays 

To assess oxidative balance, we measured reactive oxygen metabolites (ROMs) and total 

antioxidant capacity (TAC) in plasma. The d-ROMs test (Diacron International, Grosseto, Italy) 

measures circulating hydroperoxides, a proxy for oxidative damage. The assay was performed in 

96-well clear round-bottom microplates, and each sample was assayed in duplicate. We pipetted 

2 µL of plasma in the appropriate wells. When the hydroperoxides in the plasma react with the 

chromagen reagent containing N,N-Diethyl-p-phenylenediamine, they produce a pink-coloured 

complex, with colour intensity directly proportional to hydroperoxide concentration. We read 

absorbances at 505 nm using a spectrophotometer set to 37°C (Spectramax Plus, Molecular 

Devices, Sunnyvale, California, United States). The spectrophotometer recorded one absorbance 

measurement every minute for thirty minutes to obtain a kinetic measurement of ROM 

production. We calculated ROMs concentrations from these absorbencies, and results were 

expressed as mmol/L of hydrogen peroxide (H2O2) equivalents. Mean intra-assay variation in 

four replicates of pooled chickadee plasma was 36.21% (range: 13.7–65.1%). Inter-assay 

variation based on pooled plasma was 33.2% (N = 5 plates). 
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The immune system has several lines of defense to control reactive oxygen species and 

prevent excessive damage to molecules. One of these defenses involves circulating antioxidants 

as a barrier to inhibit molecule oxidation. We assessed antioxidant capacity in plasma using the 

OXY-adsorbent test (Diacron International, Grosseto, Italy). This test evaluates the antioxidant 

barrier’s capacity to oppose the oxidant action of an excessive amount of hypochlorous acid 

(HCLO). Plasma samples were diluted in dd-H2O to make a 1:20 suspension. In 96-well clear 

round-bottom microplates, we added 2 µL of diluted plasma, and ran the samples in duplicate. 

We read absorbances at 505 nm every minute for 25 minutes to obtain a kinetic measurement of 

TAC. Results are expressed as mmol/L of neutralised HCLO. Within-assay variation in two 

replicates of pooled plasma was on average 0.022% (range: 0.009–0.05%). Inter-assay variation 

based on known standard was 10.28% (N = 5 plates). 

 

Haemolytic complement activity assay 

Blood complement can promote target cell lysis and phagocytosis to kill bacteria and 

invading microorganisms (Ochsenbein & Zinkernagel 2000; Matson et al. 2005). We measured 

the 50% haemolytic complement (CH50) activity of chickadee plasma to evaluate the ability of 

plasma complement to lyse invading red blood cells following the protocol by Sinclair & 

Lochmiller (2000). Specifically, we made a 0.6% suspension of washed sheep red blood cells 

(sRBC) in dextrose-gelatin veronal buffer (DGVB). We then prepared the antibodies by making 

a 1:40 dilution of rabbit anti-sRBC in DGVB. The assay was carried out in sterile 96-well clear 

round bottom microplates, where we performed a twofold serial dilution of samples in DGVB 

(i.e., 1:5 and 1:10 dilutions). Haemolytic complement activity was expressed as CH50 units/mL 

plasma, that is, the amount of complement required to lyse 50% of the sRBC (Kabat & Mayer 

1961). Within-assay variation in two replicates of known standards was on average 8.16% 
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(range: 1.10–16.90%). Average inter-assay variation was calculated from the inter-assay 

variation in 1:5 and 1:10 dilutions of known standard, and was 15.20% (N = 5 plates). 

 

Statistical analyses 

We used generalized linear models (GLMs) to determine whether individual variation in 

winter energetic condition predicted reproductive investment in the subsequent season. For most 

analyses, we analyzed males and females separately. However, to assess provisioning 

behaviours, males and females were included together in a generalized linear mixed model 

(GLMM) with Nest ID as a random effect because individuals may adjust their behaviour based 

on their mate’s provisioning rate (Harrison et al. 2009; Bebbington & Hatchwell 2016). While 

some reproductive traits were strongly correlated, these measures were unsuitable for a principal 

components analysis because we found too much variability in the correlation structures among 

traits of the same category (e.g., all traits relating to incubation behaviors), and between traits of 

different categories (Supplementary Table S1). Therefore, to reduce the number of response 

variables, we chose ones that provided the most information about each category of reproductive 

investment (Table 1). All reproductive traits were response variables in separate GLMs. Traits 

relating to winter energetic condition were mostly weakly correlated with each other 

(Supplementary Table S2), so we evaluated them separately. In addition, we fitted CORT, 

oxidative balance, haemolytic complement activity, and body condition (scaled mass index and 

fat score) as predictor variables in separate models to increase statistical power in our analyses 

because we did not have complete data across all explanatory or response variables for most 

individuals. Because investment in reproduction often declines as the breeding season progresses 

(Williams 2012), we included, in analyses with a large enough sample size, laying date in 

analyses for clutch data, date of provisioning for analyses of feeding behaviours, and date of 
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nestling measurements in analyses for offspring growth and phenotype. For incubation analyses, 

we had small sample sizes. Therefore, we first used pairwise correlations to evaluate which 

weather variables (i.e., wind, temperature, and precipitation) most strongly correlated with 

incubation, and then included only those variables (i.e., wind and temperature) in subsequent 

analyses of relationships between winter energetic traits and incubation behaviours. Because 

provisioning rate may relate to the number of nestlings in the brood (Ricklefs 1968), we also 

included brood size in models predicting provisioning rate and offspring phenotype. Normally 

distributed response variables (i.e., clutch size, clutch mass, average egg mass, time spent 

incubating, feeding rate, nestling average CORT, brood total growth) were analyzed using a 

Gaussian distribution with an identity link function, and laying date was analyzed using a 

Poisson error distribution with its canonical log link function (Buckley 2015). No variables were 

transformed prior to analyses. 

Because of a significant positive relationship between the time between capture and 

collection of blood samples and CORT concentrations, we used the residuals of the linear 

regression of CORT against sampling time in subsequent analyses. To calculate the oxidative 

stress index, we subtracted the standardized kinetic TAC value from the standardized kinetic 

ROMs value (Vassalle et al. 2008; Isaksson et al. 2011). We calculated the 50% lysis capacity of 

blood complement (CH50) by creating a best fit line between the percent lysis value of the two 

dilutions (1:5 and 1:10), and using the line’s equation to solve for x when y = 50. Additionally, 

we estimated body condition using Peig and Green (2009)’s scaled mass index:  

Mi = Mi [L0/Li]
bSMA , 

where L0 is the mean wing length across all birds sampled in the winter, Li is the wing length 

measurement for individual i, Mi is the body mass for individual i, and bSMA is the SMA slope 
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coefficient of the regression of log10(body mass) against log10(wing length). For our population, 

L0 was 66.357 mm, and bSMA was 1.497. In nestling phenotype analyses, we did not consider 

chicks from the same nest to be independent samples, so we used total brood growth, and 

calculated average nestling baseline and SI CORT levels for each nest. We had insufficient 

winter female CH50 data to evaluate its relationship with female incubation behaviours, average 

egg mass, clutch mass, and insufficient CH50 data in both sexes to evaluate relationships with 

nestling growth and hormone levels. We also had insufficient female winter oxidative balance 

data to evaluate relationships with female incubation behaviours and nestling hormone profiles. 

Table 1. Summary of variables used in the analyses evaluating whether male and female winter 

physiological traits predict summer reproductive investment, as defined by three broad categories of 

reproductive investment (i.e., breeding phenology and clutch traits, parental behaviours, and offspring 

phenotype). Each explanatory variable of interest is modelled separately against each response variable, but 

winter scaled mass index and fat score are modelled together as estimates of winter body condition. Males 

and females are also modelled separately, apart from the models evaluating parental feeding rates.  

Category of reproductive 

investment 
Response variable Explanatory variables of interest 

Breeding phenology Laying date  

and clutch traits Clutch size  

 Clutch mass CORT  
Average egg mass Oxidative balance 

  CH50 

Parental behaviours Percent time incubating Body condition (fat score & smi)  
Feeding rate  

   
Offspring phenotype Total Brood Growth  

 Nestling baseline CORT  

 Nestling SI CORT  
Abbreviations: CORT = corticosterone, SI = stress-induced, CH50 = 50% complement lysis of invading sheep red blood cells, 

smi = scaled mass index. 

 

Residuals from both full and final models were checked for normality and homogeneity of 

variance to verify that model assumptions were met. Some flexibility was given to models with a 

sample size N < 8. We determined best fit models using Akaike Information Criterion corrected 

for small sample size (AICc) (Burnham & Anderson 2002), and we used model averaging to 
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estimate effects when several models fell within 2 AICc of the top model (Grueber et al. 2011). 

Because the full average assumes that all variables are in every model, the absence of a variable 

in a model will take a value of 0, which shrinks all estimates towards zero. Instead, we used 

estimates and p-values corresponding to the conditional average to eliminate the shrinkage effect 

associated with the calculation of full average estimates (Nakagawa & Freckleton 2011).  Using 

the Benjamini–Hochberg methods, we adjusted p-values associated with CORT, oxidative 

balance, haemolytic complement activity, fat, and body mass in both sexes, to correct for false 

discovery rates due to multiple comparisons (Benjamini & Hochberg 1995; Benjamini et al. 

2006). Specifically, we adjusted p-values from original p-values using the p.adjust function from 

the stats package in R for models that retained the variables of interest and interactions with these 

variables. We report both model averaged (pavgmod) and adjusted (padj) p-values (Supplementary 

Tables S6-S7). All analyses were performed in R (version 3.3.2, R Core team 2016) with the 

MuMIn package (Bartoń 2016) for model selection, and the AICcmodavg package (Mazerolle 

2016) for model averaging. 
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CHAPTER 3 – RESULTS  

 

Of the 36 pairs of chickadees that we successfully located during the breeding season, 3 

pairs consisted of only 1 banded individual from our winter focal population, 4 pairs abandoned 

initial nest excavation or building attempts and could not be relocated, 7 pairs abandoned during 

the egg laying stage, and 18/37 nests (48%) failed due to predation, which is not unusually high 

for this species (e.g., 62%: Christman & Dhondt 1997). Nest failure rate after clutch completion 

was 24/37 nests (65%), and overall nest failure rate was 25/37 nests (67%), which reduced our 

sample size, particularly for data collected later in breeding (e.g., offspring provisioning 

behaviour). The mean (± standard deviation) laying date of the first egg in initial clutches was 

May 8 ± 6 days (N = 26 pairs). Average clutch size was 6.84 ± 0.94 (range: 5–8), and average 

combined mass of all eggs in a clutch was 7.18 ± 0.98 g (range: 5.67–9.05 g). Three pairs re-

nested after a previous failed attempt. However, early laying females produced larger clutches 

(Welch t-test: t = 3.01, df = 15.00, Nearly = 8, Nlate = 8, p = 0.009) and heavier clutches (Welch t-

test: t = 2.55, df = 12.61, Nearly = 8, Nlate = 8, p = 0.025) than females laying later in the season. 

For this reason, we excluded second attempt breeders (N = 4) from our subsequent analyses. 

 

Winter energetic condition, breeding phenology, and investment into eggs 

Females with a higher scaled mass index bred later in the season compared to females with 

a lower scaled mass index (GLM: β = 0.42, N = 19, pavgmod < 0.001, padj < 0.001, Fig. 2a), and 

females with higher fat scores during winter laid their clutches earlier than females with less fat 

(GLM: β = -0.28, N = 19, pavgmod = 0.005, padj = 0.020, Fig. 2b). Together, female winter scaled 

mass index and fat score explained approximately 30% of the variation in laying dates. Female 

winter CORT did not predict laying date, although it was retained in a top model (GLM: ∆AICc 
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= 0.97, wi = 0.38, β = -0.06, N = 16, pavgmod = 0.240, padj= 0.480), and female winter haemolytic 

complement activity and winter oxidative balance were not identified as important predictors of 

laying date (Supplementary Table S6). In males, winter fat score and scaled mass index were 

retained in top models, but only fat score predicted female laying date prior to p-value 

adjustments for multiple comparisons (GLM: β = 0.20, N = 25, pavgmod = 0.032, padj = 0.128, Fig. 

2d). Although male winter oxidative balance was retained in a top model, it did not significantly 

predict female laying date (GLM: ∆AICc = 2.00, wi = 0.27, β = 0.08, N = 16, pavgmod = 0.444, pajd  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Female chickadees with a higher scaled mass index (SMI) in winter laid eggs later during 

the following breeding season (a; pavgmod < 0.001, padj < 0.001), and females with a higher winter 

fat score laid eggs earlier (b; pavgmod = 0.005, padj = 0.020). Male chickadee winter SMI did not 

predict a female’s laying date (c), but males with higher winter fat scores had mates laying eggs 

later (d; pavgmod = 0.032,  padj = 0.128). A higher SMI indicates a relatively heavier bird for its 

structural size. A line is plotted where a relationship is statistically significant (pavgmod < 0.05) 

before Benjamini-Hochberg corrections. Points are slightly jittered for easier visualization. 

(a) (b) 

(c) (d) 
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= 0.612). Additionally, male winter CORT levels and haemolytic complement activity did not 

predict laying date (Supplementary Table S7). While males with higher winter oxidative balance 

had smaller clutches (GLM: β = -0.56, N = 17, pavgmod = 0.007, padj = 0.029, Fig. 3b), male winter 

oxidative stress did not predict clutch mass (∆AICc = 1.14, wi = 0.23, β = -0.62, N = 11, pavgmod = 

0.104, padj = 0.207, Fig. 3d). Similarly, male winter scaled mass index was included in a top 

model, but did not predict clutch size (∆AICc = 0.00, wi = 0.186, β = -0.85, N = 24, pavgmod = 

0.311, padj = 0.415), or clutch mass (∆AICc = 1.93, wi = 0.17, β = -0.46, N = 17, pavgmod = 0.273, 

 

 

 

 

 

 

 

 

  

 

 

 

 

(a) (b) 

(d) (c) 

Fig. 3. Female chickadee winter oxidative stress index did not predict clutch size (a) or clutch 

mass (c; g). Males with a lower winter oxidative stress index in winter had mates that laid larger 

clutches of eggs (b; pavgmod = 0.007; padj = 0.029), but male winter oxidative stress did not predict 

clutch mass (d; g). Clutch mass represents the cumulative mass of all eggs in a clutch. A higher 

oxidative stress index indicates a higher concentration of reactive oxygen species relative to the 

antioxidant capacity of the blood. Points are slightly jittered for easy visualization. 
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padj = 0.415). Neither male winter CORT levels nor winter haemolytic complement activity 

significantly predicted clutch size or clutch mass (Supplementary Table S7), but male haemolytic 

complement activity was retained in a top model explaining clutch size (∆AICc = 0.00, wi = 0.38, 

β = -0.141, N = 13, pavgmod = 0.103 padj = 0.412). While the relationships were not significant, 

female winter fat score was retained in a top model predicting clutch mass (∆AICc = 1.37, wi = 

0.21, β = 0.43, N = 14, pavgmod = 0.229, padj = 0.305), and female winter scaled mass index was 

retained in a top model predicting clutch size (∆AICc = 0.41, wi = 0.25, β = 0.58, N = 11, pavgmod 

= 0.133, padj = 0.266). 

The relationship between female winter fat score and average egg mass was not significant 

(∆AICc = 1.08, wi = 0.26, β = 0.045, N = 14, pavgmod = 0.196, padj = 0.305, Fig. 4a). However, 

prior to p-value adjustments, we found that females with high winter CORT levels produced 

lighter eggs (GLM: β = -0.03, N = 11, pavgmod = 0.030, padj = 0.120, Fig.5). In the best fit model, 

female CORT accounted for 41% of the variance in average egg mass. In contrast to females, the 

interaction between male CORT and laying date was also a significant predictor of average egg 

mass (GLM: N = 15, pavgmod = 0.007, padj = 0.022, Fig.6). A post-hoc Tukey HSD test revealed 

that the difference in average egg mass between early breeders and late breeders was not 

significant for low CORT males (p = 0.74), nor for high CORT males (p = 0.10), but that within 

early breeders, males with low CORT had mates that laid heavier eggs on average compared to 

males with high CORT (p = 0.04). While the model containing male winter CORT, laying date, 

and the male winter CORT × laying date interaction was including in the top models (∆AICc < 

2.00), the null (intercept-only) model remained the best fit model explaining average egg mass 

for this analysis (Supplementary Table S7). None of the other male energetic traits measured in 

winter predicted average egg mass in the subsequent season (Supplementary Table S7). 



 

26 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) (a) 

Fig 4. Winter fat score was not related to average egg mass (g) in female (a) or male chickadees (b) 

(both pavgmod > 0.196). Points are slightly jittered for easier visualization. 

Fig. 5. Females with higher winter 

corticosterone (CORT; ng/mL) (after 

correcting for an effect of sampling time) laid 

lighter eggs (g; pavgmod = 0.030, padj = 0.120). 

Fig. 6. Early breeding males with high winter 

corticosterone (CORT) (after correcting for an 

effect of sampling time) had mates that laid 

lighter eggs (g) compared to early breeding 

males with low winter CORT. Red boxes 

represent early breeders, and blue boxes 

represent late breeders. Black points represent 

individuals, and white diamonds are mean 

values. Post-hoc Tukey HSD tests either 

revealed a significant difference (*) or non-

significant difference (n.s) between groups. 
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Winter energetic condition and parental behaviours  

The time a female spent incubating her eggs on the 10th day of incubation was not 

predicted by any female energetic traits measured in the previous winter. Although retained in a 

top model, the relationship between female fat score and incubation behaviour was not 

significant (∆AICc = 0.31; wi = 0.27, β = 5.86, N = 7, pavgmod = 0.093, padj = 0.186). During the 

nestling period, 56% of the variance in provisioning rate was explained by winter fat score, sex 

of the bird, brood size, and scaled mass index (Supplementary Tables S6 and S7). Specifically, 

individuals with higher fat scores in the winter fed their young more frequently during the 

subsequent breeding season compared to individuals with lower winter fat scores (GLMM: β = 

1.30, N = 20, pavgmod = 0.012, padj = 0.024, Fig. 7). Males tended to provision their young more 

often (mean = 6.42 visits/hr) than females (mean = 4.58 visits/hr) (Welch t-test: t = -2.07, Nf = 

10, Nm = 12, df = 17.13, p = 0.053), and parents caring for larger broods also tended to provision  

more often (GLMM: β = 1.07, N = 20, pavgmod = 0.064, padj = 0.256). Winter CORT levels and 

oxidative balance did not predict parental provisioning behaviour in the subsequent season 

(Supplementary Tables S6–S7). 

 

 

 

 

 

 

 

 

Fig. 7. Male (gray points and 

line) and female (black points 

and line) chickadees with higher 

fat scores in the winter 

provisioned their offspring at a 

higher rate. Lines were plotted 

for each sex because the 

relationship between fat score 

and feeding rate was significant 

(pavgmod = 0.012, padj = 0.024), 

and feeding rate differences 

between the sexes approached 

significance (p = 0.053). 
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Winter parent energetic condition and offspring phenotype 

None of the maternal traits relating to winter energetic condition explained differences in 

total brood growth (i.e., the cumulative growth of all nestlings present in the nest), offspring 

baseline CORT levels, nor stress-induced CORT (Supplementary Table S6). Similarly, paternal 

winter oxidative balance and metrics of body condition did not explain variation in nestling 

growth rate in the subsequent breeding season (Supplementary Table S7). Interestingly, fathers 

with high winter CORT levels had broods that, overall, grew less than males with lower winter 

CORT (GLM: β = -4.80, N = 6, pavgmod < 0.0001, padj < 0.0001, Fig. 8b), and fathers with high 

winter fat scores had offspring with lower baseline CORT levels (GLM: β = -1.13, N = 7, pavgmod 

< 0.0001 padj = < 0.0001, Fig. 9b). Winter paternal CORT and oxidative balance were not 

retained in top models predicting offspring CORT levels (Supplementary Table S7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) (a) 

Fig. 8. Female winter corticosterone (CORT; ng/mL) did not predict chickadee total brood growth 

(a), but males with higher corticosterone in winter (after correcting for an effect of sampling time) 

had broods that grew less (b; pavgmod < 0.0001; padj < 0.0001). Each point represents the cumulative 

growth for all nestlings from the same nest. Total brood growth was calculated from clutch mass 

on the 10th day of incubation and brood mass on the 10th day post-hatch. 
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Parental provisioning rate and offspring phenotype 

Paternal provisioning rate did not predict total brood growth (∆AICc = 4.82; wi = 0.060, N 

= 8), offspring baseline CORT levels (∆AICc = 4.77; wi = 0.067, N = 8), or offspring SI CORT 

levels (∆AICc = 3.70; wi = 0.083, N = 8). Similarly, maternal provisioning rate did not predict 

total brood growth (∆AICc = 2.97; wi = 0.137, N = 8), offspring baseline CORT levels (∆AICc = 

4.87; wi = 0.064, N = 8), or offspring SI CORT (∆AICc = 4.57; wi = 0.053, N = 9). 

 

 

Fig. 9. Male and female winter scaled mass index (SMI) (a, c) and female winter fat score (d) 

did not predict nestling baseline corticosterone (CORT) levels (ng/mL). Males with higher 

winter fat scores had nestlings with lower baseline CORT (b; pavgmod < 0.0001; padj < 0.0001). A 

higher SMI indicates a relatively heavier bird for its structural size. Each point represents the 

average nestling baseline CORT concentration for an entire brood. 

(a) (b) 

(c) (d) 
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CHAPTER 4 – DISCUSSION 

 

Here, we provide evidence that aspects of an individual’s energetic phenotype (CORT 

levels, oxidative balance, and body condition) expressed during the non-breeding season can 

predict variation in reproductive investment in the subsequent breeding season in a wild 

population of black-capped chickadees. Specifically, we found that females with high winter fat 

scores laid eggs sooner and fed their offspring more frequently, and that females with high winter 

CORT levels produced lighter eggs in the subsequent season. We found that males with high 

winter oxidative stress had smaller clutches, that males with high winter fat fed their offspring 

more frequently and had nestlings with lower baseline CORT levels, and that males with high 

winter CORT levels had lighter eggs and broods that grew, as a whole, less than males with 

lower winter CORT levels. Altogether, our results demonstrate that birds confronting greater 

challenges in the winter (possibly due to intrinsic differences in quality or environmental 

challenges) invest less in reproduction in the subsequent breeding season.  

 

Winter energetic condition, breeding phenology, and investment into eggs 

Decisions relating to timing of breeding can have repercussions on individual fitness 

(Perrins 1970). Selection related to weather and the external environment may favour an 

intermediate breeding date to match food abundance with reproductive activity, but we often 

observe that the earliest breeding females are generally in better nutritional state and more fecund 

(Price et al. 1988). However, much of the prior work comes from studies on migratory species. In 

our resident population of chickadees, females with higher fat scores in winter laid eggs earlier 

than females with lower winter fat scores (Fig. 2a). We interpret this finding in two ways. Female 

chickadees may draw from endogenous fat stores from the previous season to invest in breeding. 
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Because chickadees have a short breeding season, the accumulation of large fat reserves in a 

previous life history stage could help accelerate the breeding schedule to counteract time 

constraints during the breeding season. However, winter fat reserves are quickly deposited and 

utilized in small birds (Chaplin 1974; Blem 1976; O’Connor 1995), and thus generally affect 

short-term trade-offs (Williams 2012). As such, winter fat may not directly carry-over across 

seasons to affect behaviours occurring several months later. Alternatively, variation in winter fat 

stores may indicate differential access to resources (due to variation in foraging ability, habitat 

quality, and/or competition exclusion) both during the non-breeding and breeding season. Indeed, 

in the European shag (Phalacrocorax aristotelis), high-quality females were more efficient 

foragers in the month before breeding and had earlier laying dates (Daunt et al. 2006). Regardless 

of the cause of the relationship between chickadee winter fat and laying date, our results suggest 

that timing of breeding in our population is related to a female chickadee’s pre-breeding body 

condition. This is consistent with the findings of other studies on migratory birds (Sandberg 

1996; Daunt et al. 2006; Robb et al. 2008; Hennin et al. 2016), and non-migratory birds (Ramsay 

& Houston 1997; Salton et al. 2015). 

Contrary to what we found for winter fat reserves, our results show that heavier females, as 

determined from their scaled mass index, breed later (Fig. 2c). This finding is not consistent with 

our prediction that heavier birds would lay sooner. While adult body size is a trait that can 

determine the extent to which fat reserves can be stored (Slagsvold 1982), winter fat reserves and 

scaled mass index were not correlated traits in our population (Supplementary Table S1), 

suggesting that body mass does not reflect stored fat reserves in our population of chickadees, 

and that these two traits might instead tell us two different things about an individual’s body 

condition. Scaled mass index is a measure of residual mass, controlling for structural size, where 
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birds with a higher scaled mass index are birds that might have more fat, larger organs, and also 

more muscle mass relative to their body size. Heavier chickadees may spend more energy 

maintaining muscle over winter through larger muscle growth (Cooper 2007; Liknes & Swanson 

2011; Swanson et al. 2016), increased shivering (Vézina et al. 2011), and increased muscle 

metabolism to thermoregulate (Cooper & Swanson 1994; Swanson 2010). Because shivering and 

metabolism are primarily fueled by lipid stores in the winter (Dawson et al. 1983; Swanson 

2010), these heavier individuals may require a more extensive period of foraging in the early 

breeding season to accumulate fat and protein reserves needed to begin breeding. Our result 

contradicts the finding by Goutte et al. (2010b) reporting that black-legged kittiwake (Rissa 

tridactyla) females with a higher scaled mass index breed earlier. Energetic constraints and 

physiological adjustments may differ between species or populations experiencing different 

challenges in pre-breeding life history stages. To compare across species, it might be more 

profitable to assess the various components that make up a bird’s scaled mass index, like 

triglyceride or lipoprotein levels (e.g., Hennin et al. 2015), size of muscles, or sarcoplasmic 

protein levels in pectoral muscles (e.g., Cottam et al. 2002). 

Previous research focused on the relationship between female reproductive timing and 

body condition, but few studies have evaluated how male body condition prior to breeding may 

influence or predict variation in timing of breeding. Selection should favour males initiating 

sperm production in advance of female fertility to circumvent the costs of producing infertile 

eggs (Ramsay & Otter 2007), but male fertility and sperm production depend on a male’s body 

condition (Brand et al. 2002; Urbach et al. 2007; Helfenstein et al. 2010; Losdat et al. 2011). In 

addition, males might need to be in good energetic condition to invest energy in courtship 

feeding of their mate before, during, and after the egg laying stage of reproduction. Courtship 
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feeding is an energetically demanding behaviour, exhibited by several birds including 

chickadees, to help females attain reproductive condition (Otter et al. 2007). In our population, 

male scaled mass index did not predict female laying date, but males with higher winter fat 

scores bred later in the season, which does not follow our prediction that males in better body 

condition in winter (i.e., with higher fat reserves) would advance their breeding date as females 

did. We tested the relationship between winter energetic condition and breeding phenology 

separately in males and females, but we also evaluated whether there was any evidence for 

disassortive pairing between mates. Disassortive pairing between individuals with different pre-

breeding energetic condition (e.g., high-quality males with low-quality females) may result in 

reduced compatibility (Hirschenhauser et al. 1999; Costello et al. 2009; Ariyomo & Watt 2013; 

Ouyang et al. 2014; Stulp et al. 2017), and a mismatch in optimal breeding time. In our breeding 

population, we did not find evidence for assortative or disassortative pairing (Supplementary 

Table S2), although some pairs were composed of birds with very different phenotypes. While 

pre-breeding male fat reserves may indicate sufficient energetic reserves to begin breeding, we 

may not observe this expected negative relationship when males are limited by female body 

condition (Gowaty et al. 2003; Nandy et al. 2012) or resulting behaviours (Spoon et al. 2006; 

Mariette & Griffith 2012). This finding is surprising considering that chickadees often pair based 

on dominance status, where dominant, high-quality individuals pair with each other, and 

subordinate, low-quality individuals pair (Smith 1991; Ratcliffe et al. 2007). This may suggest 

that our traits relating to winter energetic condition do not predict dominance status in this 

system. More extensive studies should evaluate the links between dominance hierarchies, winter 

energetic condition, assortative pairing, and how these enhance or buffer carry-over effects 

across life history stages. 
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If resource accumulation is a primary driver of timing of breeding, then physiological 

mechanisms that promote foraging, such as the upregulation of CORT that can directly increase 

foraging (Lõhmus et al. 2006; Angelier et al. 2007; Crossin et al. 2012), and facilitate glucose 

mobilization and metabolism (Leung & Munck 1975; Dallman et al. 1993; Remage-Healey & 

Romero 2001), might be key factors influencing timing of breeding. However, we found that 

neither female nor male chickadee CORT levels in winter predicted laying date. Our results align 

with studies that found that winter feather CORT levels (Harms et al. 2015; Boves et al. 2016), 

plasma CORT levels (Goutte et al. 2010b), and pre-breeding administration of CORT (Schoech 

et al. 2007; Ouyang et al. 2013) did not affect timing of breeding in birds. However, our results 

contradict other correlational studies that found that individuals with low CORT levels pre-

breeding have lower risk of breeding deferral (Goutte et al. 2010a; Hansen et al. 2016), and 

experimental studies demonstrating that low CORT promotes earlier breeding (Goutte et al. 

2011; Hennin et al. 2016). The latter studies were all done in seabirds and shorebirds. Therefore, 

energetic constraints relating to egg production may differ between avian species having 

different life history strategies and different degrees of overlap between follicle development and 

arrival on the breeding grounds (Williams 2012). These mixed findings suggest that relationships 

are complex, context-dependent, and can often change over time (Schoech et al. 2009; 

Legagneux et al. 2013). Because CORT levels are labile and change quickly in response to food-

related stress, energetically-demanding activities, life history stage, and environmental and 

ecological stress, we may only be able to notice residual effects on reproduction in the next 

breeding season in individuals with extremely high or low CORT concentrations. In our analyses, 

we excluded failed attempts, and only included individuals that were actively breeding. 

Therefore, we may have only captured the healthier or more physiologically normal individuals, 

and may have excluded individuals that were in poor condition during the previous winter. In 
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addition, winter blood CORT levels could reflect responses to a wide range of energetically 

demanding activities and challenges occurring over winter (e.g., risk of predation, food 

deprivation, social exclusion and competition with flock mates, bad weather conditions). 

Depending on the scenario, CORT levels may be signalling a challenge that could be temporary, 

easily overcome, and unlikely to affect events in subsequent life history stages, or more 

permanent, harder to overcome, and likely to affect events in subsequent life history stages. 

Without an experimental manipulation of a winter challenge, we cannot interpret the causes for 

the relationships between winter CORT and reproductive investment, or whether the 

relationships reflect carry-over effects or individual differences in phenotypic quality. 

Fecundity is an important determinant of reproductive success (Stearns 1992; Williams 

2012). However, while larger clutches may yield more offspring, we do not often see directional 

selection for large clutches in the wild, in part because larger clutches are more costly to produce, 

incubate, and care for (Williams 2005; DuRant et al. 2013). In fact, egg production consumes up 

to 41% of a female’s daily metabolic requirements (Carey 1996). We predicted that individuals 

would adjust clutch size based on their energetic condition prior to breeding (the individual 

optimization hypothesis: Perrins & Moss 1975). Because earlier breeding females had higher 

winter fat stores in our population, and early breeders are generally thought to be more fecund, 

fat reserves were thought to facilitate egg production in female chickadees. In our population, 

winter fat scores and scaled mass index did not significantly predict clutch size in the subsequent 

season. However, because females with more fat in winter laid sooner than females with less fat, 

and earlier breeding females produced on average larger clutches compared to females breeding 

later, we wonder whether the relationship between winter energetic condition and clutch size 

exists but could not be detected with our small sample size. It is also possible that habitat quality 
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and body condition in the early stages of breeding are more important factors regulating variation 

in clutch size than winter body condition. Lack (1947) suggested that the number of eggs 

produced is below a female’s physiological limit, and is not dependent on the parent’s body 

condition during breeding. However, experimental evidence shows that food supplementation in 

the early breeding stages can influence fecundity in females (Reynolds et al. 2003; Nagy & 

Holmes 2005; Ocak et al. 2006; Preston & Rotenberry 2006; O’Brien & Dawson 2013; Heesen et 

al. 2013). In egg removal experiments, the response to produce more eggs is heightened in high-

quality females compared to low-quality females (Haywood 1993; Williams & Miller 2003). 

Contrary to Lack’s hypothesis, these findings suggest that energetic resources and body condition 

limit egg production. Reconsidering when and how clutch size is optimized, and using a 

multivariate approach incorporating body condition, habitat quality, likelihood of future breeding 

attempts, and age and experience may help us better determine what drives variation in clutch 

size in wild populations. 

Chickadee winter body condition (fat score and scaled mass index) also did not predict 

average egg mass in our population. Larger eggs are generally heavier, and composed of more 

albumen and yolk that contain more macronutrients (e.g., fatty acids, proteins) and 

micronutrients (e.g., antioxidants and vitamins, minerals, antibodies) (Bourgault et al. 2007; 

Vieira 2007; reviewed in Williams 2012). Intuitively, we expect larger females to lay larger eggs, 

and females with larger nutrient reserves to lay heavier eggs, but a meta-analysis revealed that in 

most studies, female mass and size explained less than 20% of the variation in egg size 

(Christians 2002). According to Christians and Williams (2001), it seems that variation in female 

oviduct mass and rate of protein uptake in follicles may be better predictors of variation in egg 

size. However, several studies report correlations between variation in egg mass and habitat 
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quality or food availability (Chabi et al. 2000; Bidwell & Dawson 2005; Bourgault et al. 2007), 

which suggests that egg size is in part limited by resource supply. In our population, it seems that 

macronutrient supply in fat is important to begin breeding, but may not influence the production 

or the size of the eggs themselves. However, we did observe a positive trend between female 

winter fat score and average egg mass (Fig. 4a) that may require a larger sample size to attain 

statistical significance. We suggest that this relationship warrants further study. 

While winter fat reserves and scaled mass index did not predict investment in eggs in our 

population, we found that females with higher winter blood CORT concentrations produced 

lighter eggs (Fig. 5), although the relationship did not remain significant after correcting for 

multiple comparisons. Within early breeders, males with high CORT also had significantly 

lighter eggs than males with low CORT. These finding may suggest that high CORT levels prior 

to breeding reflect poor condition, high energetic demands, and/or high level of challenges 

confronting the animal that may carry-over from the winter season to influence egg size. 

However, our results contrast with findings in female Atlantic puffins (Fratercula arctica), 

where females with higher feather CORT and high nitrogen isotope (δ15N) values during the 

winter produced larger eggs in the subsequent breeding season (Kouwenberg et al. 2013). This 

finding in puffins suggests that CORT may be involved in the increased foraging effort on high-

quality food prior to breeding. Indeed, CORT facilitates foraging and feeding behaviours (Gray 

et al. 1990; Kitaysky et al. 1999; Angelier et al. 2007; Crossin et al. 2012), and a positive 

relationship between CORT levels and body mass through increased foraging has been reported 

in several studies (Crossin et al. 2012; Hennin et al. 2016), including chickadees (Pravosudov et 

al. 2001). However, winter CORT levels did not correlate with winter body mass or fat score in 

our population (Supplementary Table S1). Because CORT levels are often indicators of habitat 
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quality and environmental challenges (Wasser et al. 1997; Creel et al. 2002; Lanctot et al. 2003; 

Thiel et al. 2008; Homyack 2010; Janin et al. 2011; Satterthwaite et al. 2012; Jessop et al. 2015), 

it is possible that in our population, chickadees with high winter CORT levels encountered other 

challenges besides food-related stresses during winter. In fact, our method of capture was a seed-

baited walk-in trap, and we attracted birds to our capture sites using feeders weeks before blood 

collection. So, our study design likely reduced short-term food-related stresses. Without coupling 

CORT levels to demographic or environmental information, we can only speculate that high 

CORT birds faced different challenges in the winter (e.g., variation in disease, parasites, risk of 

predation, conspecific aggression). Alternatively, CORT levels may reflect an individual’s 

phenotypic quality, where high CORT individuals experience more challenging conditions, and 

are of lower quality. Using repeatability studies, we could test whether repeated measures of 

CORT during the non-breeding season provide evidence for intrinsic differences in endocrine 

phenotype that might reflect individual quality, and influence subsequent breeding decisions. 

Winter oxidative balance did not predict subsequent reproductive investment in females, 

but we found that males with higher winter oxidative stress had smaller clutches, and we found a 

negative but non-significant trend between male winter oxidative stress and clutch mass. These 

negative relationships suggest that oxidative stress may play a role in mediating carry-over 

effects from the winter season and constraining subsequent reproduction. In the winter, 

chickadees increase muscle mass and upregulate their maximum metabolic rate to thermoregulate 

(Vézina et al. 2011; Petit et al. 2017; Swanson et al. 2016), which could lead to increased cellular 

aerobic activity (Swanson 2010; Liknes & Swanson 2011; Swanson et al. 2016), and a by-

product increase of reactive oxygen species (Stier et al. 2014). In the face of challenges, 

individuals further accumulate reactive oxygen species (e.g., predation: Travers et al. 2010, 



 

39 
 

infection: Mougeot et al. 2010; van de Crommenacker et al. 2012; Delhaye et al. 2016). Several 

studies also offer support for the detrimental impacts of oxidative stress on fitness. For example, 

Alpine swift males that were more resistant to oxidative stress had higher survival rates, and 

females that were more resistant to oxidative stress had larger clutches in the following year 

(Bize et al. 2008). Canaries with experimentally increased oxidative stress produced smaller 

clutches and had lower reproductive success (Costantini et al. 2016), and similar results were 

found in mice (Stier et al. 2012). The reduction in clutch or litter size may result from the toxic 

effects of oxidative stress on male and female gametes, leading to infertility (Diemer et al. 2003; 

Agarwal et al. 2012; Khan et al. 2012; Min et al. 2016). In our system, winter oxidative stress 

could also indirectly affect clutch mass and size by affecting a male’s ability to courtship-feed its 

mate during the pre-laying and laying stages. The lack of a significant relationship in females is 

surprising considering the evidence for the long-term consequences of oxidative stress and its 

role in mediating decisions relating to reproduction and survival (van de Crommenacker et al. 

2011). However, sample size in females was smaller than in males. We also take caution in 

interpreting these results because coefficients of variation within and across the assays were high. 

Therefore, the precision in our oxidative index values, and the overall accuracy of our results, 

may be affected by measurement error that could mask the negative relationships that we 

expected to find. Because of the growing evidence for a role of oxidative stress in mediating life 

histories (Monaghan et al. 2009; Metcalfe & Alonso-Alvarez 2010), these linkages across 

seasons warrant further investigation.  

Blood complement activity is the immune system’s first line of defense against invading 

bacteria, protozoans, and viruses (Kabat & Meyer 1961; Ochsenbein & Zinkernagel 2000), which 

suggests that its activity is susceptible to change when individuals confront challenges (Ayensu 
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et al. 1995; Ortuño et al. 2001; Salati et al. 2016). We did not find any significant relationships 

between chickadee winter haemolytic complement activity and traits relating to reproductive 

investment. Because the immune system is multi-faceted, the activation of several defense 

components in response to challenges may generate energetic costs that vary in extent and 

longevity, with complement proteins being on the lower end of the spectrum (Lee 2006). We 

only evaluated one component of the immune system in our study, and blood complement 

activity alone may not accurately capture responses to energetic challenges during winter. 

Indeed, a recent study on overwintering black-capped chickadees found that a captive group of 

chickadees exposed to periodic food restriction did not differ in blood complement ability to lyse 

foreign cells compared to a control group fed ad libitum, but that food restricted birds had lower 

levels of haptoglobin following lipopolysaccharide injection (Cornelius et al. 2017). These 

findings suggest that variation in food supply may affect some components of the immune 

function more than others. While our findings reveal individual variation in blood complement 

lysing ability in the winter, we found no correlations between haemolytic complement activity 

and other traits relating to winter energetic condition in our dataset (Supplementary Table S1). 

As such, we cannot determine whether haemolytic complement activity is an energetically costly 

immune component in this population. Also because of the high coefficients of variation within 

and across assays, the lack of relationships may be due to measurement error, and these results 

must be interpreted with caution. 

 

Winter energetic condition and parental behaviours 

In our population, winter CORT levels and measurements of body condition did not predict 

female incubation patterns, although we found that females with higher winter fat scores tended 

to spend more time incubating. The costs of incubation are well known (Monaghan & Nager 
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1997), especially in systems where only one parent incubates the eggs, like chickadees (Bolduc 

& Guillemette 2003). Although more sedentary, incubating females must increase their metabolic 

rate to transmit body heat to their eggs (Vleck 1981). Therefore, females face an energetic 

challenge: their resource intake is limited by their need to remain on the nest to warm the clutch 

(Drent et al. 1984). Depending on the extent of food that the male provides to the female during 

incubation (Klatt et al. 2008; Galván & Sanz 2011), females need to leave the nest to feed 

regularly during incubation, resulting in energy expenditure to rewarm the clutch upon return. In 

barnacle geese (Branta leucopsis) and redhead ducks (Aythya americana), females in better 

condition during the incubation period (determined from body mass measurements) spent more 

time incubating eggs (Yerkes 1998; Tombre et al. 2012). While few studies have evaluated how 

resource acquisition prior to breeding influences incubation patterns, an increase in a female’s 

body mass in the early stages of breeding may buffer carry-over effects of pre-breeding body 

condition on subsequent incubation behaviours; this remains to be tested. Female winter CORT 

levels also did not predict how long a female spent incubating in our system. However, 

correlational evidence (Schoenle et al. 2017) and experimental manipulations of CORT levels 

(Thierry et al. 2013) show that incubating individuals with high CORT levels sometimes spend 

less time incubating eggs. In common eiders (Somateria mollissima), administration of CORT 

during incubation has no direct effect on incubating behaviors, but was associated with higher 

rates of egg loss to predation, possibly resulting from low nest attentiveness during the 

incubation period (Criscuolo et al. 2005). Similarly, in Adélie penguins, high CORT levels 

predicted nest abandonment during the incubation period (Spée et al. 2010). However, pre-

breeding administration of CORT facilitates incubation behaviors in female great tits (Ouyang et 

al. 2013). Together, these findings suggest that in the early stages of breeding, CORT may 

influence incubation behaviours. Whether CORT levels in one life history stage mediate 
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incubation behaviours in another as a result of a carry-over effect, or an individual’s phenotypic 

quality, remains unclear. 

Blood CORT levels measured in the winter did not predict offspring provisioning 

behaviours in the subsequent breeding season. However, individuals with higher winter fat scores 

fed their chicks more frequently in the subsequent season than individuals with low fat scores 

(although the relationship was not significant after adjustment for multiple comparisons). Two 

non-exclusive hypotheses could explain this relationship. Either chickadees with high fat scores 

acquired sufficient energetic resources in the winter to facilitate a greater effort in provisioning 

nestlings in the subsequent season, and/or chickadees with high fat scores may have superior 

foraging abilities or higher quality territories with greater resource availability in both the winter 

and breeding season, which could influence both their fat stores during winter and the way they 

forage for their offspring in the subsequent season. The latter is more likely considering that fat 

reserves generally mediate short-term trade-offs (Williams 2012). In the fall and winter, 

chickadees forage and store energy reserves (e.g., mostly seeds, occasionally insects or suet: 

Smith 1991) for the winter. However, some individuals may acquire more food caches, or 

retrieve more food from caches, than others, depending on foraging abilities, experience, and/or 

dominance status. For example, in crested tits (Parus cristatus) (Lens et al. 1994) and gray 

catbirds (Dumetella carolinensis) (Heise & Moore 2003), younger birds hoard food less 

frequently than older birds, suggesting that age, experience, and foraging abilities may take part 

in explaining variation in the accumulation of nutrient reserves. In willow tits (Poecile 

montanus), subordinate individuals hoard food more frequently than dominant individuals 

(Brodin & Lundborg 2003), although mixed results are found in other parids (Pravosudov & 

Lucas 2000; Pravosudov et al. 2003). Furthermore, a study on black-capped chickadees showed 
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that dominant males held higher quality breeding sites, were in better condition, and provisioned 

their offspring more often than subordinate males (van Oort et al. 2007). Dominance status was 

also shown to impact lifetime reproductive success in chickadees (reviewed in Ratcliffe et al. 

2007). Therefore, dominance status, age, and foraging abilities seem to be important factors 

determining resource acquisition during winter, and reproductive success during breeding. In our 

population, we were unable to determine age and dominance status, but future work should 

evaluate the impact of age and dominance status on the relationships between energetic condition 

and reproductive investment. 

 

Parent winter energetic condition and offspring phenotype 

While several studies have found that maternally-derived CORT can directly influence 

offspring growth and phenotype through direct transfer into the egg yolk (Hayward & Wingfield 

2004; Saino et al. 2005; Almasi et al. 2012; Coslovsky et al. 2012; Pitk et al. 2012; Henriksen et 

al. 2013; Bowers et al. 2016), female winter CORT and metrics of body condition did not predict 

brood growth or nestling CORT levels in our population. The lack of relationships may result 

from our small sample size. Still, we found that male chickadees with higher fat scores in the 

winter sired offspring with lower baseline CORT levels. In altricial species, nestlings are 

completely dependent on their parents, and hungry chicks signal to their parents by begging, and 

parents respond to their begging calls by increasing provisioning rate (Price 1998; Heist & 

Ritchison 2016; Kidawa et al. 2017). In some avian species, parental provisioning rates, food 

shortages, and nestling body condition are associated with high nestling baseline CORT levels 

(Quillfeldt & Möstl 2003; Quillfeldt & Masello 2004, Quillfeldt et al. 2006; Corbel & Groscolas 

2008; Bize et al. 2010; Herring et al. 2011). Likely due to small sample sizes, we did not find 

significant relationships between parental provisioning rates and offspring baseline CORT levels 
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in our population. However, because we also found that parents with high winter fat reserves fed 

their offspring at a higher rate, the relationship between an individual’s winter fat score and its 

chicks’ baseline CORT levels may reflect the male’s ability to deliver food to satisfy the chicks’ 

nutritional needs. Thus, we propose that individuals vary in their access to resources in both the 

winter season and the breeding season, and that greater access to resources facilitates foraging for 

survival in the winter, and also facilitates provisioning for the offspring in the subsequent 

breeding season, which ultimately reduces food-related stress in nestlings. We also found that 

male chickadees with higher winter CORT levels had broods that, overall, grew less compared to 

broods from males with lower winter CORT levels. During breeding, a temporary increase in 

CORT may be adaptive if it promotes the allocation of resources to energetically demanding 

reproductive demands (Bonier et al. 2009), but high baseline CORT levels outside of the 

breeding season could reflect the magnitude, frequency, or duration of challenges in the 

environment (Wingfield et al. 1998; Zhang et al. 2011; Bauer et al. 2013; Madliger et al. 2015; 

Marasco et al. 2015) that can have residual effects in a subsequent season. Altogether, these 

findings suggest that an adult’s CORT levels and fat reserves in one life history stage may 

modulate reproductive effort that will eventually be reflected in offspring morphological and 

physiological phenotypes.  

While we find relationships between winter energetic phenotype and reproductive 

investment in the later stages breeding (e.g., late nestling stages), it is possible that these 

relationships are observable because of residual effects from early breeding decisions. In other 

words, an individual’s winter energetic phenotype may influence laying date and investment in 

eggs, which may then have cascading effects on later stages of breeding and on offspring 

phenotype. Therefore, whether the relationships between winter energetic condition and 
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reproductive investment in the later stages of breeding are directly or indirectly related remains 

to be evaluated.  

In chickadees, as in other species, extrapair copulations can modify the strength the 

relationship between a male’s winter phenotype and non-behavioural traits relating to 

reproductive investment derived from measures only of offspring produced with the social mate 

(e.g., clutch size, average egg mass, offspring phenotype). Males might not be the genetic sire of 

offspring in the brood produced by their social mate, and also might have sired offspring in other 

nests, introducing error into estimates derived solely from the social mate’s brood. Despite the 

likelihood of extrapair paternity in our population, we still find several correlations between 

paternal winter energetic condition and egg traits, and between paternal winter energetic 

condition and chick phenotype. However, we acknowledge that our approach might not have 

been sufficient to reveal relationships between winter phenotype and reproductive investment 

that could have been detected with estimates of genetic paternity.  
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Conclusions 

Energy plays a central role in life history variation, and the ways that animals manage their 

energy both within and across seasons is important in the resolution of life history trade-offs 

between reproduction and self-maintenance. We provide evidence that aspects of an individual’s 

energetic phenotype (CORT levels, oxidative balance, and body condition) during the non-

breeding season can explain variation in reproductive investment in the subsequent breeding 

season in a wild population of black-capped chickadees. Overall, our results provide evidence 

that conditions experienced outside of the breeding season may be important factors explaining 

variation in reproductive investment in wild populations, even in a resident species. Whether the 

relationships we observed across life history stages reflect carry-over effects of winter challenges 

or variation in intrinsic quality remains to be tested. Linkages between life history stages could 

have important implications for the study of population dynamics, particularly in declining 

populations, where consideration of conditions outside of breeding might be essential in devising 

appropriate conservation strategies. 
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APPENDIX: SUPPLEMENTARY TABLES 

Table S1. Pairwise correlation matrix of traits relating to reproductive investment. Above the greyed-out cells are the correlation coefficients, r. 

Below the greyed-out cells, are the p-values from the Kendall correlation test. Significant p-values and associated r coefficients are in bold. 

 

Laying 

date 

Clutch 

size 

Clutch 

mass 

Average 

egg 

mass 

Total 

time on 

nest 

Number 

off-

bouts 

Average 

off-bout 

duration 

Percent 

time 

incubating 

Feeding 

rate 

Total 

feeding 

Brood 

size 

Total 

brood 

growth 

Nestling 

baseline 

CORT 

Nestling 

SI 

CORT 

Laying date  -0.41 -0.43 0.21 0.15 -0.21 0.18 0.15 -0.32 -0.25 -0.32 -0.25 -0.19 0.15 

Clutch size 0.01  0.72 -0.35 0.10 0.26 -0.41 0.10 0.35 0.35 0.82 0.42 0.21 -0.20 

Clutch mass 0.01 < 0.001  0.01 0.30 -0.02 -0.30 0.30 0.42 0.45 0.69 0.38 0.14 0.00 

Average egg 

mass 
0.22 0.05 1.00  0.25 -0.21 0.19 0.25 -0.16 -0.14 -0.38 0.16 -0.14 0.64 

Total time on 

nest 
0.16 0.63 0.16 0.23  -0.45 -0.21 1.00 0.32 0.13 0.16 0.33 -0.20 0.24 

Number off-

bouts 
0.31 0.23 0.9109 0.31 0.02  -0.30 -0.45 0.22 0.41 0.19 0.20 0.30 -0.32 

Average off-bout 

duration 
0.62 0.05 0.16 0.39 0.27 0.11  -0.21 -0.37 -0.36 -0.16 0.14 -0.06 0.42 

Percent time 

incubating 
0.16 0.63 0.16 0.23 < 0.001 0.02 0.27  0.32 0.13 0.16 -0.05 -0.2 0.23 

Feeding rate 0.03 0.02 0.01 0.29 0.20 0.40 0.15 0.20 
 

0.68 0.37 0.25 0.08 0.04 

Total feeding 0.13 0.02 0.003 0.36 0.59 0.12 0.15 0.59 < 0.001  0.34 0.09 -0.13 0.03 

Brood size 0.13 < 0.001 0.002 0.09 0.54 0.48 0.54 0.54 0.02 0.03  0.33 0.28 0.22 

Total brood 

growth 
0.32 0.11 0.16 0.60 1.00 0.54 0.77 1.00 0.13 0.58 0.22  0.238 0.36 

Nestling baseline 

CORT 
0.54 0.53 0.77 0.77 0.72 0.42 1.00 0.72 0.68 0.49 0.36 0.26  0.07 

Nestling SI 

CORT 
0.62 0.51 1.00 0.03 0.56 0.33 0.24 0.56 0.82 0.87 0.44 0.07 0.90  

Investment in egg: Laying date = date first egg was laid by a female; clutch size = number of eggs laid per nest; clutch mass = cumulative mass of all eggs per nest; average egg mass = mean egg mass per nest. Incubation: 

Total time on nest = total time female spends in her nest over a 2-hour recording period; Number of off-bouts = number of times female leaves her nest over a 2-hour recording period; Average off-bout duration = average 

time the female spends away from the nest, calculated from the entire recording period excluding the first 30 minutes; Percent time incubating = percent time the female spends in her nest over a 2-hour recording period. 

Provisioning behaviors: Feeding rate = number of visits at the nest during nestling day 10 divided by the 4-hour recording period; Total feeding = total number of visits at the nest during nestling day 10 during a 4-hour 

recording period. Offspring phenotype: Total brood growth = cumulative amount of nestling mass gained per nest since eggs where weighed on the 10th day of incubation; Nestling baseline CORT = average nestling 

baseline corticosterone levels per nest; Nestling SI CORT = average nestling stress-induced corticosterone levels per nest after a 30-min handling period away from their nest 
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Table S2. Pairwise correlation matrix of winter traits relating to energetic condition. Above the greyed-out cells are the correlation 

coefficients, r. Below the greyed-out cells, are the p-values from the Pearson correlation test. Kendall's tau correlation was used for 

relationships between fat score and each continuous variable. Significant p-values and associated r coefficients are in bold.  

 CORT index CH50 fat score smi 

CORT  -0.12 0.08 -0.11 -0.16 

index 0.47  -0.04 -0.11 0.34 

CH50 0.68 0.86  0.16 -0.08 

fat score 0.31 0.41 0.25  0.07 

smi 0.25 0.04 0.65 0.52  

   Abbreviations: CORT = corticosterone, index = oxidative stress index, CH50 = 50% lysis of sheep red blood cells, smi = scaled mass index. 

 

 

Table S3. Pairwise correlation matrix of female traits relating to winter energetic condition against male traits relating to winter energetic 

condition. Pairwise correlations were only performed on nests for which both males and females had sufficient winter data (parent CORT: 

N = 20 nests; parent fat: N = 23 nests; parent smi: N = 23 nests). We reported the Pearson correlation coefficients, r, and the p-values from 

the correlation tests are in parentheses. Kendall's tau correlation was used for relationships between fat score and the two other variables. 

Female Traits CORT fat  smi 

Male traits 

CORT 0.063 (0.789) -0.194 (0.227) -0.208 (0.352) 

fat  0.077 (0.658) -0.059 (0.733) -0.060 (0.721) 

smi -0.056 (0.806) 0.153 (0.328) 0.020 (0.926) 
  Abbreviations: CORT = corticosterone, index = oxidative stress index, CH50 = 50% lysis of sheep red blood cells, smi = scaled mass index. 
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Table S4. Results of GLMs evaluating how variation in winter physiological and morphological traits predict variation in reproductive 

investment in female black-capped chickadees. Significant variables are highlighted in bold. Each hypothesis is an independent analysis. 

Due to the large number of models computed, this table only provides estimates and p-values for models that retained variables of interest 

(i.e., CORT, index, CH50, smi and fat)1 after model averaging (conditional average) for multiple models within 2 AICc from each other. 

If only one model had a delta AICc < 2, instead of averaging, we simply used functions summary ( ) and Anova ( ) to obtain estimates and 

p-values. 

Hypothesis Estimate z score 
95% CI lower 

bound 

95% CI 

upper bound 
p padj 2 

Egg Traits       

      Laying date ~ CORT (N = 15; R² = 0.057)3      

CORT -0.056 1.175 -0.100 0.057 0.2400 0.4800 

      Laying date ~ body condition (N = 19; R² = 0.296)     

smi 0.422 3.619  0.196 0.653 0.0002 0.0008 

fat -0.280 -2.734 -0.485 -0.083 0.005 0.020 

       Clutch size ~ index (N = 11, R² = 0.296)     

index 0.494 1.685 -0.387 0.872 0.092 0.368 

       Clutch size ~ body condition (N = 19, R² = 0.201)     

smi 0.578 1.503 -0.477 1.110 0.133 0.266 

laying date -0.043 1.171 -0.052 0.037 0.241 1.000 

      Clutch mass ~ body condition (N = 14, R² = 0.129)     

fat 0.435 1.202 -0.274 1.143 0.229 0.305 

      Average egg mass ~ CORT (N = 11; R² = 0.411)     

CORT -0.031 2.022 -0.057 0.018 0.030 0.120 

      Average egg mass ~ body condition (N = 14; R² = 0.147)     

fat 0.045 1.293 -0.042 0.075 0.196 0.305 

Parental Behaviours       

      Percent time incubating ~ body condition (N = 7, R² = 0.429)     

fat 5.857 1.679 -0.979 12.692 0.093 0.093 

temperature 0.473 1.323 -0.228 1.175 0.186 0.558 

wind -2.351 1.271 -5.975 1.274 0.204 0.612 
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Table S4 (continued)       

Hypothesis Estimate z score 
95% CI lower 

bound 

95% CI 

upper bound 
p padj 2 

      Feeding rate ~ body condition (N = 20; R² = 0.559)     

fat 1.303 2.501  0.281 2.319 0.012 0.024 

sex 1.731 2.288 -0.383 3.298 0.022 0.088 

brood size 1.071 1.842 -0.795 1.837 0.064 0.256 

smi 0.699 0.702 -0.775 0.972 0.482 0.964 

  1 Abbreviations: CORT = corticosterone, index = oxidative stress index, CH50 = 50% lysis of sheep red blood cells, fat = fat score, smi = scaled mass index 

  2 Padj: Adjusted p-values calculated to account for false discovery rates when doing multiple comparisons within each category of reproductive investment 

  3 R²: Calculated the coefficient of determination for a GLM using residual deviance and null deviance of the model 
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Table S5. Results of GLMs evaluating how variation in winter physiological and morphological traits predict variation in reproductive 

investment in male black-capped chickadees. Significant variables are highlighted in bold. Each hypothesis is an independent analysis. 

Due to the large number of models computed, this table only provides estimates and p-values for models that retained variables of interest 

(i.e., CORT, index, CH50, smi and fat)1 after model averaging (conditional average) for multiple models within 2 AICc from each other. 

If only one model had a delta AICc < 2, instead of averaging, we simply used functions summary ( ) and Anova ( ) to obtain estimates and 

p-values. 

Hypothesis Estimate z score 
95% CI lower 

bound 

95% CI 

upper bound 
p padj 2 

Egg Traits       

      Laying date ~ index (N = 16; R² = 0.015)3      

index 0.077 0.766 -0.102 0.145 0.444 0.592 

     Laying date ~ body condition (N = 25; R² = 0.089)     

fat 0.201 2.144  0.017 0.384 0.032 0.128 

smi 0.130 1.068 -0.140 0.229 0.285 0.415 

     Clutch size ~ index (N = 17; R² = 0.324)     

index -0.562 -2.680 -0.973 -0.151 0.007 0.029 

     Clutch size ~ CH50 (N = 13; R² = 0.234)       

CH50 -0.141 1.632 -0.254 0.113 0.103 0.412 

     Clutch size ~ body condition (N = 24; R² = 0.267)              

smi -0.851 1.013 -1.927 1.008 0.311 0.415 

laying date -0.381 0.469 -1.432 1.022 0.639 1.000 

smi: laying date 0.129 1.321 -0.089 0.119 0.187 0.748 

     Clutch mass ~ index (N = 11; R² = 0.559)     

index -0.622 1.628 -1.016 0.513 0.104 0.207 

laying date -0.140 1.954 -0.254 0.091 0.051 0.300 

     Clutch mass ~ body condition (N = 16; R² = 0.389)     

smi -0.459 1.096 -0.715 0.462 0.273 0.415 

laying date -0.107 2.334 -0.198 -0.017 0.020 0.240 

     Average egg mass ~ CORT (N = 15; R² = 0.484)       

CORT -0.077 2.172 -0.147 -0.008 0.030 0.119 

laying date 0.009 1.780 -0.001 0.020 0.075 0.300 

CORT: laying date 0.009 2.682  0.003 0.016 0.007 0.022 
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Table S5 (continued)       

Hypothesis Estimate z score 
95% CI lower 

bound 

95% CI 

upper bound 
p padj 2 

Parental Behaviours      

       Feeding rate ~ body condition (N = 20; R² =0.559)     

fat 1.303 2.501  0.281 2.319 0.012 0.024 

sex 1.731 2.288 -0.383 3.298 0.022 0.088 

brood size 1.071 1.842 -0.795 1.837 0.064 0.256 

smi 0.699 0.702 -0.775 0.972 0.482 0.964 

Offspring phenotype       

       Total brood growth ~ father CORT (N = 5, R2 = 0.923)     

CORT -4.805 -6.963 -6.157 -3.452 < 0.0001 < 0.0001 

     

       Nestling baseline CORT ~ father body condition (N = 8, R² = 0.853) 
   

fat -1.132 -5.382 -1.544 -0.720 < 0.0001 < 0.0001 

  1 Abbreviations: CORT = corticosterone, index = oxidative stress index, CH50 = 50% lysis of sheep red blood cells, fat = fat score, smi = scaled mass index 

  2 Padj: Adjusted p-values calculated to account for false discovery rates when doing multiple comparisons within each category of reproductive investment 

  3  R²: Calculated the coefficient of determination for a GLM using residual deviance and null deviance of the model  
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Table S6. Results of model selection from General Linear Models (GLMs) testing the effect of covariates of interest in female chickadees: 

CORT = corticosterone, index = oxidative stress index, CH50 = 50% lysis of sheep red blood cells, smi = scaled mass index, fat = fat 

score. General Linear Mixed Models (GLMMs) were used in the analyses of offspring provisioning behaviors against parent winter CORT 

and body condition. We only report results for the candidate models with ∆ AICc ≈ 4 and < 4, or the best model and next best model. 

Each hypothesis is an independent analysis. For all 20 independent final models, we include model sample size (N), top model predictors, 

number of estimated parameters (k), Log-likelihood (LogL), AICc, ΔAICc, and Akaike weights (ωi).  

Hypothesis Model Predictors k1 LogL AICc ∆AICc ωi 

Egg Traits        

    Laying date ~ CORT (N = 16) 1 Null (intercept-only) 1 -45.762 93.8 0.00 0.619 
 2 CORT 2 -44.899 94.8 0.97 0.381 

    Laying date ~ index (N = 11) 1 Null (intercept-only) 1 -36.014 74.5 0.00 0.749 
 2 index 2 -35.580 76.7 2.19 0.251 

    Laying date ~ CH50 (N = 8) 1 Null (intercept-only) 1 -20.465 43.6 0.00 0.864 
 2 CH50 2 -20.451 47.3 3.71 0.136 

    Laying date ~ body condition 4 fat + smi 3 -63.307 134.2 0.00 0.922 

    (N = 19) 3 smi 2 -67.266 139.3 5.07 0.073 

    Clutch size ~ CORT (N = 16) 1 Null (intercept-only) 1 -18.893 42.7 0.00 0.659 
 3 CORT 2 -18.774 45.4 2.84 0.159 
 2 laying date 2 -18.840 45.7 2.97 0.149 

    Clutch size ~ index (N = 11) 1 Null (intercept-only) 1   4.966 -4.4 0.00 0.480 
 2 index 2   6.701 -4.0 0.46 0.381 
 3 laying date 2   5.384 -1.3 3.09 0.102 

    Clutch size ~ CH50 (N = 8) 1 Null (intercept-only) 1 -9.370 25.1 0.00 0.890 
 3 laying date 2 -9.356 30.7 5.57 0.055 
 2 CH50 2 -9.369 30.7 5.60 0.054 

    Clutch size ~ body condition 1 Null (intercept-only) 1 -24.409 53.6 0.00 0.310 

    (N = 19) 5 smi 2 -23.189 54.0 0.41 0.252 
 7 smi + laying date 3 -22.281 55.4 1.85 0.123 
 3 laying date 2 -24.306 56.2 2.64 0.083 

    Clutch mass ~ CORT 1 Null (intercept-only) 2 -14.351 34.2 0.00 0.773 

    (N = 11) 2 laying date 3 -14.343 38.1 3.91 0.109 

 3 CORT 3 -14.345 38.1 3.92 0.109 
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Table S6 (continued) 

Hypothesis Model Predictors k1 LogL AICc ∆AICc ωi 

    Clutch mass ~ index (N = 8) 1 Null (intercept-only) 2 -6.532 19.5 0.00 0.852 

     2 index 3 -5.926 23.9 4.39 0.095 

    Clutch mass ~ body condition 1 Null (intercept-only) 2 -19.310 43.7 0.00 0.425 

    (N = 14) 2 fat 3 -18.338 45.1 1.37 0.215 
 3 laying date 3 -18.863 46.1 2.42 0.127 
 5 smi 3 -19.156 46.7 3.00 0.095 
 6 fat + smi 4 -17.907 48.3 4.55 0.044 

    Average egg mass ~ CORT   3 CORT 3 12.992 -16.6 0.00 0.648 

    (N = 11) 1 Null (intercept-only) 2 10.083 -14.7 1.89 0.252 

    Average egg mass ~ index (N = 8)   1 Null (intercept-only) 2 6.048 -5.7 0.00 0.830 
 

2 index 3 6.860 -1.7 3.98 0.114 

    Average egg mass ~ body 1 Null (intercept-only) 2 13.463 -21.8 0.00 0.442 

    condition (N = 14) 2 fat 3 14.576 -20.8 1.08 0.257 
 5 smi 3 13.798 -19.2 2.64 0.118 
 3 laying date 3 13.518 -18.6 3.20 0.089 

Parental behaviours 

      Percent time incubating ~ 2 temperature 3 -24.006 58.8 0.00 0.893 

      CORT (N = 9) 6 temperature + wind 4 -23.548 65.1 6.28 0.039 

      Percent time incubating ~ 1 Null (intercept-only) 2 -33.475 72.7 0.00 0.317 

      body condition (N = 11) 3 fat 3 -31.488 73.0 0.31 0.271 
 2 temperature 3 -32.153 74.3 1.64 0.140 
 9 wind 3 -32.242 74.5 1.82 0.128 

      Feeding rate ~ CORT (N = 18) 9 sex 4 -35.128 81.3   0.00   0.475 
 10 sex + brood size 5 -33.717 82.4   1.10   0.274 
 13 CORT + sex 5 -35.346 85.7   4.36   0.054 
 2 brood size 4 -37.338 85.8   4.42   0.052 
 1 Null (intercept-only) 3 -39.279 86.3   4.94   0.040 
 11 feeding date + sex 5 -35.958 86.9   5.58   0.029 
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Table S6 (continued) 

Hypothesis Model Predictors k1 LogL AICc ∆AICc ωi 

      Feeding rate ~ index (N = 12) 9 sex 3 -21.921 52.8 0.00 0.498 
 1 Null (intercept-only) 2 -25.130 55.6 2.75 0.126 
 10 brood size + sex 4 -21.290 56.3 3.45 0.089 
 11 feeding date + sex 4 -21.545 56.8 3.96 0.069 

      Feeding rate ~ CH50 (N = 11) 9 sex 3 -20.865 51.2 0.00 0.534 
 1 Null (intercept-only) 2 -23.868 53.2 2.08 0.189 
 10 brood size + sex 4 -20.294 55.3 4.10 0.069 
 3 CH50 3 -23.288 56.0 4.85 0.047 

      Feeding rate ~ body  11 fat + sex 5 -38.083 90.5   0.00 0.161 

      condition (N = 20) 12 brood size + fat + sex 6 -36.122  90.7   0.25   0.142 
 4 brood size + fat 5 -38.939 92.2   1.71   0.068 
 27 fat + sex + smi 6 -36.967 92.4   1.94   0.061 
 28 brood size + fat + sex + smi 7 -34.653 92.6   2.19   0.054 
 43 fat + sex + fat:sex 6 -37.103 92.7   2.22   0.053 
 3 fat 4 -41.191 93.0   2.60   0.044 
 20 brood size + fat + smi 6 -37.301 93.1   2.61   0.044 
 9 sex 4 -41.410 93.5   3.04   0.035 
 10 brood size + sex 5 -39.664 93.6   3.16   0.033 
 44 brood size + fat + sex + fat:sex 7 -35.165 93.7   3.21   0.032 

Offspring phenotype        

       Total brood growth ~ CORT 1 Null (intercept-only) 2 -17.938 43.9 0.00 0.981 

       (N = 6) 2 date 3 -17.539 53.1 9.20 0.010 

       Total brood growth ~ body 1 Null (intercept-only) 2 -22.751 52.5 0.00 0.756 

       condition (N = 7) 3 fat 3 -20.602 55.2 2.70 0.196 

       Nestling baseline CORT ~ 1 Null (intercept-only) 2 -7.655 25.3 0.00 1.000 

       mother CORT (N = 5) 3 Mother CORT 3 -7.486 45.0   19.66  0.000 
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Table S6 (continued) 

Hypothesis Model Predictors k1 LogL AICc ∆AICc ωi 

       Nestling baseline CORT ~ 1 Null (intercept-only) 2 -11.155 29.3 0.00   0.862 

       mother body condition (N = 7) 2 Brood size 3 -10.144 34.3 4.98   0.072 

       Nestling SI CORT ~ 1 Null (intercept-only) 2 -15.192 37.4 0.00   0.814 

       Mother CORT (N = 7) 2 Brood size 3 -13.698 41.4   4.01   0.109 

       Nestling SI CORT ~ 1 Null (intercept-only) 2 -11.608 33.2   0.00 1.000 

       Mother index (N = 5) 2 Mother index 3 -9.898 49.8 16.58       0.000 

       Nestling SI CORT ~ 1 Null (intercept-only) 2 -16.870 40.1 0.00 0.662 

       Mother body condition (N = 8) 3 Mother fat 3 -15.634 43.3   3.13   0.139 
1 k = number of parameters in the model (i.e., number of regressors, random effects (when applicable), intercept, and error term, as defined by the model’s d.f) 
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Table S7. Results of model selection from General Linear Models (GLMs) testing the effect of covariates of interest in male chickadees: 

CORT = corticosterone, index = oxidative stress index, CH50 = 50% lysis of sheep red blood cells, smi = scaled mass index, fat = fat 

score. General Linear Mixed Models (GLMMs) were used in the analyses of offspring provisioning behaviors against parent winter CORT 

and body condition. We only report results for the candidate models with ∆ AICc ≈ 4 and < 4, or the best model and the next best model. 

For each response variable, models listed are independent analyses. For all 22 independent final models, we include model sample size 

(N), top model predictors, number of estimated parameters (k), Log-likelihood (LogL), AICc, ΔAICc, and Akaike weights (ωi). 

Hypothesis Model Predictors k1 LogL AICc ∆AICc ωi 

Egg traits        

      Laying ~ CORT 1 Null (intercept-only) 1 -69.911 142.0 0.00 0.762 

      (N = 22) 2 CORT 2 -69.86 144.4 2.33 0.238 

      Laying ~ index 1 Null (intercept-only) 1 -56.239 114.7 0.00 0.731 

      (N = 17) 2 index 2 -55.946 116.7 2.00 0.269 

      Laying ~ CH50 1 Null (intercept-only) 1 -63.881 130.1 0.00 0.767 

      (N = 13) 2 CH50 2 -63.657 132.5 2.39 0.233 

      Laying ~ body condition 2 fat 2 -81.579 167.7 0.00 0.518 

      (N = 23) 4 fat + smi 3 -80.941 169.0 1.32 0.268 
 1 Null (intercept-only) 1 -84.054 170.3 2.58 0.143 
 3 smi 2 -83.564 171.7 3.97 0.071 

      Clutch size ~ CORT 2 laying date 2 -27.750 62.8 0.00 0.585 

      (N = 22) 4 laying date + CORT 3 -27.429 65.2 2.38 0.178 
 1 Null (intercept-only) 1 -30.489 65.6 2.78 0.146 

      Clutch size ~ index  2 index 2 -18.478 44.8 0.00 0.687 

      (N = 17) 4 index + laying date 3 -18.343 48.0 3.22 0.138 
 1 Null (intercept-only) 1 -21.803 48.5 3.66 0.110 

      Clutch size ~ CH50 1 Null (intercept-only) 1 -19.069 43.3 0.00 0.379 

      (N = 13) 2 CH50 2 -17.337 43.3 0.00 0.379 
 3 laying date 2 -18.536 45.7 2.40 0.114 

      Clutch size ~ body condition 5 smi  2 -31.272 69.7 0.00 0.186 

      (N = 24) 3 laying date 2 -31.274 69.7 0.00 0.185 
 1 Null (intercept-only) 1 -32.641 69.9 0.11 0.176 
 7 smi: laying date 2 -30.048 70.2 0.46 0.148 

 23 smi + laying date + smi: laying date 4 -28.917 71.2 1.42 0.091 
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Table S7 (continued)        

Hypothesis Model Predictors k1 LogL AICc ∆AICc ωi 

      Clutch mass ~ CORT 2 laying date 3 -16.189 40.6 0.00 0.792 

      (N = 15) 4 laying date + CORT 4 -16.045 44.1 3.53 0.136 

      Clutch mass ~ index 3 laying date 3 -12.987 35.4 0.00 0.400 

      (N = 11) 2 index 3 -13.556 36.5 1.14 0.227 
 1 Null (intercept-only) 2 -15.726 37.0 1.55 0.185 
 4 index + laying date 4 -11.221 37.1 1.70 0.171 

      Clutch mass ~ CH50 1 Null (intercept-only) 2 -11.476 29.4 0.00 0.747 

      (N = 8) 2 CH50 3 -10.397 32.8 3.44 0.134 
 3 laying date 3 -10.539 33.1 3.73 0.116 

      Clutch mass ~ body 3 laying date 3 -19.364 46.7 0.00 0.436 

      condition (N = 17) 7 laying date + smi 4 -18.512 48.7 1.93 0.166 
 4 laying date + fat 4 -19.075 49.8 3.06 0.094 
 1 Null (intercept-only) 2 -22.458 49.8 3.11 0.092 
 2 fat 3 -21.062 50.1 3.40 0.080 

      Average egg mass ~ CORT 1 Null (intercept-only) 2 14.167 -23.3 0.00 0.500 

      (N = 15) 8 CORT + laying date + CORT: laying date 5 19.157 -21.6 1.69 0.215 
 3 CORT 3 14.557 -20.9 2.40 0.150 
 2 laying date 3 14.259 -20.3 3.00 0.112 

      Average egg mass ~ index 1 Null (intercept-only) 2 11.65 -17.8 0.00 0.628 

      (N = 11) 3 laying date 3 12.652 -15.9 1.92 0.240 
 2 index 3 11.785 -14.1 3.66 0.101 

      Average egg mass ~ CH50 1 Null (intercept-only) 2 7.977 -9.6 0.00 0.869 

      (N = 8) 3 laying date 3 8.303 -4.6 4.95 0.073 

      Average egg mass ~ body 1 Null (intercept-only) 2 16.992 -29.1 0.00 0.508 

      condition (N = 17) 2 fat 3 17.232 -26.6 2.51 0.145 
 5 smi 3 17.201 -26.6 2.57 0.140 
 3 laying date 4 17.046 -26.2 2.88 0.120 

Parental behaviours        

      Feeding rate ~ CORT (N = 18) 9 sex 4 -35.128 81.3   0.00   0.475 
 10 sex + brood size 5 -33.717 82.4   1.10   0.274 
 13 CORT + sex 5 -35.346 85.7   4.36   0.054 
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Table S7 (continued)        

Hypothesis        

 2 brood size 4 -37.338 85.8   4.42   0.052 
 1 Null (intercept-only) 3 -39.279 86.3   4.94   0.040 

      Feeding rate ~ index (N = 12) 9 sex 3 -21.921 52.8 0.00 0.498 
 1 Null (intercept-only) 2 -25.130 55.6 2.75 0.126 
 10 brood size + sex 4 -21.290 56.3 3.45 0.089 
 11 feeding date + sex 4 -21.545 56.8 3.96 0.069 

      Feeding rate ~ CH50 (N = 11) 9 sex 3 -20.865 51.2 0.00 0.534 
 1 Null (intercept-only) 2 -23.868 53.2 2.08 0.189 
 10 brood size + sex 4 -20.294 55.3 4.10 0.069 

      Feeding rate ~ body  11 fat + sex 5 -38.083 90.5   0.00 0.161 

      condition (N = 20) 12 brood size + fat + sex 6 -36.122  90.7   0.25   0.142 
 4 brood size + fat 5 -38.939 92.2   1.71   0.068 
 27 fat + sex + smi 6 -36.967 92.4   1.94   0.061 
 28 brood size + fat + sex + smi 7 -34.653 92.6   2.19   0.054 
 43 fat + sex + fat:sex 6 -37.103 92.7   2.22   0.053 
 3 fat 4 -41.191 93.0   2.60   0.044 
 20 brood size + fat + smi 6 -37.301 93.1   2.61   0.044 
 9 sex 4 -41.410 93.5   3.04   0.035 
 10 brood size + sex 5 -39.664 93.6   3.16   0.033 
 44 brood size + fat + sex + fat:sex 7 -35.165 93.7   3.21   0.032 

Offspring phenotype        

       Total brood growth ~ CORT 3 CORT 3 -11.499 41.0 0.00 0.938 

       (N = 6) 1 Null (intercept-only) 2 -19.222 46.4 5.45 0.062 

       Total brood growth ~ body 1 Null (intercept-only) 2 -25.616 57.6 0.00 0.793 

      condition (N = 8) 5 smi 3 -24.933 61.9 4.24 0.095 

       Nestling baseline CORT ~ 1 Null (intercept-only) 2 -6.756 23.5 0.00 1.000 

       father CORT (N = 5) 3 Father CORT 3 -5.173 40.3 16.83 0.000 

       Nestling baseline CORT ~ 1 Null (intercept-only) 2 -8.355 26.7   0.00   1.000 

       father index (N = 5) 3 Father index 3 -7.808 45.6   18.91   0.000 
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Table S7 (continued)        

Hypothesis Model Predictors k1 LogL AICc ∆AICc ωi 

       Nestling baseline CORT ~ 3 fat 3 -4.071 22.1 0.00 0.868 

       father body condition 4 fat + brood size 4 0.584 26.8 4.69 0.083 

       (N = 7) 1 Null (intercept-only) 2 -10.776 28.6 6.41 0.035 

       Nestling SI CORT ~ 1 Null (intercept-only) 2 -13.645 34.3 0.00   0.926 

       father CORT (N = 7) 2 Brood size 3 -13.282 40.6   6.27   0.040 

       Nestling SI CORT ~ 1 Null (intercept-only) 2 -11.248 30.5   0.00   0.986 

       father index (N = 6) 3 index 3 -11.189  40.4   9.88   0.007 

       Nestling SI CORT ~ 1 Null (intercept-only) 2 0.491  5.4   0.00   0.805 

       father body condition (N = 8) 3 Fat   3 0.948  10.1   4.69   0.077 
1 k = number of parameters in the model (i.e., number of regressors, random effects (when applicable), intercept, and error term, as defined by the model’s d.f) 

 

 


