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Knowledge of the downstream effects of conditions experienced during early life is essential to 

understanding the mechanisms driving individual physiology, behaviour, and, ultimately, fitness. 

Developmental conditions, such as diet quantity and quality, can carry-over to impact a range of 

physiological and behavioural responses later in life. However, the majority of information we 

have on early-life conditions comes from well controlled experiments, which may not be 

representative of conditions in the natural environment or how wild individuals respond to them. 

In this thesis, I integrate experimental and observational studies to investigate the downstream 

effects of early-life conditions on Canada jays (Perisoreus canadensis) in Algonquin Provincial 

Park, ON, Canada. Canada jays are a resident species of the boreal forest that cache perishable 

food to support overwinter survival and their late-winter breeding season. In my first chapter, I 

modify and validate a methodology for the extraction and quantification of feather 

corticosterone, which I use as an integrated measure of hypothalamic-pituitary-adrenal axis 

activity in subsequent chapters. In my second chapter, I combine a 2-year experiment with 40 

years of observational data to demonstrate that Canada Jay nestlings from territories with more 

available food have higher body condition, lower feather corticosterone, earlier fledge dates, and 
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are more likely to be observed in the fall. In my third chapter, I use stable-carbon and -nitrogen 

isotopes to estimate nestling diet composition and then show that diet composition does not 

impact nestling body condition or survival. In my final chapter, I provide evidence that feather 

corticosterone concentrations in nestling feathers predict juvenile social status while nestling 

body condition predicts juvenile body condition and survival. Together, my thesis highlights how 

ecophysiological factors can carry-over from one life-stage to the next, but also demonstrates 

that wild individuals may be less influenced by certain early-life conditions (e.g. diet 

composition) than expected.  
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1 Chapter 1 – Prologue 
Understanding the interplay between the early-life environment and the developing individual 

has been a focal point in ecology, physiology, and developmental biology (e.g. Lindström 1999; 

Bateson et al. 2004). Environmental conditions during early life play a vital role in the 

development of an individual and can have downstream effects on fitness. For example, 

favorable ecological conditions, such as high resource availability, early in life can have carry-

over effects into adulthood leading to higher rates of reproductive success and survival relative to 

those from poor conditions (known as the ‘silver-spoon’ hypothesis, e.g. van de Pol et al. 2006; 

Hayward et al. 2013; Cartwright et al. 2014; Douhard et al. 2014). However, this relationship 

between the early-life environment and fitness is not always straightforward because there is also 

evidence that individuals exposed to poor early-life conditions may have fitness advantages if the 

conditions match those in which they were born (the ‘environmental matching’ hypothesis, 

Monaghan 2008). Furthermore, individuals may adjust life-history strategies to compensate for 

the constraints imposed by early-life conditions to achieve similar reproductive success and 

longevity (e.g. Taborsky 2006). Individuals may adaptively respond to poor early-life conditions 

by recruiting earlier in their lives (thus, allowing for more breeding attempts), increasing the 

number of young raised or investing in fewer high-quality offspring to match the reproductive 

output of those raised in good conditions (Drummond and Ancona 2015). Taken together, it is 

clear that the environment during development can have long-lasting effects on an individual’s 

physiology and fitness. 

One physiological mechanism by which animals mediate interactions with the 
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environment is the hypothalamic-pituitary-adrenal (HPA) axis (Wingfield and Kitaysky 2002; 

Wingfield and Sapolsky 2003; Bonier et al. 2009). The HPA axis is activated in response to 

adverse stimuli or stressors, such as changes in weather, competition associated with social 

status, decreased food availability, or encounters with predators (Kitaysky et al. 1999; Romero et 

al. 2000; Creel 2001; Wingfield and Sapolsky 2003), resulting in an increase in circulating 

glucocorticoid hormones, such as corticosterone, the major glucocorticoid in birds. An elevation 

of glucocorticoids facilitates adaptive physiological and behavioural responses by regulating 

activity levels, metabolism, and the immune response (Brust et al. 2014), thus reallocating 

resources to increase survival (Wingfield and Kitaysky 2002). For example, elevated 

glucocorticoid levels suppress nonessential activities for survival, such as territorial and 

reproductive behavior, while mobilizing fat stores and increasing blood glucose (Sapolsky et al. 

2000; Wingfield and Kitaysky 2002). Although acute elevations of glucocorticoids are generally 

considered beneficial (Rivers et al. 2012), chronic elevations may be detrimental and result in 

reduced glucose transport, depletion of proteins, and suppression of the immune system 

(Sapolsky et al. 2000; Martin 2009). Furthermore, chronic elevation of corticosterone can affect 

development and have a variety of downstream effects on learning, memory and fitness (Blas et 

al. 2007; Brust et al. 2014). Therefore, the HPA axis is a potential mechanism linking the 

environmental conditions an organism experiences with its survival. 

During early-life, environmental perturbations may activate the HPA axis resulting in 

elevated circulating glucocorticoids. Examples of these perturbations include sibling competition 

(Saino et al. 2003; Braasch et al. 2014), food deprivation (Saino et al. 2003; Kriengwatana et al. 

2014), threats of predation (Boonstra et al. 1998; Scheuerlein et al. 2001), weather (Lobato et al. 
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2008), and parasitic infection (Sures et al. 2001; Defolie et al. 2020). Ongoing research into the 

pre- and post-natal development of the HPA axis highlight the influence of the environment in 

the programming of the HPA axis, defined as long-term or permanent phenotypic effects 

(Monaghan 2008; Marasco et al. 2016). For example, zebra finch (Taeniopygia guttata) exposed 

to exogenous corticosterone as hatchlings had reduced growth rates and an exaggerated 

corticosterone response to capture and restraint as juveniles (Spencer et al. 2009). In rats, 

neonates exposed to an endotoxin also exhibited an exaggerated corticosterone response as adults 

(Shanks et al. 1995). Together, these findings suggest that exposure to a perceived stressor 

during development can alter the HPA axis of an individual with carry-over effects (defined as 

past history or experiences influencing current or future performance; O’Connor et al. 2014) into 

later life-stages. 

Many of the studies reporting the long-term effects of conditions during early life focus 

on food-deprived captive specimens representing only a handful of species (e.g. zebra finch, 

swamp sparrow (Melospiza georgiana)) and, thus, may not be generalizable or ecologically 

relevant. Captive young birds exposed to a poor quality diet or food limitation during growth, for 

example, may experience deficits in body size (Boag 1987), cognition (Pravosudov et al. 2005; 

Bonaparte et al. 2011), song traits (Nowicki et al. 2002; Buchanan et al. 2004; Spencer et al. 

2005), brain morphology (Nowicki et al. 2002; Pravosudov et al. 2005), and increased mortality 

(Birkhead et al. 1999). Although, experiments done in captivity offer the benefits of well-

designed controls and the potential to examine hypotheses that cannot be examined in the field 

(Lambrechts et al. 1999), artificial environments may induce physiological and behavioural 

responses not observed in the wild. However, few studies have followed captive or wild 
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individuals past the first year of life and into sexual maturity (Drummond and Ancona 2015). 

Therefore, the potential long-term impacts of diet quantity and quality during development on 

individual fitness remain largely understudied.  

While early-life food deprivation is often associated with detrimental effects in captivity, 

evidence from the limited number of studies on wild birds suggests that individuals may respond 

with resilience to perturbations during early life. For example, although underweight female 

great tits (Parus major) produce fewer eggs, they lay earlier, resulting in no change to 

reproductive success (Perrins and McCleery 2001). Compensation for deficits may also be 

intergenerational. Female blue-footed boobies (Sula nebouxii) that experienced warm water 

conditions, resulting in low body mass at fledging, produced daughters with enhanced 

reproductive success over 10 years compared to females raised in cool water conditions (Ancona 

and Drummond 2013). Thus, physiological and behavioural changes during early life may be 

adaptive, preparing individuals to cope in environments with frequent exposure to stressors 

(Love and Williams 2008; Sheriff et al. 2010). However, the carry-over effects of the early-life 

environment on physiology, behaviour and fitness in natural systems are not well known. 

In this thesis, I investigate how ecophysiological factors during early life influence an 

individual’s physiology, social status, and the potential carry-over effects they have on fitness 

using a combination of experimental and observational studies on a population of Canada jays 

(Perisoreus canadensis) in Algonquin Provincial Park, Ontario, Canada. Canada jays are a 

resident species that maintain year-round territories in the boreal and subalpine forests of North 

America (Strickland and Ouellet 2020, Fig. 1.1). At the southern edge of their eastern range, 

Canada jays in Algonquin Provincial Park occupy 130 ha territories comprised of black spruce 
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(Picea mariana) dominated lowland bogs and the surrounding mixed forest (Strickland and 

Ouellet 2020). Territories are defended by monogamous pairs which, aside from a few 

exceptions, will typically only re-mate once their partner dies (maximum observed lifespan = 17 

years). Pairs produce a single brood per year, although re-nesting may occur if the nest fails 

during laying or incubation (Strickland and Ouellet 2020). Nest construction begins in February 

and the female will lay eggs (modal clutch size = 3, range = 1 – 5) by mid-March when 

minimum temperatures can be as low as -30oC. Eggs hatch following 18 days of incubation by 

the female (Fig. 1.2A) when there is very little fresh food in the environment. Thus, nestlings are 

fed a combination of food items cached in the previous fall (Derbyshire et al. 2019) and fresh 

food as it becomes available (Strickland and Ouellet 2020, Fig. 1.2B). Approximately twenty-

three days post-hatch, nestlings fledge and remain with the parents as they learn to forage for 

themselves. Shortly after becoming nutritionally independent at ~ 55 – 65 days post-hatch, 

young Canada jays undergo a period of intense intra-brood competition where the winner 

(‘dominant juvenile’) remains with its parents on its natal territory for 1 – 2 years while the 

losers (‘ejectees’) are forced to disperse (Strickland 1991; Strickland and Ouellet 2020). Ejectees 

may either join an unrelated pair with no retained juvenile of their own, fill a breeding vacancy, 

or occupy a territory alone. 

 By the late-summer, Canada jays begin to store perishable food items in preparation for 

winter, when fresh food is scarce (Fig. 1.2C). Cached food items include fungi, berries, 

arthropods, and carrion (i.e. wolf kills and road kill), spanning multiple trophic levels (Strickland 

and Ouellet 2020). Canada jays may also supplement their diets by actively seeking out handouts 

from humans (Fig. 1.2D), storing food items such as bread, raisins, and suet. The cached food is 



 

 

 

 

6 

used not only for survival throughout harsh winter conditions, but also to fuel pre-laying weight 

gain in females (Sechley et al. 2014) and, in part, to feed their nestlings (Derbyshire et al. 2019). 

By relying on perishable cached food, Canada jays are susceptible to environmental conditions 

that are linked with food degradation, such as temperature and freeze-thaw events (Sutton et al. 

2016). When mean temperatures rise and temperature become more variable, stored food 

degrades and results in a reduction in reproductive success (Sutton et al. 2019), as well as an 

increase in territory abandonment, as suggested by the ‘hoard-rot’ hypothesis (Waite and 

Strickland 2006). As a result, Canada jay population demographics are believed to be intimately 

linked to food abundance and understanding the interplay between early-life conditions, diet, and 

HPA axis dynamics could elucidate relationships between climate and population declines. 

The overall goal of my thesis was to address how ecophysiological factors during early 

life influence individual physiology, juvenile social status, and the potential carry-over effects 

they have on survival. In order to investigate how individual physiology is influenced by 

ecophysiological factors during early life, I first needed a method to quantify HPA activity in 

nestlings. Thus, I modified an existing methodology used in the extraction and quantification of 

corticosterone in feathers, providing important suggestions for the refinement and 

standardization of the method (Chapter 2). In doing so, I created and validated an in-house 

feather corticosterone methodology that was vital to my subsequent chapters. In Chapter 3, I 

coupled a two-year food supplementation experiment with 40 years of observational data to 

investigate whether diet quantity during early life influences feather corticosterone, body 

condition and apparent survival of young Canada jays. In Chapter 4, I first estimated the 

composition of nestling diets using stable-carbon (δ13C) and -nitrogen (δ15N) isotopes and then 
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investigated the influence of environmental conditions on nestling diets and the downstream 

effects of diet composition on body condition of nestlings and their subsequent survival. In 

Chapter 5, I characterized the diet and HPA axis activity of young Canada jays across multiple 

life history stages and then examined the role of diet composition and feather corticosterone, in 

addition to the early-life environment, on juvenile social status and body condition. Investigating 

conditions during early life may elucidate some of the mechanisms underpinning individual 

survival and, potentially, population growth. 
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1.1 Figures 

1.1.1 Figure 1.1 Canada jay range and map of the study area 

Canada jay (Perisoreus canadensis) range in purple with Algonquin Provincial Park, Ontario, 

Canada enlarged. Within Algonquin Provincial Park, the study area (purple) follows the 

Highway 60 corridor. 
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1.1.2 Figure 1.2 Photos of Canada jay nestlings and adults 

(A) A female Canada jay (Perisoreus canadensis) sitting on her nest following a heavy snowfall. 

Females can lay eggs as early as February 22nd and, following clutch completion, they will 

incubate their eggs for 18 days during harsh late-winter and early-spring conditions. Photo: Dan 

Strickland. (B) A breeding pair of Canada jays feeding their nestlings. Both the male and female 

participate in provisioning their young. Photo: Dan Strickland. (C) A pair of Canada jays 

retrieving cached food from under the bark of a black spruce (Picea mariana). Canada jays store 

food throughout the late-summer and fall for overwinter survival and to fuel reproduction. (D) A 

Canada jay collects food from my hand. Canada jays can supplement their diets with stolen or 

offered human food, such as bread, raisins, and suet. Photo: Amy Newman. 
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2 Chapter 2 – Quantifying corticosterone in feathers: validations 

for an emerging technique      

2.1 Abstract 

Feather corticosterone measurement is becoming a widespread tool for assessing avian 

physiology. Corticosterone is deposited into feathers during growth and provides integrative and 

retrospective measures of an individual’s hypothalamic-pituitary-adrenal (HPA) axis function. 

Although researchers across disciplines have been measuring feather corticosterone for the past 

decade, there are still many issues with the extraction and measurement of corticosterone from 

feathers. In this paper, we provide several directives for refining the methodology for feather 

hormone analysis. We compare parallelism between the standard curve and serially diluted 

feather tissue from wild turkeys, Canada jays, and black-capped chickadees to demonstrate the 

wide applicability across species. Through a series of validations, we compare methods for 

feather preparation, sample filtration, and extract reconstitution prior to corticosterone 

quantification using a radioimmunoassay (RIA). Higher corticosterone yields were achieved 

following pulverization of the feather however, more variation between replicates was observed. 

Removal of the rachis also increased the amount of corticosterone detected per unit mass while 

glass versus paper filters had no effect, and using ethanol in the reconstitution buffer decreased 

intra-assay variation. With these findings and continued methodological refinement, feather 

corticosterone has the potential to be a powerful tool for both ecologists and physiologists 

working with historical and contemporary specimens. 
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2.2 Introduction 

In conservation-based research, glucocorticoids are commonly measured to provide an index of 

individual condition and physiology. Challenges in the environment (e.g. decreased food 

availability, inclement weather, predator encounters, anthropogenic disruption of habitat) can 

stimulate the hypothalamic-pituitary-adrenal (HPA) axis, triggering a highly conserved signal 

cascade that results in increased secretion of glucocorticoid hormones from the adrenal glands 

(Sapolsky et al. 2000; Blas et al. 2007). An elevation of corticosterone, the primary circulating 

glucocorticoid in birds (Holmes and Phillips 1976), facilitates adaptive behavioural and 

physiological responses, such as increased gluconeogenesis, inhibited protein synthesis, and 

suppression of non-essential behaviours, thus reallocating resources to increase survival 

(Sapolsky et al. 2000; Wingfield and Kitaysky 2002; Brust et al. 2014). Although acute 

elevations of glucocorticoids are generally considered beneficial (Angelier et al. 2009; Romero 

and Wikelski 2010), chronic elevations of circulating corticosterone reduce glucose transport, 

deplete proteins, and suppress the immune system resulting in potentially detrimental effects on 

growth, reproduction, cognition, and survival (Sapolsky et al. 2000; Wingfield and Silverin 

2002; Kitaysky et al. 2003 but see Pravosudov 2003; Boves et al. 2016 ). Despite a plethora of 

published manuscripts reporting corticosterone levels across hundreds of avian species, the 

ecophysiological implications of glucocorticoid levels are not yet well understood (discussed in 

Bonier et al. 2009). This is, in part, due to the labile nature of circulating steroids and the 

difficulty in collecting blood or other tissues to quantify glucocorticoids without simultaneously 

influencing the HPA axis.  
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In ornithology, corticosterone is most often measured directly from blood plasma (Sheriff 

et al. 2011), and may also be quantified in feces and soft tissue (e.g. Möstl et al. 2005; Newman 

et al. 2008). These valuable physiological measures represent acute timeframes (seconds to 

days), however such point-in-time measurements can be subject to handling-induced release of 

corticosterone (Wingfield et al. 1992; Romero and Romero 2002) and storage can be problematic 

as the samples degrade over time (Khan et al. 2002). These issues may be overcome through the 

quantification of corticosterone in feathers. Pioneered by Gary Bortolotti, the methodology was 

modified from postmortem hair analysis (Thieme et al. 2003; Kintz 2004) and is thought to 

provide an integrated measure of corticosterone incorporated in the feather during its growth. 

Feathers allow for historical monitoring of hormones through museum specimens and can be a 

non-invasive option if collected during moult or from carcasses (Bortolotti et al. 2008; 2009), an 

important consideration in conservation-based research. They may also be plucked from live 

birds as feathers remain unaffected by the rise in glucocorticoids resulting from handling stress 

(Bortolotti et al. 2008). This methodology has wide reaching potential both as a complement to 

plasma or fecal measurements and also as a retrospective measurement of physiology during the 

time of feather growth.  

Analyzing hormone levels in feathers is a long-term approach as corticosterone is 

deposited during feather growth and represents an integrated measure of plasma corticosterone 

levels over a period of days to weeks (Bortolotti et al. 2008). Since the introduction of the 

methodology, it has been used as a tool to associate HPA axis function with a variety of 

behavioural, physiological and ecological variables (e.g. Koren et al. 2012; Bókony et al. 2014, 

Boves et al. 2016, Johns et al. 2018). More recently researchers have focused on the implications 
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of feather corticosterone in the conservation of several species (e.g. Fairhurst et al. 2015; Strong 

et al. 2015; Lodjak et al. 2015). For example, in raptors, feather corticosterone has been used as 

a biomarker of environmental contaminant exposure, as elevated feather corticosterone was 

associated with increased hepatic levels of metal toxins (Strong et al. 2015). Although the use of 

feather corticosterone is becoming widespread, there remain necessary method validations to 

refine the techniques for accurately quantifying feather corticosterone levels.  

Recent experiments, such as those performed by Jenni-Eiermann et al. (2015) and Harris 

(2015), have greatly enhanced our knowledge of the deposition of and sources of variation of 

corticosterone in feathers, respectively, setting the stage for future investigations. However, to be 

both a reliable and accurate measure of individual physiology, there are several methodological 

issues that still require consideration (Bortolotti 2010; Harris 2015; Romero and Fairhurst 2016; 

Berk et al. 2016). The aim of this article is to address these gaps and refine the experimental 

validation for the quantification of feather corticosterone.  

One of the major issues in feather corticosterone quantification is related to sample mass 

which manifests in two ways; the mass-dilution effect and the extraction mass effect (Romero 

and Fairhurst 2016). The mass-dilution effect, where heavier sections of a feather contains less 

corticosterone per unit mass than lighter sections, is due to the apparent unequal deposition of 

corticosterone into the feather per unit mass (see Bortolotti et al. 2008; 2009) and may be a result 

of feather structure, where the thick, dense rachis has diluted levels of corticosterone. However, 

this may be overcome by pulverizing the feather into a homogenous dust (Romero and Fairhurst 

2016). To test these assumptions, we determined whether there were differences in extraction of 

corticosterone from pulverized vs. minced feathers and if corticosterone levels differ between the 
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rachis and vane. The extraction mass effect is an artefact where corticosterone is apparently 

elevated in small pulverized feather samples (see Lattin et al. 2011; Berk et al. 2016). It is 

currently unknown if the extraction mass effect is observed in minced samples thus, we tested 

whether there is a difference in measured corticosterone from minced versus pulverized feather 

of varying mass.  

Finally, slight differences in methodology used by various research teams may have large 

impacts on corticosterone extraction. Differences in solvent volume per unit feather mass 

(Hayward et al. 2010), filter paper (Lattin et al. 2011), and the resuspension solution (Newman 

et al. 2008) each result in variation of extraction efficiency among steroids. Thus, we conducted 

validations of methanol volume, filter paper, and ethanol resuspension to examine effects on 

extraction efficiency. Recognizing sources of variation and refining the methodological approach 

will enhance the interpretation of feather corticosterone levels and stimulate future research 

using feather corticosterone as an ecophysiological tool in field studies across a range of 

disciplines.  

2.3 Methods 

2.3.1 Subjects 

Feather pools were created from molted wild turkey (Meleagris gallopavo, n = 6) secondaries, 

plucked wild Canada jay (formerly known as gray jay, Perisoreus canadensis, n = 16) and black-

capped chickadee (Poecile atricapillus, n = 25) rectrices. To create each species’ feather pool 

feathers were minced using scissors and thoroughly mixed to control for intra- and inter-

individual variation in corticosterone deposition. Subjects were adult males and females from 

Algonquin Provincial Park, Ontario (45°33′N, 78°38′W, Canada jay) and the University of 
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Guelph Arboretum (43°32′N, 80°12′W, wild turkey and black-capped chickadee). Protocols 

complied with the guidelines of the Canadian Council on Animal Care and were approved by the 

University of Guelph Animal Care Committee. 

2.3.2 Feather extraction and assay 

Corticosterone extraction followed modified methods originally proposed by Bortolotti et al. 

(2008). Following removal of the calmus, feathers were measured (length and width) and either 

minced into pieces <5mm2 or further pulverized into a powder using ceramic beads in a bead mill 

(Bead Blaster: Benchmark Scientific, Edison, New Jersey, USA) depending on the validation. 

Samples were then weighed (analytical balance, model accu-124D Dual Range (accuracy to 

0.1mg): Fisher Scientific, Toronto, Ontario, Canada) and suspended in 10mL of methanol 

(HPLC grade, Fisher Scientific). Samples were placed in a sonicating water bath for 30 min and 

incubated for 12 hrs in a shaking 50°C water bath. Feathers were separated from the methanol 

using vacuum filtration with #4 Whatman filter paper. The empty sample vial was then rinsed 

with 1mL of additional methanol twice and added to the extracted methanol. The methanol was 

dried using a 40°C evaporation plate under nitrogen gas. The extract residues were reconstituted 

with phosphate-buffered saline (PBS; 0.05 mol l–1, pH 7.6), vortexed for 30 seconds, and 

analyzed using a double-antibody I125 radioimmunoassay (RIA; ImmuChem 07-120103: MP 

Biomedicals, Orangeburg, New York, USA). All validations except for the serial dilutions were 

run in the same assay. Intra-assay variation averaged 1.9 ± 0.02% and inter-assay variation for 

the high standard was 3.6% while the low standard was 4.7%. 
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 To measure steroid recovery, a pool of pulverized turkey feather was spiked with a 

known quantity of radioinert corticosterone prior to the addition of methanol. Average extraction 

efficiency of the exogenous corticosterone was 92.22 ± 0.01%. 

 Bortolotti et al. (2008; 2009) advised corticosterone levels in feather should be presented 

per unit length (pg/mm). However, as measurement error is likely, some labs recommend 

representing feather corticosterone per unit of mass (pg/mg, Lendvai et al. 2013; Grunst et al. 

2014). As all of the replicates were standardized by mass rather than length, feather 

corticosterone levels are represented as pg corticosterone /mg feather tissue. 

2.3.3 Serial dilutions 

As corticosterone levels may be species specific, a serial dilution was run for each pool of 

pulverized feather (turkey, Canada jay, chickadee). Corticosterone was extracted from each 

species pool and then the extracts were diluted two-fold, ranging from 20 mg feather to 2.5 mg 

(Canada jay and chickadee) and 1.25 mg (turkey). Parallelism between each serially diluted 

feather pool and the standard curve is a key index of assay accuracy (Chard 1995). If the curve of 

serially diluted samples is not parallel to the standard curve, it may be indicative of assay 

interference. Comparison of the serial dilution and standard curve is also conducted to ensure 

that samples run are within the quantitative range of the assay and to determine the optimal mass 

of feather from which to quantify corticosterone (~50% binding). 

2.3.4 Feather pulverization validation 

Mincing of feathers with scissors may not expose sufficient feather surface area to the solvent for 

an accurate extraction of corticosterone, thus we compared feather corticosterone levels in 
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minced versus pulverized feathers. A Canada jay feather pool was divided in half, with one half 

pulverized until reduced to a homogenous powder using the bead mill while the other half 

remained minced. From each treatment 20 aliquots were taken. The feather mass was 

standardized for each replicate (10 ± 0.01 mg) and was constant among each of the remaining 

validations using minced or pulverized Canada jay feathers except for the feather mass 

validation. 

2.3.5 Rachis validation 

The current model of corticosterone deposition into feather tissue assumes that corticosterone 

levels vary along the length of the feather based on exposure to circulating blood concentrations 

at the time of feather growth. However, this requires that, regardless of its lower keratin mass 

and volume, the vane contains as much corticosterone as the rachis (Harris et al. 2016). We 

tested if rachis removal influenced corticosterone extraction for both minced and pulverized 

feather. The vanes and rachis of Canada jay feathers were separated and minced into separate 

pools from which three sample types were created: rachis only, 1:1 rachis to vane based on mass, 

or vane only (n = 20 replicates each). Prior to the addition of methanol, half of the replicates 

were pulverized while the other half remained minced (n = 10 replicates in each homogenization 

technique). 

2.3.6 Feather mass 

We assessed whether corticosterone concentration varies non-linearly with feather mass, as is 

observed in the extraction mass effect (Romero and Fairhurst 2016), and compared this 

relationship for both minced and pulverized turkey feather samples. A pool of minced turkey 

feathers was divided into two with one half pulverized, where the feather pool was powderized 
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using a ball mill, while the other half remained minced. From each treatment, we aliquoted a 

series of feather masses: 1, 2, 4, and 8 ± 0.01 mg (n = 10 replicates each). However, unlike in the 

serial dilution where a single sample per species feather pool underwent the corticosterone 

extraction methodology and was serially diluted following resuspension with buffer, here each 

replicate was weighed into an individual vial prior to the addition of methanol.  

2.3.7 Methanol volume 

To extract corticosterone, feathers are suspended and incubated in methanol. The volume of 

solvent varies among studies (i.e. 10 mL, Bortolotti et al. 2008; 7mL, Lattin et al. 2011) with 

unknown effects. Previously, Berk et al. (2016) attempted to reduce the effect of small sample 

size on corticosterone levels by increasing the volume of methanol used relative to the amount of 

prepared feather. However, they were unable to eliminate the observed small sample artefact 

(Berk et al. 2016). Thus, we compared the extractions of minced Canada jay feather immersed in 

5 and 10mL of HPLC grade methanol (n = 8 replicates each). 

2.3.8 Filter type 

Differences in filter type during the separation of feather tissue from methanol have been 

attributed to variation in recovery of radioactivity (Lattin et al. 2011; Strong et al. 2015). We 

assessed the efficiency of two common filter methods, #4 Whatman filter paper and glass 

microfiber filters (grade GF/C, Whatman), in the extraction of corticosterone from pooled 

pulverized Canada jay feather (n = 10 replicates each). 
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2.3.9 Resuspension with ethanol 

Recovery of steroids from a dried extract can increase following the inclusion of a small volume 

of ethanol in the resuspension solvent as they have low solubility in aqueous buffers (Newman et 

al. 2008). We determined if adding 5% ethanol (absolute ethanol, Fisher Scientific) in the buffer 

aided in the reconstitution of the extract residues of pooled Canada jay feather (n = 10 replicates 

per treatment). Ethanol was added to the dried residues and vortexed for 2 seconds prior to the 

addition of PBS. 

2.3.10 Statistical methods 

Parallelism between the standard curve and serial dilutions was determined through testing the 

equality of the slopes in an ANCOVA. Lines were considered parallel if there was a non-

significant interaction in the percent binding between standard curve and the serial dilution.  To 

test for the effect of sample preparation (feather pulverization and rachis inclusion) we used a 

two-factor ANOVA followed by a Tukey’s honest significant difference (HSD) test. Levene’s 

tests were used to determine homogeneity of variance between the methods of feather mincing 

and pulverization. One-tailed t-tests were applied to determine if feather pulverization, methanol 

volume, filter type, and ethanol addition increased corticosterone extraction. An F-test was used 

to determine differences in variance between the ethanol resuspension treatment and the control. 

We used R version 3.3.1 (2016) and considered results significant for p < 0.05. 

2.4 Results 

2.4.1 Serial dilutions 

The serial dilutions for turkey, Canada jay, and chickadee corticosterone extracted from feathers 

were parallel to the standard curve as the interaction terms were nonsignificant (ANCOVA, 
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turkey: F1,9 = 0.68, p = 0.47, Canada jay: F1,8 = 2.45, p = 0.18, chickadee: F1,9 = 0.45, p = 0.52, 

Figure 2.1). Optimal Canada jay feather mass (% bound ≈ 50) was 7 mg, while for turkey and 

chickadee it was 30 and 20 mg respectively. While the optimal mass differed among species, 

corticosterone was detected within the range of the assay down to as little as 2.5 mg for all three 

species tested (Fig. 2.1). 

2.4.2 Feather pulverization validation 

Pulverizing turkey and Canada jay feather pools increased the corticosterone yield by 36.7% (t-

test, t = 5.71, p < 0.0001) and 44.5% respectively (t-test, t = 10.78, p < 0.0001, Fig. 2.2). 

However, pulverization resulted in a higher amount of variability between replicates of a given 

mass, especially in samples greater than 8 mg (Levene’s test, turkey 10 mg: F1,58 = 11.82, p = 

0.001, Canada jay 1-10 mg : F1,78 = 1.27, p = 0.26, Figs. 2.2 and 2.3).  

2.4.3 Rachis validation 

There was a significant effect of feather pulverization and rachis inclusion on the concentration 

of corticosterone (two factor ANOVA, F5,54 = 32.22, p < 0.0001, Fig. 2.2). Corticosterone levels 

from samples that only included the vane were higher than those containing rachis (Tukey’s 

HSD, rachis only; p = 0.0007, 1:1 rachis to vane; p = 0.02).  

2.4.4 Feather mass 

As expected, there was a positive relationship between mass of feather sampled (mg) and 

corticosterone in the feather (pg; ANOVA, F3,76 = 105.32, p < 0.0001). If corticosterone levels 

doubled in accordance with the doubling of mass, the concentration of corticosterone across 

masses should be constant. However, the concentration of feather corticosterone (pg/mg) was 



 

 

 

 

23 

higher for samples of low mass than for samples of higher mass (ANOVA, F3,76 = 36.22, p < 

0.0001, Fig. 2.3). 

2.4.5 Methanol volume 

Decreasing the volume of methanol added from 10 to 5mL did not significantly influence the 

extraction of corticosterone (t-test, t = -0.28, p = 0.79).  

2.4.6 Filter type 

The type of filter (Whatman #4 or glass microfiber filters) had no significant effect on 

corticosterone concentrations (t-test, t = 0.18, p = 0.85).  

2.4.7 Resuspension with ethanol 

Reconstitution with ethanol increased the yield by 9.1% on average, however, this increase was 

nonsignificant (t-test, t = -0.76, p = 0.46). Variation among replicates was significantly reduced 

in the ethanol treatment (F-test, F1,9 = 3.89, p = 0.027). 

2.5 Discussion 

2.5.1 Feather corticosterone extraction 

Feather corticosterone has increasingly been used in ecophysiological and conservation-based 

research however several methodological issues still remain. As the first step in preparation for 

corticosterone quantification, feather samples can be minced (Bortolotti et al. 2008), pulverized 

(Lattin et al. 2011) or left whole (Hansen et al. 2016). While we did not test whole feathers, 

corticosterone yield was higher in feathers that were pulverized when compared to minced (Figs. 

2.2 and 2.3). Interestingly, while pulverization increased corticosterone yield, this technique was 

also associated with a greater among replicate variation, but only within samples of larger mass. 
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Thus, it is important to consider the balance between accuracy, or greater recovery of 

corticosterone, and precision if using large amounts of feather. Corticosterone levels were also 

higher in samples where the rachis was removed, regardless of preparation style (minced or 

pulverized). Although, it should be noted that the ratio of feather vane to rachis was based on 

mass and does not reflect the natural proportions observed in a whole feather. Overall, it is clear 

that feather preparation plays a major role in extracting corticosterone and that concentrations 

may differ widely between feather parts (rachis vs. vane). 

Following preparation, feather samples are submerged in methanol, undergo a series of 

incubations and are separated from the methanol using vacuum filtration. Similar to Berk et al. 

(2016), the extraction of corticosterone did not differ when changing the volume of methanol for 

sample suspension. The filter type during vacuum filtration also had no significant effect on 

corticosterone levels. The filtered methanol is subsequently dried, leaving the extracted 

corticosterone adhered to the vial. Recovery of the corticosterone can be affected by the 

resuspension solution (Newman et al. 2008) as steroids have limited aqueous solubility. By 

reconstituting first with a small volume of ethanol, in addition to the assay buffer, we increased 

the yield of corticosterone although the effect was not statistically significant. However, this 

strategy did reduce variation among replicates which may be the result of a more uniform 

resuspension of the dried eluate and, importantly, may increase resolution for subtle differences 

in corticosterone among individuals or groups. Overall, through several refinements and 

validation of the methodology, corticosterone yield was found to increase when the feather was 

pulverized and had the rachis removed, and variation among replicates was reduced by using 

ethanol during resuspension. 
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2.5.2 Serial dilutions 

A key step in validating the feather corticosterone methodology is to confirm parallelism 

between standards and unknowns for each new species, feather type, and antibody. Specifically, 

species may vary in average corticosterone levels and, within a species, there may be variation 

among sexes, life-history stage (e.g. nestling down may differ from an adult breast feather due to 

differences in circulating levels of corticosterone throughout development), or feather structure. 

Finally, antibodies differ in their specificity which will affect estimated corticosterone 

concentrations. We ran three serial dilutions (turkey, Canada jay, chickadee) to assess 

parallelism and to determine the optimal feather mass for analysis. Conducting a serial dilution 

ensures that corticosterone concentrations in the samples is within the quantitative range of the 

assay. The observed variation in optimal feather mass suggests that feather corticosterone is 

highly species-specific thus, moving forward, it will be important for researchers to conduct a 

serial dilution test for each species. 

2.5.3 The issue with mass 

Currently, there are two mass related issues associated with the quantification of feather 

corticosterone; the mass-dilution effect and the extraction mass effect (Romero and Fairhurst 

2016). The first issue arises as the lighter sections of a feather contain more corticosterone per 

unit mass than the heavier parts, such as the rachis (Bortolotti et al. 2008; 2009). This led to the 

convention of expressing feather corticosterone per unit length rather than mass. However, this 

dilution could occur as mincing the feather may not allow for enough surface area to extract the 

corticosterone, particularly from the heavy and dense rachis. Our results suggest that this may be 

the case with a higher yield of corticosterone observed in pulverized feather and feather when the 
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rachis has been removed. Thus, this mass-dilution effect may be avoided by removing the rachis 

and pulverizing the feather into a homogenous powder allowing for the representation of 

corticosterone levels per unit mass. However, pulverization and removal of the rachis come with 

their own limitations such as higher among-sample variation and a reduction in sample biomass, 

respectively. Importantly, through the removal of the rachis the feather sample becomes uniform 

in structure allowing for the potential to compare sections of the same feather. 

The second issue with mass is the extraction mass effect, which was previously thought 

to arise only when feather preparation includes pulverization (Romero and Fairhurst 2016). 

Lattin et al. (2011), reported a non-linear inverse relationship between feather mass and 

concentration of corticosterone, where small masses of powdered feather have artificially high 

levels of corticosterone. However, more recently, this small sample artifact was also reported in 

minced feather and was consistent across species and between feather corticosterone presented 

per unit length and per mg (Berk et al. 2016). In our study, we did not find an artifact of the same 

magnitude. However, it should be noted that we were not using as wide a range in mass as other 

studies (1-8mg vs 3-99mg (Lattin et al. 2011) or 1-80 mg (Berk et al. 2016)). We found that 

small sample mass increased feather corticosterone concentrations by 1-2 pg/mg while Berk et 

al. (2016) and Lattin et al. (2011) reported concentrations increasing 100x and 10x with small 

sample mass respectively. This may be due to high-precision scale and low cross-reactivity of 

the MP Biomedicals antibody (Berk et al. 2016). Regardless, this issue can be resolved by 

standardizing the mass of feather sampled. Standardizing mass or volume among samples is 

common practice in hormone assays, however, in feather hormone analyses, there are still studies 

that do not report the masses and lengths of feathers of the study species, nor do they report the 
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amount or portion of the feather sampled. This is important as samples of varying mass may not 

be comparable, especially if there is large variation in feather mass or the feathers are very small 

(Lattin et al. 2011). Along with standardization of sample mass, Lattin et al. (2011) suggest that 

samples should be above 20 mg, as apparent concentrations increase dramatically with a small 

sample mass, which leads to difficulty when trying to analyze feathers from nestlings or small 

birds. For example, while a Canada jay rectrix is large enough (with calmus: 45-55 mg), for 

investigators studying small songbirds or nestlings,  20 mg of feather from many passerine 

species may be unachievable (e.g. whole Canada jay nestling back feathers (x5), tree swallow 

breast feathers (x5) and a tree swallow rectrix weigh 4-5 mg, 3-4 mg and 7-9 mg, respectively). 

Thus, standardization of mass will allow for implementation of these techniques with species of 

small body size, or for small feathers. Furthermore, 20 mg may not represent the optimal feather 

mass for corticosterone analysis in all species, as demonstrated in the Canada jay samples 

measured here. Thus, establishing species-specific standardized masses is vital to validating the 

feather corticosterone methodology. 

2.5.4 Moving forward 

Feather hormone analysis has many potential applications across a range of disciplines, including 

conservation physiology, but it is critical that the methodologies employed are standardized and 

undergo rigorous and repeated validation, ideally for each species. In an effort to standardize 

measurements and facilitate intra and inter-individual comparisons, researchers should consider 

mass in addition to feather type, length, and position along the feather of sample taken 

(Bortolotti 2010; Harris 2015; Romero and Fairhurst 2016). As well, samples containing 

different levels of corticosterone may have variable extraction efficiencies (Buchanan and 



 

 

 

 

28 

Goldsmith 2004), which emphasizes the importance of incorporating standard validations in each 

new study. 

With these suggestions, we aim to advance the understanding and use of feather 

corticosterone as a tool in avian research. Further refinement is needed, with a particular focus 

on standardization of analytical techniques, in order to ensure accurate interpretation of potential 

relationships and to allow for between study comparisons. It is important to note that validation 

and standardization of the analysis of feather corticosterone will not solve all of the issues 

involved in the use of this technique. As in studies that quantify plasma or fecal steroid hormone 

levels, the biological interpretations of feather corticosterone are highly debated. Nonetheless, 

incorporating these refinements and taking care with species-specific validations will elevate 

feather corticosterone as a powerful tool for understanding the relationships between avian 

physiology, fitness, and the environment.  
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2.6 Figures 

2.6.1 Figure 2.1 Serial dilutions of corticosterone in feathers 

Serial dilutions of corticosterone in pooled wild turkey (A), black-capped chickadee (B), and 

Canada jay (C) feathers demonstrate parallelism with the standard curve. 
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2.6.2 Figure 2.2 Concentration of corticosterone in pulverized and minced feathers 

Concentration of corticosterone in pulverized (white) and minced (gray) pooled Canada jay 

feathers. Samples were composed of either rachis (R) only, a 1:1 ratio of the two (RV), or vane 

(V) only. Ten replicates were used for each combination of feather preparation and sample type. 

Each box plot indicates the 25th, 50th (thickest line), and 75th percentiles while whiskers on each 

box represent the 10th and 90th percentiles. 
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2.6.3 Figure 2.3 Relationship between feather corticosterone concentrations and mass of 

feather analyzed 

Corticosterone concentrations (pg/mg) from pulverized (white) and minced (gray) turkey feather 

pools. Ten replicates were used for each combination of feather preparation and sample mass. 

Each box plot indicates the 25th, 50th (thickest line), and 75th percentiles while whiskers on each 

box represent the 10th and 90th percentiles. 
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3 Chapter 3 – Raising young with limited resources: 

supplementation improves body condition and advances fledging 

of Canada jays 

3.1 Abstract 

Food availability early in life can play a vital role in an individual’s development and success, 

but experimental evidence for the direct effects of food on body condition, physiology, and 

survival of young animals in the wild is still relatively scarce. Food-caching Canada jays 

(Perisoreus canadensis) begin breeding in the late winter and, therefore, rely on either cached 

food or seemingly limited quantities of fresh food to feed nestlings in the early spring. Using a 

two-year food supplementation experiment conducted during the nestling period and 40 years of 

observational data on food supplemented by the public, we examined whether food quantity 

during early life influenced the physiology, body condition, timing of fledging and survival of 

young Canada jays in Algonquin Provincial Park, ON. Experimental food supplementation of 

breeding pairs advanced the fledging date of young by 24% (5.5 d) compared to controls. In one 

year of the experiment, nestlings raised on experimentally supplemented territories had lower 

feather corticosterone concentrations and were in higher body condition than controls. Across 

treatment and control nests, young that successfully fledged had lower concentrations of feather 

corticosterone and were in higher body condition than those that did not fledge. Based on 40 

years of observational data, nestling body condition was positively related to the degree of food 

supplementation by park visitors and nestlings in higher body condition were more likely to be 

observed in the population in the following fall. Our results demonstrate how food availability 
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early in life can have important downstream consequences on metrics related to individual 

fitness, including first year survival. 

3.2 Introduction 

Resource availability can be a major constraint in wild animals because the amount of energy 

available to an individual is intimately linked with its survival and reproduction (Erikstad et al. 

1998; Post and Forchhammer 2008). In particular, food quantity during reproduction plays a vital 

role in the growth and development of offspring. Across taxa, access to greater amounts of food 

influences offspring body size (Kager and Fietz 2009), growth rates (Woods and Armitage 2003; 

Vafidis et al. 2016), immune system development (De Neve et al. 2004) and oxidative stress 

response (Young et al. 2017). Typically, parents aim to maximize access to food during 

reproduction by timing breeding with pulses in resource availability (Lack 1954; Daan et al. 

1989). However, when peak energy demands in reproduction are not matched with pulses of 

resources, reproductive performance may be severely food limited.  

In birds, experimental increases in food during the pre-breeding or breeding periods are 

often associated with earlier lay dates (Reynolds et al. 2003a; Derbyshire et al. 2015), larger 

clutch sizes (Derbyshire et al. 2015; Roper et al. 2018), higher quality eggs (Blount et al. 2006), 

faster nestling growth rates (Vafidis et al. 2016), and increased fledging success (Reynolds et al. 

2003b; see review by Robb et al. 2008a). However, because experimental increases in food 

abundance often influence multiple reproductive metrics, it can be difficult to determine whether 

supplementation affects all aspects of reproduction independently or if the metrics are correlated 

with one another (e.g. does early lay date lead to higher quality offspring?). Limiting increases in 

food abundance to specific periods of the breeding season can help to separate how 
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supplementation influences various metrics of reproductive performance. For example, 

supplementation during the nestling period precludes any effect of supplementation on timing of 

breeding and the number of offspring produced and, therefore, the potential effects of food 

availability on nestling body condition and timing of fledging can be isolated. However, because 

artificial spikes in food abundance, such as those administered by experimental protocols, may 

not reflect normal levels of food acquisition in the wild, the effects of long-term food 

supplementation, such as feeding by the public throughout the year, may also be important to 

examine (Robb et al. 2008b).  

A variety of physiological responses have evolved to allow young to cope with periods of 

food limitation (Harding et al. 2009; Fairhurst et al. 2012a). In birds, nestlings may respond to 

low food availability by increasing the secretion of corticosterone to minimize the effects of 

undernourishment (Kitaysky et al. 2001a; Pravosudov and Kitaysky 2006; Herring et al. 2011). 

During periods of low food intake, corticosterone maintains blood glucose levels by increasing 

the breakdown of proteins, glycogen (stored glucose), and fats (reviewed by Sapolsky et al. 

2000). In addition, elevated corticosterone can lead to changes in behaviour such as increased 

begging and aggression towards siblings in an effort to outcompete them for food (Kitaysky et 

al. 2001b; 2003; Ramos-Fernández et al. 2000). Measuring corticosterone in nestlings may 

therefore provide an indicator of the early-life nutritional environment, especially in species that 

are food limited. 

Canada jays (Perisoreus canadensis) are year-round residents of the subalpine and boreal 

forests of North America. Before winter, Canada jays store perishable food items, such as fungi, 

berries, arthropods, and flesh from small prey and carrion (Strickland and Ouellet 2018). The 
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cached food is used not only for over-winter survival but also to fuel late-winter reproduction 

(Sechley et al. 2014) including, in some cases, being used to feed their nestlings before fresh 

food, such as moths and dipteran larva, become widely available as the snow melts (Derbyshire 

et al. 2019). Previous research conducted in Algonquin Provincial Park, Ontario, Canada 

(hereafter ‘Algonquin Park’) has shown that Canada jay pairs supplemented with food during the 

pre-breeding period began breeding earlier and laid larger clutches (Derbyshire et al. 2015). 

Furthermore, an analysis of 35 years of data demonstrated that jays on territories recreationally 

supplemented by park visitors had earlier lay dates and larger brood sizes compared to those that 

were not supplemented by visitors (Derbyshire et al. 2015). However, neither form of 

supplementation had an effect on nestling body condition, suggesting that adults may 

preferentially use the supplemental food during the pre-breeding period to enhance their own 

breeding body condition rather than to feed nestlings. In Algonquin Park, Canada jays feed 

nestlings as early as March, well before the completion of spring thaw and emergence of many 

potential food items, implying that parents rely on a limited amount of fresh food or use cached 

food to feed their young (Derbyshire et al. 2019). Thus, we hypothesized that the amount of food 

available to a breeding pair during the nestling period could have a strong influence on nestling 

physiology and development (the ‘food limitation hypothesis’). 

 To examine this hypothesis, we conducted a food supplementation experiment during the 

nestling period to assess whether food availability influenced nestling corticosterone, body 

condition and the timing of fledging. Following the food limitation hypothesis, we predicted that 

experimentally supplemented nestlings would have lower feather corticosterone levels, be in 

higher body condition, and fledge earlier compared to controls that were not supplemented with 
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food. In addition, using four decades of reproductive data from the same marked population, we 

investigated the effect of food subsidies given to breeding pairs by park visitors on nestling body 

condition. We predicted that nestlings of pairs supplemented by the public would be in higher 

body condition and be more likely to be observed in the autumn compared to the nestlings of 

unsupplemented pairs. 

3.3 Methods 

3.3.1 Study area and species 

Our study was conducted in Algonquin Park (45°33′N, 78°38′W), where a population of Canada 

jays (Perisoreus canadensis) has been monitored since the mid-1960s (Strickland and Ouellet 

2018; Sutton et al. 2019). Within the population, each individual was marked with a unique 

combination of three colour leg bands and a United States Fish & Wildlife Service (USFWS) 

aluminum band. Canada jays are an altricial species that produce a single brood per season, but 

they may undertake a second breeding attempt if the first fails during laying or incubation due to 

predation (Strickland and Ouellet 2018). In our study area, breeding pairs begin nest construction 

between mid-February and early March with the first egg laid, on average, on March 23rd (modal 

clutch size = 3; Strickland and Ouellet 2018). Females lay one egg per day and, following clutch 

completion, incubate for 18 days (Strickland and Ouellet 2018). Following a nestling period that 

normally lasts 22-24 days (n = 13 nests, Strickland and Ouellet 2018), young fledge from their 

nest and remain with their parents for approximately six weeks until they reach nutritional 

independence in June. Shortly afterwards, all juveniles but one leave the natal territory, a 

reduction consistent with the limited observations of dominance struggles in which the winner 

stays with the parents and the losers depart and sometimes survive by joining unrelated pairs 
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elsewhere as ‘immigrants’ (Strickland 1991; Strickland and Ouellet 2018). Non-breeders of both 

classes may remain on their natal or ‘adopted’ territories with the older adults for 1-2 years 

during which time they attempt to become breeders elsewhere in the surrounding territorial 

mosaic (Strickland and Ouellet 2018). The non-breeders are actively chased away from the nest 

and are not involved in raising the nestlings but may feed young after they fledged from the nest 

(Strickland and Ouellet 2018). 

3.3.2 Experimental food supplementation 

In 2017 and 2018, we conducted a food supplementation experiment during the nestling period 

from late-March through late-May. We supplemented 18 territories (n = 10 in 2017 and n = 8 in 

2018) and compared these to 17 territories that were unsupplemented controls (n = 9 in 2017 and 

n = 8 in 2018, Supplemental Information: Table S3.1). In 2017, selection for treatment was 

based chronologically by lay date, where for every two females that began laying, one was 

randomly selected for supplementation. In 2018, nests were coupled based on lay date and one of 

each nest pair was selected for treatment with priority given to territories that had not been 

supplemented in 2017. However, if both pairs had previously been supplemented, 

supplementation was provided on the territory where one, or both, of the breeders had changed 

since 2017. 

Food supplementation began the day before estimated hatch day and continued 

throughout the ~23-day nestling period. Canada jay females begin sitting on their nest with the 

laying of their first egg but start incubation only when the clutch is complete 2 days later (based 

on the modal clutch size of 3 and one egg laid per day). Hatch day was estimated as 20 days 

following the start of sitting to account for 2 days from clutch initiation to completion and 18 
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days of incubation. Food was supplied to the breeding pair in feeders (Figure 3.1) which were 

refilled every 2 days with 800 g of a blend of wet cat food comprised of a 1:1 mixture of PC® 

Extra Meaty Turkey and Giblets (minimum 11% protein, 5% fat) and Extra Meaty Beef and 

Salmon (minimum 10% protein, 6% fat: Loblaws, Brampton, ON, Canada). Cat food was 

selected because of its high levels of protein and essential fatty acids, both of which are 

positively associated with nestling body condition (Twining et al. 2016), growth and survival 

(Reynolds et al. 2003a; 2003b). The amount of food provided every other day was calculated 

based on the daily expenditure of an adult jay (47 kcal/day, see Table 1 from Shank 1986), the 

maximum number of adults (two breeders and one non-breeder) on a territory in our study area, 

and the typical number of nestlings (mode = 3) produced by a breeding pair. Feeders were placed 

~150 m from the nest which was close enough to prevent adults from adjacent territories from 

accessing the food but far away enough to prevent attracting potential predators such as 

American red squirrels (Tamiasciurus hudsonicus) and merlins (Falco columbarius) to the nest. 

Feeder usage by the breeding pair was confirmed using trail cameras and, of the 18 

supplemented territories, 17 had regular visits of the breeding pair to the feeder. The one 

supplemented territory that had zero visitations to the feeder was removed from the treatment 

group and was considered a control (now n = 17 supplemented, n = 18 control territories, 

Supplemental Information: Table S3.1). During nestling period, there were no alternative food 

sources, such as bird feeders, on any of the territories (note: two territories, Boardwalk and 

Sunday Creek, had access to a feeder in the winter but the feeders were removed in early spring). 

Across the two years of supplementation, 23 of the 35 nests contained young that 

survived to ~14 days post hatch (supplemented: 25 nestlings from 12 nests, control: 35 nestlings 
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from 11 nests). At 14 days post hatch, all nestlings were individually marked with a unique 

combination of four leg bands (three colour bands, one USFWS aluminum band). We also took 

morphological measurements (bill, tarsus, wing chord, 7th primary, tail, body mass). Following 

Derbyshire et al. (2015), nestling body condition was estimated as the difference between the 

observed body mass and the predicted mass given body size. Body size was calculated using a 

principal component analysis on a correlational matrix of bill, tarsus, and 7th primary length. We 

considered the first principal component (PC1) to be a good estimate of body size because it 

explained 91% of the variation in the morphometric dataset (Supplemental Information: Fig. 

S3.1). Lastly, to estimate apparent age, we compared measurements of each nestling to daily 

growth curves of known-age nestlings (D. Strickland, D.R.N., unpubl. data). To determine the 

age at which nestlings fledged, nests were subsequently monitored every 1-2 days from > 20 m 

to minimize any disturbance at the nest. When fledglings were observed outside of the nest and 

capable of short bouts of flight (> 5 m) between trees the nest was considered to have fledged. In 

order to provide a more accurate age at fledging, the estimated hatch day was adjusted to reflect 

the clutch size observed when the nest was accessed for the marking of nestlings (e.g. for a 

clutch of 4, hatch day was newly estimated as 21 days post-clutch initiation rather than the 

previously assumed 20 days). Of the 35 territories monitored, 49% had nestlings that 

successfully fledged (2017: n = 8 nests, 15 nestlings, 2018: 9 nests, 26 nestlings; Supplemental 

Information: Table S3.1). All protocols complied with the Canadian Council on Animal Care and 

Canadian Wildlife Services guidelines and were approved by the University of Guelph.  
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3.3.3 Feather corticosterone 

Corticosterone in feathers is believed to reflect circulating levels of corticosterone during the 

time of feather growth (reviewed by Romero and Fairhurst 2016). Thus, collecting nestling 

feathers allows for the quantification of corticosterone secretion throughout the nestling period 

until the feathers are pulled. At the time nestlings were marked and measured, 5-7 back contour 

feathers were collected from each individual and later analyzed using a hormone extraction 

protocol optimized for avian feathers (Chapter 2). Emerged feather (i.e. part of the growing 

feather not covered by a sheath) was cut and placed in microcentrifuge tubes and pulverized into 

a powder using ceramic beads in a bead mill (Bead Blaster: Benchmark Scientific, Edison, NJ, 

USA). Based on a serial dilution to determine the optimal sample mass (Chapter 2), 2.6 ± 0.1 mg 

of powdered feather was transferred into a glass test tube and suspended in 5mL of methanol 

(HPLC grade: Thermo Fisher Scientific, Waltham, MA, USA). Samples were placed in a 

sonicating water bath for 30 min and incubated for 12 hrs in a shaking 50°C water bath. Feathers 

were separated from the methanol using vacuum filtration with #4 Whatman filter paper. The 

empty sample test tube was then rinsed with 1mL of additional methanol twice. The 7mL of 

methanol was dried using a 40°C evaporation plate under nitrogen gas for 50 min. The extract 

residues were reconstituted with 1:19 absolute ethanol (absolute ethanol: Thermo Fisher 

Scientific, Waltham, MA, USA) and phosphate-buffered saline (PBS; 0.05 mol l–1, pH 7.6), 

vortexed for 30 seconds, and analyzed using a double-antibody I125 radioimmunoassay (RIA; 

ImmuChem 07-120103: MP Biomedicals, Orangeburg, NY, USA). This assay is highly specific 

and precise for a range of tissue and sample types and due to limited feather mass, samples were 

analyzed in a single assay as singletons and concentrations were calculated from a standard curve 
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analyzed in duplicate with an intra-assay coefficient of variation (CV) of 0.3% for the high 

control and 0.7% for the low control. 

3.3.4 Long-term data 

For each accessible nest between 1979 and 2018 (excluding experimentally supplemented nests), 

morphological measurements of each nestling, the age of each parent, and the quality of the natal 

territory were collected (n = 1293 nestlings). Using the measurements, body condition of each 

nestling was estimated with the methods outlined above. Estimates of territory quality derived by 

Strickland et al. (2011) were based on the proportion of conifers within a 450 m radius of the 

average location of nests on a given territory (high quality: n = 20 territories; medium: n = 23 

territories; low: n = 13 territories). In Algonquin Park, Canada jay territories are ~140 ha and are 

defended year-round (Strickland and Ouellet 2018). Canada jays rely on conifers, primarily black 

spruce (Picea mariana), for nestling locations and to store their caches because conifers preserve 

cached food better than deciduous trees (Strickland et al. 2011). 

In Algonquin Park, Canada jays may also supplement their diets by actively seeking 

handouts from humans, storing food items such as nuts, raisins, and suet (Strickland and Ouellet 

2018). Thus, we assigned a supplementation level to each territory based on the frequency of 

public access and location of bird feeders: none (> 200 m from roads and walking trails with 

little to no access of park visitors), fall only (moderate public visitation in the fall but closed off 

from the public in the winter), fall-winter (moderate public visitation throughout the year), year-

round (had permanent feeders or very high rates of public visitation throughout the year).  
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Until 2017, nests were usually monitored only until ~11 days post-hatch when the 

nestlings were marked. Thus, data on the timing and success rate of fledging prior to 2017 is 

mostly lacking. However, a population census was conducted every October (Oct. 15-31) since 

1979, in part, to assess the over-summer survival of young jays. Unfortunately, we could not 

obtain a true estimate of nestling over-summer survival with this dataset because the census did 

not account for juveniles that dispersed off of the study area.  

3.3.5 Statistical methods 

From the two-year supplementation experiment, we assessed the effect of supplementation on 

nestling feather corticosterone concentrations, body mass, body size, body condition, age at 

fledging and whether a nestling fledged. To test for an effect of food supplementation on feather 

corticosterone concentrations, we used a generalized linear mixed effects model (GLMM, 

Gaussian distribution) with treatment (supplemented, control), year (2017, 2018), an interaction 

between treatment and year, and apparent nestling age as fixed effects. Nest ID was included as a 

random effect because multiple nestlings were sampled from each nest. Three separate GLMMs 

were also used to determine whether supplementation influenced nestling body mass, body size 

(as determined by the PC1 score), and body condition (all Gaussian distributions). All three 

models included the same fixed and random effects as the first model but also included feather 

corticosterone as a fixed effect. To test for an effect of food supplementation on the age at which 

the nestlings were fledging (d) we constructed a GLMM (Gaussian distribution) with treatment 

(supplemented, control), year (2017, 2018), an interaction between treatment and year, 

concentration of feather corticosterone and body condition as fixed effects and nest ID as a 

random effect. Lastly, to test for the effect of feather corticosterone concentration and body 
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condition on whether an individual successfully left the nest, we used a GLMM (binomial 

distribution) with year, concentration of feather corticosterone and body condition as fixed 

effects and nest ID as a random effect.  

Using the long-term data, we assessed the influence of the level of food supplementation 

by park visitors on nestling body size, body condition, and presence during the fall census. We 

constructed two separate GLMMs, one to predict nestling body size (Gaussian distribution) and 

the second to predict nestling body condition (Gaussian distribution). In both models, we 

included level of food supplementation, natal territory quality, age of each parent, number of 

siblings in a nest, year, banding date, and apparent age of the nestling as fixed effects. Nest ID 

was included as a random effect in both models to account for multiple young fledging from a 

single nest. The IDs of both parents were also included as random effects because some adults 

bred across multiple years. To predict whether an individual was observed the subsequent fall, 

we used a GLMM (binomial distribution) with the same fixed and random effects as the previous 

two models but also included body condition as an additional fixed effect. All statistical tests 

were performed using R version 3.5.1 (2018) and significance was set at α = 0.05. 

3.4 Results 

3.4.1 Supplementation experiment 

The effects of the experimental food supplementation on feather corticosterone and body 

condition were both dependent on year. In the feather corticosterone statistical model, there was 

a significant interaction between treatment and year where supplemented nestlings in 2018 

tended to have lower feather corticosterone concentrations than the 2018 control nestlings and 

both the control and treated nestlings in 2017 (-0.40 ± 0.21, t = -1.93, p = 0.06, Fig. 3.2A, 
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Supplemental Information: Table S3.2). Corticosterone concentrations decreased with apparent 

age (-0.22 ± 0.09, t = -2.51, p = 0.02) but there was no effect of food supplementation on nestling 

body mass (2.84 ± 2.71, t = 1.05, p = 0.31) and body size at ~d14 (0.12 ± 0.43, t = 0.28, p = 0.78, 

Supplemental Information: Table S3.3). For the nestling body condition statistical model, there 

was also a significant interaction between treatment and year, suggesting that food 

supplementation did not affect nestling body condition in 2017, but led to higher body condition 

in treated nestlings in 2018 compared to controls (3.58 ± 1.70, t = 2.11, p = 0.05, Fig. 3.2B, 

Supplemental Information: Table S3.4). Neither feather corticosterone concentrations (0.21 ± 

1.22, t = 0.17, p = 0.86) nor apparent age at banding (0.24 ± 0.78, t = 0.31, p = 0.76) influenced 

nestling body condition (Supplemental Information: Table S3.4).  

The strongest effect of food supplementation appeared to be on the timing of when birds 

left the nest (-1.05 ± 0.32, t = -3.29, p <0.01, Supplemental Information: Table S3.5). Food 

supplementation advanced the timing of fledging by 30% in 2017 and 17% in 2018 (7d and 4d, 

respectively; Fig. 3.2C). Furthermore, nestlings that successfully fledged had significantly lower 

corticosterone concentrations in their feathers (-28.35 ± 5.16, z = -5.50, p < 0.001, Fig. 3.3A) and 

were of higher body condition than those that did not fledge (7.47 ± 3.31, z = 2.26, p = 0.02, Fig. 

3.3B, Supplemental Information: Table S3.6). 

3.4.2 Long-term data 

Over four decades, nestling body size and body condition were influenced by a number of 

factors. Nestlings hatched earlier in the breeding season were more likely to be larger (-0.06 ± 

0.02, t = -2.97, p < 0.01, Supplemental Information: Table S3.7) and in higher body condition 

compared to those hatched later in the season (-0.25 ± 0.15, t = -1.68, p = 0.04, Supplemental 
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Information: Table S3.8). Nestlings with fewer siblings also tended to be larger (-0.07 ± 0.02, t = 

-2.90, p < 0.01) and in higher body condition (-0.71 ± 0.16, t = -4.33, p < 0.001) than those from 

larger broods. Territories that were food supplemented by park visitors were more likely to have 

nestlings in higher body condition (0.47 ± 0.18, t = 2.63, p < 0.01, Fig. 3.4) but there was no 

evidence that food supplementation influenced body size (-0.02 ± 0.02, t = -1.08, p = 0.28). 

Finally, there was no evidence for a linear change in nestling body size (0.003 ± 0.02, t = 0.14, p 

= 0.89) or body condition (0.33 ± 0.21, t = 1.60, p = 0.11) across years (Supplemental 

Information: Fig. S3.2). 

Whether a nestling was present as a juvenile during our fall census of the study area was 

positively associated with its body size (0.33 ± 0.17, z = 1.93, p = 0.05) and body condition (0.10 

± 0.03, z = 3.01, p < 0.01, Fig. 3.5) but not level of food supplementation (-0.13 ± 0.09, z = -

1.54, p = 0.12, Supplemental Information: Table S3.9). Nestlings with fewer siblings were also 

more likely to be observed in the fall than those from larger broods (-0.30 ± 0.13, z = -2.25, p = 

0.02). There was no effect of year (-0.02 ± 0.09, z = -0.19, p = 0.85), timing of nesting (-0.12 ± 

0.10, z = -1.24, p = 0.21), apparent age of the nestling (-0.43 ± 0.27, z = -1.61, p = 0.11), or the 

age of the father (0.02 ± 0.09, z = 0.23, p = 0.82) and mother (-0.05 ± 0.09, z = -0.54, p = 0.59) 

on whether a nestling was observed during the fall census as a juvenile. 

3.5 Discussion 

Food supplementation influenced Canada jay nestling feather corticosterone concentrations and 

body condition but, most dramatically, advanced fledging of offspring. Experimental 

supplementation during the nestling period resulted in a 24% (5.5d) advancement in fledging, 

suggesting that the timing associated with being capable of flight in Canada jays is, at least 
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partly, constrained by food quantity and also has the potential to be highly plastic. Indeed, food-

supplemented, early-fledging nestlings were developmentally equivalent to nestlings that fledge 

in the normal 22-24d range. By fledging early, food-supplemented birds reduced their time in the 

nest when they are at high risk of predation (Roff et al. 2005, but see McLaughlin and 

Montgmerie 1989) without incurring penalties that might otherwise be associated with leaving 

the nest prematurely. Leaving the nest early may allow for Canada jay offspring to avoid nest 

predators such as red squirrels, merlins and other migratory raptors that return in the spring. 

Furthermore, young that are capable of fledging early may be at a competitive advantage for 

acquiring a breeding territory in the late summer. Our analysis of long-term data supports this 

because early-season nestlings are larger and have higher body condition than those hatched later 

in the season. Larger size and higher body condition due to an individual’s diet during 

development likely confers a competitive advantage when competing for mates and territories 

(see review by Metcalfe and Monaghan 2001). Taken together, our results emphasize that the 

amount of food available to a breeding pair during the nestling period has the potential to have 

profound effects on the timing of early-life events and, potentially, the fitness of their offspring.  

Physiological development, particularly of the hypothalamic-pituitary-adrenal axis 

(HPA), may be a potential proximate mechanism underlying the observed advancement of 

fledging date due to the role of corticosterone in mediating an individual’s response to 

environmental perturbations and metabolism. Our results are consistent with previous studies by 

Hudin et al. (2017) and Will et al. (2014), where young birds with access to more food had lower 

feather corticosterone levels. We used feather corticosterone concentrations as an indicator of 

environmental stressors, which includes changes in food availability, throughout the nestling 
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period. Feather corticosterone may also reflect the energetic expenditure of the nestling during 

the period of feather growth (Johns et al. 2018) in part because of the regulation of blood glucose 

by corticosterone (see Sapolsky et al. 2000 for a review). Therefore, control nestlings may have 

elevated corticosterone concentrations when compared to the supplemented nestlings due to a 

physiological response to low blood glucose from low food intake. Additionally, small portions 

or low frequency of provisioning by parents may result in more intra-brood competition since 

corticosterone increases begging behaviour and aggression. In contrast to our results, Patterson et 

al. (2015) reported food-restricted Caspian tern (Hydroprogne caspia) chicks had lower levels of 

feather corticosterone, compared to those fed ad libitum. The relationship between food quantity 

and feather corticosterone may be species-specific, possibly due to differences in the deposition 

of corticosterone into feathers. Therefore, use of feather corticosterone as an indicator of HPA 

activity must be approached with caution. 

Another mechanism that could explain early fledging in our study is nestling body 

condition. In 2018, body condition was higher in food-supplemented nestlings. Our experimental 

result was mirrored by the four decades of observational data, where nestling body condition was 

significantly higher on territories with more exposure to park visitors. Higher food consumption 

could account for a larger mass given body size and is consistent with several past studies 

(Kitaysky et al. 2001a; Searcy et al. 2004). Furthermore, because food availability to nestlings is 

mediated solely by the parents in altricial species, food supplementation may be indirectly 

influencing nestling body condition by acting on adult body condition and behaviour. Elevated 

food supplies may allow for the breeding pair to improve their own body condition because they 

do not need to spend as much time foraging, potentially increasing the quality of parental care 
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such as increased defense of the nest. Alternatively, breeding pairs with higher body condition 

may be able spend more time searching for preferred food items to feed nestlings. In the future, it 

will be important to disentangle the potential direct and indirect (via parental body condition and 

behaviour) effects of supplementation on nestling body condition. 

Environmental conditions, such as temperature and the emergence of fresh food, may 

also influence nestling development and physiology. Due to the timing of the late-winter 

breeding season, the weather during the nestling period is highly variable and can range from -

0.3–7.1°C.  Therefore, it is possible that the lack of effect of food supplementation on nestling 

feather corticosterone and body condition in 2017 was driven by weather during the nestling 

period. Average temperature during the nestling period was 6.9°C warmer in 2017 (7.1 ± 5.0°C) 

compared to 2018 (0.2 ± 5.6°C). Unlike in 2018 when substantial snowfalls were regular and the 

amount of fresh food available was likely low, in the 2017 nestling period, there was fresh food 

such as moths, caterpillars and dipteran larvae available (N.E.F., A.O.S., pers. obs, R. Tozer, 

pers. comm.). This early pulse of fresh food sources in 2017 could have lessened the impact of 

experimental food addition on feather corticosterone and body condition (Oro et al. 2013). 

Intensive monitoring of the amount of food provided to the nestlings should be considered as a 

natural follow up to this experiment although previous efforts have been stymied by the often 

high nest locations and the fact the food is almost always held in swollen adult throats until its 

rapid injection into nestling throats in the form of a mushy and not easily quantifiable brown 

paste (Strickland and Ouellet 2018). Alternatively, it may not be the quantity of food available to 

a nestling that is driving differences between years but the quality of food nestlings are 

consuming. We currently have a limited understanding of the diet of Canada jay nestlings aside 
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from a few observations (see Strickland and Ouellet 2018). More rigorous study of the diet of 

nestlings is needed to assess the role of dietary composition and food quality on the growth and 

development of young jays. 

The impact of climate change on Canada jay food has been the focus of several recent 

studies on the Algonquin Park population. The hoard-rot hypothesis, proposed to explain the 

>50% decline in the Canada jay population observed since the 1980s, suggests that cached food 

degrades more quickly with warmer fall conditions, resulting in a reduction of the food available 

to support the late-winter nesting of Canada jays (Waite and Strickland 2006). While there has 

been some support for this hypothesis (Sechley et al. 2015; Whelan et al. 2017; Sutton et al. 

2019), we did not detect a decline in nestling body mass, body size, or body condition over the 

past 40 years. It is possible that breeding pairs will only continue with a nesting attempt if their 

cached food stores remain above a certain threshold. This would account for our observed lack of 

change in nestling body condition over time because only individuals with access to enough 

resources would be able to successfully rear young. However, it is currently unknown if Canada 

jays can assess the amount of cached food that remains and assess if this would be sufficient to 

raise young.  

In a previous study, breeding pairs supplemented with food in the pre-breeding period, 

either experimentally or through handouts from park visitors, had earlier lay dates and larger 

clutch sizes but there was no effect of food on nestling body condition (Derbyshire et al. 2015). 

There are two possibilities to explain the discrepancy between our findings showing the positive 

effects of food supplementation on nestling body condition and those of Derbyshire et al. (2015). 

First, it is impossible to estimate how much food the public is feeding to the jays. Secondly, 
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because the pre-breeding food supplementation resulted in larger brood sizes, there may have 

been greater intra-brood competition for food than in our study where brood size was not altered. 

Thirdly, in the pre-breeding experimental manipulation, the quantity or quality of the provided 

food may have significantly diminished before the nestling period ~3-4 months later, either 

because the adults consumed it before the young hatched or because, being perishable, it suffered 

a marked decline in quality.  

By understanding the potential mechanisms underlying the timing of fledging and 

survival of young, we may be able to identify drivers of the long-term population decline. 

Territory vacancies in this population have increased at a greater rate than reoccupations, 

particularly for low-quality territories (Strickland et al. 2011), but there is no evidence for a 

decline in adult survival over time (Norris et al. 2013). Thus, it is likely that reproductive output 

and recruitment are major drivers of the observed population decline (Sutton et al. In review). 

From our food supplementation experiment, nestlings were more likely to fledge if they had 

higher body condition at banding and had lower concentrations of feather corticosterone. 

Additionally, from the long-term data, nestlings that were observed in the study area the 

following fall as juveniles had higher body condition at banding than those that were not 

observed. This suggests that the quantity of food available to the parents may be indirectly 

influencing whether or not a nestling survives until the fall by affecting body condition. In 

Algonquin Park, the juvenile which remains with its parents on its natal territory tends to be male 

(based on body mass in the fall), but unfortunately, we do not know the sex of the nestlings. 

Thus, the role of sex in whether a nestling is observed in the following fall remains unknown. 

Furthermore, presence in the fall is only an estimate of apparent survival and does not account 
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for emigration out of our study area. Direct estimates of Canada jay juvenile survival will be 

necessary to determine whether the quantity of food experienced by young Canada jays have 

long-lasting effects on their survival and, ultimately, fitness. Taken together, our results 

emphasize that the amount of food available to a breeding pair during the nestling period has the 

potential to have profound effects on the timing of early-life events and, potentially, the fitness 

of their offspring. 
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3.6 Figures 

3.6.1 Figure 3.1 Canada jays collecting food from an experimental feeder 

A pair of Canada jays (Perisoreus canadensis) collecting food from an experimental feeder in 

Algonquin Provincial Park, ON, Canada. Throughout the 2017 and 2018 breeding seasons, 

breeding pairs were either supplemented during the 22-24-day nestling period every other day 

with a high protein/fat food or left as unsupplemented controls (see Methods for more details; 

photo N.E.F.). 
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3.6.2 Figure 3.2 Effect of food supplementation on feather corticosterone, body condition 

and age at fledging of nestlings 

The effect of food supplementation on Canada jay (Perisoreus canadensis) nestlings (n = 25 

supplemented, 35 control nestlings) across two years (2017 = dark grey, 2018 = white) in 

Algonquin Provincial Park, ON, Canada. (A) Feather corticosterone concentrations ([fCORT] 

(pg/mg)) of nestlings from food supplemented territories were lower than controls in 2018 and 

both control and treatment groups in 2017. (B) Food supplementation had no effect on nestling 

body condition (residuals of observed mass compared to predicted mass given body size) in 2017 

but 2018 supplemented nestlings were in higher body condition than controls. (C) Food 

supplementation advanced fledging by 30% (7d) in 2017 and 17% (4d) in 2018. The violin plot 

represents a smoothed probability density of the data using kernel density estimation. The black 

dots with the vertical lines represent the mean and standard error, respectively. 
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3.6.3 Figure 3.3 Feather corticosterone and body condition of young that fledged and failed 

to fledge 

Canada jay (Perisoreus canadensis) nestlings from a two year food supplementation experiment 

(2017-2018) that successfully fledged had (A) lower feather corticosterone concentrations 

([fCORT] (pg/mg)) and (B) higher body condition (residuals of observed mass compared to 

predicted mass given body size) than those that failed to fledge in Algonquin Provincial Park, 

ON, Canada. The violin plot represents a smoothed probability density of the data using kernel 

density estimation. The black dots with the vertical lines represent the mean and standard error, 

respectively. The smaller black dots are the raw data points (n = 41). 
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3.6.4 Figure 3.4 Effect of food supplementation on nestling body condition 

The effect of food supplementation by the public on the body condition (residuals of observed 

mass compared to predicted mass given body size) of Canada jay (Perisoreus canadensis) 

nestlings from 1979 to 2018 in Algonquin Provincial Park, ON, Canada. Nestlings from 

territories that had year-round food supplementation by parks visitors or with access to 

permanent feeders had higher body condition than those with little to no easy public access. The 

violin plot represents a smoothed probability density of the data using kernel density estimation. 

The larger black dots with the vertical lines through them represent the mean and standard error, 

respectively. The smaller black dots are the raw data points (n = 1293). 
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3.6.5 Figure 3.5 Body condition of nestlings observed and not observed in the fall 

Canada jay (Perisoreus canadensis) juveniles observed in the fall following hatch from 1979 to 

2018 had higher body condition (residuals of observed mass compared to predicted mass given 

body size) as nestlings than those that were not observed in Algonquin Provincial Park, ON, 

Canada. The violin plot represents a smoothed probability density of the data using kernel 

density estimation. The larger black dots with the vertical lines through them represent the mean 

and standard error, respectively. The smaller black dots are the raw data points (n = 1293). 
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3.7 Supplemental Information 

3.7.1 Table S3.1 Summary of treatment and control Canada jay nests 

A summary of treatment and control Canada jay (Perisoreus canadensis) nests across the two-

year food supplementation experiment (treatment = supplementation (+), n = 17 or control (-), n 

= 18) in Algonquin Provincial Park, ON, Canada. In 2017, there were five territories where the 

first nest failed and the breeding pair re-nested. Thus, the lay date of the second nest attempt was 

included as the re-nest lay date. The duration of treatment spans the date the feeder was deployed 

through the last day the feeder was refilled which was determined by the nest failing or when the 

nestlings fledged. Whether a nest had nestlings which successfully fledged is indicated by the 

nest fate (fledged = one or more nestlings left the nest and could fly short distances, fail = the 

nest failed before the nestlings fledged). 
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Year Lay Date Re-nest 
Lay Date Treatment Duration of 

Treatment  Territory Female ID Male ID Nest Fate 

                  
2017 09-Mar   -   Boardwalk TOKLGOSR YOSLOOYR Failed 

  12-Mar   + 1-Apr–17-Apr Alligator LOYLOOSR LOKLLOSR Failed 

  14-Mar   + 2-Apr–24-Apr TDS South OOLLROSR TOSLBOYR Fledged 

  16-Mar   -   Opeongo Turn YOSLBOBR OOBLKOSR Fledged 

  20-Mar   + 9-Apr–1-May Cliff WOKLBOSR ROLLPOSR Fledged 

  20-Mar   -   Track WOLLLOSR OOTLLOSR Fledged 

  23-Mar   + 11-Apr–29-Apr Mile 36 GOGLGOSR OOSLKOLR Failed 

  24-Mar   -   Wolf Howl OOSLROOR YOOLPOSR Failed 

  24-Mar   + 13-Apr–5-May Clarke Lake LOSLWOYR ROSLROWR Fledged 

  24-Mar 21-Apr -   SW Airfield GOSLWOKR YOOLBOSR Fledged 

  24-Mar 18-Apr + 7-May–21-May TDS North WOGLYOSR KOOLWOSR Failed 

  25-Mar 18-Apr + 7-May–23-May Bat Lake KOOLTOSR KOKLLOSR Fledged 

  26-Mar 26-Apr -   Sunday Creek TOSLBOGR ROSLGOPR Failed 

  26-Mar   -   Sims Pit YOSLTOKR ROSLOOOR Failed 

  27-Mar   + 16-Apr–2-May Opeongo Bridge OOSLOOKR ROSLGOLR Failed 

  27-Mar 19-Apr -   Cameron Lake WOSLROWR ROSLKOGR Failed 
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  29-Mar   -   Cedar Swamp GOSLLOBR ROTLBOSR Failed 

  31-Mar   + 19-Apr–3-May Arowhon BOSLPORR POSLTOTR Failed 

  01-Apr   + 20-Apr–4-May North Bog OOSLPOLR SOYLWOYR Fledged 

                  

2018 08-Mar   -   Alligator LOYLOOSR LOKLLOSR Fledged 

  08-Mar   + 28-Mar–25-Apr Bat Lake** KOOLTOSR KOKLLOSR Fledged 

  09-Mar   -   Cliff WOKLBOSR ROLLPOSR Fledged 

  11-Mar   + 30-Mar–19-Apr Cedar Swamp GOSLLOBR ROTLBOSR Failed 

  13-Mar   + 1-Apr–17-Apr Wolf Howl WOLLLOSR YOOLPOSR Failed 

  13-Mar   -   Opeongo Turn YOSLBOBR KOSLPOKR Fledged 

  14-Mar   + 3-Apr–17-Apr Davies Bog OOSLBOGR POWLROSR Failed 

  15-Mar   -   Cameron Lake WOSLROWR ROSLKOGR Fledged 

  18-Mar   + 6-Apr–28-Apr Sunday Creek TOSLBOGR ROSLGOPR Fledged 

  18-Mar   + 7-Apr–21-Apr SW Airfield GOSLWOKR OOPLOOSR Failed 

  19-Mar   -   Opeongo Bridge KOSLKOLR GOYLBOSR Failed 

  20-Mar   -   TDS North WOGLYOSR KOOLWOSR Fledged 

  21-Mar   + 9-Apr–3-May Mile 36 GOGLGOSR GOKLTOSR Fledged 

  21-Mar   -   Arowhon BOSLPORR POSLTOTR Fledged 

  22-Mar   + 10-Apr–18-Apr TDS South OOLLROSR POPLGOSR Failed 



 

 

 

 

62 

  23-Mar   -   North Bog OOSLPOLR SOYLWOYR Failed 

                  
 

**Reclassified as control nest due to lack of use of the feeder (confirmed by trail camera) 
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3.7.2 Table S3.2 Experimental nestling feather corticosterone model output 

Summary of a generalized linear mixed effects model (Gaussian distribution) to explain Canada 
jay (Perisoreus canadensis) nestling feather corticosterone concentrations from a two-year food 
supplementation experiment in Algonquin Provincial Park, ON, Canada (2017, 2018). Nest ID 
was included as a random effect because there were multiple nestlings measured from each nest. 
Variance represents the amount of variance explained by the random effect in the model. 

Parameter Estimate ± SE df t value p value Variance ± SD 
            
Random Effects           

   Nest ID         0.18 ± 0.42 

Fixed Effects           

   Intercept 1.89 ± 0.13 18.76 14.22 <0.001   

   Food Supplementation -0.17 ± 0.21 18.68 -0.84 0.41   

   Year 0.01 ± 0.14 19.22 0.06 0.95   

   Food Supplementation*Year -0.40 ± 0.21 18.78 -1.93 0.06   

   Apparent Age -0.22 ± 0.09 34.58 -2.51 0.02   
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3.7.3 Table S3.3 Experimental nestling body mass and body size model outputs 

Summary of separate generalized linear mixed effects models (both Gaussian distributions) to 
explain Canada jay (Perisoreus canadensis) nestling body mass and body size at ~d14 from a 
two-year food supplementation experiment in Algonquin Provincial Park, ON, Canada (2017, 
2018). Nest ID was included as a random effect in each model because there were multiple 
nestlings measured from each nest. Variance represents the amount of variance explained by the 
random effect in the model. 
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  Body Mass           Body Size         

Parameter 
Estimate ± 

SE df t value p value 
Variance ± 

SD   
Estimate ± 

SE df t value p value 
Variance 

± SD 
                        
Random Effects                       

  Nest ID         33.88 ± 5.82           0.88 ± 0.94 

Fixed Effects                       

  Intercept 54.80 ± 3.18 50.58 17.23 <0.001     -0.25 ± 0.44 50.41 -0.56 0.58   

  Food Supplementation 2.84 ± 2.71 14.30 1.05 0.31     0.12 ± 0.43 18.46 0.28 0.78   

  Year 1.10 ± 1.78 14.42 0.62 0.55     -0.35 ± 0.28 18.58 -1.24 0.23   

  Food Supplementation*Year 3.94 ± 2.73 15.21 1.44 0.17     -0.04 ± 0.42 19.29 -0.10 0.92   

  Apparent Age 7.26 ± 1.07 41.80 6.74 <0.001     -1.52 ± 0.15 51.69 -10.03 <0.001   

  [Feather Corticosterone] 0.53 ± 1.41 49.23 0.38 0.71     0.10 ± 0.19 46.38 0.55 0.58   
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3.7.4 Table S3.4 Experimental nestling body condition model output 

Summary of a generalized linear mixed effects model (Gaussian distribution) to explain Canada 
jay (Perisoreus canadensis) nestling body condition at ~d14 from a two-year food 
supplementation experiment in Algonquin Provincial Park, ON, Canada (2017, 2018). Nest ID 
was included as a random effect because there were multiple nestlings measured from each nest. 
Variance represents the amount of variance explained by the random effect in the model. 

Parameter Estimate ± SE df t value p value Variance ± SD 
            

Random Effects           

   Nest ID 
        

9.68 ± 3.11 

Fixed Effects           

   Intercept -0.46 ± 2.55 44.01 -0.18 0.86   

   Food Supplementation 3.35 ± 1.66 13.72 2.01 0.06   

   Year -0.61 ± 1.09 13.65 -0.55 0.59   

   Food Supplementation*Year 3.58 ± 1.70 14.57 2.11 0.05   

   Apparent Age 0.24 ± 0.78 22.67 0.31 0.76   

   [Feather Corticosterone] 0.21 ± 1.22 50.26 0.17 0.86   
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3.7.5 Table S3.5 Experimental age at fledge model output 

Summary of a generalized linear mixed effects model (Gaussian distribution) to explain the age 
when Canada jay (Perisoreus canadensis) nestlings fledged from a two-year food 
supplementation experiment in Algonquin Provincial Park, ON, Canada (2017, 2018). Nest ID 
was included as a random effect because there were multiple nestlings measured from each nest. 
Variance represents the amount of variance explained by the random effect in the model. 

Parameter Estimate ± SE df t value p value Variance ± SD 
            

Random Effects 
          

   Nest ID         0.26 ± 0.51 

Fixed Effects           

  Intercept 0.16 ± 0.34 32.88 0.46 0.65   

  Food Supplementation -1.05 ± 0.32 13.74 -3.29 <0.01   

  Year 0.27 ± 0.19 13.86 1.47 0.16   

  Food Supplementation*Year 0.30 ± 0.30 13.79 1.02 0.33   

  [Feather Corticosterone] 0.15 ± 0.17 34.79 0.95 0.35   

  Body Condition 0.04 ± 0.07 30.66 0.55 0.59   
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3.7.6 Table S3.6 Experimental fledging success model output 

Summary of a generalized linear mixed effects model (binomial distribution) to explain whether 
or not a young Canada jay (Perisoreus canadensis) successfully fledged (yes/no) from a two-
year food supplementation experiment in Algonquin Provincial Park, ON, Canada (2017, 2018). 
Nest ID was included as a random effect because more than one nestling was measured in each 
nest. Variance represents the amount of variance explained by the random effect in the model. 

Parameter Estimate ± SE z value p value Variance ± SD 
          

Random Effects         

   Nest ID       17422 ± 132 

Fixed Effects         

   Intercept 92.56 ± 14.93 6.20 <0.001   

   Year -10.08 ± 4.52 -2.23 0.03   

   [Feather Corticosterone] -28.35 ± 5.16 -5.50 <0.001   

   Body Condition 7.47 ± 3.31 2.26 0.02   
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3.7.7 Table S3.7 Nestling body size model output 

Summary of a generalized linear mixed effects model (Gaussian distribution) to explain Canada 
jay (Perisoreus canadensis) nestling body size at ~14d over 40 years (1979-2018) in Algonquin 
Provincial Park, ON, Canada. Nest ID was included as a random effect because more than one 
nestling was measured in each nest. The individual ID of each breeder was also included to 
account for individuals which bred over multiple years. Variance represents the amount of 
variance explained by the random effect in the model. 

Parameter Estimate ± SE df t value p value Variance ± SD 
            

Random Effects           

   Nest ID         0.04 ± 0.20 

   Mother ID         0.01 ± 0.11 

   Father ID         0.02 ± 0.14 

Fixed Effects           

   Food Supplementation  -0.02 ± 0.02 136.30 -1.08 0.28   

   Year 0.00 ± 0.02 109.49 0.14 0.89   

   Territory Quality (low) 0.19 ± 0.09 312.03 2.13 0.03   

   Territory Quality (medium) 0.12 ± 0.08 436.90 1.58 0.11   

   Territory Quality (high) 0.23 ± 0.07 458.98 3.03 <0.01   

   Banding Date -0.06 ± 0.02 666.84 -2.97 <0.01   

   Brood Size -0.07 ± 0.02 741.89 -2.90 <0.01   

   Apparent Age 1.54 ± 0.02 1091.06 90.62 <0.001   

   Father Age 0.03 ± 0.02 283.90 1.36 0.17   

   Mother Age -0.04 ± 0.02 332.72 -2.30 0.02   
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3.7.8 Table S3.8 Nestling body condition model output 

Summary of a generalized linear mixed effects model (Gaussian distribution) to explain Canada 
jay (Perisoreus canadensis) nestling body condition at ~14d over 40 years (1979-2018) in 
Algonquin Provincial Park, ON, Canada. Nest ID was included as a random effect because more 
than one nestling was measured in each nest. The individual ID of each breeder was also 
included to account for individuals which bred over multiple years. Variance represents the 
amount of variance explained by the random effect in the model. 

Parameter Estimate ± SE df t value p value Variance ± SD 
            

Random Effects           

   Nest ID         5.68 ± 2.38 

   Mother ID         1.76 ± 1.32 

   Father ID         2.33 ± 1.53 

Fixed Effects           

   Food Supplementation  0.47 ± 0.18 187.18 2.63 <0.01   

   Year 0.33 ± 0.21 137.08 1.60 0.11   

   Territory Quality (low) 3.28 ± 0.72 371.87 4.52 <0.001   

   Territory Quality (medium) 3.66 ± 0.60 531.09 6.14 <0.001   

   Territory Quality (high) 3.90 ± 0.58 542.17 6.75 <0.001   

   Banding Date -0.25 ± 0.15 975.76 -1.68 0.04   

   Brood Size -0.71 ± 0.16 1053.57 -4.33 <0.001   

   Apparent Age 0.56 ± 0.12 1231.46 4.66 <0.001   

   Father Age 0.11 ± 0.16 376.10 0.68 0.49   

   Mother Age -0.01 ± 0.15 435.15 -0.05 0.96   
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3.7.9 Table S3.9 Fall observation model output 

Summary of a generalized linear mixed effects model (binomial distribution) to explain whether 
or not a Canada jay (Perisoreus canadensis) nestling was observed in the fall following hatch 
over 40 years (1979-2018) in Algonquin Provincial Park, ON, Canada. Nest ID was included as a 
random effect because more than one nestling was measured in each nest. The individual ID of 
each breeder was also included to account for individuals which bred over multiple years. 
Variance represents the amount of variance explained by the random effect in the model. 

Parameter Estimate ± SE z value p value Variance ± SD 
          

Random Effects         

   Nest ID       0.98 ± 0.99 

   Mother ID       0.0001 ± 0.01 

   Father ID       0.0003 ± 0.02 

Fixed Effects         

   Food Supplementation  -0.13 ± 0.09 -1.54 0.12   

   Year -0.02 ± 0.09 -0.19 0.85   

   Territory Quality (low) -0.56 ± 0.49 -1.15 0.24   

   Territory Quality (medium) -0.87 ± 0.51 -1.69 0.09   

   Territory Quality (high) -1.13 ± 0.55 -2.04 0.04   

   Banding Date -0.12 ± 0.10 -1.24 0.21   

   Brood Size -0.30 ± 0.13 -2.25 0.02   

   Apparent Age -0.43 ± 0.27 -1.61 0.11   

   Father Age 0.02 ± 0.09 0.23 0.82   

   Mother Age -0.05 ± 0.09 -0.54 0.59   

   Body Size 0.33 ± 0.17 1.93 0.05   

   Body Condition 0.10 ± 0.03 3.01 <0.01   
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3.7.10 Figure S3.1 Nestling body size principal component analysis 

The body size of Canada jay (Perisoreus canadensis) nestlings in Algonquin Provincial Park, 
ON, Canada was estimated using a principal component analysis on a correlation matrix. The 
length (mm) of the bill, tarsus and 7th primary were included. Principal component 1 (pc1) was 
selected as the estimate of body size because it explained 90.6% of the variation in the 
morphometric dataset while components 2 (pc2) and 3 explained 4.8% and 4.6% of the variation, 
respectively. Each dot represents one nestling (n = 1293). 
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3.7.11 Figure S3.2 Forty years of nestling body size and body condition 

Canada jay (Perisoreus canadensis) nestling (A) body size (first principal component score of 
bill, tarsus and seventh primary length), and (B) body condition (residuals of observed mass 
compared to mass given body size) have shown no significant linear change between 1979-2018) 
in Algonquin Provincial Park, ON, Canada. Each dot represents one nestling (n = 1293). 
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4 Chapter 4 – Causes and consequences of variation in diet 

composition of nestling Canada jays 

4.1 Abstract 

Diet quality during development can impact growth, physiology, behaviour, and survival. The 

Canada jay is a resident boreal passerine that caches a wide variety of perishable food items in 

late summer and autumn for its over-winter survival and late-winter reproduction. A previous 

experiment found evidence that food supplementation of Canada jay pairs during the nestling 

period had a positive effect on the condition of their nestlings. However, given that foods cached 

by adults vary widely in nutritional content, the composition of nestling diets could also have an 

important influence on offspring development. In a population of Canada jays in Algonquin 

Provincial Park, Ontario, Canada, we investigated the influence of environmental conditions 

before and during the breeding season on nestling diet composition and the consequences of 

nestling diet composition on the body condition of nestlings and on their subsequent survival. 

Using stable-carbon (δ13C) and -nitrogen (δ15N) isotopes, we estimated the proportion of three 

food groups (vertebrates+human food, invertebrates, and plants) in feathers from almost 200 

nestlings. Nestling diet in March and April was influenced by environmental conditions 5 – 6 

months prior to hatching, with warmer and more variable autumn temperatures associated with a 

greater proportion of vertebrate flesh and human food in the diet. However, the proportion of 

vertebrates and human food in the diet had no influence on nestling body condition or whether an 

individual was observed the following fall. Our results, in conjunction with previous work on 
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Canada jays, suggest that the quantity of food available to a nestling during development may be 

more important than diet composition. 

4.2 Introduction 

Both the quality and quantity of food early in life can have profound impacts on the growth, 

morphology, physiology, and survival of offspring (Naef-Daenzer and Keller 1999; Kitaysky et 

al. 2006, Rossmanith et al. 2007; Wilkin et al. 2009; Chapter 3). The effects of food quantity are 

relatively well-studied where more food is often associated with faster growth rates and larger 

offspring (Woods and Armitage 2003; Kager and Fietz 2009; Vafidis et al. 2016; Chapter 3). In 

comparison, the role of diet quality in development is understudied in the wild due to difficulties 

associated with quantifying diet composition and the uncertainty associated with gradients of 

food quality.  

Diet quality is an ambiguous term that can mean diet composition (i.e. what an organism 

is eating), caloric density, or nutrient composition (Karasov and del Rio 2007; Twining et al. 

2016). Therefore, assessing the role of diet quality during development requires knowledge of 

food composition and which nutrients are essential for growth. Macronutrients are vital for 

growth because they are key sources of energy for metabolism and tissue development (Uauy 

and Dangour 2006; Wu et al. 2014). Diets rich in protein and fat, particularly essential amino 

and fatty acids, are associated with faster growth rates, higher body condition, and increased 

survival of young (Kitaysky et al. 2006; Twining et al. 2016). The diet of offspring often differs 

substantially from that of their parents (Radford 2008; Orlowski et al. 2014) and, in some 

species, adults shift their foraging behaviour during the breeding periods in order to provide food 

items beneficial for the growth and development of their young (Krebs 1978; Gill 1990). For 
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example, many nectivorous and primarily herbivorous birds have been observed feeding their 

young protein-rich insects (Gill 1990; Markman et al.1999; Koenig et al. 2008). However, high-

quality food items (i.e. those with high protein and fat content) may not always be available in 

the environment at any given time. 

What young organisms consume or are fed by their parents can be limited by resource 

availability. Many species time their breeding to coincide with peak resource abundance in order 

to meet high energetic demands of young (Lack 1954; Perrins 1970; Visser and Verboven 1999; 

Thomas et al. 2001). However, if the breeding period does not coincide with peak resource 

abundance in the environment, the diet of developing young may be constrained due to limited 

food resources (Hipfner 2008; Samplonius et al. 2016; but see Mallord et al. 2016). Young of 

altricial species may be further constrained because they are unable to forage for themselves and 

must rely on parental provisioning. However, due to the inconspicuous nature of many altricial 

birds, identifying what the nestlings are fed is often difficult (Rosenberg and Cooper 1990; 

Moreby and Stoat 2000; Chapter 3). 

The Canada jay (Perisoreus canadensis) is an altricial species that breeds in the late-

winter when there is little to no fresh food available in the environment (Strickland and Ouellet 

2020). As a result, nestling provisioning is supported, at least in part, by cached food (Derbyshire 

et al. 2019) stored by their parents the previous late-summer and fall (Strickland and Ouellet 

2020). Canada jays cache and consume a wide variety of perishable food items including berries, 

mushrooms, arthropods, and vertebrate flesh, the latter from carrion, other birds, and the 

occasional capture of small mammals (Strickland and Ouellet 2020). The jays also take food 

from people, particularly where they are in frequent contact with humans, such as popular access 
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points in parks. Once cached, food items are exposed to environmental conditions that can affect 

their preservation (Sechley et al. 2015; Sutton et al. 2016) and spoilage of food could result in 

both a reduction in the quantity and quality of cached food available for reproduction and 

offspring provisioning. This is supported by recent evidence that warmer temperatures and more 

freeze-thaw events in the fall resulted in reduced reproductive performance in the subsequent 

breeding season (Sutton et al. 2019; Sutton et al. in review). While the quantity of food available 

to the parents impacts nestling physiology, body condition, timing of fledging, and survival six 

months after fledging (Chapter 3), the impact of food quality remains unknown. Furthermore, 

aside from several opportunistic observations (Strickland and Ouellet 2020), we do not have a 

good understanding of what Canada jay nestlings are fed, or the relative importance of cached 

versus fresh food items.  

Here, we hypothesized that (1) environmental conditions influence the degradation of 

stored food that then impacts the quality and composition of nestling diets and (2) the quality of 

nestling diet impacts their body condition and subsequent survival. To examine these hypotheses, 

we first developed an extensive isotopic map (stable-carbon, δ13C, and stable-nitrogen, δ 15N, 

isotopes) of over 300 food items to estimate the composition of Canada jay nestling diets. We 

then identified drivers of variation in diet composition and the consequences of this variation on 

nestling body condition and survival. We predicted that warmer and more variable temperatures 

during the autumn and pre-breeding period would cause a reduction in cache quality and a shift 

in nestling diets away from highly perishable food items, such as vertebrate flesh. We further 

predicted that young jays fed a higher proportion foods rich in protein and fat (i.e. vertebrate 
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flesh) would have higher body condition as nestlings and be more likely to be observed in the 

following fall compared to nestlings fed protein- and fat-deficient foods (i.e. plants).  

4.3 Methods 

4.3.1 Study area and species 

Our study was conducted in Algonquin Provincial Park, ON, Canada (45°33′N, 78°38′W; 

hereafter ‘Algonquin Park’) where a population of Canada jays has been monitored for 53 years 

(1964 – 2018). In Algonquin Park, Canada jays maintain year-round territories in treed, lowland 

bogs dominated by black spruce (Picea marinana) and in drier areas dominated by mixed forests 

of white spruce (P. glauca), balsam fir (Abies balsamea), white pine (Pinus strobus), white birch 

(Betula papyrifera), and aspens (Populus spp.). The Algonquin Park jays cache food in late-

summer and fall which they rely on for over-winter survival (Strickland and Ouellet 2020), 

gaining mass in Feb. and early Mar. before egg-laying (Sechley et al. 2014), and, albeit to an 

unknown extent, to feed nestlings mainly in April (Derbyshire et al. 2019). Within the study 

area, breeding pairs are monitored throughout nest construction (initiated mid-Feb.-mid Mar.), 

egg laying (one egg per day, Mar.), incubation (18 d, Mar. – Apr.), hatching (late Mar. – Apr.), 

and the nestling period (22 – 24 d, Apr. – May). Canada jays produce only one brood per year 

but breeding pairs may attempt to renest if the nest fails during laying and incubation. After 

leaving the nest, fledglings remain with their parents until they become nutritionally independent 

in June. At that point (~6 weeks post fledging) increasingly intense intra-brood struggles lead to 

the departure from the natal territory of all but the dominant juvenile (Strickland 1991).  
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4.3.2 Estimating body condition 

When the nestlings were estimated to be ~11 – 14 d, they were removed briefly from their nests 

and individually marked with a unique combination of one standard US Fish & Wildlife Service 

or Canadian Wildlife Service band and three coloured leg bands. At that time, we also collected 

morphological measurements including the length of the bill, tarsus, and 7th primary, in addition 

to mass. To estimate body size, we conducted a principal component analysis (PCA) from a 

correlational matrix of bill, tarsus and 7th primary and extracted the principal component scores 

from the first axis (PC1) which explained 91% of the variation in morphometric dataset. We then 

used a model generated by Derbyshire et al. (2015) that described the relationship between mass 

and PC1 scores of known-age nestlings to predict mass given body size. Body condition was 

estimated as the difference between the observed mass and the predicted mass given body size 

(Derbyshire et al. 2015; Chapter 3). 

4.3.3 Food sampling for stable isotope analysis 

In order to estimate the diet composition of nestlings using stable isotopes, we first collected 

food samples from Canada jay territories in Algonquin Park and from along the Park’s Highway 

60 corridor during the 2016 – 17 breeding seasons (Feb. – May) and in the fall (Oct.), when the 

jays were caching food. Canada jays are generalists that feed on fungi, berries, an array of 

invertebrates, small mammals, and birds, including nestlings (Strickland and Ouellet 2020). They 

also scavenge from vertebrate carcasses from road kill or wolf kills and consume human food 

such as raisins, bread and hot dogs, provided primarily by Algonquin Park visitors. Mushrooms 

were not available during the winter-spring and fall sampling periods so they were collected in 

August 2017. Plants and invertebrates were collected opportunistically across the jay territories 
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while vertebrate tissue was sampled opportunistically from roadkill, where a portion of 

abdominal (snake), hind leg (mammals), or pectoral muscle (birds) was excised and collected. 

Human food was selected based on observations of what the general public offered the jays and 

was purchased from a local grocery store. All food samples were frozen until preparation for 

isotopic analysis. 

4.3.4 Stable isotope analysis 

At the time of handling, 3 – 5 back feathers were collected from each nestling and stored in 

paper envelopes (collected in 2011, 2012, 2015 – 2018; n = 196). Prior to isotopic analysis, 

lipids and surface contaminants were removed from the feathers. Whole feathers were placed in 

scintillation vials and soaked in a 2:1 chloroform:methanol solution for 24 hours, rinsed with 

fresh solution and then air dried for 72 hours (Norris et al. 2006; Søreide et al. 2006). The 

emerged portion of the feathers from the feather sheath were then minced with scissors.  

Food samples were prepared in a drying oven at 70°C for 24 hrs before being powderized 

with a mortar and pestle. Between 0.30 and 0.50 mg of each feather and food sample was 

weighed into tin capsules (Elemental Microanalysis, Okehampton, UK). The encapsulated 

samples were combusted and oxidized in an elemental analyzer (elemental combustion system: 

Costech Analytical Technologies, Valencia, CA, USA) and run through a mass spectrometer 

(Thermo Finnigan DeltaplusXP Isotope Ratio Mass Spectrometer: Thermo Fisher Scientific, 

Waltham, MA, USA) at the Queen’s Facility for Isotope Research, Queen’s University 

(Kingston, ON, Canada).  
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Results of the stable isotope analyses are reported in δ (δ = [(Rsample/Rstandard) – 1] x 1000) 

where R is the isotopic ratios (C13/C12 or N15/N14) in the samples (Rsample) and international 

standards (Rstandard, carbon: Vienna Pee Dee Belemnite, nitrogen: air). Additional in-house 

standards were also included every 10 samples: UC-1 Graphite for carbon (-25.7 ± 0.3‰, N = 

19), EIL-61 KNO3 for nitrogen (0.8 ± 0.2‰, N = 16), and cormorant feather for both elements 

(δ13C: -17.1 ± 0.2‰ and δ15N: 14.1 ± 0.2‰, N = 21). Duplicates were included every 10 samples 

and were replicable to within 0.1‰ for δ13C and 0.2‰ for δ15N.  

Following isotopic analysis, the individual food items were grouped into five categories: 

mushrooms (n = 29), plants (n = 19), invertebrates (n = 231), vertebrates (n = 37), and human 

food (n = 17) for subsequent statistical analyses. However, mushrooms were removed as a group 

because the fruiting bodies were not available during the sampling period (collected in Aug., 

sampling period = Feb.-May and Oct.) and had highly variable isotopic signatures (δ15N range = 

-0.1 – 18.1‰) and, thus, prevented us from distinguishing it from the other food groups. 

Vertebrates and human food were combined because of the similarity in their isotopic 

composition (linear model for δ13C: 0.23 ± 0.53, t = 0.43, p = 0.67 and δ15N: -0.83 ± 0.68, t = -

1.23, p = 0.23; see Phillips et al. 2014 for a priori grouping of sources). Similar to other studies 

on the anthropogenic diets of animals (Newsome et al. 2010; Hopkins and Ferguson 2012), the 

human food we sampled (e.g. raisins, cheese, peanuts, bread, hot dogs) had heavy nitrogen and 

carbon isotopic compositions. For nitrogen, this was likely due to the use of fertilizers (Trandel 

et al. 2018) and, for carbon, because of the prevalence of C4 plants (e.g. corn and wheat grain, 

Rangan et al. 2016) in the production of processed foods. The final groups of food items 

(“plants”, “invertebrates”, and “vertebrates+human food”) and the individual samples within 
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each group that were used in statistical analyses are summarized in Supplementary Information, 

Table S4.1. 

4.3.5 Weather variable extraction 

Weather conditions from Oct. – Feb. were quantified using 40 years of data extracted from the 

Dwight weather station (45°23′N, 78°54′W, 1977 – 2005) and Algonquin Park East Gate weather 

station (45°32′N, 78°16′W, 2004 – 2018). Data from the Dwight station were transformed 

following methods outlined by Sutton et al. (2019) because it is located outside of the study area. 

Daily mean temperature, cumulative precipitation, and the number of freeze-thaw events were 

extracted from the long-term weather data and separated into fall (Oct. – Dec.) and winter (Jan. – 

Feb.) to reflect caching and pre-breeding seasons, respectively (Sutton et al. 2019). We 

considered these three weather variables due to their role in the degradation and spoilage of 

cached food (Sutton et al. 2016; Sutton et al. in review). To reduce the number of variables 

considered in subsequent analyses and because each of the weather variables were highly 

correlated, a PCA from a correlational matrix of mean temperature, precipitation, and the number 

of freeze-thaw events was conducted for each season (fall and winter). In both the fall and winter 

PCAs, all weather variables loaded positively along PC1 axis (Supplementary Information, 

Figure S4.1) meaning that a larger PC1 score represented a warmer, wetter, and more variable 

season. PC1 explained 46.5% of the variation in fall weather variables and 43.2% of the variation 

in winter weather variables (loadings are summarized in Supplementary Information, Table 

S4.2). We extracted PC1 values from the fall and winter PCAs from fall 2010 – winter 2012 and 

fall 2014 – winter 2018 in order investigate the effect of fall and winter weather on diet 

composition. Mean daily temperature during the breeding period (Mar. – May) for 2011, 2012, 
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2015 – 18 was also extracted from the 40-year weather dataset due to the potential of conditions 

during these periods to influence fresh food availability. In an effort to keep the total number of 

variables used in the analysis to a manageable number, we chose to not include precipitation or 

number of freeze-thaw events during the breeding season in the statistical model. In a previous 

analysis, there was no evidence that breeding season precipitation influenced fecundity (Sutton et 

al. in review). Freeze-thaw events during the breeding season were not included because thawing 

is the dominant state as temperatures get warmer and, following sustained thaw, freezing events 

are likely to have little effect on the preservation of cached food. 

4.3.6 Estimation of diet composition 

Diet composition of a Canada jay nestling was based on the proportions of plants, invertebrates, 

and vertebrates and human food found in an individual’s diet (Fig. 4.1). Proportions were 

estimated using MixSIAR, an isotopic mixing model that allows for the inclusion of fixed and 

random effects (Stock et al. 2018). We included individual ID in the mixing model as a fixed 

effect and input the raw (rather than mean) source data (isotopic signatures of the food items; 

Stock and Semmens 2016). The raw source data was included because it allows covariance 

between isotopes to be included in the model. The trophic enrichment factors included in the 

model were from the omnivorous yellow-rumped warbler (Setophaga coronata, 1.9 ± 0.1 for 

δ13C and 3.2 ± 0.1 for δ15N; Pearson et al. 2003), which were similar to those generated using 

SIDER (1.8 ± 1.4 for δ13C and 3.3 ± 1.3 for δ15N), a statistical package used to predict trophic 

enrichment factors in the absence of any field or lab estimates (Healy et al. 2018). Trophic 

enrichment factors are included in isotope mixing models to correct for the differences in 

isotopic composition between consumer and prey tissue (Phillips et al. 2014). The majority of 
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the diet of Canada jay nestlings consisted of vertebrate flesh and human food (mean = 50.5 ± 0.1 

%, range = 34.9 – 72.3 %). The remainder of the diet consisted of plants (mean = 35.3 ± 0.1 %, 

range = 17.4 – 47.9 %) and invertebrates (mean = 14.2 ± 0.02 %, range = 10.2 – 19.9 %). We 

used only the proportion of vertebrates and human food for subsequent analyses because each of 

the food group proportions were highly correlated (Pearson’s correlations: vertebrates and 

invertebrates, r = -0.75; vertebrates and plants, r = -0.98; invertebrates and plants, r = 0.62), it 

constituted the majority of the nestling diet, and we predicted flesh to be rich in fat and protein. 

4.3.7 Statistical analysis 

We evaluated the causes and consequences of the nestling diet using a Bayesian structural 

equation model that consisted of five sub-models (Fig. 4.2). The first sub-model related the 

estimated hatch date of the nestlings within a nest (20 d following the first day (day 0) the female 

was observed on the nest; Strickland and Ouellet 2020; Gaussian distribution with an identity 

link function, n = 114 nests) to weather in the months leading up to and including the breeding 

season of hatch (fall PC1, winter PC1 and breeding season temperature, n = 6 years) and the 

level of food supplementation on the territory. A level of food supplementation was assigned to 

each territory based on its degree of accessibility to the public and the location of permanent 

feeders: none (> 200 m from roads and trails with no access to park visitors, n = 11 territories), 

fall (moderate public visitation but closed off from the public in the winter, n = 11 territories), 

fall+winter (moderate public visitation throughout the year, n = 3 territories), year-round (very 

high rates of public visitation throughout the year or access to permanent feeders, n = 4 

territories, Chapter 3). The second and third sub-models related brood size (Gaussian distribution 

with an identity link function, n = 114 nests) and the proportion of vertebrate flesh in the diet of 
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each nestling (beta distribution with a logit link function, n = 196 nestlings) to the estimated 

hatch date, weather, and level of food supplementation. The fourth sub-model related nestling 

body condition (Gaussian distribution with an identity link function, n = 196 nestlings) to brood 

size, the proportion of vertebrate flesh in the diet, estimated hatch date, weather, and level of 

food supplementation. Finally, the fifth sub-model related whether an individual was observed in 

the fall following hatch (an estimate of post-fledging local survival, Bernoulli distribution with 

an logit link function, n = 196 nestlings) to its body condition as a nestling, its natal brood size, 

its estimated hatch date, the weather in the months leading up to and including the breeding 

season, and the level of food supplementation on its natal territory. All sub-models were 

generalized linear mixed effects models (GLMM) and included parent IDs and nest ID as 

random effects, except for the brood size sub-model which only included parent IDs. The IDs of 

each parent and the nest were included as random effects because individuals bred in multiple 

years and multiple individuals were sampled from each nest, respectively. The Bayesian 

structural equation model was run using the brms package (Bürkner 2017, 2018), which uses the 

probabilistic coding language Stan (Carpenter et al. 2017). The model was run with four chains 

each run with 200000 iterations (warmup = 150000) and a default prior. All analyses were 

conducted in the R statistical environment (v. 3.6.0; R Core Team 2019). 

4.4 Results 

Across 6 years, we monitored 196 nestlings from 114 nests. The estimated hatch date of nests 

ranged from March 29th to May 14th (mean = April 11th) and advanced by an average of over a 

day per year (linear model: -1.11 ± 0.40, t = -2.75, p < 0.01). Average nestling body condition 

was 2.17 ± 4.09 (range = -12.80 – 13.51) and decreased over the course of the study (linear 
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model: -0.12 ± 0.05, t = -2.72, p = 0.007). Of the 196 nestlings, only 36 (18%) were observed 

again the following fall. Fall weather (fall PC1) remained relatively constant across the six years 

of the study (mean = -0.64 ± 0.91, range = -1.70 – 0.75; linear model: -0.05 ± 0.04, t = -1.28, p = 

0.20) while winter weather (winter PC1) became warmer, wetter, and more variable (mean = -

0.86 ± 1.34, range = -2.79 – 0.78; linear model: 0.40 ± 0.06, t = 7.16, p < 0.001) and mean daily 

temperatures in the breeding season declined by an average of a third of a degree per year (mean 

= 3.09 ± 1.87 °C, range = 1.29 – 6.63 °C; linear model: -0.32 ± 0.04, t = -8.10, p <0.001). 

Based on the results of the Bayesian structural equation model, nestling diet was 

influenced by winter weather and level of food supplementation (Fig. 4.3, Supplementary 

Information, Table S4.3). Nestlings consumed more vertebrate flesh and human food following 

warmer, wetter, and more variable winters (0.09 ± 0.03, 95% Credible Interval (CI): 0.03 – 0.15) 

and when they were raised on territories receiving high levels of supplementation (0.10 ± 0.04, 

CI: 0.03 – 0.18, Fig. 4). Nestlings on territories receiving no supplementation had lower 

proportions of vertebrate flesh and human food in the diet (mean = 47.8 ± 0.1 %) compared to 

nestlings on territories that were accessible to the public (mean = 52.2 ± 0.1%, t-test: 0.04 ± 0.01, 

t = 4.34, p < 0.001). There was no evidence that the proportion of vertebrate flesh and human 

food in the diet influenced nestling body condition or survival (Fig. 3). However, environmental 

conditions and phenological variables did impact nestling body condition. Nestlings had higher 

body condition in breeding seasons following cooler, drier, and less variable winters (-0.18 ± 

0.09, CI: -0.36 – -0.01) and when they had fewer siblings (-0.28 ± 0.09, CI: -0.45 – -0.11). 

Smaller broods were associated with later hatch dates (-0.24 ± 0.07, CI: -0.38 – -0.11) and 

warmer, wetter, and more variable falls (-0.20 ± 0.08, CI: -0.35 – -0.05) and winters (-0.16 ± 
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0.07, CI: -0.31 – -0.02). Fall and winter weather had opposing effects on the timing of hatch day, 

where warmer, wetter, and more variable falls (0.02 ± 0.01, CI: 0.00 – 0.04) and colder, drier, 

and less variable winters were associated with earlier hatch dates (-0.01 ± 0.01, CI: -0.03 – 0.00). 

Overall, the cumulative effects (sum of the direct and indirect effect estimates) of fall and winter 

weather on nestling body condition were positive (0.06) and negative (-0.14), respectively 

(Supplementary Information, Table S4.4). 

4.5 Discussion 

Using stable carbon and nitrogen isotope values from food items and nestling feathers, we show 

that the majority of the diet of Canada jay nestlings is composed of vertebrate flesh and human 

food. Our previous understanding of the diet of nestling Canada jays was based on stomach 

content analysis of 10 nestlings which identified the remains of 75 insects and spiders (Strickland 

and Ouellet 2020). However, our results suggest that invertebrates constitute a smaller proportion 

of the nestling diet than expected. Importantly, stomach content analysis directly reflects what 

nestlings were fed in the hours prior to stomach removal and is biased towards arthropods 

because of the presence of hard exterior shells (Pierce and Boyle 1991). On the other hand, 

isotopic analysis of nestling feathers represent the nestling diet throughout the period of feather 

growth. The discrepancy between the two methods highlights that using a singular method to 

determine diet composition may not reveal the entire picture (e.g. Horswill et al. 2017). 

By incorporating isotopic data with information about environmental conditions, we also 

demonstrate that weather conditions were a major driver shaping the diet of Canada jay 

nestlings. Weather conditions two months prior to the breeding season affected the composition 

of nestling diets but, contrary to our predictions, warmer, wetter, and more variable weather in 
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the winter led to a higher proportion of vertebrate flesh and human food in the diet. One possible 

explanation for this unexpected relationship is that due to the overlapping isotopic signatures of 

vertebrate flesh and human food, it was impossible to disentangle whether nestlings were fed 

from natural or artificial sources. Human food may degrade at a slower rate than natural food 

items if preservatives buffer processed foods from warmer, more variable conditions (Hayman et 

al. 2004; Alahakoon et al. 2015). Thus, on some territories, it is possible that human food may 

make up the majority of unspoiled cached food items available in the late-winter. Furthermore, 

on some of these territories, supplementation by the public persists past the fall caching period, 

allowing for replenishment of cached food stores and thus, may represent a significant portion of 

the food provided by parents to their young. It is also possible that warmer temperatures in 

January and February lead to more visitors to Algonquin Park (Hewer et al. 2016) and increase 

the chances of human food (and potentially more road kill) being incorporated into the diet of 

nestlings. This is consistent with our result that public supplementation was linked with higher 

proportions of vertebrate flesh and human food in the diet. That said, territories with no public 

access and thus, no access to human food, still had similar proportions of vertebrate flesh (mean 

= 48%) compared to supplemented territories (mean = 52 %), suggesting that most of the 

nestling diet is composed of naturally-occurring vertebrate flesh. Discerning how much of the 

diet is natural versus human food by quantifying additional isotopes (e.g. δ2H or δ18O) to 

differentiate food sources (Vander Zanden et al. 2016) or by barcoding fecal sacs will be 

important to better predict the effect of environmental conditions on nestling diet composition.  

Despite vertebrate flesh and human food being rich sources of essential amino and fatty 

acids, variation in the combined amount of these food items in the diet had no effect on nestling 
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body condition or whether an individual was observed in the fall. This could suggest that a 

threshold exists, where a minimum amount of essential amino and fatty acids are required for 

development, but a surplus does not increase body condition. Minimum thresholds for dietary 

protein have been found in broiler chickens (Fancher and Jensen 1989) where low levels of 

protein in the diet led to depressed weight gain, increased abdominal fat, and impaired food 

conversion efficiency (how well ingested food is converted to body mass, Buyse et al. 1992). An 

upper threshold of macronutrients also exists, above which excessive intake may increase 

mortality (e.g. Spodoptera littoralis caterpillars, Raubenheimer et al. 2005; black garden ants 

(Lasius niger), Dussutour and Simpson 2012; and see review of several taxa by Simpson and 

Raubenheimer 2009). However, it is unknown what effect a surplus of macronutrients has on 

body condition and whether the upper thresholds observed in laboratory settings can also be 

reached in the wild. In our study population, nestlings may be receiving enough macronutrients, 

such as essential amino and fatty acids, from either vertebrate flesh and human food or 

invertebrates (Rumpold and Schluter 2013; Twining et al. 2016) to meet the minimum 

requirements for proper growth. As a result, variation in body condition may be driven, not by 

the amount of protein and fat available in food fed to nestlings, but by other factors such as 

micronutrients (e.g. vitamins) or the digestibility of food items. 

Alternatively, the vertebrate flesh and human food that nestlings consumed may not have 

impacted body condition or survival because it may be more degraded relative to arthropods and 

fruit. Vertebrate flesh is more susceptible to warming and variable weather than berries (NEF, 

AOS, DRN, DS, unpublished data) and may result in the breakdown of macronutrients due to 

spoilage (Singh and Anderson 2004). If protein has been degraded, it is possible that its reduced 
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value would result in lower growth rates and survival. For example, young Japanese quail 

(Coturnix japonica) fed 60% freeze-dried spoiled tuna had depressed weight gain when 

compared to young fed unspoiled tuna (Blonz and Olcott 1978). Similarly, in juvenile blue 

shrimp (Litopenaeus stylirostris), a diet of stale fishmeal led to lower final biomass and survival 

compared to a diet of fresh fishmeal (Tapia-Salazar et al. 2004). Unfortunately, the potential 

decline in food quality due to environmental conditions cannot be detected by stable isotopes. 

Thus, a method of estimating nutritional quality and degradation of a food item (e.g. isothermal 

calorimetry (Wadsö and Galindo 2009) or hyperspectral imaging (Gowen et al. 2007)) would be 

necessary to identify potential linkages between diet quality, body condition, and survival.  

Although we did not observe an effect of diet composition on body condition or survival 

there could be sex-specific differences in response to varying levels of macronutrients in the diet 

(Maklakov et al. 2008; Lee 2010). For example, female nestling hihi (Notiomystis cincta) 

supplemented with high-protein food had higher survival within the nest compared to 

supplemented males (Walker et al. 2013). Similarly, a high-carbohydrate diet decreased the 

lifespan of males but not female field crickets (Teleogryllus commodus, Maklakov et al. 2008). 

When species are sexually dimorphic, the sex with the larger body mass typically has higher 

dietary requirements and requires more food (i.e. calories, macro- and micronutrients) to grow 

and maintain tissues (Anderson et al. 1993) due to their longer digestive tracts and slower 

digestion (Markman et al. 2006). Because Canada jay females are smaller, they may require 

lower amounts of protein and other macronutrients to be in high body condition. Thus, if females 

are responding positively to a given diet while the males show a negative or lack of response, it 

could mask the overall effect of diet composition on body condition. Unfortunately, the sex of 
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the nestlings in this study was not known and we were, therefore, unable to investigate an 

interaction between sex and diet quality on nestling development and survival. Explicitly 

measuring sex-specific responses to variation in diet composition could help identify potential 

relationships between diet quality, body condition, and survival that are otherwise not apparent 

in our current analysis. 

Based on the lack of support for the effect of diet composition on nestling body condition 

and survival, it is possible that quantity of food provided by the breeding pair, rather than 

quality, may be the underlying driver linking fall weather with nestling condition and survival. 

By coupling a 2-year experiment with 40 years of observational data, Freeman et al. (2020 

(Chapter 3)) showed that the amount of food available to breeding Canada jays plays a role in 

nestling body condition, timing of fledging, and survival. Nestlings from territories with more 

food had higher body condition, fledged the nest earlier, and were more likely to be observed in 

the following fall population count (Chapter 3). Therefore, it may not be what the nestlings are 

eating but how much they eat that has lasting impacts on nestling physiology and survival.  

Our results also demonstrate how weather can affect different stages of reproduction, 

sometimes in opposing ways. For Canada jays in Algonquin Park, it appears that warmer, wetter, 

and more variable winters had a negative effect on nestling body condition, possibly by 

influencing parental condition or the quantity of food fed to young. These types of winters also 

led to earlier hatch dates (Whelan et al. 2016), likely because warmer periods cued females to 

begin nesting early (Crick and Sparks 1999; Dunn and Winkler 2010; Townsend et al. 2013). 

Early hatch dates led to larger broods, which, in turn, resulted in lower nestling body condition 

likely because of elevated sibling competition (e.g. Dijkstra et al. 1990) and more mouths to feed 
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for already food limited parents (Derbyshire et al. 2015; Chapter 3). In contrast, warmer, wetter, 

and more variable winter weather had a direct negative effect on brood size that then resulted in 

improved nestling condition because of lower competition in the nest. This positive indirect 

effect of winter weather on body condition can, therefore, act to compensate for the negative 

effect that those same winter weather conditions had via other pathways in the reproductive 

cycle.  

We also saw opposing weather effects between seasons: warmer, wetter, and more 

variable winters had an overall negative effect on nestling condition, whereas similar weather 

during the fall had an overall positive effect. The later result contrasts with previous analyses on 

this same population showing how a higher number of freeze-thaw events in the fall (generally 

warmer and more variable temperatures) tended to result in lower nestling body condition 

(Sutton et al. 2019). The lack of agreement between these studies could be because our 6-yr time 

series did not sufficiently capture the full range of inter-annual variation in weather compared to 

the 40-yr time series used by Sutton et al. (2019). For example, Sutton et al. (2019) reported a 

range of 20 – 57 fall freeze-thaw events within a given year (mean = 40 ± 11), whereas the range 

of freeze-thaw events from our time series was 23 – 40 (mean = 31 ± 7), suggesting that the 

effect of higher than average freeze thaw events was underrepresented in our dataset.  

Despite the fact that we found a number of factors influenced nestling body condition, we 

were unable to explain any variation in first year survival. Our power to detect potential effects 

was quite low because of the limited number of surviving individuals. However, because our 

measure of survival was based on presence or absence of individuals within the study site in the 

fall following hatch (i.e. local survival), we were likely underestimating true survival. Six weeks 
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after the young fledge, increasingly intense intra-brood dominance struggles lead to the departure 

of all but the dominant juvenile from the natal territory. Departing individuals settle with 

unrelated, usually failed, breeders elsewhere (Strickland 1991) but marked dispersers rarely do 

this within our study area (Strickland, unpublished data). As a result, our estimates of survival 

are conservative because any young jays that dispersed outside of the study area were considered 

to have not survived. Directly tracking young Canada jays from the time of their dispersal using 

radio transmitters or another remote tracking method, such as satellite tags, will be required to 

acquire more robust estimates of juvenile survival. 

Taken together, despite diet being shaped by a number of environmental factors, variation 

in diet had no effect on nestling body condition or survival. Canada jays may be buffered from 

variation in diet because they can obtain essential macronutrients from many of the different 

perishable food items they consume. However, due to their reliance on cached food, they may be 

susceptible to long-term changes in environmental conditions (Sutton et al. 2016) and, therefore, 

investigating inter-annual variation in diet composition and its potential impact on offspring 

condition could be particularly insightful. Finally, because the amount of food available appears 

to influence young Canada jays more than the quality of their diet, future studies investigating 

the role of diet composition during early life should also consider the potential role of food 

quantity in offspring growth and development. 
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4.6 Figures 

4.6.1 Figure 4.1 Isotopic ratios of nestling feathers and dietary sources 

Isotopic ratios (δ13C and δ 15N) of nestling Canada jay (Perisoreus canadensis) back feathers 
(blue circles, n = 196) and dietary sources (plants, invertebrates, and vertebrates) in Algonquin 
Provincial Park, ON, Canada. Each dietary source is labelled and indicated by the mean (black 
diamonds) and the standard deviation (black lines; mean ± SD δ13C for plants: -27.35 ± 2.12, 
invertebrates: -25.50 ± 2.89, vertebrates+human food: -21.77 ± 1.80; mean ± SD δ 15N for plants: 
2.72 ± 2.83, invertebrates: 7.32 ± 3.98, vertebrates+human food: 6.98 ± 2.32). 
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4.6.2 Figure 4.2 The complete piecewise structural equation model  

The complete Bayesian structural equation model showing the direct and indirect effects of 
environmental conditions on Canada jay (Perisoreus canadensis) nestling diet, body condition, 
and survival in Algonquin Provincial Park, ON, Canada (n = 196 nestlings). Each arrow 
represents a direct effect and each sub-model is denoted by the arrow color. 
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4.6.3 Figure 4.3 Output of the piecewise structural equation model 

The Bayesian structural equation model showing only the direct and indirect effects of 
environmental conditions on Canada jay (Perisoreus canadensis) nestling diet, body condition, 
and survival in Algonquin Provincial Park, ON, Canada (n = 196 nestlings) where the credible 
interval did not overlap zero. Each arrow represents a direct effect (solid = positive, dashed = 
negative) and each sub-model is denoted by the arrow color.  
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4.6.4 Figure 4.4 Relationship between food supplementation by the public and diet 
composition of nestlings  

The impact of food supplementation by the public on the proportion of vertebrates and human 
food in the diet of Canada jay (Perisoreus canadensis) nestlings in Algonquin Provincial Park, 
ON, Canada (n = 196 nestlings). The level of food supplementation by the public was assigned 
based on accessibility of the territory to the public (none, fall, fall+winter, and year-round; 
Chapter 3). The violin plot represents a smoothed probability density of the data using kernel 
density estimation. The black dots with the vertical lines represent the mean and standard error, 
respectively. 
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4.7 Supplemental Information  

4.7.1 Table S4.1 List of food items analyzed 

Food items collected for isotopic analysis (δ13C and δ 15N) in the determination of the diet of 
nestling Canada jays (Perisoreus canadensis) in Algonquin Provincial Park, ON, Canada (n = 
306 food items). Species collected were grouped based on class into sources for analysis using 
stable isotope mixing models (MixSIAR). Human food was selected based on observations of the 
public feeding the Canada jays and was grouped with vertebrates due to similarities in isotopic 
signatures. The number of samples represents the number of individuals sampled for each 
species. 
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Source Class Order Species Number of Samples 
          

Vertebrates Mammalia Rodentia American Red Squirrel (Tamiasciurus hudsonicus)   2 

      Northern Flying Squirrel (Glaucomys sabrinus) 1 

      North American Deer Mouse (Peromyscus maniculatus) 4 

      Southern Red-backed Vole (Myodes gapperi) 1 

    Eulipotyphla Hairy-tailed Mole (Parascalops breweri) 1 

      Star-nosed Mole (Condylura cristata) 1 

      American Water Shrew (Sorex palustris) 1 

      Northern Short-tailed Shrew (Blarina brevicauda) 1 

    Carnivora Short-tailed Weasel (Mustela erminea) 1 

      American Mink (Neovison vison) 1 

      American Marten (Martes americana) 1 

      Eastern Wolf (Canis lupus lycaon) 1 

    Artiodactyla Moose (Alces alces) 2 
          

  Aves Passerines Pine Siskin (Spinus pinus) 2 

      Common Redpoll (Acanthis flammea) 2 

      Red Crossbill (Loxia curvirostra) 2 

      White-winged Crossbill (Loxia leucoptera) 2 
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      Pine Grosbeak (Pinicola enucleator) 1 

      Evening Grosbeak (Coccothraustes vespertinus) 1 

      Blue Jay (Cyanocitta cristata) 1 

    Galliformes Ruffed Grouse (Bonasa umbellus) 4 

      Wild Turkey (Meleagris gallopavo) 1 
          

  Reptilia Squamata Ring-necked Snake (Diadophis punctatus) 1 

      Common Garter Snake (Thamnophis sirtalis) 2 
          

  Human food *   Bread 3 

      Cheese 2 

      Hot dog 3 

      Potato chip 3 

      Nuts (peanut, cashew, almond) 3 

      Raisin 3 

        Total = 54 
          

Invertebrates Insecta Lepidoptera Butterfly sp. 14 

      Moth sp. 21 

    Coleoptera Beetle sp. 33 
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    Hemiptera True Bug sp. 16 

    Blattodea Cockroach sp. 3 

    Odonata Dragonfly sp. 10 

      Damselfly sp. 2 

    Plecoptera Stonefly sp. 8 

    Hymenoptera Bee sp. 11 

      Wasp sp. 10 

      Ant sp. 6 

    Trichoptera Caddisfly sp. 5 

    Diptera Fly sp. 35 
          

  Entognatha Collembola Springtail sp. 3 
          

  Arachnida Araneae Spider sp. 31 

    Ixodida Winter Tick (Dermacentor albipictus) 6 

    Trombidiformes Mite sp. 4 
          

  Chilopoda Lithobiomorpha Centipede sp. 2 
          

  Diplopoda Julida Millepede sp. 3 

    Polydesmida Flat-backed Millepede sp. 1 
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  Clitellata Haplotaxida Earthworm sp. 3 
          

  Gastropoda Stylommatophora Land slug sp. 3 

      Land snail sp. 1 

        Total = 231 
          

Plants Magnoliopsida Ericales Cranberry sp. 3 

      Lowbush Blueberry (Vaccinium angustifolium) 3 

      American Wintergreen (Gaultheria procumbens) 3 

      Bog Labrador Tea (Rhododendron groenlandicum) 2 

    Rosales Cherry sp. 2 

    Cornales Canadian Bunchberry (Cornus canadensis) 2 

  Pinopsida Pinales Black Spruce (Picea mariana) 3 

      Tamarack (Larix laricina) 2 

  Sphagnopsida Sphagnales Sphagnum sp.  1 

        Total = 21 
          

 

*Not a class of vertebrates but was grouped with vertebrates for statistical analyses
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4.7.2 Table S4.2 Loadings from principal component analyses of weather data 

Summary of loadings from two principal component analyses (PCA) on fall and winter weather 
variables. A PCA from a correlational matrix of mean temperature, cumulative precipitation, and 
the number of freeze-thaw events was conducted for each season. 

Season Weather variable Principal component 1 Principal component 2 
        

Fall Mean temperature 0.58 -0.58 

  Precipitation 0.39 0.81 

  Number of freeze-thaw events 0.72 0.00 

Winter Mean temperature 0.48 -0.86 

  Precipitation 0.64 0.22 

  Number of freeze-thaw events 0.61 0.45 
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4.7.3 Table S4.3 Piecewise structural equation model output 

Output from the Bayesian structural equation model of the causes and consequences of the proportion of vertebrates flesh and human 

food in the diet of nestling Canada jays (Perisoreus canadensis) in Algonquin Provincial Park, ON, Canada (n = 196). Predictor 

variables included food supplementation (assigned by the accessibility of the territory to the public), fall and winter weather (the first 

principal components of two separate principal component analyses of the daily mean temperature, cumulative precipitation, and the 

number of freeze-thaw events for fall (Oct. – Dec.) and winter (Jan. – Feb.)), and breeding temperature (the daily mean temperature 

from Mar. – May). The response variables included the estimated hatch date (21 d following the first day the female was observed on 

the nest), the dietary proportion of vertebrates (quantified using a stable isotope mixing model), brood size (the number of young in 

the nest at 11 – 14 d post-hatch), body condition (the difference between the observed body mass and the estimated body mass given 

body size), and survival (whether an individual was observed in the study area in the fall following hatch). 

 

Response Predictor Estimate Estimate Error Lower 95% CI Upper  95% CI 
            

Hatch date Food supplementation 0.00 0.01 -0.03 0.02 

  Fall weather 0.02 0.01 0.00 0.04 

  Winter weather -0.01 0.01 -0.03 0.00 

  Breeding temperature 0.02 0.01 0.00 0.04 

Proportion of vertebrates in the diet Food supplementation 0.10 0.04 0.03 0.18 

  Fall weather 0.00 0.03 -0.06 0.06 

  Winter weather 0.09 0.03 0.03 0.15 

  Breeding temperature -0.04 0.03 -0.10 0.03 

  Hatch date -0.05 0.03 -0.11 0.01 
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Brood size Food supplementation 0.04 0.07 -0.09 0.18 

  Fall weather -0.20 0.08 -0.35 -0.05 

  Winter weather -0.16 0.07 -0.31 -0.02 

  Breeding temperature 0.07 0.08 -0.09 0.22 

  Hatch date -0.24 0.07 -0.38 -0.11 

Body condition Food supplementation 0.11 0.12 -0.13 0.35 

  Fall weather -0.03 0.09 -0.20 0.14 

  Winter weather -0.18 0.09 -0.36 -0.01 

  Breeding temperature 0.02 0.09 -0.16 0.21 

  Hatch date -0.08 0.09 -0.25 0.10 

  

Proportion of vertebrates in 

the diet -0.07 0.09 -0.26 0.11 

  Brood size -0.28 0.09 -0.45 -0.11 

Survival Food supplementation 0.06 0.30 -0.53 0.64 

  Fall weather -0.41 0.29 -1.00 0.12 

  Winter weather -0.22 0.30 -0.84 0.33 

  Breeding temperature 0.38 0.27 -0.12 0.89 

  Hatch date -0.13 0.31 -0.81 0.44 

  

Proportion of vertebrates in 

the diet 0.14 0.31 -0.47 0.72 

  Brood size -0.19 0.27 -0.70 0.36 
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  Body condition 0.33 0.26 -0.16 0.86 
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4.7.4 Table S4.4 Summary of the direct and indirect effects on nestling body condition 

Summary of the direct and indirect effects on body condition of nestling Canada jays (Perisoreus 
canadensis, n = 196) in Algonquin Provincial Park, ON, Canada from a Bayesian structural 

equation model. Predictor variables included fall and winter weather (the first principal 

components of two separate principal component analyses of the daily mean temperature, 

cumulative precipitation, and the number of freeze-thaw events for fall (Oct. – Dec.) and winter 

(Jan. – Feb.)). The response variable was body condition (the difference between the observed 

body mass and the estimated body mass given body size). The intermediate predictor/response 

variables were the estimated hatch date (21 d following the first day the female was observed on 

the nest) and brood size (the number of young in the nest at 11 – 14 d post-hatch). 

Response Predictor Pathway Estimate 
        

Body condition Fall weather indirect via brood size 0.06 

    indirect via hatch date and brood size 0.001 

      Total = 0.06 

  Winter weather direct -0.18 

    indirect via brood size 0.04 

    indirect via hatch date and brood size -0.0007 

      Total = -0.14 
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4.7.5 Figure S4.1 Biplots from principal component analyses of weather data 

Output from two principal component analyses (PCA) on (A) fall and (B) winter weather 

variables. A PCA from a correlational matrix of mean temperature, precipitation, and the number 

of freeze-thaw events was conducted for each season. 
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5 Chapter 5 – Early-life corticosterone and body condition 

influence social status and survival in a food-caching 

passerine 

5.1 Abstract 

Individuals undergo profound changes throughout their early life as they grow and transition 

between life-history stages. As a result, the conditions that individuals experience during 

development can have both immediate and lasting effects on their physiology, behaviour, and, 

ultimately, fitness. In a population of Canada jays in Algonquin Provincial Park, Ontario, 

Canada, we characterized the diet composition and physiological profile of young jays at three 

key timepoints during development (nestling, pre-fledge, and pre-dispersal) by quantifying 

stable-carbon (δ13C) and -nitrogen (δ15N) isotopes and corticosterone concentrations in feathers, 

respectively. We then investigated the downstream effects of early-life diet composition, feather 

corticosterone, and environmental conditions on the probability of an individual being observed 

in the fall following hatch, its social status, and its body condition in the fall. Across the three 

timepoints, the diet of Canada jay young was composed primarily of vertebrate tissue and human 

food with the proportion increasing as the jays neared dispersal. Feather corticosterone 

concentrations also shifted across the three timepoints, decreasing from nestling to pre-dispersal. 

Dominant juveniles had elevated concentrations of corticosterone in their feathers grown pre-

dispersal compared to subordinates. High body condition as nestlings was associated with high 

body condition as juveniles and an increased probability of being observed in the fall. Together, 
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our results demonstrate that nestling physiology and body condition influence social status and 

body condition once individuals are independent, with potential long-term consequences on 

survival and fitness. 

5.2 Introduction 

Throughout early life, individuals undergo profound changes in morphology, physiology, and 

behaviour. At the same time, threats of predation, low or fluctuating resources, and competition 

for resources can be potent selective filters. Individuals exposed to good early-life conditions are 

often live longer than those that underwent development in poor conditions (see the ‘silver spoon 

hypothesis’; Grafen 1988; reviewed by Lindström 1999 and Monaghan 2008). Young animals 

may experience adverse conditions during periods of social competition or nutritional restriction 

due to low food availability or consumption of a diet consisting of low caloric/nutrient foods. 

While poor conditions early in life can have pronounced immediate effects (Lindström 1999) 

they may also result in long-term programming of the endocrine system (Spencer et al. 2009; 

Grace and Anderson 2018), the immune system (Cole et al. 2012) and behavioural responses 

(Gardner et al. 2005; Spencer and Verhulst 2007), leading to reduced reproductive success and 

ultimately, reduced survival. Thus, how individuals cope with the conditions they experience 

during development can play an important role in modulating offspring mortality and fitness.   

Dietary shifts during early life can be drivers of subsequent fitness due to the high 

nutritional demands associated with growth and development.  Diet during development may 

shift as individuals become larger because they may be able to expand the range of prey they are 

capable of catching and consuming (e.g. Olson 1996). As individuals grow, in addition to 

learning how to forage, they may also change habitats, allowing them to access novel prey 
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species (e.g. Davic 1991). Switching to more profitable food sources, such as those rich in 

protein and fat, may result in increases in growth rate with positive downstream effects on 

survival and recruitment (Post 2003; Sánchez-Hernández et al. 2019). Overall, changes in both 

diet composition and abundance of prey are likely to be important during growth and 

development. 

Concurrent with early life shifts in diet is the ongoing development of physiological 

systems such as the hypothalamic-pituitary-adrenal (HPA) axis. The HPA axis is activated in 

response to stimuli such as low resource availability, inclement weather, and threats of predation 

resulting in the release of glucocorticoids (e.g. cortisol in many mammals and corticosterone in 

birds). Upon secretion, glucocorticoids act on target tissues to increase glucose in the blood by 

increasing gluconeogenesis, proteolysis and lipolysis (Sapolsky et al. 2000) and also by 

modulating foraging (Kitaysky et al. 2003) and begging behaviour (Schoech et al. 2011). 

Following birth, there is a hyporesponsive period where the HPA axis is relatively insensitive to 

many stimuli (fish (HPI axis): Barry et al. 1995, mammals: Sapolsky and Meaney 1986, birds: 

Sims and Holberton 2000; Quillfeldt et al. 2009). As the HPA axis becomes sensitive to stimuli, 

glucocorticoid secretion increases (Love et al. 2003; Wada et al. 2007). In American kestrels 

(Falco sparverius), for example, baseline levels of circulating corticosterone increased until 22 d 

post hatch at which point they were capable of mounting an adult-type response to a stressor 

(Love et al. 2003). While many studies have focused on the relationship between glucocorticoids 

and survival (e.g. Romero and Wikelski 2001; Blas et al. 2007; Cabezas et al. 2007; Wilkening 

and Ray 2016; Lind et al. 2020), few have investigated how the HPA axis shifts in activity 
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across life-history stages in the wild and how this may contribute to divergent life-history 

trajectories among individuals. 

Canada jay life-history includes a partial dispersal event that occurs approximately two 

months after hatch. During this time, increasingly intense bouts of sibling competition lead to the 

expulsion of the subordinate siblings (hereafter ‘ejectees’) from the natal territory by the 

dominant juvenile (Strickland 1991). Because the siblings fight to remain on their natal territory, 

it is assumed that becoming the dominant juvenile is the preferred life-history strategy. However, 

what remains unknown are the proximate mechanisms that link conditions during the nestling 

period (e.g. body condition, corticosterone concentrations) to juvenile social status.  

Recent research on a population of Canada jays in Algonquin Provincial Park, Ontario, 

Canada has highlighted how aspects of the early-life environment can influence juvenile 

survival. Dominant juveniles that hatched earlier in the season had higher probabilities of 

surviving to ~11 d and were more likely to be observed in the following fall than those hatched 

later in the season, possibly because they had more time to develop (Whelan et al. 2016). 

Nestlings were also more likely to be observed in the fall following hatch if they were raised on 

territories that received food supplementation from the public (Chapter 3). Nonetheless, a 

comprehensive analysis of the intrinsic and extrinsic factors driving variation in juvenile 

survival, social status and body condition is necessary to identify mechanisms that contribute to 

variation in juvenile recruitment in Algonquin Provincial Park. Developing a more robust 

understanding of these mechanisms may also shed light on the mechanisms of decline that has 

been observed in this population since 1980, which is, in part, driven by juvenile male survival 

(Sutton et al. in review).  
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Here, we investigated the impact of extrinsic (e.g. age of parents, territory quality) and 

intrinsic (e.g. feather corticosterone concentrations) factors on juvenile over-summer survival, 

their social status, and body condition in the fall following hatch. To do this, we characterize the 

diet and physiological profile of young Canada jays at three time points within the first six 

months of life. In doing so, we tested predictions from the silver-spoon hypothesis which 

proposes that individuals exposed to favorable conditions during early life, such as high food 

availability and low sibling competition, would always outperform those raised in poor 

conditions (Grafen 1988; Monaghan 2008). We predicted that jays raised by experienced parents 

(e.g. Whelan et al. 2016), in smaller broods (e.g. Sutton et al. 2019), on high quality natal 

territories, with high levels of food supplementation from the public (e.g. Chapter 3), consuming 

a higher quality diet (i.e. a diet composed primarily by vertebrate tissue and human food) and 

with low feather corticosterone concentrations would be more likely to be observed in the fall 

following hatch, achieve dominance, and be in high body condition as juveniles. 

5.3 Methods 

5.3.1 Study area and species 

From 2010 – 2018, we studied young Canada jays in Algonquin Provincial Park, Ontario, 

Canada (hereafter ‘Algonquin Park’; 45°33′N, 78°38′W). The study area in Algonquin Park 

consisted ~30 territories along the Highway 60 corridor. Within the study area, each individual 

was marked with a unique combination of three colour bands and one standard USFWS/CWS 

aluminum band. Canada jays maintain territories year-round and begin breeding in the late 

winter (Strickland and Ouellet 2020). Breeding pairs produce a single brood per year but may 

attempt a second, or even third, nest if their nest fails during laying or incubation (Strickland and 
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Ouellet 2020). Breeding pairs were monitored through nest construction (2 – 4 weeks) beginning 

in late-February to mid-March, egg laying (one egg per day) in March, incubation (18 days) in 

mid-March and early April, hatching in late March and April, and the nestling period (22 – 24 

days) from late-March through May. Fledged young remain with their parents until they reach 

nutritional independence (observed foraging for themselves) at 41 days post-hatch (dph) and, 

shortly after, they undergo a period (55 – 65 dph) of intense intra-brood competition where the 

dominant juvenile forces its siblings to disperse from the natal territory. The dominant juvenile 

then remains with its parents on the natal territory for 1 – 2 years (Strickland 1991; Strickland 

and Ouellet 2020). The majority of subordinates, or ejectees, settle either on territories with 

unrelated breeders with no retained juvenile, while some may fill breeding vacancies (Strickland 

1991; Strickland and Ouellet 2020). In the late-summer and throughout the fall, Canada jays 

cache perishable food items such as berries, mushrooms, arthropods, vertebrate flesh (from 

carcasses or small mammals and nestlings they have killed themselves) and, when available, 

human food (e.g. bread, cheese, raisins) that they depend on for overwinter survival (Strickland 

and Ouellet 2020). The cached food is also used by females to increase their mass prior to egg 

laying and incubation in February (Sechley et al. 2014) and to, at least partially, feed nestlings 

from late-March through May (Derbyshire et al. 2019). 

5.3.2 Nestling body condition and sample collection 

Nestlings were briefly removed from their nest 11 – 14 dph and were individually marked with 

three coloured leg bands and one standard USFWS/CWS aluminum band (n = 143). While out of 

the nest, mass and the length of the bill, tarsus, and 7th primary were measured and used to 

estimate the body condition of each nestling.  
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Nestling body condition was estimated as the difference between observed mass and 

predicted mass given body size (Derbyshire et al. 2015; Chapter 3). Body size was quantified 

using a principal component analysis (PCA) from a correlational matrix of bill, tarsus and length 

of the 7th primary. The first principal component scores (PC1) explained 91% of the variation in 

the morphometric data and was used as an estimate of body size for each nestling (Chapter 3). 

The estimated body size was then used to generate a predicted mass using a model generated by 

Derbyshire et al. (2015) that describes the relationship between body size and mass of known-

age nestlings. Along with morphological measurements, 8 – 10 back feathers were also collected 

and stored in paper envelopes for isotopic and hormonal analysis. 

5.3.3 Juvenile body condition and sample collection 

In October of each year, we conducted a population census to monitor the over-summer survival 

of breeding pairs and their young. If a juvenile was still with its parents on its natal territory it 

was considered ‘dominant’ while those found on non-natal territories were considered to be 

‘ejectees’. Immigrant juveniles that had dispersed into the study area were also considered 

‘ejectees’ because they had left their natal territory. Juveniles were caught using potter traps or 

mist nets and morphological measurements including mass, bill, tarsus, and 7th primary lengths 

were recorded upon capture. Sex was assigned based on mass (male > 70.5 g > female) and if a 

mass was not collected or if the mass was 70.5 g, the sex was marked as unknown. An estimate 

for juvenile body size was generated using a PCA on a correlational matrix of bill, tarsus and 7th 

primary length where the first principal component explained 53% of the variation. Juvenile 

body condition was then estimated as the residuals of the relationship between mass and the 

estimated body size of the juvenile. 
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 At capture, the third rectrix on the right side of the tail was collected (n = 76) and stored 

in a paper envelope. The rectrix was collected because it begins growing ~ 8 dph while young 

are still in the nest (young fledge 22 – 24 dph) and finishes growing ~ 45 dph, just prior to the 

partial dispersal event (55 – 65 dph, Strickland and Ouellet 2020, Figure 5.1). We conducted 

isotopic and hormonal analyses at two points along the rectrix that align with 15 – 20 dph and 40 

– 45 dph. These are two important time periods because they correspond to the lead up to two 

key life-history events of a young Canada jay: fledge and the partial dispersal event. Pre-fledge 

diet composition and corticosterone concentrations were analyzed from tissue collected 5 – 15 

mm from the distal end of the rectrix (i.e. the tip of the rectrix) while pre-dispersal diet 

composition and corticosterone concentrations were analyzed from tissue collected 0 – 10 mm 

from the proximal end of the rectrix (i.e. the base of the rectrix). All feather tissue collected from 

the rectrix was from the inner vane. A timeline of the life-history events during the early life of a 

Canada jay and the time points that we sampled are summarized in Figure 5.1. 

5.3.4 Stable isotope analysis and diet composition 

Diet composition of the young jays at three time points was estimated following methods 

outlined by Freeman et al. (In review (Chapter 4)). In brief, potential food items were 

opportunistically collected across the study area during the breeding season and during the 

caching period (Feb.-May and Oct. 2016 – 2017). Food items were grouped into plants (n = 21 

individual samples), invertebrates (n = 231 samples) and vertebrates and human food (n = 54 

samples, summarized in Supplemental Information Table S4.1 in Chapter 4). For details about 

sample preparation and isotopic analysis, see Supplemental Information.  
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Diet composition nestling period (~11-14 dph, back feathers), pre-fledge (~15 - 20 dph, 

rectrix tip) and pre-dispersal (~40 - 45 dph, rectrix base) were quantified using two stable isotope 

mixing models (MixSIAR, Stock and Semmens 2016). The first mixing model was generated by 

Freeman et al. (In review (Chapter 4)) and estimated the nestling period diet composition of 

Canada jays, which included individual ID as a fixed effect. The second mixing model included 

a unique ID for each sample timepoint (pre-fledge and pre-dispsersal) for each individual to 

estimate the diet composition of young jays at ~15 – 20 dph and ~40 – 45 dph, respectively. For 

both mixing models, the raw C and N isotopic signature of each food item, rather than the means 

of each food group, were input as the source data (Stock et al. 2018) and trophic enrichment 

factors from the omnivorous yellow-rumped warbler (Setophaga coronata, 1.9 ± 0.1 for δ13C and 

3.2 ± 0.1 for δ15N, Pearson et al. 2003) were included. The mean proportion of each dietary 

source was extracted for each individual for each feather sample. Further statistical analyses 

were conducted using only the proportions of vertebrate flesh and human food because they 

represented the vast majority of the diet (Chapter 4). 

5.3.5 Feather corticosterone 

Corticosterone in nestling back feathers and juvenile rectrices were analyzed using a protocol 

optimized for avian feathers (Bortolotti et al. 2008; Chapter 2). Feather samples were placed in 

microcentrifuge tubes with ceramic beads and pulverized into a powder using a bead mill (Bead 

Blaster: Benchmark Scientific, Edison, NJ, USA). Based on a serial dilution to determine the 

optimal sample mass (Chapter 2), 2.6 ± 0.1 mg of powdered back feather and 5.0 ± 0.1 mg of 

powdered rectrix were analyzed per sample. Samples were weighed into individual glass test 

tubes and 5mL of methanol (HPLC grade: Thermo Fisher Scientific, Waltham, MA, USA) were 
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added to each tube. The test tubes were placed in a sonicating water bath for 30 min and then 

incubated in a 50°C shaking water bath for 12 hours. The feather powder was separated from the 

methanol using vacuum filtration with #4 Whatman filter paper and rinsed twice with 1 mL of 

additional methanol. The 7 mL of methanol was dried in a 40°C evaporation plate under nitrogen 

gas for 50 minutes. Extract residues were reconstituted with absolute ethanol (5% of the 

reconstitution volume, absolute ethanol: Thermo Fisher Scientific, Waltham, MA, USA) and 

phosphate-buffered saline (95% of the reconstitution volume, PBS; 0.05 mol l–1, pH 7.6) and 

vortexed following the addition of each solution. The reconstituted samples were analyzed as 

singletons (back feathers) and duplicates (tip and base of rectrices) using four double-antibody 

I125 radioimmunoassay kits (RIA; ImmuChem 07-120103: MP Biomedicals, Orangeburg, NY, 

USA). Feather corticosterone concentrations were calculated from a standard curve from each of 

the assays. Across assays, the average intra-assay coefficient of variation (CV) was 5.1 % for the 

high control and 6.8 % for the low control while the inter-assay coefficient was 6.3%. 

5.3.6 Statistical analysis 

First, we characterized diet composition and feather corticosterone concentrations at three time 

points during the early life of Canada jays using feathers collected from 75 individuals across 

2010 – 2018. Nestlings that were part of a food spiking (Derbyshire et al. 2015) or food 

supplementation experiment (Chapter 3) were excluded from the analyses. Shifts in the 

composition of young jay diets and feather corticosterone concentrations throughout early life 

were assessed using a linear mixed effect model (one for diet, one for corticosterone) with 

sample type (nestling, pre-fledge, pre-dispersal) as the predictor and individual ID as a random 
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effect. Post-hoc analysis using pairwise comparisons were then conducted to detect differences 

between each sample type using the package ‘emmeans’ (Lenth 2020).  

To assess how early-life conditions might influence whether an individual was observed 

again in the fall, we used a generalized linear mixed effect model (GLMM, binomial distribution 

with a logit link function, n = 143 nestlings). Fixed effects included body condition as a nestling, 

the proportion of vertebrate flesh and human food in the nestling diet, and nestling feather 

corticosterone concentrations (pg/mg). Pre-fledge and pre-dispersal measures of diet and feather 

corticosterone were not included in this model because they were only collected from individuals 

that were present in the fall following hatch. Additional fixed effects included brood size 

(number of nestlings at the time of marking, n = 53 nests), age of the parents (minimum or 

known age in years, n = 26 females, n = 31 males), the year, estimated hatch day (20 d since the 

first day (= day 0) the female was observed on the nest), natal territory quality (percent of 

conifers on the territory; Strickland et al. 2011, n = 28 territories), and level of food 

supplementation a territory received. Level of food supplementation was assigned based on the 

accessibility of the territory to the public and the location of permanent feeders: none (> 200 m 

from roads and trails with no access to park visitors, n = 11 territories), fall (moderate public 

visitation but closed off from the public in the winter, n = 11 territories), fall+winter (moderate 

public visitation throughout the year, n = 3 territories), year-round (very high rates of public 

visitation throughout the year or access to permanent feeders, n = 3 territories, Chapter 3). Nest 

ID and the ID of each parent were included as random effects because multiple nestlings were 

measured in each nest and because some parents bred across multiple years of the study. 
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We also used a GLMM (binomial distribution with a logit link function) to investigate 

factors influencing juvenile social status (n = 46 juveniles assigned as either a dominant or 

ejectee). The fixed effects were body condition as a nestling, the pre-dispersal proportion of 

vertebrate flesh and human food in the diet, pre-dispersal feather corticosterone concentrations, 

brood size, age of each parent, year, hatch date, natal territory quality, and food supplementation 

level. Nest ID and the ID of each parent were included as random effects.  

The early-life predictors of juvenile body condition (Gaussian distribution with an 

identity link function) were assessed using a linear mixed model (LMM; n = 46 juveniles). The 

fixed effects included were nestling body condition, the pre-dispersal proportion of vertebrate 

flesh and human food in the diet, pre-dispersal feather corticosterone concentrations, brood size, 

sex, age of both parents, year, estimated hatch date, territory quality, level of food 

supplementation and an interaction between brood size and sex. The random effects were nest ID 

and the ID of each parent. All of the LMMs and GLMMs were run using the package lme4 

(Bates et al. 2015) and all analyses were conducted in the R statistical environment (v. 3.6.0; R 

Core Team 2019). 

5.4 Results 

Over 9 years, we sampled 224 nestlings from 96 nests throughout their first six months of life. 

Mean hatch date was April 11th (range = March 24th – May 17th) and remained consistent across 

the study period (linear model: 0.45 ± 0.40, t = 1.31, p = 0.26). Mean brood size was 2.8 ± 0.1 

nestlings (range = 1 – 5) and did not change over time (linear model: -0.04 ± 0.04, t = -1.11, p = 

0.27). Nestling body size increased over time (mean = 0.23 ± 0.11, range = -3.60 – 4.30, linear 

model: 0.13 ± 0.05, t = 2.66, p < 0.01) while body condition decreased (mean = 1.99 ± 0.29, 
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range = -15.00 – 13.58, linear model: -0.51 ± 0.12, t = -4.41, p < 0.001). Over the course of the 

study, juvenile body size (mean = -0.48 ± 0.13, range = -3.86 – 3.20; linear model: -0.06 ± 0.06, t 

= -1.08, p = 0.28) and body condition (mean = -0.15 ± 0.42, range = -9.24 – 6.48; linear model: 

0.02 ± 0.20, t = 0.11, p = 0.91) did not change. 

5.4.1 Early-life diet composition 

Diet composition was estimated from back feathers grown during the nestling period (n = 196 

nestlings) and from two parts of the rectrix grown at the pre-fledge and pre-dispersal stages (n = 

76 juveniles). Nestling diets were estimated to consist of 51 % (± 7) vertebrate flesh and human 

food (range = 35 – 72 %), 35 % (± 6) plants (range = 17 – 48 %) and 14 % (± 2), invertebrates 

(range = 10 – 20 %). Pre-fledge diet (~ 15 - 20 dph, rectrix tip) was composed of 74 % (± 5) 

vertebrate flesh and human food (range = 54 – 82 %), 15 % (± 3) invertebrates (range = 11 – 26 

%), and 10 % (± 2) plants (range = 4 – 21 %). Similarly, pre-dispersal diet (~40 - 45 dph, rectrix 

base) was 72 % (± 4) vertebrate flesh and human food (range = 53 – 83 %), 16 % (± 2) 

invertebrates (range = 10 – 25 %), and 12 % (± 2) plants (range = 5 – 22 %).  

As young Canada jays aged, their diet shifted to include more vertebrate flesh and human 

food (LMM with post-hoc pairwise comparisons: nestling to pre-fledge: -0.22 ± 0.01, t.ratio = -

26.18, p < 0.001; pre-fledge to pre-dispersal: -0.02 ± 0.01, t.ratio = -4.20, p < 0.001; nestling to 

pre-dispersal: -0.24 ± 0.01, t.ratio = -28.75, p < 0.001, Fig. 5.2A). 

5.4.2 Feather corticosterone concentrations 

Across the study period, we quantified the concentration of feather corticosterone of 148 

nestlings and 76 juveniles. Corticosterone concentrations from feathers grown in the nestling 
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period ranged from 1.53 – 22.51 pg/mg (mean = 6.85 ± 0.37 pg/mg). Mean corticosterone 

concentrations from feathers grown pre-fledge was 4.36 ± 0.38 pg/mg (range = 0.63 – 17.37 

pg/mg) while concentrations in feathers grown pre-dispersal was 2.78 ± 0.21 pg/mg (range = 

0.66 – 11.84 pg/mg). Feather corticosterone concentrations decreased as birds aged (LMM with 

post-hoc pairwise comparisons: nestling to pre-fledge: 1.50 ± 0.60, t.ratio = 2.49, p = 0.04; pre-

fledge to pre-dispersal: 1.69 ± 0.34, t.ratio = 4.97, p < 0.001; nestling to pre-dispersal: 3.20 ± 

0.60, t.ratio = 5.29, p < 0.001, Fig. 5.2B). 

5.4.3 Juvenile survival, social status, and body condition 

Of the 224 nestlings sampled, 66 were observed the following fall (41 males, 22 females and 3 

unknown sex). There were also an additional 30 juveniles that immigrated into the study area (15 

males, 15 females), who were presumed to be ejectees from territories outside the study area 

(note: because the natal history of these individuals were unknown, they were only included in 

the diet and feather corticosterone analyses). The probability of being observed in the fall 

following hatch did not change over 9 years (GLMM: 0.16 ± 0.54, t = 0.30, p = 0.76). Juveniles 

were more likely to be observed in the fall following hatch if they were of higher body condition 

as nestlings (GLMM: 0.90 ± 0.31, z = 2.86, p < 0.01, Supplemental Information: Table S5.1). 

Extrinsic factors such as hatch date (GLMM: -0.26 ± 0.30, z = -0.88, p = 0.38), the age of their 

parents (GLMM, mother: -0.42 ± 0.36, z = -1.15, p = 0.25; father: -0.09 ± 0.27, z = -0.33, p = 

0.74), brood size (GLMM: -0.21 ± 0.27, z = -0.80, p = 0.42), and the quality of the natal territory 

(0.01 ± 0.28, z = 0.05, p = 0.96) did not influence the probability of being observed in the fall 

(Supplemental Information: Table S5.1). Additionally, the proportion of vertebrate flesh and 

human food in the diet and the concentration of feather corticosterone estimated from nestling 
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back feathers had no effect on whether an individual was observed in the fall (GLMM, 

proportion of diet: 0.15 ± 0.31, z = 0.48, p = 0.63; feather corticosterone: -0.33 ± 0.39, z = -0.83, 

p = 0.41, Supplemental Information: Table S5.1).  

The surviving 66 non-immigrant juveniles consisted of 50 dominants and 16 ejectees. 

Social status was associated with corticosterone concentrations in feather grown just prior to the 

partial dispersal (GLMM: -4.46 ± 2.06, z = -2.17, p = 0.03, Supplemental Information: Table 

S5.2), where ejectees had lower corticosterone concentrations (Fig. 5.3). Social status was not 

influenced by the proportion of vertebrate flesh and human food in the diet just prior to dispersal 

(GLMM: -0.17 ± 0.53, z = -0.32, p = 0.75), brood size (GLMM: 0.14 ± 0.80, z = 0.18, p = 0.86) 

or nestling body condition (GLMM: -0.28 ± 0.77, z = -0.36, p = 0.72, Supplemental Information: 

Table S5.2). 

Juvenile body condition was positively associated with nestling body condition (LMM: 

1.57 ± 0.59, t = 2.66, p = 0.02) and was higher for males than females (LMM: -3.25 ± 0.93, t = -

3.52, p < 0.01, Supplemental Information: Table S5.3). There was no correlation between 

juvenile body condition and pre-dispersal feather corticosterone concentrations (LMM: 0.14 ± 

0.47, t = 0.31, p = 0.76) or the proportion of vertebrate flesh and human food in the diet prior to 

dispersal (LMM: 0.19 ± 0.41, t = 0.45, p = 0.66, Supplemental Information: Table S5.3). 

5.5 Discussion 

Using 9 years of data, we showed that a nestling’s body condition carries over to influence its 

body condition five months later as a juvenile, as well as the probability that it will be observed 

in the fall. Higher than average body condition as nestlings may allow individuals to outcompete 
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members of their brood and cohort when searching for resources or breeding vacancies. 

Additionally, individuals with higher than average body condition may have more energy stores 

to aid in surviving unpredictable weather events (e.g. late-spring/early-summer snow falls) or the 

unpredictability of successfully foraging as they learn to forage for themselves. While our 

findings suggest that nestling body condition is positively associated with apparent survival, it is 

important to note that our measure of presence in the fall underestimates survival because many 

individuals not observed dispersed out of the study area (i.e. ejectees).  

Interestingly, dominant juveniles tended to have higher feather corticosterone 

concentrations prior to the partial dispersal event than ejectees. Dominance has been linked with 

lower circulating corticosterone in mammalian and avian species that do not cooperatively breed 

(e.g. Louch and Higginbotham 1967; Creel 2001). In contrast, dominant individuals in 

cooperatively breeding species, such as the Florida scrub-jay (Aphelocoma coerulescens), tend to 

have higher concentrations of glucocorticoids than subordinates (Schoech et al. 1991; Creel 

2001). However, we measured corticosterone in feathers grown long before dominant juveniles 

had the chance to help feed their future siblings. Therefore, elevated glucocorticoid 

concentrations in dominant juveniles are likely the result of mechanisms other than assisting with 

breeding.  

Elevated corticosterone could be an indication that an individual is experiencing higher 

energetic demands (Johns et al. 2018). Leading up to the partial dispersal event, the eventual 

dominant juvenile competes with its siblings, with each sibling getting ejected from the territory 

one at a time. Therefore, the dominant juvenile is involved in a greater number of antagonistic 

interactions than its siblings prior to the partial dispersal event, possibly resulting in elevated 
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corticosterone levels. In Algonquin Park, dominant juveniles are typically male (Strickland 

1991), which are larger and heavier than females. In addition to experiencing more intra-brood 

bouts of competition, male dominant juveniles may also have elevated corticosterone as they 

experience higher energetic demands than their smaller female counterparts. However, many 

studies have found no sex-based differences in feather corticosterone levels (Fairhurst et al. 

2012b; Robertson et al. 2017; Adámková et al. 2019). 

By quantifying diet composition using feathers grown throughout the nestling and 

fledgling periods, we showed that Canada jay diets shift with age. As Canada jay young become 

nutritionally independent from their parents, the proportion of vertebrate flesh and human food 

increases from 51 to 72% of the diet. The rise of vertebrate flesh in the diet may be due to small 

mammals and birds becoming more accessible in late spring and early summer. Melting snow 

could increase the chance of capture as small mammals and reptiles are no longer tunneling 

under the snow or hibernating (e.g. Bieber et al. 2012). Additionally, Canada jays would have 

the opportunity to consume more eggs and nestlings with the onset of the breeding season of 

many migratory songbirds (Ouellet 1970). Human food is likely not playing much of a role in 

this dietary shift because, after the young fledge, the family group becomes difficult to locate 

until the late-summer when they begin caching food again.  

Although we have shown that individuals shift diets as they age, we were surprised to 

find that up to 83% of the diet was composed of vertebrate flesh, especially considering previous 

reports that food fed to nestlings consisted almost entirely of arthropods and other invertebrates 

(Strickland and Ouellet 2020; DS unpublished). One explanation is that we missed sampling 

some food sources (e.g. nestlings of other species, migrating or newly emerged insects, berries 
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from annual/perennial plants which were covered in snow or had not grown yet) because we only 

collected potential food items until late-May while rectrices used to estimate diet continued to 

grow into June. We also cannot rule out the possibility that there were differences in isotopic 

signatures between feather types (Rubenstein and Hobson 2004), which would have led us to 

falsely conclude differences in diet between back and rectrix feathers. Additional error could 

have been introduced through the trophic enrichment factor. Trophic enrichment factors can be 

highly variable but are necessary to correct for the differences in isotopic composition between 

consumer and prey tissue (Phillips et al. 2014). Because an accurate trophic enrichment factor 

for Canada jays does not currently exist, we used enrichment factors from the most closely 

related species, the omnivorous warbler (yellow-rumped warbler, Pearson et al. 2003), which has 

a similar diet to the jays.  

 While the diet of Canada jay young shifted across time, the proportion of vertebrate flesh 

and human food at any time point sampled (nestling, pre-fledge, pre-dispersal) did not influence 

the probability of being observed during the fall population count, an individual’s social status, 

or body condition. While this does not support the idea that early-life diet quality has 

downstream consequences for individual success, it is consistent with our recent study 

demonstrating that diet composition did not impact a nestling’s body condition or their 

probability of being observed in the fall following hatch (Chapter 4). In other species, however, 

early-life deficiencies in nutrition can lead to retarded growth, small adult body size, impaired 

cognitive abilities, and increased mortality (Boag 1987; Kitaysky 1999; Nowicki et al. 2000; van 

der Ziel and Visser 2001; Pravosudov et al. 2005; Kitaysky et al. 2006). Because Canada jays 

consume a wide variety of food items rich in protein and fat, it is likely that the juvenile jays 
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were not experiencing a deficiency in macronutrients within their diet, which may be why we see 

no relationship between diet and various metrics of juvenile body condition, social status and 

survival. 

Contrary to our predictions, we found that corticosterone concentrations in feathers 

grown leading up to the partial dispersal event decreased. Circulating corticosterone 

concentrations in plasma increase throughout development following a period of 

hyporesponsiveness of the HPA axis (Love et al. 2003; Wada et al. 2007), and as a result, more 

corticosterone should also be deposited into growing feathers. But, no study has examined 

feather corticosterone across development and whether the hyporesponsive period is detectible in 

feather corticosterone levels. The decrease in feather corticosterone concentrations that we 

observed between the back and rectrix feathers may be attributed to structural (i.e. density) 

differences of feathers (Romero and Fairhurst 2016; Chapter 2). However, to minimize any 

effect of varying feather types and tracts, we only sampled from the vane of both feather types 

and standardized by mass, thereby avoiding the structural issues that arise with sampling the 

rachis and reporting corticosterone levels by feather length (Chapter 2). Future work needs to 

characterize the relationship of plasma and feather corticosterone concentrations throughout 

development to determine whether a decrease in feather corticosterone with age is consistent 

across species.  

We showed that body condition during development and to a degree, feather 

corticosterone, are associated with whether an individual survives its first summer, its social 

status and its body condition as a juvenile. Additionally, we found that feather corticosterone 

concentrations and diet of an individual changes during development. While we only focused on 
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the first six months of life, continuing to monitor individuals throughout their lifetime may 

provide some insight into how events during early life can have lasting effects on its fitness. 
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5.6 Figures 

5.6.1 Figure 5.1 Timeline of sample collection 

A timeline of sample collection during the first six months of life of Canada jays (Perisoreus 
canadensis) in Algonquin Provincial Park, ON, Canada. 
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5.6.2 Figure 5.2 Shifts in diet and feather corticosterone of young Canada jays 

Shifts in the proportion of vertebrate flesh and human food in the diet (A) and feather 

corticosterone concentrations (B, pg/mg) across the early life of Canada jays (Perisoreus 
canadensis) in Algonquin Provincial Park, ON, Canada (2010 – 2018). Each color represents one 

individual (n = 76). Isotopic analysis and corticosterone extraction was conducted on feathers 

grown during the nestling period (~ 11 – 14 days post-hatch (dph), back feathers), pre-fledge (~ 

15 - 20 dph, rectrix tip) and pre-dispersal (~ 40 - 45 dph, rectrix base). 
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5.6.3 Figure 5.3 Relationship between feather corticosterone and social status 

The relationship between pre-dispersal feather corticosterone concentrations (pg/mg) and 

juvenile social status (dominant = navy, ejectee = white) of young Canada jays (Perisoreus 
canadensis) in Algonquin Provincial Park, ON, Canada (2010 – 2018, n = 46). 
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5.7 Supplemental Information 

5.7.1 Stable isotope analysis 

Potential food items were opportunistically collected across the study area during the breeding 

season and during the caching period (Feb.-May and Oct. 2016 – 2017). Food items were 

grouped into plants (n = 21 individual samples), invertebrates (n = 231 samples) and vertebrates 

and human food (n = 54 samples, summarized in table S4.1 in Chapter 4). Food samples were 

kept frozen until dried in an oven at 70°C for 24 hrs before being ground into a fine powder 

using a mortar and pestle.  

 Prior to isotopic analysis, back feathers and rectrices were placed in scintillation vials and 

soaked in a 2:1 chloroform:methanol solution for 24 hours, rinsed with additional solution and 

air dried for 72 hours (Norris et al. 2006). The feathers then were minced using scissors. Each 

food and feather sample was weighed (0.30 – 0.50 mg) into tin capsules (Elemental 

Microanalysis, Okehampton, UK), combusted and oxidized in an elemental analyzer (elemental 

combustion system: Costech Analytical Technologies, Valencia, CA, USA), and run through a 

mass spectrometer (Thermo Finnigan DeltaplusXP Isotope Ratio Mass Spectrometer: Thermo 

Fisher Scientific, Waltham, MA, USA). All isotopic analysis was conducted at the Queen’s 

Facility for Isotope Research, Queen’s University (Kingston, ON, Canada). 

  Output of the isotopic analyses are reported in δ (δ = [(Rsample/Rstandard) – 1] x 1000) 

where R is the isotopic ratios (carbon: C13/C12 or nitrogen: N15/N14) in the samples (Rsample) and 

international standards (Rstandard, C: Vienna Pee Dee Belemnite, N: air). An in-house standard 

was also included every 10 samples: UC-1 Graphite for carbon (-25.7 ± 0.3‰, N = 19), EIL-61 

KNO3 for nitrogen (0.8 ± 0.2‰, N = 16) and cormorant feather for both elements (δ13C: -17.1 ± 
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0.2‰ and δ15N: 14.1 ± 0.2‰, N = 21). Duplicates were included every 10 samples and were 

replicable to within 0.1‰ for δ13C and 0.2‰ for δ15N. 
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5.7.2 Table S5.1 Fall observation model output 

Summary of a generalized linear mixed effects model (family = binomial) using physiological 

data (2010 – 2018, n = 143) collected from juvenile Canada jays (Perisoreus canadensis) in 

Algonquin Provincial Park, ON, Canada predicting whether an individual was observed in the 

fall following hatch (scored as a 1) or not (scored as a 0). Nest ID and the ID of each parent was 

included in the models because multiple nestlings were measured in each nest and because the 

parents bred across multiple years, respectively. The fixed effects included nestling body 

condition (the difference between the observed mass and the predicted mass given body size 

(Derbyshire et al. 2015; Chapter 3)), brood size (number of nestlings at the time of marking), age 

of the parents (minimum or known age in years), year, Julian hatch date (20 d since the first day 

(= day 0) the female was observed on the nest), the level of food supplementation on the natal 

territory (assigned based on accessibility of the territory to the public, Chapter 3), territory 

quality of the natal territory (percent of conifers within 450 m of the average nest location on the 

territory, Strickland et al. 2011). Feather corticosterone concentrations (pg/mg) and the 

proportion of human food in the diet of quantified during the nestling period were also included 

as fixed effects. 

Parameter Estimate ± SE z value p value Variance ± SD 
          

Random effects         

  Nest ID       0.00 ± 0.00 

  Mother ID       0.00 ± 0.00 

  Father ID       0.00 ± 0.00 

Fixed effects         

  Intercept -1.57 ± 0.61 -2.56 0.01   

  Nestling feather corticosterone -0.33 ± 0.39 -0.83 0.41   

  Nestling proportion of vertebrate and human food 0.15 ± 0.31 0.48 0.63   

  Nestling body condition 0.90 ± 0.31 2.86 < 0.01   

  Brood size -0.21 ± 0.27 -0.80 0.42   

  Age of mother -0.42 ± 0.36 -1.15 0.25   

  Age of father -0.09 ± 0.27 -0.33 0.74   

  Year 0.16 ± 0.54 0.30 0.76   

  Hatch date -0.26 ± 0.30 -0.88 0.38   
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  Food supplemenation (fall) -0.81 ± 0.71 -1.14 0.25   

  Food supplemenation (fall+winter) 0.64 ± 0.84 0.76 0.45   

  Food supplemenation (year-round) 0.01 ± 0.98 0.01 0.99   

  Territory quality 0.01 ± 0.28 0.04 0.96   
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5.7.3 Table S5.2 Juvenile social status model output 

Summary of a generalized linear mixed effects model (family = binomial) from a using 

physiological data (2010 – 2018, n = 46) collected from juvenile Canada jays (Perisoreus 
canadensis) in Algonquin Provincial Park, ON, Canada predicting juvenile social status which 

was assigned based on their location during the fall census (on its natal territory = dominant, 

scored as 0; not on its natal territory = ejectee, scored as 1). Nest ID and the ID of each parent 

was included in the models because multiple nestlings were measured in each nest and because 

the parents bred across multiple years, respectively. The fixed effects included pre-dispersal 

event feather corticosterone concentrations (pg/mg), the proportion of vertebrate flesh and 

human food in the diet pre-dispersal event, nestling body condition (the difference between the 

observed mass and the predicted mass given body size (Derbyshire et al. 2015; Chapter 3)), 

brood size (number of nestlings at the time of marking), age of the parents (minimum or known 

age in years), year, Julian hatch date (20 d since the first day (= day 0) the female was observed 

on the nest), the level of food supplementation on the natal territory (assigned based on 

accessibility of the territory to the public, Chapter 3), and territory quality of the natal territory 

(percent of conifers within 450 m of the average nest location on the territory, Strickland et al. 
2011).  

Parameter Estimate ± SE z value p value Variance ± SD 
          

Random effects         

  Nest ID       0.00 ± 0.00 

  Mother ID       0.00 ± 0.00 

  Father ID       0.00 ± 0.00 

Fixed effects         

  Intercept -3.91 ± 1.69 -2.32 0.02   

  Pre-dispersal feather corticosterone -4.46 ± 2.06 -2.17 0.03   

  Pre-dispersal proportion of vertebrate and human food -0.17 ± 0.53 -0.32 0.75   

  Nestling body condition -0.28 ± 0.77 -0.36 0.72   

  Brood size 0.14 ± 0.80 0.18 0.86   

  Age of mother 0.83 ± 0.83 1.00 0.32   

  Age of father 1.08 ± 0.97 1.12 0.26   

  Year -0.80 ± 0.76 -1.05 0.29   
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  Hatch date -1.23 ± 1.12 -1.09 0.27   

  Food supplemenation (fall) -1.95 ± 1.55 -1.06 0.29   

  Food supplemenation (fall+winter) 1.07 ± 2.40 0.45 0.65   

  Food supplemenation (year-round) 1.13 ± 2.24 0.51 0.61   

  Territory quality -0.18 ± 0.95 -0.19 0.85   
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5.7.4 Table S5.3 Juvenile body condition model output 

Summary of output from a linear mixed effects model (family = Gaussian) predicting juvenile 

body condition of Canada jays (Perisoreus canadensis) in the fall following hatch in Algonquin 

Provincial Park, ON, Canada (2010 – 2018, n = 46). Body condition was the residual of the 

relationship between the observed mass and body size. Body size was the first principal 

component from a principal component analysis on a correlational matrix of juvenile bill, tarsus 

and seventh primary lengths (mm) which explained 54% of the variation in the morphological 

dataset. Nest ID and the ID of each parent was included in the model because multiple nestlings 

were measured in each nest and because the parents bred across multiple years, respectively. The 

fixed effects included pre-dispersal event feather corticosterone concentrations (pg/mg), the 

proportion of vertebrate flesh and human food in the diet pre-dispersal event, nestling body 

condition, brood size (number of nestlings at the time of marking), the sex of nestling (assigned 

in the following fall based on mass (males > 70.5 g > female), male scored as 0, female scored as 

1), age of the parents (minimum or known age in years), year, Julian hatch date (20 d since the 

first day (= day 0) the female was observed on the nest), the level of food supplementation on the 

natal territory (assigned based on accessibility of the territory to the public, Chapter 3), and 

territory quality of the natal territory (percent of conifers within 450 m of the average nest 

location on the territory, Strickland et al. 2011). 

Parameter Estimate ± SE t value p value Variance ± SD 
          

Random effects         

  Nest ID       2.68 ± 1.63 

  Mother ID       0.18 ± 0.42 

  Father ID       0.00 ± 0.00 

Fixed effects         

  Intercept 1.35 ± 1.03 1.31 0.21   

  Pre-dispersal feather corticosterone  0.14 ± 0.47 0.31 0.76   

  Pre-dispersal proportion of vertebrate and human food  0.19 ± 0.41 0.45 0.66   

  Nestling body condition 1.57 ± 0.59 2.66 0.02   

  Brood size 0.29 ± 0.51 0.56 0.58   

  Sex (female) -3.25 ± 0.93 -3.52 < 0.01   

  Age of mother 0.24 ± 0.55 0.44 0.67   

  Age of father -0.42 ± 0.60 -0.69 0.50   
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  Year -0.04 ± 0.50 -0.08 0.94   

  Hatch date -0.22 ± 0.57 -0.38 0.71   

  Food supplemenation (fall) 0.65 ± 1.19 0.55 0.59   

  Food supplemenation (fall+winter) -4.67 ± 1.90 -2.45 0.02   

  Food supplemenation (year-round) -0.10 ± 1.68 -0.06 0.96   

  Territory quality 0.66 ± 0.66 1.00 0.33   
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6 Chapter 6 – Epilogue 

The overall goal of my thesis was to investigate the impact of ecophysiological factors during 

early life on individual physiology, social status, and survival. Using a combination of 

experimental and observational studies on a population of Canada jays, I provide evidence that 

the conditions an individual is exposed to early in life have downstream effects on body 

condition, social status, and survival later in life. In order to investigate the long-term effects of 

ecophysiological factors, I first had to establish a tool to quantify the physiological profile of 

developing birds. Thus, I first modified and validated a methodology for the extraction and 

quantification of corticosterone from feathers (Chapter 2), which I used as an integrated measure 

of hypothalamic-pituitary-adrenal (HPA) axis activity in subsequent chapters. Next, I coupled a 

2-year experiment and 40 years of observational data to show that experimental food 

supplementation and supplementation via park visitors had positive effects on young Canada jays 

(Chapter 3). Nestlings hatched on supplemented and more publicly accessible territories had 

higher body condition, lower feather corticosterone, fledged earlier, and were more likely to be 

observed in the fall following hatch. To further explore the role of the early-life diet, I estimated 

the composition of nestling Canada jay diets, a proxy for diet quality, using stable-carbon and -

nitrogen isotopes (Chapter 4). The proportion of vertebrate flesh and human food in the nestling 

diet did not influence subsequent body condition or survival, suggesting that diet quantity rather 

than quality is more important to developing Canada jays (Chapter 4). Finally, I investigated 

predictors, including diet quantity, diet composition, and feather corticosterone, of juvenile 

social status and survival (Chapter 5). Together, my findings reveal that ecophysiological factors 
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during early life can have lasting effects across life-history stages and provide insight into 

mechanisms influencing individual survival. 

Feather corticosterone has emerged as a valuable tool for ecophysiologists. Since the 

publication of the feather corticosterone methodological validations presented here (Chapter 2), a 

subsequent study has repeated the pulverization, rachis, and methanol volume validations with 

similar results (Häffelin et al. 2020) and additional support for standardizing corticosterone 

levels by mass rather than length has also been presented (Will et al. 2019). Refinement of the 

methods involved in the extraction and quantification of hormones in feathers has enabled 

feather corticosterone to be a reliable measure of the HPA axis (Romero and Fairhurst 2016; 

Chapter 2). Recently, feather corticosterone has been adopted as an indicator of individual 

quality (Lind et al. 2020), nutritional restriction (Will et al. 2019), energetic expenditure (Johns 

et al. 2018), animal welfare (Carabajal et al. 2014; Häffelin et al. 2020), and future reproductive 

success (Monclús et al. 2020). Additionally, feather corticosterone provides insight into an 

individual’s physiological state when combined with additional measures of HPA axis activity 

(e.g. plasma corticosterone, fecal glucocorticoid metabolites; Romero and Fairhurst 2016) and 

reproductive hormones (e.g. testosterone, estradiol; Koren et al. 2012; Bílková et al. 2019). 

Given the role of glucocorticoids in regulating glucose metabolism (Sapolsky et al. 2000; 

MacDougall-Shackleton et al. 2019), future studies investigating the metabolic state of an 

individual may consider concurrently measuring feather corticosterone and metabolic hormones 

(e.g. thyroid hormones, leptin). Future applications of feather corticosterone may also use it to 

assess carry over effects throughout the annual cycle. For example, in migratory species, feather 
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corticosterone may be used as a biomarker for conditions on wintering grounds, stopover sites or 

breeding grounds, depending on when individuals molt. 

Measuring corticosterone as a metric of HPA physiology is not without drawbacks. 

Although the pleiotropic aspect of glucocorticoids (Sapolsky et al. 2000) makes them ideal 

candidates for physiological studies, many of the hypothesized predictors of corticosterone may 

also be affected by corticosterone, making it can be difficult to determine cause and effect. For 

example, corticosterone can both influence, and be influenced by, body condition: elevated 

corticosterone can decrease body condition (Busch et al. 2008) while body condition can 

influence corticosterone secretion (Fokidis et al. 2011; Dayger et al. 2013). As a result of this 

‘chicken or the egg’ scenario, interpreting directionality of relationships with glucocorticoids can 

be difficult. Quantifying hormones in feathers is one solution to the issue of directionality 

considering that corticosterone is only deposited during feather growth (Jenni-Eiermann et al. 

2015) and, therefore, should not be impacted by events post-feather growth. However, the 

temporal scale of feather corticosterone is also limiting because studies are restricted to either 

periods of development, molt, or induced-growth via plucking (Romero and Fairhurst 2016). 

Thus, researchers quantifying hormones in feathers must be cognisant of when feathers are 

growing and plan their questions accordingly. 

Dietary studies are often classified into two types: diet quantity and diet quality, however 

it is rare that both are studied in the same species, particularly in wild systems (Brodmann et al. 

1997; Jodice et al. 2016; Lamb et al. 2017). Using both experimental and observational studies 

(Chapters 3-5), I provide evidence that the amount of food available may play a larger role in the 

growth and survival of young Canada jays than quality of the diet. Considering Canada jays 
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reliance on cached food and that they breed in the late winter when fresh food is scarce, it is not 

surprising that they are food limited during the breeding season (Derbyshire et al. 2015; Chapter 

3). When a breeding pair has access to more food, females may be able to devote more energy 

into pre-laying weight gain (Sechley et al. 2014), lay more eggs (Derbyshire et al. 2015), 

possibly have more food to feed their nestlings (Derbyshire et al. 2019), and produce nestlings 

with higher than average body condition (Chapter 3). Consistent with the evidence provided 

here, other dietary studies also suggest quantity may be more important than quality. For 

example, in brown pelicans (Pelecanus occidentalis carolinensis) provisioning rates and meal 

mass (i.e. the quantity of food fed to nestlings) influenced nestling survival while energy density 

of meals (i.e. diet quality) had no effect (Lamb et al. 2017). Similarly, the amount of food fed to 

young, not diet quality, best explained the number of chicks fledged per nest in black-legged 

kittiwakes (Rissa tridactyla, Jodice et al. 2006). Although, diet quantity is clearly important for 

nestling Canada jays and other young birds, the quality of food may also be important. In the 

food supplementation experiment (Chapter 3), I provided breeding pairs with an excess of a 

high-quality food, rich in fat and protein, that was likely equal to or of higher quality than the 

cached or fresh food available at the time. As a result, the observed effects of diet quantity may 

also be, in part, due to the quality of food provided. Therefore, considering that either quantity or 

quality can contribute to nutritional deficits, the only way to disentangle the downstream effects 

of diet is to investigate both how much and what individuals are eating. 

One, possibly misguided, conclusion that could be drawn from my findings that food 

supplementation by the public increased body condition and survival of young jays (Chapter 3), 

and that there were no apparent deleterious effects of human food in the diet (Chapters 4 and 5), 
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is that we should be actively feeding the Canada jays in Algonquin Park to stimulate population 

growth. Supplemental feeding has previously been applied as a conservation tool to increase 

productivity in wild animals (Armstrong et al. 2007; Oro et al. 2008; Schoech et al. 2008; 

López-Bao et al. 2010). However, the impact of feeding animals during periods of food 

limitation, such as the winter, is not without consequences (e.g. Clout et al. 2002; Plummer et al. 

2013a; 2013b, but see Wilcoxen et al. 2015). Over-winter feeders have been linked with a higher 

prevalence of pathogens (i.e. hematozoans, bacteria, fungi, viruses; Blanco et al. 2011) and can 

have positive (via advanced lay dates and increased fledging success, Robb et al. 2008b) and 

negative (via reduced brood size and lower hatching success, Harrison et al. 2010; and via 

smaller nestlings and low survival of offspring, Plummer et el. 2013b) effects on population 

dynamics. Additional negative effects of supplementary food on population demographics may 

be a result of increased survival of low-quality individuals and increased competition for 

resources (Crates et al. 2016). In Algonquin Park, implementation of feeders on territories could 

lead to an increase in the number of surviving juveniles searching for a mate and a territory to 

occupy. At high density, individuals may be forced onto low-quality territories where they are 

more susceptible to environmental conditions that negatively impact reproductive performance 

(Sutton et al. In press). Finally, with possible northward shifts in the range of Canada jays and 

the trees they rely upon, feeding at the southern edge may lead to a population that persists solely 

due to human intervention. 

There is ample evidence of the long-term effects early-life conditions have on 

morphological, physiological and behavioral traits (reviewed by Eyck et al. 2019). However, due 

to considerable variability in the results reported in the literature, we still have a poor 
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understanding of how animals will respond to the early-life environment. A recent review of 

animals’ responses to conditions during development emphasizes that, by definition, 

‘developmental stress’ typically has negative effects (Eyck et al. 2019). But, considering the 

large variation in inter-individual and -specific responses to developmental conditions, some 

animals respond with resilience (Drummond and Ancona 2015; Eyck et al. 2019). The results 

from my thesis (Chapters 3-5) provide further evidence that wild birds may have positive, 

negative, and neutral responses to early-life conditions. For example, nestling body condition 

was positively associated with experimental food supplementation and supplementation by the 

public (Chapter 3), negatively impacted by number of siblings (Chapter 4), and was not 

influenced by diet composition (Chapter 4). The variety of responses to early-life conditions 

observed here may be, in part, due to the observational nature of most of my studies and that 

many conditions measured here were co-varying. As a result, it is difficult to disentangle the 

impacts of developmental conditions considering their potentially additive or masking effects. 

For example, the effect of diet quality on an individual could be masked because it may be 

modulated by the experience of the breeding pair, the timing of breeding, and brood size, each of 

which may concurrently be directly influencing an individual. Alternatively, because the 

downstream effects of exposure to challenging conditions during early life may only arise during 

certain life-history stages (e.g. Marasco et al. 2018), it is possible we observed many neutral 

responses to early-life conditions because they may not have effects until middle or old age.  

Timing of breeding can have long-lasting consequences on offspring. Early breeders tend 

to have higher reproductive success than late breeders (Daan et al. 1988; Green and Rothstein 

1993; Réale et al. 2003; McKellar et al. 2013) where offspring from early nests are in better 
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condition (Green and Rothstein 1993; Stier et al. 2014), have higher recruitment (Dawson and 

Clark 2000) and survival (Naef-Daenzer et al. 2001) than those from late nests. Canada jays 

breed in the late-winter and, as a result, early nests may be subjected to harsh weather and low 

food availability whereas later nests may possibly benefit from warmer spring weather and 

higher fresh prey availability. However, breeding pairs that nested later in the season had fewer 

nestlings (Chapter 3) with lower over-summer survival (Whelan et al. 2016), suggesting that 

although there could be benefits to nesting late, ultimately, the early nests are more successful. 

Similarly, in brown anoles (Anolis sagrei), hatchlings from early in the season came from larger 

broods and smaller eggs but had greater overwinter survival even though lizards hatched later in 

the season were larger and were faster runners (Pearson and Warner 2018). Breeding early may 

be advantageous because young jays from early nests may be able to stay with their parents for 

longer, resulting in increased survival due to the benefits associated with extended parenting 

(Uomini et al. 2020). Benefits of extended parenting include providing a safe haven, having 

tolerant role models and teachers, and reliable food (Uomini et al. 2020). In Canada jays, it is 

clear that earlier nests are more successful however, there is no conclusive evidence of the 

mechanism underlying this correlation. 

Although my thesis contributes to our understanding of the effect of early-life conditions 

in wild systems, there remain many avenues for future scientific inquiry. First, because I focused 

only on the first 6-months of life, I was unable to investigate the long-term impacts of conditions 

during early life on reproductive success, recruitment, and adult survival (e.g. Ancona et al. 

2018). While a study spanning the lifetime of an individual is attainable for the relatively shorter-

lived species that dominate laboratory experiments (e.g. zebra finch, Monaghan et al. 2012; 
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Briga et al. 2017), it is difficult to follow individuals in the wild, particularly if they are long-

lived, such as Canada jays (maximum observed age = 17 yrs; Strickland and Ouellet 2020). 

However, because the population of Canada jays has been monitored since 1964, a study of such 

a scope is not unachievable and is, therefore, a clear follow up to my thesis. 

Second, an obvious gap in my research is what happens to young jays in the period 

between the end of the breeding season and the fall population census (~June-October). During 

this period, we know that young jays reach nutritional independence, undergo a partial dispersal 

event where the dominant juvenile remains on its natal territory and its subordinate siblings 

disperse, and begin to cache food for the oncoming winter (Strickland and Ouellet 2020). 

However, while I provide evidence linking physiology with social status, a determinate of 

dispersal, we do not understand the drivers of dispersal nor the true survival of young jays. 

Mortality of juveniles is high across taxa (Caughley et al. 1966; Charnov 1986; Sullivan 1989; 

Gaillard et al. 2000; Cox et al. 2020) and can have a considerable impact on population 

dynamics (Arcese et al. 1992; Gaillard et al. 1998; Finkelstein et al. 2010). In this study 

population of Canada jays, Sutton et al. (In review) found that low male juvenile survival 

reduced the growth rate of the population. Therefore, investigating the movement and survival of 

young jays at a finer scale than presence or absence in the fall may provide valuable insight into 

drivers of juvenile survival and, therefore, recruitment and population growth.  

Final thoughts 

We are currently amid an era of rapid expansion of integrative research that allows for the 

investigation of previously unanswerable questions addressing proximate and ultimate drivers of 
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fitness. Advances in our understanding of the HPA axis and the technology associated with 

quantification of hormones has allowed for a more integrated approach to physiological and 

ecological research. As a result, we are starting to develop a better understanding of some of the 

proximate mechanisms driving organismal and population level phenomena. Recent novel 

insights into our understanding of the pleiotropic effects of glucocorticoids (MacDougall-

Shackleton et al. 2019), the development of relatively non-invasive measures of hormones (e.g. 

Bortolotti et al. 2008; Chapter 2), the establishment of non-lethal methods for monitoring brain 

and receptor activity (Lattin et al. 2019), and the transgenerational carry-over effects of early life 

conditions (e.g. Zimmer et al. 2017) highlight the utility of ecophysiological research in 

understanding the natural world. As more laboratory-based techniques and machinery become 

available to researchers working in the field (e.g. qMRI), we may see a rapid expansion in the 

replication of lab experiments in wild systems. Such an expansion would provide insight into the 

generalizability of previous lab experiments and increase our understanding of how physiology 

interacts with environmental conditions to shape an individual’s fitness. 
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