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Life as a constant change: hormones and coping strategies 

Organisms have to cope daily through the changes that take place in the environment in 

order to keep their physical and psychological stability (i.e. homeostasis). Many 

mechanisms have evolved for the organisms to be able to keep their homeostasis through 

environmental challenge. For example, to regulate body temperature, ectotherms show 

behavioural mechanisms, while endotherms alter metabolic rate to modulate heat 

production. The diversity of processes to maintain homeostasis takes place at all scales, 

also within species, leading to between-individual variability in the extent to which the 

organisms respond to the environment. This “phenotypic plasticity” is defined as the 

ability of an individual to alter its physiology, morphology and / or behaviour in response 

to a change in the environment, which implies that the same genotype can give rise to a 

variety of phenotypes (West-Eberhard 2003). Phenotypic plasticity allows the organism to 

adjust to the environment without genetic change, but it can also induce genetic change 

by giving rise to more adaptive phenotypes, and hence be an evolutionary driving force. 

Therefore different genotypes exposed to environmental variability can end up showing 

different “coping strategies” (i.e. organismal behavioural or physiological actions to 

manage/handle internal or external demands).  These strategies will determine how the 

organisms perform in their current environment, but also how they will face similar or 

novel circumstances in the future.  

Hormones (e.g. glucocorticoids) are deeply involved in the link between the genome and 

the environment, as endocrine systems can interpret environmental variation to produce 

a range of phenotypes from the same genotype (Dufty et al. 2002). Hence 

environmentally-induced differences in endocrine systems are among the underlying 

causes of the plasticity observed in many traits. One hormonal system that is likely to play 

a key role in transmitting environmental signals to the organism is the hypothalamic-

pituitary-adrenal (HPA) axis, which produces glucocorticoid hormones. In this thesis I have 

investigated the relationships between environmental variability and glucocorticoid traits, 

and whether they mediate the environmentally-induced plasticity observed in other traits 

of interest (e.g. survival) and individual performance. Studying the role of endocrine 

systems on phenotypic plasticity requires accounting for interactions between 

environmental factors and hormones. Therefore understanding the extent to which 

environment experienced throughout life can influence the adult phenotype constitutes a 

first step towards investigating the role of the endocrine systems in mediating such 

processes. 
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Long-term effects of early life environment and the effects of adult 

environment 

Early life experiences can profoundly determine the phenotype expressed in adulthood. 

Many of these effects can be functional, determining how individuals face the 

environment that they will experience later in life, and eventually the fitness outcomes 

(Lindström 1999; Lummaa & Clutton-Brock 2002). For example, female rats receiving less 

maternal care during their development also became less caring mothers themselves and 

showed higher anxiety, changes that were transmitted across generations (Weaver et al. 

2004). In humans, Gambians born during the harvest season (i.e. high food abundance) 

had a 20% higher chance to reach the age of 45 years relative to individuals born during a 

season with low food abundance (Moore et al. 1997). Similarly, individual oystercatchers 

(Haematopus ostralegus), reared in high-quality habitats have higher adult survival and 

are more likely to recruit to high-quality habitat as breeders in comparison with those 

reared in low quality habitats (van de Pol et al. 2006). Hence, developmental conditions 

can have a long-term impact on the adult phenotype, survival and reproductive success.  

 

The environment that individuals will experience later in life can also interact with the 

early environment to determine the actual phenotype and its performance. There are two 

contrasting predictions regarding the potential outcomes of the interaction between 

developmental and adult environment: the “silver spoon hypothesis” (Grafen 1988) 

predicts that fitness will always increase with improvement of the adult environment, but 

those individuals from harsh developmental conditions will have lower fitness relative to 

those from benign developmental conditions. In contrast, the “predictive adaptive 

response” (or environmental matching, Gluckman and Hanson 2004; Hanson and 

Gluckman 2014) predicts fitness to be highest when developmental and adult 

environments match, independent of their quality (Fig. 1). Combinations of these two 

scenarios are also possible, with individuals developing in poorer conditions having only 

lower fitness under either benign or harsh adult environments. Therefore, the final 

outcome of the long-term effects of developmental conditions is likely to be determined 

by the environmental conditions encountered during adulthood. 
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When looking at specific traits and their associations with individual performance, it is 

important to keep in mind that environmentally-induced changes in the phenotype may or 

may not be adaptive. Development of the optimum phenotype may be constrained by 

environmental circumstances, and the optimum phenotype in one environment may not 

be so once such environment changes. For instance, through different life stages, but 

especially during development, phenotypic changes that mitigate the detrimental effects 

on fitness may occur, but may occur at a cost. These “trade-offs” may involve selective 

allocation of resources to some organs rather than others when conditions are poor. 

Furthermore, there may be trade-offs between beneficial effects in one life-history stage 

coming together with detrimental effects in another. For example, changes that promote 

survival and growth during the juvenile phase can carry survival penalties later in life 

(Metcalfe & Monaghan 2001). In order to disentangle effects of development and adult 

environments and investigate whether (and in which circumstances) they are adaptive, we 

need experimental data from different combinations of early and adult environments (Fig. 

1). Many of the studies investigating these processes use captive animals and often 

provide data on the performance of individuals developing in either good or poor 

conditions, but experiencing only benign conditions in later life (reviewed in Uller et al. 

2013). As a consequence, data on how those different phenotypes perform under more 

challenging adult environments is scarce. Therefore it is of great importance to compare 
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phenotypes in different environments (i.e. more naturalistic circumstances) in order to 

draw conclusions on adaptation and investigate the physiological mechanisms involved.  

In our long-term experiment on captive zebra finches (Taeniopygia guttata), we 

manipulated both developmental and adult environments and investigated their effects 

on the adult phenotype (i.e. ageing, life span and underlying physiological mechanisms) in 

a full factorial (2x2) experimental design. First, we manipulated developmental conditions 

via brood size manipulation, by cross-fostering chicks (to distinguish genetic from 

developmental effects) to either small or large broods. Chicks that grew up in large broods 

showed increased begging and reduced food reward relative to those from small broods 

(Kilner 2001, Neuenschwander et al. 2003, Kim et al. 2011; Briga 2016). Hence growing up 

in large broods implies increased foraging costs and, consistent with other studies, chicks 

reared in large broods showed impaired growth (Briga 2016, see also Griffith & Buchanan 

2010). We therefore interpret large broods as a harsh developmental condition. During 

adulthood, we determined the level of environmental challenge by manipulating foraging 

costs (i.e. flight costs per food reward, easy vs. hard foraging environment) for life (Fig. 2). 

Birds living in the hard foraging environment had lower body mass compared to the ones 

living in the easy environment (Briga 2016), and took more time to re-grow their feathers 

(Table 1, this thesis), which is consistent with hard foraging environment being 

energetically costly, also in the long term. This manipulation has ecological relevance 

because free-living animals often experience this kind of challenge (Koetsier & Verhulst 

2011). Furthermore, while earlier studies on long-term effects of early life environment 

have followed individuals until early adulthood only, in our experimental design we do not 

allow birds to reproduce, and monitor them until natural death. 

This experimental design has allowed us to find long-term effects of all developmental 

conditions, adult environment and their interaction on many traits of interest in adulthood 

(Table 1). One of the most relevant results so far relates to the survival effects of our 

experimental treatments: birds reared in large broods had a decreased survival rate 

compared to conspecifics raised in small broods, but only when experiencing the hard 

foraging environment (Fig. 3, Briga et al. 2017). These findings are a good example of how 

fitness consequences of developmental conditions may be determined by the adult 

environment. 

While most of the previous studies in this and other populations have focused on 

environmental effects and individual performance, the underlying mechanisms mediating 

such effects often remain uncertain. Hormones play a major role in mediating 

environmental effects on phenotypic development, and their pleiotropic actions can 

influence several traits simultaneously (see Lessells 2008; McGlothlin & Ketterson 2008). 

Although it is assumed that long-term effects of developmental conditions can be 

mediated by hormones, the interactions between endocrine signals and environmental 
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conditions experienced during development and in adulthood have barely been 

investigated. The main question for evolutionary ecology is whether phenotypic changes 

induced by environmental effects are adaptive, and under which circumstances. By 

applying endocrinology, we also aim to understand how the environment influences 

phenotype through hormonal changes. This latter approach is also relevant from an 

evolutionary point of view because adaptation and evolution can occur through 

phenotypic variability that does not involve changes in the genome (Danchin et al. 2011). 

In this work I have linked both approaches by investigating the causes and consequences 

of glucocorticoid variation, together with the role of these hormones as pathways linking 

environmental effects and adult phenotype in my study species, the zebra finch.  
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Glucocorticoids and environmental change 

The HPA axis is a major neuroendocrine system that participates in the regulation of 

relevant body processes in vertebrates (e.g. digestion, immune function, energy 

metabolism), many of them through the production and secretion of glucocorticoids to 

the blood (Hau et al. 2016; Romero, 2004; Sapolsky et al. 2000; Fig. 4). Glucocorticoids 

(e.g. corticosterone, cortisol) are metabolic hormones involved in regulating a wide array 

of behavioural and physiological traits in vertebrates (Wingfield et al. 1998; Breuner & 

Hahn 2003; Romero & Wingfield 2015; Hau & Goymann 2015; Hau et al. 2016), mediating 

organismal adjustments to environmental conditions on different life stages. Through the 

synthesis and release of glucocorticoids, the organism mobilizes body reserves (i.e. 

glucose, fatty acids and proteins; Remage-Healey et al. 2001; Sapolsky et al. 2000) to 

provide the resources needed to face an already apparent physiological imbalance 

(“reactive” response), or prepare for a predicted physiological challenge (“anticipatory” 

response; Herman et al. 2016). The latter includes daily or seasonal variations in metabolic 

demands and activity levels resulting from processes like activity-rest cycles, work load 

and reproduction (Remage-Healey & Romero 2000; Romero 2004; Bonier et al. 2011; 

reviewed in Monaghan & Spencer 2014, Romero & Wingfield 2015). Moreover, whenever 

an individual faces unpredictable challenges such as the appearance of a predator, a rival 

or rapid environmental deterioration, glucocorticoid concentrations increase rapidly, a 

process commonly known as “stress response” (Sapolsky et al. 2000; Romero 2004; 

Koolhaas et al. 2011; Hau et al. 2016, Box A). At those high concentrations, glucocorticoids 

acutely redirect behaviours and physiology to emergency functions which include 

increased locomotor activity and rapid mobilization of energy stores, at the expense of 

processes like reproduction and immunity (Romero 2004; Romero & Wingfield 2015; Hau 

et al. 2016). Such acute increases in glucocorticoids are thought to be adaptive in the 

short term as they allow the animal to allocate resources towards immediate survival 

functions (Sapolsky et al. 2000; Wingfield et al. 1998). However, long-lasting elevations of 

glucocorticoid concentrations can have deleterious effects on numerous neural and 

physiological systems (e.g. immune system or reproduction; Sapolsky et al. 2000; 

Wingfield & Sapolsky 2003). Concentrations are thus tightly regulated and after an acute 

increase, individuals typically return to baseline levels via negative feedback within hours 

(reviewed in Hau et al. 2016; McEwen & Wingfield 2003, Fig. 5a). An optimal endocrine 

function therefore involves both an appropriate up- and down-regulation of glucocorticoid 

concentrations (MacDougall-Shackleton et al. 2009; Romero 2004). Given the complexity 

of this endocrine system, studying HPA axis reactivity (including different glucocorticoid 

traits) and glucocorticoid responsiveness, instead of glucocorticoid concentrations at one 

time-point only, may give us a better overview on the external and internal factors 

determining glucocorticoid variation. I applied this principle in my work by studying 

different steps of HPA axis regulation (Fig. 5b; Chapters 2, 3 & 4) and quantifying 

https://en.wikipedia.org/wiki/Neuroendocrine_system
https://en.wikipedia.org/wiki/Neuroendocrine_system
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corticosterone (the main avian glucocorticoid) concentrations in different tissues (Box C), 

at different time points, or under different environmental contexts (Chapters 5, 6, 7).  

 

 

 

 

Because of the wide variation that they show at many levels and their role on mediating 

organism adjustments to the environment, glucocorticoids are expected to be involved in 

the long-term effects of early and adult environment on phenotype and performance. 

Much research has attempted to use glucocorticoid concentrations as indicators of 

individual or population welfare by studying their consequences on reproductive success 

or survival. However, causes of glucocorticoid variation (i.e. environmental factors 

affecting such variation, as well as the internal mechanisms involved) remain poorly 

understood. Therefore in this PhD thesis I aim to investigate the relevance of 

developmental effects on glucocorticoid variation, the mechanisms involved, and to what 

extent that variation is affected by the current environment and related to individual 

performance (Part I). In the next section of this thesis, I provide insights on such effects by 

investigating one of the main pathways involved in environmentally-induced 

glucocorticoid variation: metabolic rate (Part II).  
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Glucocorticoid variation at multiple levels of biological organisation

One of the main reasons why glucocorticoids have received so much research attention, 

especially in the field of ecology, is the variation in circulating concentrations that they 

exhibit at all levels. Indeed, previous studies have reported variation in the glucocorticoid 

(corticosterone or cortisol) concentrations between species (Romero 2004, Haase et al. 

2015, Bokony et al. 2009) and between different populations of the same species (Dunlap 

& Wingfield 1995). This variation could be attributed, among others, to environmental 

factors such as latitude (which could determine differences in weather or circadian 

rhythms), environmental quality (e.g. resource availability, risk of predation) or population 

density and social interactions (Creel et al. 2012). Many studies have focused on 

glucocorticoid variation between individuals of the same population (Lenvai et al. 2014, 

Ouyang et al. 2011a, Bonier et al. 2009a). Finally, studies on within-individual variation in 

glucocorticoid secretion are quite scarce (Romero & Wingfield 1999; Lendvai et al. 2014). 

These are however needed because they contribute to understand the mechanisms 

driving glucocorticoid variation at an internal level.  

In our zebra finch population we obtained both between and within individual data. By 

focusing on the between-individual differences (e.g. Chapters 2, 3, 4) we can obtain 

information on how environmental factors affect glucocorticoid concentrations 

differentially between, for example, treatment groups or sexes. Meanwhile, given the 

long-term nature of our project, we also obtained within-individual  data (e.g. Chapters 5, 

6, 7), which allowed us to get insights on individual phenotypic plasticity and on more 

short-term changes that might be difficult to detect at a population level (e.g. Chapter 7). 

This within-individual approach is also important to determine the repeatability of the 

physiological traits that we study.  The repeatability is the proportion of trait variation that 

can be attributed to between-individual differences, and hence quantifies the extent to 

which a trait is characteristic for an individual. In my study system, we found relatively 

high repeatabilities for the glucocorticoid traits related to HPA axis function that we 

studied (Chapters 2 & 3), which means that we can use glucocorticoid traits to 

characterize individuals.  

Environmental effects and glucocorticoid variation 

As other phenotypic traits (Table 1), glucocorticoid regulation in adulthood may be 

affected by developmental experiences (Lendvai et al. 2009; Rensel et al. 2010; Banerjee 

et al. 2012). Although glucocorticoids are considered potent mediators of phenotypic 

changes arising from early life challenges (Weaver et al. 2004), this link has often 

remained unclear; either because the studies on adult phenotypes have not included 

variability in the adult environment, or because the effects of early life conditions on 

glucocorticoid concentrations have disappeared in adulthood (Kriengwatana et al. 2014). 

We therefore tested for the long-term effects of developmental conditions on baseline 
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and stress-induced corticosterone, as well as for the role of the adult environment on 

shaping such effects (Chapter 2). We found that environmental effects on glucocorticoid 

concentrations can be complex and depend on sex, with females being more susceptible 

to intrinsic (i.e. body mass) and extrinsic factors (i.e. ambient temperature, experimental 

treatments) in their glucocorticoid concentrations. Indeed, we found an interaction 

between female developmental and adult environment, suggesting that long-term effects 

of the early environment can determine the responses and adjustments of the organisms 

to the environments faced during adulthood. Interestingly, our results in this study would 

not fit the predictions made when interpreting glucocorticoid concentrations merely as 

indicators of environmental challenge or individual welfare and fitness (Box A), as those 

would predict individuals from large broods, individuals in hard treatment, and individuals 

with lower body condition (i.e. lower body mass corrected by size) to have higher 

glucocorticoid levels. In contrast, these effects turned out to be complex and depended on 

adult environment and sex. We also found environmental effects on the remaining two 

corticosterone traits: feedback response and maximum release capacity, but without 

strong sex differences (Fig. 5b; Box B). The latter could be explained by the fact of these 

traits being “extreme” (i.e. chemical) stimulations of the HPA axis which intensity would 

presumably never be induced in natural conditions.  

So far, we ignore whether females being more sensitive to environmental variability in the 

short (i.e. temperature) and long (i.e. experimental treatments) term, especially if they 

come from large broods, is an adaptation or not (i.e. increases their fitness in their current 

environment). Sexes may, for example, differ in their energetic priorities and resource 

allocation (Wilkin & Sheldon 2009; Schmidt et al. 2015), or in the physiological trade-offs 

(e.g. interactions between HPA axis and the reproductive axis that secretes sex steroids) 

taking place during development (Schmidt et al. 2014, Hau et al. 2016). Likewise, we also 

ignore the extent to which the variety of glucocorticoid phenotypes triggered by different 

combinations of developmental and adult environments are adaptive, or under which 

circumstances. Hence a next step is investigating whether glucocorticoid traits are related 

to individual performance, and whether this association depends on the current or past 

environment, and on sex.  

Consequences of glucocorticoid variation 

As glucocorticoids are involved in organismal adjustments to environmental variability, a 

wide research interest has focused on testing the links between individual variation in 

glucocorticoid concentrations and variation in fitness components (i.e. reproduction and 

survival). Most of these studies have looked at correlations between baseline 

corticosterone concentrations and reproductive effort or success (Angelier et al. 2007; 

Bauch et al. 2016; Bonier et al. 2009a, 2011; Love et al. 2004; Moore & Jessop, 2003; 

Ouyang et al. 2011a; Williams et al. 2008). For example, in great tits (Parus major), 
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individuals with low baseline corticosterone before and high baseline corticosterone 

during breeding raised the most offspring (Ouyang et al. 2011a). This suggests that 

glucocorticoid plasticity contributes to reproductive success, or more likely (Chapters 5 & 

7) that high parental effort leads to increased hormone concentrations (Ouyang et al. 

2011a, see also Bauch et al. 2016). Meanwhile, other aspects of the HPA axis response 

such as the up- and down-regulation of glucocorticoid secretion (MacDougall-Shackleton 

et al. 2013) and potential associations with survival have received less attention. For 

example, higher stress-induced glucocorticoid concentrations in mountain white crowned 

sparrows (Zonotricha leucophrys oriantha) were associated with higher survival (Patterson 

et al. 2014), while in song sparrows (Melospiza melodia) birds with greater stress-induced 

concentrations were less likely to return to breed the following year (MacDougall-

Shackleton et al. 2009). Hence major links between natural glucocorticoid variation and 

fitness remain largely unresolved (reviewed in Bonier et al. 2009b; Breuner, Patterson, & 

Hahn 2008; Crespi et al. 2013).  

As most of the studies testing for associations between natural glucocorticoid levels and 

individual performance were conducted on natural populations, they rarely controlled for 

variables that are known to influence glucocorticoid levels, such as reproductive effort, 

migration, age (Bonier et al. 2009b; Breuner et al. 2008; Crespi et al. 2013; MacDougall-

Shackleton et al. 2013) or (as we show in Chapter 2) ambient temperature. Therefore, we 

tested for the glucocorticoid-survival relationship within the more controlled 

environments of our zebra finch population (Chapter 3) and including multiple 

glucocorticoid traits (i.e. steps in the HPA axis regulation), with the aim of this helping to 

resolve some contradictions regarding the glucocorticoid-survival correlations. In this 

study, we monitored survival during 3 years and found that high stress-induced 

corticosterone was associated with lower survival.  This effect however was only apparent 

in males, and independent of the experimental manipulations. This association was a 

combination of the two components of stress-induced corticosterone contributing to a 

similar extent: baseline corticosterone and corticosterone response (i.e. increase). The 

cause or mechanism behind the strong effect of sex in this context remains to be 

investigated. However, the fact that corticosterone is related to survival only in males, 

while males seem to be the sex less susceptible to environmental factors in their 

corticosterone traits (Chapter 2) seems to fit the canalization hypothesis (Waddington 

1942; Flatt 2005; Boonekamp et al. 2017). This hypothesis predicts that phenotypic traits 

with larger fitness effects will be better “canalized” (Stearns & Kawecki 1994) and will 

show less variation (i.e. their development is buffered against perturbations). Such 

stability of the more canalized traits could be achieved by preferentially allocating 

resources to such traits at the expense of less canalized traits (Stearns et al. 1995; Sato et 

al. 2015; Boonekamp et al. 2017). Because of this effect, traits that are at the same time 

sensitive to developmental conditions and good fitness proxies are expected to be 
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unusual, and hence canalization processes constitute a plausible explanation linking the 

sex differences that we found in Chapters 2 & 3.  

Although in Chapters 2 & 3 we identify environmental factors (both in the short and in the 

long term) affecting glucocorticoid variation (i.e. brood size manipulation, foraging costs 

during adulthood, temperature), we still lack knowledge on the internal processes linking 

such factors with the glucocorticoid phenotype: which are the internal pathways behind 

the integration of environmental clues and production of an endocrine response? We 

therefore investigated two potential mechanisms linking environmental effects and 

glucocorticoid variation at different scales: energy metabolism (metabolic rate and 

glucose regulation, Chapters 5, 6 & 7) and epigenetic processes (Chapter 4). 

Internal mechanisms involved in glucocorticoid variation 

Glucocorticoids enable organisms to maintain a physiological balance in the face of 

changes in energetic demands (McEwen & Wingfield 2003, Romero et al. 2009). Through 

their synthesis and release the organism mobilizes body reserves (i.e. glucose, fatty acids 

and proteins; Remage-Healey & Romero 2001; Sapolsky et al. 2000) to provide the 

resources needed to face anticipated or perceived challenges. Glucocorticoids are thus 

expected to interface with metabolism and fluctuate with an array of environmental 

factors that affect energy expenditure (Bonier et al. 2009a; Welcker et al. 2009; Bauch et 

al. 2016). One good example is the glucocorticoid modulation often observed in response 

to changes in ambient temperature, as shown in Chapter 2 (see also Jenni-Eiermann et al. 

2008; Lendvai et al. 2009). Although the prediction that glucocorticoids fluctuate together 

with metabolic demands underlies many aspects of their regulation and function (Fig. 6), 

the existence and nature of a relationship between metabolic rate and glucocorticoids is 

still surprisingly unresolved (Holtmann et al. 2017; reviewed in Romero & Wingfield 2015). 

Therefore, in Chapter 5 we experimentally tested for an association between 

corticosterone and temperature-dependent metabolic rate in birds not subjected to 

experimental manipulations. We tested this association at between- and within-individual 

level, under controlled indoor conditions, and found a strong association between 

metabolic rate and corticosterone, both increasing when temperature decreased. 

However, as there are many potential sources of metabolic rate (and glucocorticoid) 

variation, we further tested, in the same individuals, whether the effect of psychological 

stress on corticosterone variation goes over and beyond an effect on metabolic rate 

(Chapter 6). As psychological stressor we used a noise treatment which elevated 

metabolic rate in a similar magnitude as the temperature treatment. Corticosterone 

response to the psychological stressor was indistinguishable compared to the one 

observed at colder temperatures. Our results therefore indicate that there is no effect of 

challenging, harmful or unpredicted stimuli (i.e. “stressors”) on corticosterone beyond 

their effects on metabolism.  
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Our interpretation of the predicted metabolic rate-corticosterone association is based on 

the assumption that corticosterone ensures increasing fuel (i.e. glucose) supply to match 

higher energetic needs. Therefore we further tested (Chapter 5) whether a response to a 

standardized stressor (i.e. restraint, as in Chapter 2) and the subsequent increase in 

plasma corticosterone are accompanied by an increase in plasma glucose. Results showed 

an increase in both glucose and corticosterone with restraint, supporting the metabolism-

mediated effects of stressors on corticosterone. 

The previous findings may lead us to predict the effects of our experimental treatments 

(i.e. brood size manipulation and foraging costs) on corticosterone and on glucose levels 

to be similar. However, the results for the treatment effects on baseline glucose (Montoya 

et al. 2018, Fig. 7) and baseline corticosterone (Chapter 2) concentrations did not entirely 

match: whereas baseline glucose concentrations were found to be higher in birds from 

large broods and birds in hard treatment (Fig. 7), we only found a similar pattern for 

baseline corticosterone in females. I contemplate several explanations for this. First, 

baseline glucose was measured after 30 min of capture in a cage. This protocol – and thus 

presumably also the metabolic needs of the individuals - differs from the one applied for 

baseline corticosterone (within 2 minutes after disturbance) and stress-induced 

corticosterone (after 20 minutes of restraint in a cloth bag) samples (Chapter 2). Indeed, 

the treatment effects that we find, on samples taken later, for the feedback response 

(quantified as response to Dexamethasone, Box B), show patterns that better fit the ones 

found for glucose. This could be explained by the physiological state of the birds in that 

case being more similar to that of the ones included in the glucose study, as in both cases 

the birds would be in the recovery phase after an acute increase in glucocorticoids (for 

corticosterone, chemically induced; for glucose, due to capture and handling). Second, 

glucose and corticosterone concentrations in blood can change quickly (i.e. a few minutes 

or even seconds); therefore the time needed to upregulate or downregulate such 

concentrations, as well as the internal factors involved, may differ between the two traits 

and interact with the environment in a different way.  

Taken together, our results on the association between glucocorticoids and metabolism 

give support to a new perspective to interpret glucocorticoid variation at all levels. In 

agreement with this view, for example, Haase et al. (2016) found differences in metabolic 

rate to explain a wide proportion of the variation in baseline and stress-induced cortisol 

among mammal species. At a within-individual level, Harlow et al. (1987) reported very 

high correlations between circulating cortisol and simultaneous heart rate (often used as a 

proxy of metabolic rate) in the responses of domestic sheep (Ovis aries) to psychological 

stressors of different intensity. The “metabolic interpretation” of glucocorticoid variation 

that we propose here may also contribute to changing the general view on what “stress” 

means (Box A). According to our results, what is commonly named as “stress” would not 

necessarily be related to a potentially harmful or unpredicted stimulus, but to an acute or 
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gradual, unpredicted or not, increase in metabolic needs. (Chapter 6; see also Buwalda et 

al. 2012; Beerling et al. 2011). However further research is needed to test this hypothesis, 

for example using different kinds of stressors, or under more naturalistic environmental 

variability.  

 

 

 

We therefore investigated whether environmental variability can shape the association 

between corticosterone and metabolism-related traits. We tested (Chapter 7) some 

predictions derived from Chapters 5 and 6 on our experimental birds living outdoors (see 

Fig. 2). We had previously shown experimentally, under indoor controlled conditions, that 

variation in corticosterone concentrations was tightly associated with variation in 

metabolic rate triggered by different stimuli, including temperature. Given that 

corticosterone traits are repeatable between years in our outdoor population (Chapters 2 

and 3) we further tested whether the natural between-year variation in ambient 

temperature was associated with the between-year variation in baseline corticosterone 
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concentrations. Indeed, decreases in temperature were associated with increases in 

glucocorticoid levels. Furthermore, we found that the association between corticosterone 

levels and temperature was mainly present in birds living in the hard foraging 

environment. For these birds, higher energetic needs imply higher energy expenditure (i.e. 

also higher corticosterone, according to Chapters 5 & 6), because the more they forage 

the more time they have to spend flying. Meanwhile, in easy treatment higher foraging 

rate does not necessarily imply higher energy expenditure because birds can forage while 

perching. Hence, higher glucocorticoid levels to increase glucose synthesis and 

mobilization are not needed in this case, as the animals would be able to obtain glucose 

directly from food. Alternatively, for birds in the hard foraging environment the energetic 

income (i.e. glucose obtained from food) of spending extra energy foraging under low 

temperatures would not compensate the energy spent on it. In this case the birds may 

“choose” not to forage more, but to make use of glucose or fat reserves, and higher 

glucocorticoid levels would still be needed to metabolize such nutrients. Therefore, this 

study raises the importance of accounting for food availability and foraging costs when 

testing for the association between glucocorticoids and metabolism, as standardized 

captivity conditions with ad libitum food at no cost (which is far from what occurs in 

nature) may mask such association (Fig. 8).  
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According to our previous results (Chapters 5, 6 and 7), we could predict energy 

metabolism to be the main mechanism behind glucocorticoid variation at many levels, 

which would include also the long-term environmental effects reported in Chapter 2. 

However, the effects of developmental and adult treatments on metabolism (Box D, Table 

1) do not seem to give a straightforward explanation to the patterns found for 

glucocorticoid traits. This suggests that if metabolic rate and energy expenditure are 

involved in the long-term effects of early life on the glucocorticoid phenotype, it is 

presumably in combination with other still unrevealed processes. Hence, although 

metabolism arises as a main mechanism driving between and within-individual variation in 

glucocorticoid concentrations, we however still ignore other processes involved, for 

example, in the long-term effects that we see at a population level. Which are the 

mechanisms linking developmental environment and adult glucocorticoid phenotype? 

One way in which the environment can directly produce functional long-term changes in 

the organism, including HPA axis function, is via epigenetic mechanisms. These are 

changes in gene function that do not involve changes in the DNA sequence, but can 

modulate (i.e. repress) gene expression (Jones 2012). Previous evidence has related 

developmental conditions (i.e. early life adversity) with epigenetic-driven changes in the 

expression of the glucocorticoid receptor gene in mammals (Meaney 2001, Weaver et al. 
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2004, Vaiserman & Koliada 2017), which is expected to regulate  glucocorticoid 

concentrations in the blood and HPA axis reactivity. For example, prenatal exposure to 

maternal depression in humans was associated with increased DNA methylation in the 

glucocorticoid receptor gene (Nr3c1), which was also related with increased stress-

induced cortisol at 3 months of age (Oberlander et al. 2008). On the basis of these 

pervious evidences, in Chapter 4 we investigated the role of epigenetic processes (i.e. 

DNA methylation) in Nr3c1 as mechanisms leading to changes in glucocorticoid receptor 

function, and potentially explaining long-term effects of developmental conditions on HPA 

axis regulation (Chapter 2, Box B). Hence we tested whether early life adversity (i.e. large 

broods) led to increased methylation and reduced expression in the glucocorticoid 

receptor gene in the zebra finch as it has been reported in mammals. Interestingly, we 

found increased DNA methylation in birds coming from large broods, which is consistent 

with previous patterns found in humans and rodents (Weaver et al. 2004, Oberlander et 

al. 2008, Kundakovic et al. 2015). However, although higher methylation was related to 

lower expression, the latter was mainly affected by adult environment, being reduced in 

hard foraging conditions. As this effect of foraging treatment on gene expression does not 

seem to occur through differences in Nr3c1 methylation, the mechanisms driving this 

effect remain to be investigated. These findings illustrate that gene expression can be very 

dynamic, and may change in response to the environment experienced daily (i.e. 

foraging), but can also be affected by epigenetic marks induced by early experiences. We 

could interpret that brood size treatment left a “methylation footprint” that may add to 

the foraging treatment effect, making those individuals more susceptible to certain 

environmental circumstances later in life. 

The level of expression of the glucocorticoid receptor gene is expected to influence 

glucocorticoid concentrations in the blood and HPA axis reactivity. Indeed, we found a 

tight association between Nr3c1 expression and all four HPA axis regulation traits we 

analysed (Fig. 5b). Lower expression was associated with higher baseline corticosterone 

and weaker responses (i.e. acute increases and feedback). In principle, this would contrast 

with many mammal studies finding an association between reduced expression (or 

increased methylation), higher baseline glucocorticoids and weaker feedback response, 

but stronger increases. This could be due to differences in the interactions between HPA 

axis components between taxa, but also due to differences in the interactions between 

Nr3c1 and the gene associated to the other glucocorticoid receptor (Nr3c2). Investigating 

whether there are associations or interactions between expression of receptors and 

glucocorticoid release, and whether they differ among individuals or taxa, may help to 

understand these processes. Interestingly, the associations between expression of the 

glucocorticoid receptor and HPA axis regulation traits that we found may explain the 

treatment effects on the feedback response (Box B), and partially the ones on female 

baseline corticosterone (Chapter 2). They both show birds in hard treatment (i.e. with 

lower expression of their glucocorticoid receptors) having weaker feedback responses and 
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higher baseline corticosterone concentrations. However, as mentioned in previous 

sections, we still ignore whether such differences between glucocorticoid regulation 

between easy and hard treatment appear as an adaptation or as a constraint. Therefore, 

while this study provides a novel approach and opens new perspectives on the 

mechanisms linking environmental conditions at different stages and glucocorticoid 

variation, it also leaves many new questions open: Are these epigenetic processes related 

to fitness? Does this depend on the environment (or combination of environments) faced? 

Could the above mentioned epigenetic “marks” be a mechanism behind the presence or 

not of an environmental matching scenario? In which moment during development do 

these methylation processes take place, and how are they conserved through cell 

divisions?  

 

Conclusions and perspectives 

In this study we have identified several important factors (internal and external) driving 

between- and within-individual glucocorticoid variation. Probably the most relevant is 

metabolic rate, as we have shown that corticosterone is modulated in accordance with 

short (e.g. psychological stressor, temperature changes) and long (i.e. foraging treatment) 

term, perceived or anticipated, changes in energetic demands. Upcoming research should 

focus on the interactions, up- and down-regulation time-lapses, and environmental 

dependence of the associations between glucocorticoids, energy expenditure and glucose. 

Furthermore, investigating the mechanisms driving glucocorticoid release in both 

anticipated (e.g. daily rhythms) and response (e.g. acute disturbance) contexts, and to 

what extent they differ, would also help understanding the links existing between the 

three traits. 

Even though metabolism is a main factor driving glucocorticoid modulation, our results 

also suggest that metabolic traits and HPA reactivity can be affected by the environment 

independently. For example, daily energy expenditure in our zebra finch population was 

affected by developmental conditions (Box D), but the latter also affected glucocorticoid 

regulation apparently without direct mediation of metabolism (i.e. via early life-induced 

DNA methylation). At this point, and looking back to the results presented in this thesis, 

we could make a distinction between the mechanisms driving glucocorticoid variation in 

the long-term (e.g. epigenetic mechanisms, Chapter 4) and in the short-term (e.g. 

differences in “immediate” metabolic needs leading to differences in energy expenditure 

and subsequently in glucocorticoid traits, Chapters 5, 6, 7). Related to this, further 

research is needed to unravel the extent to which some of the long-term effects on 

glucocorticoid variation are interconnected with the ones that we see for other traits. 

Special attention should also be paid to the role of sex in the causes and implications of 
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glucocorticoid regulation, for example by investigating physiological processes and trade-

offs that may be present in one sex but not in the other, also in free-living populations.  

I expect this work to provide a novel overview on glucocorticoid variation and its biological 

significance, especially towards a thorough revision of the traditional interpretation of 

glucocorticoids as biomarkers of animal welfare or fitness prospects. I believe that 

studying glucocorticoid regulation (instead of absolute levels only), while accounting for 

the energetic needs faced by the organisms, will open fruitful research perspectives 

towards understanding glucocorticoid variation, as well as their implications in phenotypic 

plasticity, coping strategies and individual performance. 
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BOX A 

Glucocorticoids and the concept of “stress” throughout time 

Blanca Jimeno 

During the last decades, glucocorticoids have been commonly referred to as “stress 

hormones” in many contexts (e.g. McEwen 2008; Creel 2001; Lupien et al. 2007), and 

therefore their concentrations used to evaluate whether animals are “stressed” (Möstl & 

Palme 2002; reviewed in Busch & Hayward 2009, Dantzer et al. 2014, but see Madliger & 

Love 2014). The term ‘stress’, however, is very difficult to define, and has been subject to 

scientific debate since its first use in physiological and biomedical research by Hans Selye 

(1950). Selye originally defined “stress” as the non-specific response of the body to any 

noxious stimulus. However, in the field of ecology, the term “stress” has ended up being 

used to refer to different concepts, including: a) the noxious stimuli that an individual is 

exposed to; b) the physiological and behavioural coping responses to those stimuli; and c) 

the overstimulation of the coping responses that results in disease. Later, the concept was 

refined by distinguishing between “stressor” and “stress response”; a stressor being 

considered a stimulus that threatens homeostasis, and the stress response being the 

reaction of the organism (i.e. physiological and behavioural changes) aimed to cope and 

recover homeostasis (Romero 2004; Chrousos 2009). 

 

What nowadays is known as stress response was initially named as “General Adaptation 

Syndrome” by Selye (1950, Fig. 1a), who defined it as the physiological processes which 

prepare, or adapt, the body for challenge to increase the chances to survive it. Although 

this definition implied non-specificity regarding the stimuli, most of the times the term 

“stress” appears associated with potentially harmful stimuli or detrimental consequences 

for the organism (reviewed in Madliger & Love 2014). In the formulation of the General 

Adaptation Syndrome, Selye emphasized the adaptive nature of the stress response. Only 

after prolonged exposure to stressors adaptation might fail and the organism would reach 

a phase of exhaustion with adverse consequences (Fig. 1a). Many years later, he 

introduced the terms ‘distress’ and ‘eustress’ to distinguish between the maladaptive and 

the adaptive consequences of the stress response, respectively (Selye 1976). Despite the 

fact that during the last years several authors have emphasized both the adaptive and 

maladaptive aspects of the stress response (McEwen & Wingfield 2003; de Kloet et al. 

2005; Dallman 2007; Madliger & Love 2014), these two approaches are rarely dissociated, 

which often leads to interpretation bias of the experimental results in either the 

maladaptive or adaptive direction. Indeed, many studies have interpreted the presence of 

a stress response as an indicator of stress exposure without an independent definition of 

stressor and stress response (Armario 2006); meanwhile others define their stimulus as 
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aversive (often from an anthropomorphic point of view) and interpret the response as a 

stress response (reviewed in Koolhaas et al. 2011). 

 

McEwen and Wingfield (2003) adapted concepts from human clinical research and 

proposed a change in nomenclature. They introduced three new concepts: ‘allostasis’, the 

maintenance of homeostasis through change; ‘allostatic load’, the measure of how hard 

an individual must work (e.g. energy requirements) to accomplish a normal life-history 

task; and ‘allostatic overload’, the state in which energy requirements exceed the capacity 

of the animal to replace that energy from environmental resources. They proposed 

restricting in the use of the term ‘stress’, which should only refer to stimuli that require an 

emergency energetic response (i.e. it pushes the animal into allostatic overload, Fig. 1b).  

 

A few years later, a refinement to the allostasis concept was proposed by Romero et al. 

(2009) in their Reactive Scope Model. According to this model, individuals have a certain 

range of environmental conditions within which regulating processes operate adequately 

(i.e. “predictive homeostasis”). The second general range is Reactive Homeostasis, in 

which the levels of physiological mediators (e.g. glucocorticoids) increase above the 

normal circadian range to face unpredictable changes in the environment and re-establish 

homeostasis. The combination of Predictive and Reactive Homeostasis ranges will 

establish the normal reactive scope for the individual and defines the physiological 

constraints of a healthy animal. When a physiological mediator cannot be maintained 

within the normal reactive scope, the physiological processes that the mediator regulates 

cannot be maintained, leading to pathology or death (Fig. 1c).  

 

More recently, Koolhaas et al. (2011) proposed that the use of the terms ‘stress’ and 

‘stressor’ should be restricted to unpredictable or uncontrolled conditions, 

unpredictability being characterized by the absence of an anticipatory response and loss 

of control being reflected by a delayed recovery of the response and the presence of a 

typical neuroendocrine profile. They claimed that this more narrow definition would avoid 

confusion with normal physiological reactions that are mandatory to support behaviour. 

As all activities of an organism directly or indirectly concern the defence of homeostasis, 

the definition of stress as a threat to homeostasis would be meaningless and need critical 

consideration in the light of the current knowledge of the physiological systems involved. 

In this work the authors also emphasized the importance to consider the cognitive, 

perceptual aspects of stress in addition to the behavioural and physiological responses.   

 

Currently, further research providing insights on the functional and physiological 

implications of glucocorticoid variation is still needed. Researchers want to establish 

indices that allow an answer to the question whether a stimulus is indeed perceived as a 

stressor in the sense that it represents a serious threat to homeostasis and thus to 

physical and psychological health (Koolhaas et al. 2011). To approach this, upcoming 
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research should explore the environmental and internal factors that determine and 

modulate individual ranges of glucocorticoid variation. As reported in this thesis, such 

factors may include not only functional genetic variation, but also early life and adult 

experience.  
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ABSTRACT 

Developmental conditions in early life frequently have long-term consequences on 

the adult phenotype, but the adult environment can modulate such long-term effects. 

Glucocorticoid hormones may be instrumental in mediating developmental effects, 

but the permanency of such endocrine changes is still debated. Here, we manipulated 

environmental conditions during development (small vs. large brood size, and hence 

sibling competition) and in adulthood (easy vs. hard foraging conditions) in a full 

factorial design in zebra finches, and studied effects on baseline (Bas-CORT) and 

stress-induced (SI-CORT) corticosterone in adulthood. Treatments affected Bas-CORT 

in females, but not in males. Females reared in small broods had intermediate Bas-

CORT levels as adults, regardless of foraging conditions in adulthood, while females 

reared in large broods showed higher Bas-CORT levels in hard foraging conditions and 

lower levels in easy foraging conditions. Female Bas-CORT was also more susceptible 

than male Bas-CORT to non-biological variables, such as ambient temperature. In line 

with these results, repeatability of Bas-CORT was higher in males (up to 51%) than in 

females (25%). SI-CORT was not responsive to the experimental manipulations in 

either sex and its repeatability was high in both sexes. We conclude that Bas-CORT 

responsiveness to intrinsic and extrinsic conditions is higher in females than in males, 

and that the expression of developmental conditions may depend on the adult 

environment. The latter finding illustrates the critical importance of studying causes 

and consequences of long-term developmental effects in other environments in 

addition to standard laboratory conditions. 
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Introduction 

Developmental conditions can have long-lasting effects on phenotypes and fitness 

prospects, and this has been extensively studied in recent years (Lindström, 1999; 

Metcalfe and Monaghan, 2001; Blount et al., 2003; Gil et al., 2004; Monaghan, 2008). 

However, such effects may be modulated by the environmental conditions experienced in 

adulthood (e.g. Reid et al., 2003; Taborsky, 2006; Costantini et al., 2014; Kriengwatana et 

al., 2014; Briga, 2016). Long-term effects of developmental conditions can be mediated by 

hormones, but interactions between endocrine signals and environmental conditions 

experienced during development and in adulthood are not well known. 

Harsh conditions during early life stages are often referred to as ‘developmental stress’ 

(Spencer and MacDougall-Shackleton, 2011), and indeed the vertebrate stress axis, in 

particular glucocorticoid (GC) hormones can be potent mediators of phenotypic changes 

arising from early life challenges (Weaver et al., 2004). GCs are metabolic hormones 

involved in regulating a wide array of behavioural and physiological traits in both 

immature and adult vertebrates (Wingfield et al., 1998; Breuner and Hahn, 2003; Martins 

et al., 2007; Romero and Wingfield, 2015; Hau and Goymann, 2015; Hau et al., 2016). They 

mediate organismal adjustments to environmental conditions in two ways: first, at 

baseline concentrations, circulating GCs vary with predictable changes in metabolic 

demands resulting from daily and seasonal processes, like activity-rest cycles, work load 

and reproduction (Romero, 2004; Bonier et al., 2011; reviewed in Monaghan and Spencer, 

2014). At these low levels, GCs regulate the availability of glucose to fuel daily processes, 

primarily via actions on the mineralocorticoid receptor (Romero, 2004; Romero and 

Wingfield, 2015; Hau et al., 2016). Second, whenever an individual is faced with 

unpredictable challenges such as the appearance of a predator, a rival or rapid environ-

mental deterioration, GC concentrations increase rapidly (Sapolsky, 2000; Romero, 2004; 

Koolhaas et al., 2011; Hau et al., 2016). At such high stress-induced concentrations, GCs 

acutely redirect behaviours and physiology to emergency functions which include 

increased locomotor activity and rapid mobilization of energy stores, at the expense of 

processes like reproduction and immune function through actions on the glucocorticoid 

receptor (Romero, 2004; Romero and Wingfield, 2015; Hau et al., 2016). 

In light of the importance of GCs for individual responses to environmental conditions, it is 

not surprising that GC functioning in adulthood is shaped by developmental experiences 

(Lendvai et al., 2009; Rensel et al., 2010; Banerjee et al., 2012). In bird species, this notion 

is supported by studies that have a) created challenging conditions to increase GC 

secretion during development by, e.g., increasing brood size, food deprivation, reduction 

of parental care (Honarmand et al., 2010; Rensel et al., 2010; Banerjee et al., 2012; 

Schmidt et al., 2012, 2014; Kriengwatana et al., 2014) or b) directly administrated 

exogenous GCs to the chicks (Spencer and Verhulst, 2007; Spencer et al., 2009; Schmidt et 

al., 2012, 2014; Crino et al., 2014). However, from the few studies that have examined 
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phenotypic effects of early life conditions under varying adult environments, the role of 

GCs has remained unclear - either because the role of GCs has not been specifically tested 

(e.g. Costantini et al., 2014 ) or the effects of early life conditions on GCs concentrations 

have disappeared in adulthood (Kriengwatana et al., 2014). 

In the current study, we therefore tested whether developmental conditions induced GC 

changes that lasted into adulthood in a long-term experiment on zebra finches 

(Taeniopygia guttata). In a full factorial experimental design, we exposed birds to a 

combination of two treatments: a brood-size manipulation treatment that created benign 

vs. harsher conditions during development (small vs. large broods, creating differences in 

sibling competition and food provisioning), and a foraging treatment (easy vs. hard 

foraging conditions) that determined environmental conditions during adulthood. Both of 

our treatments were designed to be naturalistic: experimental brood sizes remained 

within the range observed in nature and the foraging treatment simulated natural 

variation in costs of obtaining food (Koetsier and Verhulst, 2011). Our long-term foraging 

manipulation is likely to induce effects that differ from those of short-term food 

restrictions often applied in studies testing for environmental effects on endocrine 

physiology (e.g. Lynn et al., 2010; Schmidt et al., 2014). All birds were maintained in 

outdoor aviaries during adulthood, which allowed for additional naturalistic effects of 

variation in climate. To standardize the breeding state of individuals and minimize 

reproductive activities, all birds were maintained in single-sex groups. Finally, we included 

equal numbers of males and females into the experiment to test for the existence of sex 

differences in responses to developmental and adult conditions. Indeed, there is some 

evidence for sex differences in the persistence of the effects of developmental conditions 

(Wilkin and Sheldon, 2009; reviewed in Jones et al., 2009) or in the nature of traits 

affected (Schmidt et al., 2012, 2015). However, whether sex-specific changes in GC 

concentrations are mediating such differences has yet not been investigated. 

Previous results from this long-term experiment have documented that fitness 

consequences of developmental conditions depend on the adult environment: birds 

reared in large broods had a decreased survival rate compared to conspecifics raised in 

small broods, but only when experiencing the hard foraging environment (Briga et al., 

2017). Furthermore, differences between treatments have been found in blood glucose 

levels (Montoya et al., 2018), metabolic rate (Koetsier and Verhulst, 2011; Briga, 2016) 

and social behaviour (our unpublished observations) of adult birds. Our experiment 

therefore also addresses whether GCs may be involved in mediating these broad 

phenotypic effects. 

We quantified two GC traits, baseline and stress-induced corticosterone (the main GC in 

birds) in adult birds to test whether (1) the consequences of developmental experiences 

depend on the quality of the adult environment; (2) natural climatic variations induce 

differential responses among treatment groups; (3) sex differences exist in responses to 
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treatments and climate; (4) the effects of treatments, climate or sex differ for baseline and 

stress-induced corticosterone. For brevity, from here on we refer to baseline and stress-

induced corticosterone as Bas-CORT and SI-CORT respectively. 

 

Materials and methods 

Animals and treatments 

Housing and rearing conditions of the birds are described in Briga et al. (2017). In brief, 

birds were randomly mated and pairs were housed in cages (80 × 40 × 40 cm) with nesting 

material and drinking water, sepia and a commercial seed mixture. When the oldest chick 

was maximally 5 days old, chicks were weighed and randomly cross-fostered to create 

small (2, sometimes 3 chicks) and large (6, sometimes 5 chicks) broods. These brood sizes 

are within the range observed in the wild (Zann, 1996). From 35 until approximately 100 

days old, young birds were housed in indoor aviaries (153 × 76 × 110 cm) with up to 40 

other young of the same sex and two male and female adults (tutors) to foment sexual 

imprinting. After reaching 100 days of age, individuals were assigned randomly to one of 

eight outdoor aviaries (310 × 210 x 150 cm), evenly distributed between easy and hard 

foraging environments. Each aviary contained individuals of one sex, and an 

approximately equal number of birds reared in small and large broods. The manipulation 

is described in detail in Koetsier and Verhulst (2011). Briefly, in each aviary a food 

container (120 × 10 × 60 cm) with 5 holes on each side was suspended from the ceiling. In 

the easy foraging environment food-boxes had perches just below the holes, allowing 

birds to perch while eating (low foraging costs). In the hard foraging environment the 

perches were absent, forcing birds to stay on the wing when obtaining food (high foraging 

costs). The experiment was started in December 2007, and young birds were periodically 

added to the aviaries to maintain a density of approximately 20 birds per aviary (see Briga 

et al., 2017 for details). Thus each aviary contained birds of different ages, ranging from 

0.88 to 8.81 years in the data presented in this paper. 

Ambient temperature was recorded each hour in the aviaries, and in our analyses we used 

the temperature in the hour before baseline blood samples were taken. Structural size 

was measured when the birds were fully grown (age > 100 days) and was taken to be the 

average tarsus and head + bill length after transformation to a standard normal 

distribution. Body mass was measured monthly, and was highly repeatable (Briga, 2016). 

To minimize disturbance we did not measure body mass during blood sampling but 

instead used the mass measurement closest in time to the blood sampling date. Residual 

body mass was calculated as the residuals of the linear regression of body mass on 

structural size, to obtain a mass component independent of size. 
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Blood sampling protocol 

Blood was collected in May 2014 and May 2015. We sampled only one bird per aviary on 

each day, to avoid disturbance effects on CORT levels of conspecifics. Each sampling day, 

four aviaries were sampled between 10:00–12:00 h, and another four between 14:00–

16:00 h. The entire sampling period lasted one month each year. Sexes, ages and 

treatments were balanced for each sampling date and time, and the sequence of aviaries 

sampled each day was randomized. The identity of the bird to be sampled was pre-

determined and target birds were marked with color rings to facilitate their individual 

identification when catching. In total, we obtained blood samples for Bas-CORT and SI-

CORT from 91 birds in 2014 (Table 1; ages: 0.88–8.29 years, mean = 3.82) and 120 birds in 

2015 (Table 1; ages: 0.93–8.81 years, mean = 3.33). 49 of these birds were sampled in 

both years, the second sample being taken on the date as close as possible to that of the 

previous year. 

 Small Broods Large Broods 

 Easy Hard Easy Hard 

 2014 2015 2014 2015 2014 2015 2014 2015 

Males 12 16 13 17 9 14 11 15 

Females 12 18 13 13 12 13 9 14 

Total 58 (42) 56 (44) 48 (36) 49 (40) 

 

Bas-CORT samples were taken within 2 min after opening the door of the aviary. Blood 

samples were taken from the brachial vein and collected in heparinized microcapillary 

tubes stored on ice until centrifugation. Immediately after collecting the first sample (Bas-

CORT) the birds were placed into an opaque cotton bag (restraint stressor), and a second 

blood sample (SI-CORT) was taken after 20 min. In total, no more than 150 μl of blood 

were taken per individual (this includes 2 further samples taken later on the same day as 

part of a complementary study). After blood sampling, each bird was put into a separate 

cage with food and a heat lamp to recover before being released back into the aviary 

(usually within 20 min). Plasma was separated from all samples and stored at −20 °C until 

analyzed. 
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Hormone analysis 

We determined plasma CORT concentrations using an enzyme immunoassay kit (Cat. No. 

ADI-900-097, ENZO Life Sciences, Lausen, Switzerland), following previously established 

protocols (Ouyang et al., 2015). Samples taken from one individual in each year were 

placed in neighboring wells, but in other respects samples were randomly distributed. 

Briefly, aliquots of either 10 μl (for Bas-CORT) or 7 μl plasma (SI-CORT) along with a buffer 

blank and two positive controls (at 20 ng/ml) were extracted with diethylether. After 

evaporation, samples were re-dissolved in 280 μl assay buffer. On the next day, two 100 μl 

duplicates of each sample were added to an assay plate and taken through the assay. 

Buffer blanks were at or below the assay's lower detection limit (27 pg/ml). In 2014, intra-

plate coefficient of variation (CV; mean ± SE) was 9.63 ± 5.1% and inter-plate CV was 15.23 

± 3.2% (n = 10 plates). In 2015, the intra-plate CV was 11.43 ± 7.05% and inter-plate CV 

was 9.99 ± 2.67% (n = 16 plates). Samples with CV's > 20% were re-assayed when there 

was sufficient plasma. Final CORT concentrations were corrected for average loss of 

sample during extraction, which is 15% in our laboratory (Baugh et al., 2014). 

Statistics 

To test our hypotheses we constructed a general linear mixed model, sequentially 

including the following sets of variables: 1) non-biological variables: ambient temperature, 

date (as a continuous variable in which 1 = first sampling day, 27th of April), sampling 

round (morning/afternoon), and sampling sequence (1–4, as four birds were sampled per 

round and date); 2) individual traits not affected by experimental treatments: sex and age. 

These steps served to develop a background model for step 3), which incorporated 

experimental treatments: brood size and foraging. In a final step, 4) we tested for effects 

of structural size and residual body mass (see below), as body mass is affected by our for-

aging treatment (Briga, 2016). In all models the following random effects were retained 

regardless of their contribution to the model fit: individual identity, year and assay plate. 

Aviary number was not included because it explained a negligible part of the variance in all 

models. 

While building the four models described above, we used backward elimination of least 

significant terms, except for the main effects of age, brood size and foraging treatment 

which were kept in the following step regardless of significance. We did this because age 

effects may diverge between treatments and because treatment groups may differ in 

structural size and residual body mass, respectively (Briga, 2016). After model selection, 

the Akaike Information Criterion (Akaike, 1973) was also considered to confirm that the 

final models had the lowest AIC values. We tested all two- and three-way interactions that 

included at least two of the following factors: sex, brood size treatment, foraging 

treatment. 
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When analyzing SI-CORT as the dependent variable, we included Bas-CORT as a covariate 

in the models. We did this to separate the effects of stress-induced from those of Bas-

CORT, as the two traits can be correlated (r = 0.3 in our population, unpublished data). 

However, we also ran all models on SI-CORT without including Bas-CORT as covariate and 

obtained qualitatively similar results. 

All statistical analyses were performed using R version 3.2.1 (R Core Team, 2015) with the 

function “lmer” of the R package lme4 (Bates et al., 2014). In the main models, R
2
 was 

obtained with the function “r.squaredGLMM” of the R package MuMIn (Bartoń, 2013). 

Logarithmic transformations were performed to normalize Bas-CORT and SI-CORT. After 

model selection all residuals showed a normal distribution. 

 

Results 

When pooling all data, there was no difference between the sexes in either average Bas-

CORT (F141.76 = 0.25, p = 0.617) or in average SI-CORT (F148.67 = 0.03, p = 0.869) 

concentrations. However, preliminary analysis of Bas-CORT revealed multiple three-way 

interactions including sex, and we therefore analyzed data for the sexes separately to 

facilitate the interpretation of the statistical models. We subsequently checked whether 

the findings differed significantly between the sexes in an analysis of the pooled data. 

Baseline CORT 

– Non-biological variables: Female Bas-CORT decreased with increasing ambient 

temperature (Table s1a, Fig. 1a), whereas male Bas-CORT was independent of 

temperature (Table s1b, Fig. 1b). This sex difference was significant (pooled data: 

Temperature × Sex: F157.5 = 9.35, p = 0.0026). In females, the association between Bas-

CORT levels and temperature differed between foraging treatments, independently of 

developmental conditions (Table s3a, Fig. s1): the relationship between Bas-CORT and 

temperature was significantly steeper in the hard (−0.100 ± 0.016) compared to the 

easy foraging treatment (−0.039 ± 0.017), and both differed significantly from 0 (hard: 

t47 = −4.29, p < 0.0001; easy: t53 = −2.20, p = 0.032). Date, time of the day and 

processing sequence were not correlated with Bas-CORT in either sex (Table s1). Thus, 

of all non-biological variables tested, Bas-CORT associated negatively only with 

temperature in females, and this association was more pronounced in hard 

environmental conditions. 

– Age: Introduction of age into the model, either as a linear or quadratic term, did not 

explain a significant amount of variation in Bas-CORT in either sex (Table s2). Thus, we 

found no evidence for age-associated changes in Bas-CORT. 
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– Treatments: Bas-CORT concentrations of males were not affected by either treatment 

or their interaction (Table s3b, Fig. 2b). In contrast, Bas-CORT concentrations of females 

were affected by both experimental treatments, as indicated by a significant 

interaction between foraging and brood size treatments (Table s3a, Fig. 2a). Post-hoc 

analyses showed that for females from small broods, adult foraging conditions had 

little effect on Bas-CORT (F38.9 = 0.24, p = 0.63, Fig. 2a). In contrast, for females from 

large broods Bas-CORT levels varied with foraging conditions, with Bas-CORT levels 

being higher in the hard compared to the easy foraging treatment (F25.3 = 6.67, p = 

0.016, Fig. 2a). Interestingly, the Bas-CORT levels of females from small broods were 

intermediate between those of females from large broods kept under easy (F37.6 = 4.55, 

p = 0.038, Fig. 2a) and hard foraging conditions, albeit not significantly for the latter 

comparison (F22.3 = 2.03, p = 0.16, Fig. 2a). The differences between the sexes were 

significant (Foraging Treatment × Brood Treatment x Sex: F137 = 5.41, p = 0.022; Brood 

Treatment × Sex: F137 = 5.28, p = 0.023; Foraging Treatment × Sex: F134.8 = 2.27, p = 

0.13). Thus, Bas-CORT levels in females but not in males were susceptible to 

environmental quality during development and in adulthood (Fig. 4). 

– Size and mass: In females, higher residual body mass was associated with lower Bas-

CORT concentrations (Table 2a, Fig. 3a). In contrast, in males there was no association 

between residual body mass and Bas-CORT (Table 2b, Fig. 3b). The difference between 

the sexes was highly significant (Pooled data: Body Mass × Sex: F190.6 = 15.97, p = 

0.0001). A trend for larger individuals in hard foraging conditions having higher Bas-

CORT concentrations was found in both males and females (Table 2), possibly reflecting 

higher energy needs of large individuals in particular when foraging is costly. 

Stress-induced CORT 

– Non-biological variables: Female SI-CORT concentrations were affected by date (with 

SI-CORT concentrations being lower later in the season, Fig. s2) and time of day, being 

lower in the afternoons (Table s4a). None of these variables affected SI-CORT levels in 

males (Table s4b). With pooled data, the sex difference regarding the time of day was 

confirmed (Time of day × Sex: F134.5 = 4.36, p = 0.038), whereas there was no effect of 

sampling date (Date x Sex: F134.5 = 0.75, p = 0.39). Thus, SI-CORT was affected by 

different non-biological variables than Bas-CORT, but again only in females. 

– Age, Treatments, Size and Mass: Age (Table s5a–b), treatments (Table s6 a–b, Fig.5 a–b) 

or size and mass (Table 3a–b) did not affect SI-CORT and this was consistent for both 

sexes. Hence, in contrast to Bas-CORT, SI-CORT levels were little affected by 

environmental variables. 
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a Estimate s.e. d.f. F P 

Intercept 1.426 0.351    

Temperature -0.037 0.014 83.05 24.961 < 0.0001 

ForTreat(H) 0.546 0.401 60.86 5.690 0.021 

BroodTreat(6) -0.521 0.175 54.68 1.214 0.276 

Size -0.139 0.093 56.75 0.054 0.817 

Mass -0.294 0.074 88.62 15.697 0.0002 

Temp x ForTreat(H) -0.052 0.021 49.21 6.123 0.017 

ForTreat(H) x BroodTreat(6) 0.767 0.247 50.65 9.615 0.003 

ForTreat(H) x Size 0.320 0.178 65.65 3.211 0.078 

Rejected terms      

ForTreat(H) x Mass -0.042 0.254 87.69 1.969 0.164 

BroodTreat(6) x Mass -0.280 0.169 78.45 0.002 0.967 

BroodTreat(6) x Size -0.169 0.201 65.58 0.007 0.934 

ForTreat(H) x BroodTreat(6) x Mass 0.547 0.340 87.61 2.588 0.111 

ForTreat(H) x BroodTreat(6) x Size 0.310 0.361 59.27 0.734 0.395 

Random factors      

 Variance  

Bird ID 0.131  

Year 0.080  

Assay plate 0.092  

Residual 0.174  
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b Estimate s.e. d.f. F P 

Intercept 0.384 0.077 38.27   

Rejected terms      

ForTreat(H) 0.208 0.248 61.81 2.194 0.143 

BroodTreat(6) 0.251 0.244 61.56 2.956 0.090 

Size 0.136 0.179 71.04 2.712 0.104 

Mass 0.126 0.127 90.11 3.388 0.069 

ForTreat(H) x BroodTreat(6) 0.107 0.353 63.21 0.092 0.762 

BroodTreat(6) x Mass 0.272 0.181 91.14 4.592 0.035 

ForTreat(H) x Size -0.148 0.291 69.04 2.771 0.100 

ForTreat(H) x Mass -0.313 0.231 79.51 0.027 0.869 

BroodTreat(6) x Size -0.275 0.265 65.82 1.151 0.287 

ForTreat(H) x BroodTreat(6) x Mass 0.693 0.406 81.03 2.918 0.091 

ForTreat(H) x BroodTreat(6) x Size 1.005 0.426 71.04 5.573 0.021 

Random factors      

 Variance  

Bird ID 0.255  

Year 0.000  

Assay plate 0.007  

Residual 0.218  
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a Estimate s.e. d.f. F P 

Intercept 2.786 0.153 91.97   

BasCORT 0.098 0.035 97.39 7.794 0.006 

Date -0.019 0.006 61.07 11.978 0.001 

Time (aft.) -0.344 0.110 96.72 9.783 0.002 

Rejected terms      

ForTreat(H) 0.100 0.192 67.32 1.573 0.214 

BroodTreat(6) -0.208 0.195 69.62 0.920 0.341 

Mass 0.088 0.110 75.61 0.087 0.769 

Size 0.014 0.135 64.68 1.415 0.239 

ForTreat(H) x Size -0.212 0.233 69.59 2.745 0.102 

ForTreat(H) x Mass -0.371 0.230 85.83 0.905 0.344 

BroodTreat(6) x Size 0.052 0.188 68.96 0.013 0.911 

BroodTreat(6) x Mass 0.013 0.157 80.94 2.493 0.118 

ForTreat(H) x BroodTreat(6) 0.148 0.280 66.71 0.279 0.599 

ForTreat(H) x BroodTreat(6) x Mass 0.453 0.309 86.14 2.144 0.147 

ForTreat(H) x BroodTreat(6) x Size -0.142 0.336 62.95 0.178 0.675 

Random factors      

 Variance  

Bird ID 0.153  

Year 0.000  

Assay plate 0.000  

Residual 0.154  
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b Estimate s.e. d.f. F P 

Intercept 2.284 0.122 76.89   

BasCORT 0.160 0.044 97.57 13.283 0.0004 

Rejected terms      

ForTreat(H) -0.174 0.201 67.56 0.076 0.783 

BroodTreat (6) -0.258 0.201 66.07 0.077 0.782 

Mass -0.073 0.105 82.47 1.705 0.195 

Size -0.283 0.147 74.57 0.124 0.726 

ForTreat(H) : Mass 0.231 0.190 77.89 2.975 0.089 

ForTreat(H) : Size 0.281 0.239 73.71 1.604 0.209 

BroodTreat(6) : Mass 0.093 0.195 86.84 0.679 0.412 

BroodTreat(6) x Size 0.401 0.219 71.94 4.008 0.049 

ForTreat(H) x BroodTreat(6) 0.432 0.294 68.64 2.152 0.147 

ForTreat(H) x BroodTreat(6) x Size -0.105 0.362 77.78 0.085 0.772 

ForTreat(H) x BroodTreat(6) x Mass 0.119 0.341 78.33 0.120 0.730 

Random factors      

 Variance  

Bird ID 0.148  

Year 0.000  

Assay plate 0.014  

Residual 0.161  

 

  



Chapter 2 

 
 

 
56 

 

 

 

  

a 

b 



Glucocorticoids, developmental conditions and adult environment  

 
 

 
57 

Repeatability 

Repeatability was calculated for the 49 individuals (22 males, 27 females) that were 

sampled in both years. The repeatability of Bas-CORT in males was high (51%, Table 4) and 

twice that of females (23–26%, Table 4). In contrast, the repeatability SI-CORT was equally 

high for both sexes (approx. 50%, Table 4, Fig. 6). Whether these estimates were extracted 

from the null models or from the final models (i.e. with covariates or additional random 

effects, Table 4) made little difference. Thus, the repeatabilities of CORT traits were 

overall high (~50%), but halved for Bas-CORT levels in females, which were the most 

affected by environmental conditions. 

 

 

 

a 

Bas-
CORT 

Null model 
98 samples of 49 individuals 

Main model 
98 samples of 49 individuals 

Females (N=27) Males (N=22) Females (N=27) Males (N=22) 

Variance Repeat. Variance Repeat. Variance Repeat. Variance Repeat. 

Bird ID 0.13 23.21% 0.20 51.03% 0.12 25.70% 0.20 51.03% 

Plate 0.17 - 0.00 - 0.12 - 0.00 - 

Year - - - - 0.11 - 0.00 - 

Residual 0.26 - 0.19 - 0.11 - 0.19 - 

b 

SI-CORT 

Null model 
98 samples of 49 individuals 

Main model 
98 samples of 49 individuals 

Females (N=27) Males (N=22) Females (N=27) Males (N=22) 

Variance Repeat. Variance Repeat. Variance Repeat. Variance Repeat. 

Bird ID 0.18 44.86% 0.17 50.59% 0.16 50.75% 0.18 50.30% 

Plate 0.05 - 0.00 - 0.00 - 0.00 - 

Year - - - - 0.00 - 0.01 - 

Residual 0.17 - 0.17 - 0.16 - 0.17 - 
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Discussion 

Our study confirmed that the long-term effects of early developmental challenges can 

depend on environmental conditions during adulthood, because females reared in large 

broods modulated Bas-CORT concentrations with respect to the quality of their adult 

environment, while this phenomenon was not observed in females reared in small broods 

or in males. Specifically, females that experienced harsh developmental conditions had 

low Bas-CORT concentrations in the easy foraging treatment, but increased Bas-CORT in 

the hard foraging environment. Thus, our results show that being reared with many sib-

lings leads to long-term changes in the hormonal organization of individuals, thereby 

determining the way in which individuals cope with environmental conditions during 

adulthood. 

Our finding that females from large broods had particularly low Bas-CORT concentrations 

in the easy foraging environment was unexpected, because previous studies have 

associated developmental challenges with increased, not decreased, CORT levels in later 

stages of life (e.g. Spencer et al., 2009; Kriengwatana et al., 2014; Schmidt et al., 2014). 

Growing up with a large number of siblings increases competition within the nest, but also 

reduces per capita food provisioning by the parents (Briga, 2016). Both food restriction 

and increased begging have been related to higher Bas-CORT levels in nestlings in previous 

studies (Kitaysky et al., 2001a, 2001b; Honarmand et al., 2010). It is therefore possible 

that in our study birds coming from large broods had higher Bas-CORT as nestlings, even 
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though in adulthood we found no differences in Bas-CORT concentrations between 

individuals from different developmental treatments. This suggests either that early life 

effects on Bas-CORT were present, but manifested themselves only during development, 

or that they persisted into adulthood but were then modified by the adult environment. 

Further experiments, which include the collection of blood samples from developing birds 

would be required to solve this question. Conversely, the pattern found in females from 

large broods living in the hard foraging environment is as expected, as increased work load 

is known to increase Bas-CORT concentrations (e.g. Bonier et al., 2011; Landys et al., 

2006). To our surprise, Bas-CORT of females reared in small broods did not respond to the 

foraging treatment. We know that individuals from our study population that grow up in 

small broods can cope better with their environment because their lifespan is not affected 

by the foraging treatment, in contrast to that of birds reared in large broods (Briga et al., 

2017). The fact that these individuals do not increase Bas-CORT concentrations in a hard 

adult environment suggests that they can compensate somehow for the increased 

workload. Hence, together with the survival data our findings suggest that individuals 

raised in small broods are less sensitive (or, more resilient) to the effects of challenging 

conditions during adulthood. 

We found a striking difference between the sexes in the responsiveness of CORT to 

developmental and adult environmental conditions, with females showing stronger Bas-

CORT responses than males (Fig. 4). Even SI-CORT, which generally showed little 

environmental responsiveness in our experiment, was related to sampling date and time 

of day in females, but not in males. The sex difference in environmental responsiveness 

was confirmed by the sex difference in Bas-CORT repeatability, which was lower in 

females (repeatability = 23%) compared to males (repeatability = 51%). Thus the sex-

difference in environmental responsiveness was not due to unidentified or stochastic 

environmental effects on Bas-CORT in males, but can instead be attributed to an intrinsic 

difference be-tween the sexes. 

Some of the observed environmental effects on CORT in females were expected, because 

they affect energy expenditure. For example, female Bas-CORT decreased with increasing 

ambient temperature and residual body mass. Periods with warmer weather, which likely 

induced a slower metabolic rate, were shown previously to be related to lower Bas-CORT 

levels (Jenni-Eiermann et al., 2008; Lendvai et al., 2009; de Bruijn and Romero, 2011). The 

negative correlation found in females between Bas-CORT and residual body mass is also in 

agreement with previous studies (Kitaysky et al., 1999; Jenni-Eiermann et al., 2008; 

Jaatinen et al., 2013; Hau et al., 2016), and may reflect heavier individuals having a lower 

mass-specific metabolic rate. The apparent environmental insensitivity in male CORT traits 

is therefore surprising, because findings in our study population indicate male and female 

metabolism to be equally sensitive to ambient temperature, residual body mass and 

environmental quality (Briga, 2016). Likewise, the experimental effects on lifespan and 

survival trajectories were indistinguishable between the sexes (Briga et al., 2017). Further 
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experiments are needed to test whether the association between metabolic rate and Bas-

CORT is sex-dependent, and whether this explains the sex difference in environmental 

responsiveness of Bas-CORT. One way in which such a difference could arise is when 

individual variation in level of the Bas-CORT/metabolic rate association is larger in males, 

leading to a weaker association on the between-individual level, which would be 

consistent with the higher repeatability found for male Bas-CORT. 

Since the developmental manipulation affected CORT traits in females but not in males, it 

is possible that the observed sex differences in CORT in adulthood arose from males and 

females responding differently to the number of siblings they were reared with. This 

pattern is consistent with other studies on our study species showing interactions 

between sex and endocrine traits during early development (Griffith & Buchanan, 2010) 

and that females were more susceptible to early life stressors than males (De Kogel, 1997; 

Verhulst et al., 2006; Schmidt et al., 2012). Sex differences in resource allocation to 

different physiological systems may lie at the base of sex-specific effects of developmental 

conditions (Wilkin and Sheldon, 2009; Schmidt et al., 2015). Mechanistically, such sex 

differences could result from the interactions between the HPA axis and the reproductive 

(hypothalamus-pituitary-gonadal, HPG) axis that secretes sex steroids (Schmidt et al., 

2014; reviewed in Hau et al., 2016). Previous work in mammals and humans found that 

the actions of sex steroids on the HPA axis indeed differ between the sexes (Toufexis et 

al., 2014; Deak et al., 2015; reviewed in Handa and Weiser, 2014 and Panagiotakopoulos 

and Neigh, 2014). Further research is needed to determine whether in avian species these 

interactions underlie the divergent responses to developmental conditions in males and 

females. 

Several studies have reported variable repeatability values for Bas-CORT and SI-CORT, and 

overall find repeatabilities for SI-CORT to be higher compared to Bas-CORT (Grace and 

Anderson, 2014; Romero and Reed, 2008; Wada et al., 2008; Ouyang et al., 2011b; Small 

and Schoech, 2015; Vitousek et al., 2014). Repeatability estimates reflect a combination of 

the repeatability of properties of individual animals, including their behaviour at the time 

of sampling, and the repeatability of the environment in which they are sampled (which 

also affects their behaviour at the time of sampling). That the repeatability of SI-CORT is 

generally higher than the repeatability of Bas-CORT is not surprising therefore, because 

the setting in which an animal finds itself during the measurements (standardized 

restraint protocol), including its behaviour, is likely to be more repeatable for SI-CORT 

than for Bas-CORT. The context dependence of the repeatability estimates makes it 

difficult to evaluate more generally to what extent baseline or SI-CORT are repeatable 

traits. In the present study, the moderate-high repeatabilities found for CORT traits 

suggest that individuals from our population, especially males, can be characterized by 

their baseline and SI-CORT levels. This will in part reflect that the conditions in which they 

were measured were well controlled, and repeatabilities, in particular of Bas-CORT are 
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likely to be consistently lower in more natural conditions, because these will be more 

variable. 

We found Bas-CORT and SI-CORT to be affected by entirely different factors. In females, 

Bas-CORT varied with ambient temperature, developmental and adult treatments and 

residual body mass. In contrast, none of these variables were related to SI-CORT 

concentrations. Instead, date and sampling time of day affected SI-CORT, and again only in 

females. Since SI-CORT concentrations shift an individual into an emergency life-history 

state, such responses are perhaps less dependent on direct effects on metabolic rate and 

more by other individual characteristics not addressed in this study, such as the genetic 

makeup. Indeed, SI-CORT has been shown to be more heritable compared to Bas-CORT 

(Jenkins et al., 2014). A strong genetic basis can be expected for individual traits with 

direct effects on fitness, and hence SI-CORT may potentially be more susceptible to 

evolutionary change in response to selection compared with Bas-CORT. 

In the context of conservation physiology, the possibility has been considered that Bas-

CORT of a population inhabiting a particular site or habitat may be indicative of the quality 

of that site or habitat as experienced by that population (reviewed in Dantzer et al., 2014, 

Madliger & Love, 2015). Testing for such a relationship conclusively in a natural setting is 

difficult, if only because individuals are not randomly distributed over low and higher 

quality habitats (e.g. Van De Pol et al., 2006). Our manipulation of a key aspect of habitat 

quality, namely the net intake rate of food, is therefore also of interest from the 

perspective of conservation physiology. In our study, foraging environment did not affect 

Bas-CORT in males, or in females when pooled across birds reared in small and large 

broods. This implies that large differences in habitat quality can exist that superficially do 

not affect Bas-CORT - unless phenotypic quality can be assessed independently, which will 

usually be difficult. 

 

Conclusions 

Males and females differed in their responsiveness to environmental variation regarding 

CORT traits. Females were more responsive than males, and their Bas-CORT was far more 

affected by environmental variation, while there was no sex-difference in average CORT 

concentrations. It would be of interest to unravel the extent to which this can be 

attributed to a difference in Bas-CORT function between males and females. Our results 

also illustrate that adult environments of different quality are needed to comprehensively 

investigate the long-term effects of developmental conditions. 
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SUPPLEMENTARY INFORMATION TO: 

Effects of developmental conditions on glucocorticoid concentrations in 

adulthood depend on sex and foraging conditions 
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a Estimate s.e. d.f. F p 

Intercept 1.619 0.305    

Temperature -0.065 0.013 82.10 23.47 < 0.0001 

Rejected terms      

Date -0.008 0.010 37.82 0.646 0.427 

Time (aft.) -0.129 0.161 93.94 0.637 0.427 

Proc.order 0.034 0.056 70.53 0.378 0.541 

Random factors      

 Variance  

Bird ID 0.195  

Year 0.051  

Assay plate 0.109  

Residual 0.220  

 

b Estimate s.e. d.f. F p 

Intercept 0.384 0.077    

Rejected terms      

Temperature 0.013 0.013 47.08 0.057 0.813 

Date 0.000 0.000 25.35 0.001 0.974 

Time (aft.) 0.005 0.005 85.85 0.001 0.974 

Proc.order 0.700 0.700 87.06 2.957 0.089 

Random factors      

 Variance  

Bird ID 0.304  

Year 0.000  

Assay plate 0.008  

Residual 0.202  
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a Estimate s.e. d.f. F p 

Intercept 1.430 0.347    

Temperature -0.064 0.014 82.26 21.903 < 0.0001 

Age 0.050 0.045 86.21 1.261 0.265 

Rejected terms      

Age2 -0.009 0.024 87.19 0.139 0.710 

Random factors      

 Variance  

Bird ID 0.177  

Year 0.047  

Assay plate 0.114  

Residual 0.231  

 

b Estimate s.e. d.f. F p 

Intercept 0.485 0.157    

Age -0.026 0.036 85.06 0.546 0.462 

Rejected terms      

Age2 -0.008 0.016 101.02 0.250 0.618 

Random factors      

 Variance  

Bird ID 0.295  

Year 0.000  

Assay plate 0.012  

Residual 0.207  
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a Estimate s.e. d.f. F P 

Intercept 1.303 0.360    

Temperature -0.040 0.015 77.27 31.796 < 0.0001 

ForTreat(H) 0.951 0.408 62.78 11.572 0.001 

BroodTreat(6) -0.494 0.195 64.82 0.580 0.449 

ForTreat(H) x Temp -0.061 0.021 49.74 8.498 0.005 

ForTreat(H) x BroodTreat(6) 0.774 0.279 59.44 7.696 0.007 

Rejected terms      

Age -0.070 0.090 73.06 0.957 0.331 

BroodTreat(6) x Temp 0.004 0.030 54.05 0.066 0.798 

BroodTreat(6) x Age 0.099 0.130 76.72 0.481 0.490 

ForTreat(H) x Age 0.167 0.112 68.56 2.158 0.146 

ForTreat(H) x BroodTreat(6) x Temp 0.004 0.045 60.29 0.009 0.926 

ForTreat(H) x BroodTreat(6) x Age -0.070 0.183 72.22 0.148 0.702 

Random factors      

 Variance  

Bird ID 0.231  

Year 0.074  

Assay plate 0.101  

Residual 0.146  
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b Estimate s.e. d.f. F P 

Intercept 0.390 0.134    

BroodTreat(6) -0.038 0.153 74.54 0.062 0.805 

ForTreat(H) 0.023 0.153 67.87 0.023 0.880 

Rejected terms      

Age -0.044 0.069 78.62 0.477 0.492 

BroodTreat(6) x Age -0.028 0.101 76.30 0.106 0.746 

ForTreat(H) x Age 0.012 0.101 77.36 0.745 0.391 

ForTreat(H) x BroodTreat(6) -0.690 0.649 75.38 1.131 0.291 

ForTreat(H) x BroodTreat(6) x Age 0.103 0.148 77.31 0.489 0.487 

Random factors      

 Variance  

Bird ID 0.318  

Year 0.000  

Assay plate 0.007  

Residual 0.201  

 



Chapter 2 

 
 

 
68 

a Estimate s.e. d.f. F p 

Intercept 2.786 0.153    

BasCORT 0.098 0.035 97.39 7.794 0.006 

Date -0.019 0.006 61.07 11.978 0.001 

Time (aft.) -0.344 0.110 96.72 9.783 0.002 

Rejected terms      

Temperature 0.015 0.013 56.56 1.274 0.264 

Proc.order 0.008 0.045 76.24 0.034 0.855 

Random factors      

 Variance  

Bird ID 0.153  

Year 0.000  

Assay plate 0.000  

Residual 0.154  

 

b Estimate s.e. d.f. F p 

Intercept 2.198 0.103    

BasCORT 0.165 0.044 100.71 14.087 0.0003 

Rejected terms      

Temperature -0.015 0.012 90.07 1.641 0.204 

Date -0.008 0.006 82.94 1.463 0.230 

Time (aft.) 0.068 0.123 95.70 0.301 0.585 

Proc.order -0.024 0.051 90.17 0.224 0.637 

Random factors      

 Variance  

Bird ID 0.146  

Year 0.000  

Assay plate 0.014  

Residual 0.166  
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a Estimate s.e. d.f. F p 

Intercept 2.956 0.211    

BasCORT 0.098 0.035 96.57 7.755 0.0065 

Date -0.020 0.006 63.47 13.150 0.0006 

Time (aft.) -0.359 0.110 96.42 10.564 0.002 

Age -0.044 0.038 85.26 1.381 0.243 

Rejected terms      

Age2 -0.025 0.019 94.72 1.750 0.189 

Random factors      

 Variance  

Bird ID 0.149  

Year 0.000  

Assay plate 0.000  

Residual 0.156  

 

b Estimate s.e. d.f. F p 

Intercept 2.007 0.157    

BasCORT 0.173 0.044 100.11 15.636 0.0001 

Age 0.047 0.029 85.29 2.584 0.112 

Rejected terms      

Age2 -0.020 0.013 97.14 2.439 0.122 

Random factors      

 Variance  

Bird ID 0.143  

Year 0.000  

Assay plate 0.018  

Residual 0.160  
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a Estimate s.e. d.f. F P 

Intercept 2.842 0.172    

BasCORT 0.089 0.035 71.24 6.324 0.014 

Date -0.020 0.005 17.86 13.013 0.002 

Time (aft.) -0.368 0.109 94.55 11.386 0.001 

BroodTreat(6) -0.201 0.120 68.20 2.794 0.099 

ForTreat(H) 0.162 0.121 67.46 1.809 0.183 

Rejected terms      

Age -0.079 0.072 75.78 1.367 0.246 

ForTreat(H) x BroodTreat(6) 0.194 0.563 78.39 0.118 0.732 

BroodTreat(6) x Age 0.053 0.117 84.49 0.239 0.627 

ForTreat(H) x Age 0.024 0.094 79.10 0.015 0.903 

ForTreat(H) x BroodTreat(6) x Age -0.028 0.160 81.83 0.031 0.861 

Random factors      

 Variance  

Bird ID 0.143  

Year 0.000  

Assay plate 0.000  

Residual 0.154  
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b Estimate s.e. d.f. F P 

Intercept 2.233 0.129    

BasCORT 0.166 0.045 98.72 13.917 0.0003 

ForTreat(H) -0.040 0.121 74.53 0.109 0.742 

BroodTreat(6) -0.033 0.122 79.76 0.072 0.789 

Rejected terms      

Age 0.041 0.055 75.77 2.057 0.156 

ForTreat(H) x BroodTreat(6) 0.435 0.526 75.64 0.683 0.411 

ForTreat(H) x Age 0.029 0.080 76.21 0.081 0.777 

BroodTreat(6) x Age 0.024 0.081 73.05 0.124 0.726 

ForTreat(H) x BroodTreat(6) x Age -0.092 0.124 74.41 0.549 0.461 

Random factors      

 Variance  

Bird ID 0.151  

Year 0.000  

Assay plate 0.014  

Residual 0.017  

 

SI- CORT 
Temperature Brood Treatment Size Mass 

Effect size s.e Effect size s.e Effect size s.e Effect size s.e 

Females 
Easy -0.07 0.08 -0.05 0.09 0.03 0.08 

0 0.06 
Hard -0.16 0.10 -0.04 0.09 -0.23 0.12 

Males 
Easy -0.13 0.06 -0.06 0.08 -0.06 0.07 

0.03 0.06 
Hard -0.15 0.09 0.04 0.10 0.13 0.13 
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BOX B 

Effects of environmental and intrinsic factors on HPA axis 

regulation: negative feedback and ACTH response 

Blanca Jimeno 

We carried out the same statistical procedure as in Chapter 2 (i.e. baseline and stress-

induced corticosterone) to test for the effects of environmental (i.e. non-biological 

variables, brood size manipulation, foraging environment) and internal (i.e. sex, age, body 

mass, structural size) factors on the two HPA reactivity traits not included in that chapter:  

feedback response (quantified as corticosterone response to Dexamethasone  - DEX -  

injection) and corticosterone release capacity (quantified as corticosterone response to 

Adrenocorticotropic hormone – ACTH -  injection). For details on the sampling protocol 

see Fig. 5 in the introduction and Chapter 3. 

As we did in Chapter 2, when analysing corticosterone after DEX as the dependent 

variable, we included stress-induced corticosterone (SI-CORT) as a covariate in the models. 

This was done to separate the effects of the feedback response from those of the 

response to restraint, as the two traits can be correlated (i.e. SI-CORT is a component of 

the feedback response). We did the same when analysing CORT after ACTH (in this case, 

by including CORT after DEX). However, we also ran the models without including such 

covariates and we obtained qualitatively similar results (see below).  

 

Feedback response  

We found an effect of age on negative feedback. Older birds showed stronger responses 

to Dexamethasone (Table 1, Fig. 1). Furthermore, results also showed an effect of the 

adult environment on feedback response, with birds living in hard foraging environment 

showing weaker responses (i.e. higher corticosterone concentrations after DEX injection). 

There was also a trend indicating that this effect was stronger in birds coming from small 

broods (Table 1, Fig. 2). When SI-CORT was not included in the model, we still found a 

strong effect of hard treatment on feedback response (F154.86=6.63, p=0.01); however we 

did not find any effect of the interaction between developmental and adult treatments 

(F154.05=1.41, p=0.23).

Although the effect was not included in the final model (i.e. including it led to significantly 

poorer model fit), we found a significant interaction between brood treatment, adult 

environment and age (F150.94= 4.73, p=0.03). Further analyses showed such effect to be 

caused by birds from large broods in hard treatment showing stronger feedback responses 
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with age. Together with the previous results, this may suggest a selective disappearance of 

birds with weaker feedback responses in this treatment group.

 Estimate s.e. d.f. F p 

Intercept 1.68 0.15    
SI-CORT 0.04 0.01 199.95 55.25 <0.0001 
Age -0.08 0.03 157.36 8.65 <0.01 
Brood size (L) 0.24 0.14 149.59 0.42 0.52 
Foraging (H) 0.37 0.13 150.29 3.94 0.05 
Brood x For. -0.36 0.19 150.64 3.56 0.06 

Random     Variance 
BirdID     0.166 
Year     0.000 
Assay Plate     0.007 
Residual     0.224 
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Corticosterone release capacity 

Response to ACTH was only affected by temperature, with higher ambient temperatures 

at sampling being associated with weaker HPA axis reactivity (Table 2). These results are 

consistent with the temperature effect on baseline corticosterone, and also with the 

absence of treatment effects reported for the acute response induced by restraint 

(Chapter 2). 

  

  N=57      N=55          N=46       N=47 
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 Estimate s.e. d.f. F p 

Intercept 3.19 0.10    
CORT-DEX 0.03 0.00 189.29 69.81 <0.0001 
Temperature -0.01 0.00 62.13 4.92 0.03 

Random     Variance 
BirdID     0.087 
Year     0.001 
Assay Plate     0.000 
Residual     0.042 
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BOX C 

 Environmental effects on feather corticosterone and feather 

growth 

Blanca Jimeno 

During the last years, increasing research effort has focused on establishing non-invasive 

methods for assessing glucocorticoid concentrations, mainly on keratinized tissues (e.g. 

Hunt et al. 2014; Davenport et al. 2006). As feathers are the main keratinized tissue in 

birds, measurement of feather corticosterone has generated much interest as a non-

invasive method to monitor glucocorticoid dynamics in captive and free-living individuals. 

Corticosterone levels fluctuate with energetic demands and in response to a variety of 

environmental factors. Therefore, feather corticosterone is expected to reflect this 

fluctuation range because corticosterone is deposited continuously into feathers as they 

grow (Jenni-Eiermann et al. 2015), coming from the blood supply connected to them. 

Hence measuring corticosterone on feathers growing under the same conditions will 

provide more accurate and reliable between-individual variability in corticosterone 

concentrations. The fact that feather corticosterone reflects changes in circulating 

corticosterone during the time of feather growth, providing a measure of physiology over 

this period, implies a wide reduction in the capacity to detect short-term corticosterone 

changes when looking at this trait (Fairhurst et al. 2013). For this reason, and in contrast 

with plasma corticosterone, feather corticosterone should not be used to directly infer 

plasma levels of the hormone over short time periods, but considered as a separate, 

complementary, measure of glucocorticoid physiology (reviewed in Romero & Fairhurst 

2016).  

After testing for environmental effects on plasma corticosterone traits (Chapter 2, Box 2), 

we investigated the effects of our developmental and foraging treatments on feather 

corticosterone concentrations in our population, using newly re-grown feathers. In 

November 2016, we pulled out 2 tail feathers from 116 individuals (53 females and 63 

males) and we measured feather regrowth every 10 days until the feathers were fully 

grown (i.e. day 50). The same two feathers were then pulled out again to perform feather 

corticosterone measurements.  

We found a trend the interactions between foraging treatment and developmental 

treatment with sex (Brood x Sex: F102.32=3.76, p=0.05; Foraging x Sex: F102.38=3.26, p=0.07) 

on feather corticosterone. We therefore ran additional models for the two sexes 

separately, and found an effect of brood size and a trend for foraging treatment on male 

feather corticosterone (Brood: F56.07=3.89, p=0.04; Foraging: F56.41=2.46, p=0.12).  Males in 

hard foraging treatment and males coming from large broods (especially) had higher 

https://www-sciencedirect-com.proxy-ub.rug.nl/science/article/pii/S1095643316301015#bb0110
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feather corticosterone (Fig. 1). However, none of these effects was present in females 

(Brood: F45.27=0.42, p=0.51; Foraging: F45.37=0.87, p=0.36; Fig. 1). Including feather growth 

or body mass in the models did not qualitatively change these results. 

Feather re-growth was slower in birds from hard foraging treatment (F105=9.04, p<0.01; 

Fig.2), without an effect of brood size manipulation (F104=0.04, p=0.84) or treatment 

interaction (F103=1.99, p=0.16). This effect was strongest within the first 10 days of 

regrowth (F108=19.54, p<0.0001; Fig.3), and did not seem to have an effect on feather 

corticosterone. Nevertheless this finding illustrates the higher energetic demands faced by 

the birds in hard foraging environment. 

Our results are in agreement with plasma corticosterone and feather corticosterone giving 

complementary, and not equivalent, information on individual physiology. While we 

previously found (Chapter 2) that female plasma corticosterone concentrations were 

more affected by environmental factors, in the case of feather corticosterone we found 

environmental effects in males only.  

------------------------------------------------------------------------------------------------------------------------ 

Feather corticosterone analyses were carried out in collaboration with Dr. Diego Gil 

(Spanish Research Council, CSIC, Madrid). I want to thank Lucía Arregui for the assistance 

and training provided in the lab, and Nóri Boross for the help during the feather sampling 

and measurement sessions. 
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METHODS 

Feather corticosterone: We quantified feather corticosterone following a previously established 
methodology for steroid extraction from feathers (Bortolotti et al. 2008), slightly modified in 
our lab. Feather vanes were separated from the calamus, cut in small pieces (of no more than 5 
mm) and weighed to the nearest 0.001 g with an analytical scale (Sartorius, Gottingen, 
Germany). Feather material of each individual (average mass = 6.9 mg; SD = 1.4) was introduced 
into a glass tube and afterwards we added 6 ml of methanol (HPLC gradient grade, Prolabo 
(VWR), Pennsylvania, USA), and left the tubes for 30 min in an ultrasound water bath. Tubes 
were capped with parafilm, incubated for 8 hours at 50ºC in an uncovered shaking water bath 
and left at 4°C overnight. Samples were then filtered with a syringe and a nylon plug filter. We 
added 2 additional ml of methanol to the tube to wash the feather remains, and this methanol 
was similarly filtered and added to the previous 6 ml. Tubes were then placed in a heated tube 
rack (50°C) under a stream of nitrogen until evaporation (Techne, Germany). Dried extracts 
were suspended in 150 µl of steroid-free serum (DRG,Marburg, Germany) and vortexed for 10 
min. We analysed extracted samples in duplicates using a commercial corticosterone ELISA kit 
(DRG, Marburg, Germany) following manufacturer instructions. Optical density was measured 
with a plate spectrophotometer (Biotek Instruments, Inc, Winooski, Vermont, USA). Serial 
dilutions of a pooled sample over the range of assay values met linear predictions. Mean 
intraplate CV was 13.41% and interplate CV was 17.62%.  

Statistical analyses: We ran general linear mixed models (GLMM) with feather corticosterone as 
dependent variable, experimental treatments (i.e. broodsize and foraging) and sex as predictor 
variables, and assay plate as random factor. We also tested for the effects of feather growth 
and individual body mass by including them as covariates. For the analyses of feather growth, 
we ran general linear models with growth rate as dependent variable and experimental 
treatments and sex as predictors. All model residuals were normally distributed. 
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   N=13                        N=15                        N=13                        N=12 
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ABSTRACT 

1. The glucocorticoid axis is essential for coping with predictable and unpredictable 
environmental variation. Despite this vital function, attempts to link individual 
variation in the glucocorticoid axis to survival have yielded mixed results, which may 
be due to endocrine variation caused by uncontrolled variation in environment and 
life-history traits such as reproductive effort. We therefore studied the link be-
tween the glucocorticoid axis and long-term survival using captive non-breeding 
zebra finches. 
 

2. We quantified the relationship between survival over a three-year period and 
plasma corticosterone concentrations: (1) baseline, (2) stress-induced, (3) after 
induction of negative feedback via dexamethasone injection and (4) after maximal 
adrenal stimulation via adrenocorticotropin hormone injection. 

 
3. Only stress-induced corticosterone predicted survival, with higher concentrations 

being associated with lower survival. However, this effect differed significantly be-
tween the sexes, being present only in males. 

 
4. Stress-induced corticosterone concentration is the sum of baseline corticosterone 

and the corticosterone increase in response to the standardized stressor, and both 
components were similarly associated with male survival in a model that included 
both variables. This implies that baseline corticosterone itself also exerts an effect 
on male survival, but this was only revealed when the stress-induced corticosterone 
increase was included in the model, presumably because this increased statistical 
power. 

 
5. Given that corticosterone concentrations are highly repeatable in our study 

population and independent of manipulated foraging conditions, these data suggest 
that endocrine stress reactivity may be a major component determining male life 
span, presumably also in wild populations. 
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Introduction 

The ability of individuals to cope with environmental variation can have major implications 

for their current and future performance. Coping strategies entail adjustments to 

predictable daily fluctuations in energy requirements as well as fast responses to 

unpredictable and challenging circumstances (Romero & Wingfield, 2015). A major 

physiological pathway by which vertebrates respond to both predict-able and 

unpredictable stimuli is the hypothalamic-pituitary-adrenal (HPA) axis, which regulates 

the secretion of glucocorticoid hormones (Hau, Casagrande, Ouyang, & Baugh, 2016; 

Romero, 2004; Sapolsky, Romero, & Munck, 2000). Glucocorticoids (GCs) have diverse 

physiological functions, depending in part on their plasma concentrations. Baseline levels 

of GCs exhibit daily and seasonal variation (Monaghan &Spencer, 2014; Romero, 2002) in 

concordance with variation in metabolism and activity levels (Jimeno, Hau, & Verhulst, 

2017), and as such baseline GC levels are viewed as an indicator of allostatic load (Hau et 

al., 2016; McEwen & Wingfield, 2003; Monaghan & Spencer, 2014; Romero, 2002). GC 

concentrations can also increase within minutes in response to acute challenges, inducing 

physiological and behavioural processes characteristic of an “emergency state” (Wingfield 

et al., 1998). Such increases in stress-induced GCs are thought to be adaptive as they 

allow the animal to allocate resources towards immediate survival functions (Sapolsky et 

al., 2000; Wingfield et al., 1998). However, longlasting elevations of GC concentrations 

have deleterious effects on numerous neural and physiological systems (Romero, Dickens, 

& Cyr, 2009; Wingfield & Sapolsky, 2003). Concentrations are thus tightly regulated, and 

animals typically return GC to baseline levels via negative feedback within hours after a 

stress-induced in-crease (reviewed in Hau et al., 2016; McEwen & Wingfield, 2003). An 

optimal endocrine function therefore involves both an appropriate up- and down-

regulation of glucocorticoid concentrations (MacDougall-Shackleton et al., 2009; 

Romero, 2004). 

As GCs are instrumental when adjusting to predictable and un-predictable environmental 

variation, many studies have attempted to link individual variation in GC concentrations 

to variation in fitness. However, most studies testing for a GCfitness relationship have 

focused on baseline corticosterone concentrations and reproduction (Angelier, 

Weimerskirch, Dano, & Chastel, 2007; Bauch, Riechert, Verhulst, & Becker, 2016; Bonier, 

Moore, Martin, & Robertson, 2009; Bonier, Moore, & Robertson, 2011; Love, Breuner, 

Vézina, & Williams, 2004; Moore & Jessop, 2003; Ouyang, Sharp, Dawson, Quetting, & 

Hau, 2011a; Williams, Kitaysky, Kettle, & Buck, 2008). Other aspects of the stress 

response such as the regulatory components of GC secretion (MacDougallShackleton, 

Schmidt, Furlonger, & MacDougall-Shackleton, 2013) and their associations with survival 

have been less well studied, and the link between natural GC variation and fitness 

remains largely unresolved (reviewed in Bonier, Martin, Moore, & Wingfield, 2009; 

Breuner, Patterson, & Hahn, 2008; Crespi, Williams, Jessop, & Delehanty, 2013). Baseline 
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GC concentrations often show no relationship with survival (Angelier, Holberton, & 

Marra, 2009; Blas, Bortolotti, Tella, Baos, & Marchant, 2007; Macdougall-Shackleton et 

al., 2009; Ouyang, Sharp, Quetting, & Hau, 2013), whereas stress-induced glucocorticoid 

concentrations have been reported to show a positive (Angelier et al., 2009; Patterson, 

Hahn, Cornelius, & Breuner, 2014), negative (Blas et al., 2007; Cavigelli & McClintock, 

2003; Macdougall-Shackleton et al., 2009) or no relationship (Angelier et al., 2009; 

Ouyang et al., 2013) with survival rates. While the strength of these studies is that most 

of them were conducted on natural populations, the downside of studying a natural 

population is that it is usually difficult to account for variables that are known to influence 

GC levels, like reproductive effort or age (Bonier, Martin, et al., 2009; Breuner et al., 

2008; Crespi et al., 2013; MacDougall-Shackleton et al., 2013). This issue is illustrated by 

the finding that the repeatability of GC traits is often rather low (Hau et al., 2016). This 

implies that reliable characterization of individual variation in GCs usually requires 

repeated sampling, which can be difficult in practice. We propose that testing for the GC-

survival relationship in more controlled environments and for multiple GC traits may help 

resolving the contradictions between studies. 

We here test for the relationships between corticosterone (CORT, the main avian 

glucocorticoid) and survival in male and female zebra finches Taeniopygia guttata in 

outdoor aviaries. The captive setting allowed us to repeatedly sample known age 

individuals, control for life history variation by keeping individuals in same sex groups 

(preventing breeding), and minimize individual differences in diet, social setting and other 

factors that may affect GC levels. At the same time, we recognize that providing a more 

controlled environment is also a limitation of our study, because the effects of ecologically 

relevant variables such as predation and reproduction, and their potential interactions 

with sex, are excluded from our experimental design. For each individual, we assessed 

four aspects of the GC axis: plasma concentrations of (1) baseline CORT (Bas-CORT) and (2) 

stress-induced CORT (SI- CORT) after a capture-restraint stressor (Wingfield, Smith, & 

Farner, 1982). We further assessed (3) the strength of negative feedback by determining 

CORT levels following dexamethasone injection (DEX-CORT, see Hau et al., 2015; 

Kriengwatana et al., 2014; MacDougall- Shackleton et al., 2013; Romero & Wikelski, 2010) 

and (4) the maximal adrenal capacity to secrete CORT after adrenocorticotropin injection 

(ACTH-CORT, see Dickens, Earle, & Romero, 2009; Hau et al., 2015; Kriengwatana et al., 

2014; MacDougallShackleton et al., 2013; Rich & Romero, 2005; Romero & Wikelski, 

2010). Given the mixed results in the literature, we did not have strong predictions. 

However, in light of conceptual considerations we expected that low baseline (indicating 

low allostatic load; McEwen & Wingfield, 2003), and high responsive-ness to the restraint 

protocol, and to both dexamethasone and ACTH injections, would be positively associated 

with survival in both sexes. We previously found all of these CORT traits to be repeatable 

in our population, with repeatabilities of measurements taken 1 year apart of r = .45 for 

Bas-CORT, r = .55 for SI-CORT, r = .60 for DEXCORT and r = .70 for ACTH-CORT (Jimeno, 
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Briga, Verhulst & Hau, 2017; unpubl. data). Thus, we can characterize individuals in our 

population based on their CORT traits. 

 

Materials and methods 

Animals and housing 

This study was carried out at the University of Groningen, the Netherlands, as part of an 

ongoing fullfactorial long-term experiment described in detail in Briga, Koetsier, Jimeno, 

Boonekamp, and Verhulst (2017) with the general aim to study the effects of develop-

mental and adult environmental conditions on ageing, life span and the underlying 

physiological mechanisms. In brief, all birds were reared in either a small or large brood, 

and moved to aviaries when 3 months old in which foraging conditions were either easy or 

hard. Specifically, when the chicks were a maximum of 5 days old, all chicks in the nest 

were weighed and cross-fostered randomly to create experimentally small (two, 

sometimes three chicks) and large (six, sometimes five chicks) broods. These brood sizes 

are within the range observed in the wild (Zann, 1996) and in captivity (Griffith et al., 

2017). From 35 until c. 120 days of age, young birds were separated by sex and housed in 

indoor aviaries (153 × 76 × 110 cm) with about 40 other young and two male/female 

adults (tutors) to allow for sexual imprinting. Once they reached sexual maturity 

individuals were housed in eight out-door aviaries (310 × 210 × 150 cm) for a long-term 

adult treatment in which they spent the rest of their lives. Four aviaries provided an easy 

foraging environment with low foraging costs and four provided a hard foraging 

environment with high foraging costs. In brief, food was offered in boxes that were 

suspended from the ceiling, and there were holes in the boxes through which the birds 

can reach the food. Underneath the holes, there was either a perch (easy foraging), or not 

(hard foraging), in which case the birds had to fly to the food box and back for every seed 

(see Koetsier & Verhulst, 2011 for details of the foraging manipulation). In each aviary, 

there was only one sex present, while both brood size treatments were balanced. This is a 

long-term experiment and every year some young birds were added to the treatments to 

maintain c. 20 birds per aviary, as well as keep the sex and brood size treatment balance. 

Blood sampling 

We sampled one bird per aviary per day (n = 8/day), in order to minimize disturbance and 

possible changes in CORT (see Jimeno, Briga, et al., 2017 for details). We chose to follow 

this procedure because the size of our aviaries made it difficult for more than one person 

to catch and bleed a bird within 2 min (note that longer times would have prevented us 

from getting baseline concentrations). Sampling was balanced with respect to sex, age 

group and experimental treatments. Blood samples (N = 211) were taken from the 
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brachial vein of 162 individuals in the same month in two consecutive years: 91 individuals 

in May 2014 (0.88–8.29 years old, M = 3.82) and 120 individuals in May 2015 (0.93–8.81 

years old, M = 3.33). Of those birds, 49 were sampled in both years. We determined Bas-

CORT concentrations by sampling within 2 min after the door of the aviary was opened. 

After the first sample, the birds were placed in an opaque cloth bag where they waited for 

20 min (restraint), after which the stress-induced sample was collected (SI-CORT). 

Immediately after the second sample, we tested the adrenal′s maximal ability to down-

regulate the CORT response via negative feedback by administrating a dexamethasone 

(DEX, CORT analogue) injection into the pectoral muscle (1,000 μg/kg; MacDougall-

Shackleton et al., 2013; Romero & Wikelski, 2010) and taking a third blood sample at 

minute 80 (DEX-CORT). Finally, we administered an adrenocorticotropic hormone (ACTH, 

CORT precursor) injection (100 IU/kg; Hau et al., 2015) to determine the maximum CORT 

release capacity and took the final blood sample at minute 100 after first disturbance 

(ACTH-CORT). Thus for each bird, four blood samples (max total 150 μl) for CORT analyses 

were taken (Figure S1). Plasma was separated through centrifugation and stored at −20°C 

until analysed. A few individuals (n = 18) had lost the maxi-mum amount of blood already 

after the third sample, in which case the fourth sample was not taken. After blood 

sampling, birds were allowed to recover with food and a heat lamp before being returned 

to their aviary. 

Birds were weighed 1 week before blood sampling to calculate the mass-adjusted doses 

of DEX and ACTH (birds were not weighed at sampling to minimize handling). Body mass is 

highly repeatable in our population (r = .72; Briga & Verhulst, 2017). 

Hormone analysis 

We determined plasma CORT concentrations using an enzyme immunoassay kit (Cat.No. 

ADI-900-097, ENZO Life Sciences, Lausen, Switzerland), following previously established 

protocols (Ouyang et al., 2015). Samples taken from the same individual were placed in 

adjacent wells, but in other respects samples were randomly distributed. Aliquots of 

either 10 μl (for BasCORT and DEX-CORT) or 7 μl plasma (SI-CORT and ACTH-CORT) along 

with a buffer blank and two positive controls (at 20 ng/ml) were extracted twice with 

diethylether. After evaporation, samples were re-dissolved in 280 μl assay buffer. On the 

next day, two 100 μl duplicates of each sample were added to an assay plate and taken 

through the assay. Buffer blanks were at or below the assay’s lower detection limit (27 

pg/ml). In 2014, intra-plate coefficient of variation (CV; M ± SE) was 9.63 ± 5.1% and inter-

plate CV was 15.23 ± 3.2% (n = 10 plates). In 2015, the intra-plate CV was 11.43 ± 7.05% 

and inter-plate CV was 9.99 ± 2.67% (n = 16 plates). Note that inter-plate variation was 

accounted for in the statistical analyses by including plate identity as a random effect in 

the models. Final CORT concentrations were corrected for average loss of sample during 

extraction (15% in our laboratory; see Baugh, van Oers, Dingemanse, & Hau, 2014). 



Corticosterone and survival 

 
 

 
91 

Statistical analyses 

Associations between CORT and survival were analysed using Cox proportional hazards 

models (CPH, coxme package; Therneau, 2012) with number of days from sampling till 

death as the dependent variable. Birds still alive on 1 March 2017 (31 males and 24 

females) and birds that died from various causes unrelated to the present dataset (12 

males and four females; mainly accidents where the birds got themselves trapped inside 

the aviary) were censored. CPH analyses require predictors to be proportional, i.e. 

parameter coefficients and mortality rates need to be constant with time (Therneau, 

1997, p. 127). We checked for the proportionality assumption using Schoenfeld residuals 

and with the “cox.zph” function, and this was the case for all variables except for age. 

However, the effect of sampling age on mortality accelerated with time (adding 1 year of 

sampling age has a stronger effect on the mortality of old than of young birds) and hence 

was not proportional. We solved this issue by categorizing age at sampling into three 

groups of equal range and included this as “strata” in the models (Therneau, 1997, p. 45 & 

145), which ful-filled the proportionality assumption (p > .1). Linearity and influential data 

points were checked with Martingale and deviance residuals respectively. In all CPH 

models, sampling year (2014 or 2015), assay plate and individual identity nested within 

aviary were included as random factors. CORT variables were log-transformed and 

standard- normalized in all analyses to allow for a comparison of the model coefficients. 

We also tested for a quadratic effect of every CORT variable on survival but these were 

never statistically significant (not shown). To compare model fits on data, we used the 

Akaike information criterion (AICc; Burnham & Anderson, 2003). Because the study 

population was subjected to two experimental manipulations, i.e. of developmental 

conditions (natal brood size) and foraging conditions in adulthood, the survival analyses 

were carried out with and without the experimental treatment factors and their 

interaction in the model. This comparison is in itself of interest, because it sheds light on 

the extent to which the experimental effects on survival are mediated by experimentally 

induced adjustments in the GC phenotype. 

The four CORT variables were not independent, with sex-specific correlations between 

the variables ranging from 0.13 to 0.65 (Table 1), being significant in most cases. We 

therefore first analysed their associations with survival separately, and followed this up 

with further tests to address specific questions arising from the results. 

All methods and experimental procedures were carried out under the approval of the 

Animal Experimentation Ethical Committee of the University of Groningen, licence 5150E. 

All methods were carried out in accordance with these approved guidelines. 
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Results 

By 1 March 2017, 61 of the 91 birds (67%) sampled in 2014 and 59 of the 120 birds (49%) 

sampled in 2015 had died a natural death, well in agreement with the age-dependent 

survival rates we observed in this population (Briga et al., 2017). Some birds (N = 49) 

were sampled twice, and of the 162 birds sampled in total, 107 (66%) had died (Table S1). 

Of the four CORT variables, SICORT showed the strongest and the only significant 

association with survival (Figure 1; Table 2). However, a significant interaction between 

sex and SICORT on survival indicated this association to be sex-specific (p = .007; Table 

2b). We thus ran separate models for each sex for SI-CORT. 

Males with higher SI-CORT concentrations had higher mortality (Figure 2; z = 3.37, p = 

.0007), while there was no discernible association between SI-CORT and survival in 

females (Figure 2; z = 0.33, p = .74). Additionally, as previously observed in this population 

(Briga et al., 2017), there was an effect of sex on survival, independently of CORT 

variables, with females having lower survival than males (Figure 3; Table 2). These results 

remained unchanged when control-ling for early and late environmental conditions: 

rearing brood size, foraging treatment and their interaction (Table S2). Thus, only SI-CORT 

predicted survival and in males only. SI-CORT concentrations did not differ between years 

(2014 vs. 2015). This was found both on a betweenindividual level (Jimeno, Briga, et al., 

2017; Jimeno, Hau, et al., 2017) as well as withinindividuals, and irrespective of sex 

(Figure S2). Furthermore, the difference in SI-CORT between the first and the second year 
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(SI-CORT in 2015—SI-CORT in 2014) was not related to age at first sampling, with no 

differences between sexes (Figure S3). Note however, that this finding does not provide 

information on age effects on SI-CORT, as we cannot distinguish these from year effects 

given that we sampled 2 years only.
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There was a tendency for higher ACTH-CORT levels to be related to lower survival (Table 

2d; Table S2d). However, this relationship dis-appeared when controlling for SI-CORT 

levels in the analysis (z = 1.31, p = .19), with only SICORT remaining as the variable with a 

significant effect on survival. This finding was confirmed by a model selection procedure, 

comparing AICc values of the male survival model (as in Table S3b). A model with SI-CORT 

fitted the data substantially better than a model with only ACTHCORT (AIC = −3.41) and 

was indistinguishable from a model with both parameters (AICc = −0.42). Thus AICc 

values for only SI-CORT and for SI-CORT together with ACTH-CORT were indistinguishable, 

but lower than for only ACTH-CORT, suggesting that the association between ACTH-CORT 

and survival is mainly caused by the positive correlation between SI-CORT and ACTHCORT 

(r = .47, Table 1). 

SI-CORT concentrations are the sum of Bas-CORT and the in-crease induced by a stressor. 

We therefore compared the relative contributions of these two components to the 

association between SI-CORT and survival in males. To this end, we ran a model including 

both BasCORT and CORT “increase”, to compare the slopes of their associations with 

survival (Table 3). The coefficients of the two variables were indistinguishable, and we 
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therefore conclude that variation in Bas-CORT and the CORT increase after stress 

contributed similarly to the association between SI-CORT and male survival. 

 

a

Fixed effects Coef ± s.e. Exp(coef) z p Coef ± s.e. Exp(coef) z p 

Bas-CORT 0.027 ± 0.111 1.027 0.24 0.810 -0.070 ± 0.138 0.932 -0.51 0.610 

Sex (male) -0.627 ±  0.246 0.534 -2.54 0.011 -0.643 ±0.243 0.526 -2.64 0.008 

Sex x Bas-CORT - - -  0.268 ± 0.232 1.307 1.16 0.250 

Random effects Variance Variance 

Bird ID / Aviary 0.000 0.000 

Bird ID 0.481 0.448 

Plate 0.116 0.108 

Year 0.027 0.037 

 

b 

Fixed effects Coef ± s.e. Exp(coef) z p Coef ± s.e. Exp(coef) z p 

SI-CORT 0.311 ±  0.120 1.364 2.58 0.010 0.067 ± 0.155 1.069 0.43 0.670 

Sex (male) -0.605 ±  0.251 0.546 -2.41 0.016 -0.672 ± 0.266 0.511 -2.52 0.012 

Sex x SI-CORT - - - - 0.694 ± 0.256 2.001 2.71 0.007 

Random effects Variance Variance 

Bird ID / Aviary 0.103 0.168 

Bird ID 0.400 0.543 

Plate 0.132 0.150 

Year 0.061 0.030 
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c 

Fixed effects Coef ± s.e. Exp(coef) z p Coef ± s.e. Exp(coef) z P 

CORT DEX 0.178 ± 0.116 1.195 1.54 0.120 0.148 ± 0.159 1.159 0.93 0.350 

Sex (male) -0.616 ± 0.240 0.540 -2.56 0.010 -0.614 ±0.241 0.541 -2.54 0.011 

Sex x CORT DEX - - - - 0.063 ± 0.217 1.065 0.29 0.770 

Random effects Variance Variance 

Bird ID / Aviary 0.092 0.077 

Bird ID 0.257 0.295 

Plate 0.157 0.157 

Year 0.064 0.060 

 

d 

Fixed effects Coef ± s.e. Exp(coef) Z p Coef ± s.e. Exp(coef) z P 

CORT ACTH 0.250 ± 0.113 1.284 2.22 0.027 0.138 ± 0.134 1.148 1.03 0.300 

Sex (male) -0.588 ± 0.217 0.555 -2.72 0.007 -0.594± 0.213 0.551 -2.79 0.005 

Sex x CORT ACTH - - - - 0.293 ± 0.214 1.341 1.37 0.170 

Random effects Variance Variance 

Bird ID / Aviary 0.010 0.000 

Bird ID 0.010 0.000 

Plate 0.150 0.153 

Year 0.149 0.157 

 

Fixed effects Coef ± s.e. Exp(coef) Z p 
Bas-CORT 1.327 ± 0.568 3.771 2.34 0.019 

CORT increase 1.433 ± 0.522  4.192 2.75 0.006 

Random effects Variance 
Bird ID / Aviary 0.404 

Bird ID 0.846 

Plate 0.095 

Year 0.012 
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Discussion 

Male zebra finches with higher stress-induced CORT concentrations survived less well 

than conspecific males with lower SICORT concentrations. This relationship was 

independent of early and late life manipulations of environmental conditions (which did 

not affect SI-CORT; Jimeno, Briga, et al., 2017), and was absent in females. Furthermore, 

SICORT concentrations did not change with age in this population (Jimeno, Briga, et al., 

2017), so we can dismiss age driving the observed effect. Of the different aspects of the 

glucocorticoid axis we tested, only SICORT was related to survival. Given the consistency 

of individual CORT phenotypes (see above), and the independence from foraging 

conditions, our findings suggest that SI-CORT concentration is potentially a major 

determinant of variation in male life span in natural populations. 

The relationship between SICORT and survival rate could either be due to the absolute SI-

CORT level, to the CORT increase following a stressor, or to Bas-CORT insofar this was 

correlated with SI-CORT. We investigated these options by comparing the hazard rates of 

Bas-CORT and CORT increase after the stressor when fitted together in one model (Table 

3). Both traits associated similarly with survival, in the sense that the hazard rates were 

indistinguishable. This implies that we can attribute the association between SI-CORT and 

survival to the absolute SICORT levels rather than the CORT increase. It also implies that 

Bas-CORT by itself was associated with survival, which contrasts with the results of the 

initial analysis where the association between BasCORT and survival did not reach 

significance (p = .4; Figure 1). Inclusion of CORT increase in the model, which reduces 

residual variation and thereby increases statistical power, may explain this apparent 

contrast. Bas- CORT and SICORT concentrations exert most of their actions by binding to 

different receptors (Romero, 2004; Romero & Wingfield, 2015), suggesting that binding to 

both the mineralocorticoid and the glucocorticoid receptors contribute to the effects of SI-

CORT on survival. 

The negative association between SI-CORT and survival appears contradictory to the 

supposed benefits of a CORT stress response, which is thought to accommodate coping 

with acute challenging conditions such as predator attacks, thus increasing short-term 

survival. However, these shortterm benefits may be achieved at the expense of longterm 

costs, for example because persistent high CORT levels increase disease susceptibility and 

decrease capacity to cope with additional stressors (e.g. McEwen & Wingfield, 2003; 

Romero et al., 2009). In our experimental setup, there were presumably few benefits of a 

high CORT because life-threatening challenges (e.g. predators and large energetic 

challenges) were absent, which presumably differs from the environment in which the 

HPA axis of zebra finches evolved, leaving long-term costs to dominate the survival 

results. Shortterm benefits of high SI-CORT are likely to be of key importance in natural 

populations, and, together with the selection shadow diminishing long-term costs (due to 

declining survival), outweigh any long-term effects. A more detailed study in which short- 
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and long-term survival effects of high SI-CORT can be distinguished is required to test this 

explanation. 

The association between SICORT and survival rate was sex- dependent, being strong in 

males, but absent in females (Figure 1). We are not aware of similar sex differences 

emerging from other studies, but note that the sex dependence of the association 

between CORT and survival is not always explicitly tested (e.g. Angelier et al., 2009; Blas et 

al., 2007; Patterson et al., 2014), and that the demonstration of such interactions requires 

a fairly large sample size. We can only speculate with respect to the possible cause of the 

large sex difference, but note that trade-offs between the CORT stress response and other 

functions may differ between sexes (e.g. physiological interactions with processes 

mediated by androgens). Alternatively, males may suffer the same damage from CORT as 

females but may invest differently in repair, e.g. by prioritizing investment into sexual 

traits over investment into antioxidant or immune defences (Schmidt, Kubli, MacDougall-

Shackleton & MacDougall-Shackleton, 2015). Finally, high stress reactivity can also be 

related to the social status of the individual (Creel, Dantzer, Goymann, & Rubenstein, 

2013; Rubenstein, 2007), or to differences in behavioural responses or personality traits 

(e.g. dominance interactions; Baugh et al., 2012; Baugh, van Oers, Naguib, & Hau, 2013; 

Hau & Goymann, 2015), and the intensity or relevance of such associations could then 

differ between sexes. Thus, more information on the sex-specific associations between SI-

CORT and other behavioural and physiological traits, such as immune function and 

oxidative stress, may explain why SICORT predicts survival in males, and not in females. 
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SUPPLEMENTARY INFORMATION to:   

Male but not female zebra finches with high plasma corticosterone have 

lower survival 

 

 2014 2015 Total (01/03/2017) 
 Sampled Alive 

(03/2017) 
Sampled Alive 

(03/2017) 
Alive Dead 

(natural) 
Dead 

(others) 
Males 45 10 62 32 31 42 12 
Females 46 8 58 24 24 49 4 
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a

 

b 

 

 

 

 

Fixed effects Coef ± s.e. Exp(coef) z p Coef ± s.e. Exp(coef) z p 

Bas-CORT -0.000 ± 0.115 0.999 0.00 0.999 -0.136 ± 0.147 0.873 -0.92 0.360 

Sex (male) -0.655 ± 0.250 0.519 -2.62 0.009 -0.673 ± 0.246 0.510 -2.73 0.006 

Foraging treatment (hard) 0.148 ± 0.319 1.160 0.46 0.640 0.089 ± 0.317 1.093 0.28 0.780 

Broodsize treatment (large) -0.402 ± 0.340 0.670 -1.18 0.240 -0.510 ± 0.345 0.601 -1.48 0.140 

Broodsize x Foraging 0.187 ± 0.476 1.205 0.39 0.690 0.341 ± 0.482 1.406 0.71 0.480 

Sex x Bas-CORT - - - - 0.352 ± 0.242 1.421 1.45 0.150 

Random effects Variance Variance 

Bird ID / Aviary 0.000 0.000 

Bird ID 0.498 0.455 

Plate 0.139 0.139 

Year 0.026 0.040 

 

Fixed effects Coef ± s.e. Exp(coef) z p Coef ± s.e. Exp(coef) z p 

SI-CORT 0.281 ± 0.121  1.325 2.33 0.020 0.026 ± 0.157  1.027 0.17 0.870 

Sex (male) -0.633 ± 0.250  0.531 -2.53 0.011 -0.694 ± 0.268  0.500 -2.59 0.010 

Foraging treatment (hard) 0.097 ± 0.317  1.101 0.30 0.760 0.056 ± 0.340 1.058 0.17 0.870 

Broodsize treatment (large) -0.369 ± 0.340  0.691 -1.09 0.280 -0.481 ± 0.366  0.618 -1.31 0.190 

Broodsize x Foraging 0.119 ± 0.474  1.126 0.25 0.800 0.295 ± 0.510  1.343 0.58 0.560 

Sex x SI-CORT - - - -  0.712 ± 0.255  2.039 2.79 0.005 

Random effects Variance Variance 

Bird ID / Aviary 0.114 0.165 

Bird ID 0.345 0.524 

Plate 0.156 0.178 

Year 0.061 0.027 
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c 

 

d 

 

 

Fixed effects Coef ± s.e. Exp(coef) z p Coef ± s.e. Exp(coef) z p 

CORT DEX 0.176 ± 0.118  1.192 1.49 0.140 0.132 ± 0.161 1.141 0.82 0.410 

Sex (male) -0.637 ± 0.242  0.529 -2.64 0.008 -0.634 ± 0.243  0.532 -2.61 0.009 

Foraging treatment (hard) -0.006 ± 0.313 0.994 -0.02 0.990 -0.006 ± 0.316 0.994 -0.02 0.990 

Broodsize treatment (large) -0.499 ± 0.326  0.607 -1.53 0.130 -0.512 ± 0.330  0.599 -1.55 0.120 

Broodsize x Foraging 0.269 ± 0.457  1.308 0.59 0.560 0.275 ± 0.462  1.317 0.60 0.550 

Sex x CORT DEX - - - - 0.089 ± 0.216  1.093 0.41 0.680 

Random effects Variance Variance 

Bird ID / Aviary 0.086 0.076 

Bird ID 0.242 0.282 

Plate 0.195 0.194 

Year 0.065 0.059 

 

Fixed effects Coef ± s.e. Exp(coef) z p Coef ± s.e. Exp(coef) z p 

CORT ACTH 0.267 ± 0.115 1.306 2.31 0.020 0.145 ± 0.136  1.155 1.07 0.290 

Sex (male) -0.606 ± 0.224  0.546 -2.70 0.007 -0.611 ± 0.219  0.543 -2.78 0.005 

Foraging treatment (hard) 0.118 ± 0.280 1.125 0.42 0.670 0.122 ± 0.275 1.130 0.44 0.660 

Broodsize treatment (large) -0.411 ± 0.298 0.662 -1.38 0.170 -0.422 ± 0.294  0.655 -1.44 0.150 

Broodsize x Foraging 0.160 ± 0.422  1.173 0.38 0.710 0.192 ± 0.418  1.212 0.46 0.650 

Sex x CORT ACTH - - - - 0.321 ± 0.218  1.378 1.47 0.140 

Random effects Variance Variance 

Bird ID / Aviary 0.028 0.010 

Bird ID 0.029 0.010 

Plate 0.181 0.186 

Year 0.142 0.147 
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a

 

b 

 

Fixed effects Coef ± s.e. Exp(coef) z p Coef ± s.e. Exp(coef) z p 

SI-CORT  0.057 ± 0.173  1.058 0.33 0.740 0.039 ± 0.178  1.040 0.22 0.830 

Foraging treatment (hard) - - - - 0.233 ± 0.501 1.293 0.47 0.430 

Broodsize treatment (large) - - - - -0.419 ± 0.530  0.658 -0.79 0.640 

Broodsize (l) x Foraging (h) - - - - -0.643 ± 0.760 0.526 -0.85 0.400 

Random effects Variance Variance 

Bird ID / Aviary 0.381 0.364 

Bird ID 0.610 0.543 

Lab Plate 0.374 0.531 

Year 0.000 0.000 

 

Fixed effects Coef ± s.e. Exp(coef) z p Coef ± s.e. Exp(coef) z p 

SI-CORT 0.709 ± 0.210  2.032 3.37 0.0007 0.653 ±  0.196 1.921 3.33 0.0009 

Foraging treatment (hard) - - - - 0.236 ±0.493 1.266 0.48 0.630 

Broodsize treatment (large) - - - - -0.458 ± 0.573 0.632 -0.80 0.420 

Broodsize x Foraging - - - - 0.804 ± 0.738  2.234 1.09 0.280 

Random effects Variance Variance 

Bird ID / Aviary 0.162 0.000 

Bird ID 0.729 0.611 

Plate 0.000 0.000 

Year 0.066 0.137 
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ABSTRACT 

Developmental conditions can induce phenotypic changes through epigenetic effects, 

modulating gene expression. In rodents and humans the glucocorticoid receptor gene 

Nr3c1 has been implicated as mediator of long-term effects of developmental 

conditions, but this has been little studied in other taxa. We experimentally tested for 

effects of developmental conditions (large vs. small natal brood size) on methylation 

and gene expression of the Nr3c1 promoter in adult zebra finches living in a benign or 

hard adult foraging environment, and tested for associations between Nr3c1 

expression and glucocorticoid traits. We found that harsher conditions during 

development were associated with increased methylation of the Nr3c1 promoter. 

Gene expression was affected by methylation of the region closest to the coding 

region, showed lower values in the hard foraging environment and was strongly (r≥ 

0.49) correlated with all glucocorticoid traits (i.e. steps of the hypothalamus-pituitary-

adrenal axis regulation). Our results show that epigenetic memory contributes to the 

emergence of long-term effects of developmental conditions in zebra finches. 
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Introduction 

Environmental conditions experienced during development can induce phenotypic 

changes that last for life (Briga et al. 2017; reviewed in Monaghan 2008). One way in 

which early-life experiences can have a persistent impact on adult phenotype is via 

epigenetic mechanisms (i.e. changes in the gene expression through changes in DNA that 

do not involve changes DNA sequence; Perroud et al. 2011; Murgatroyd et al. 2009; 

Vaiserman & Koliada 2017). These mechanisms allow the integration of intrinsic and 

environmental signals in the genome and can lead to activation or suppression of gene 

function (Jaenisch & Bird 2003). Although several mechanisms of epigenetic modulation of 

gene function have been described, DNA methylation (i.e. the addition of a methyl group 

to the DNA) is one of the best studied. In vertebrates it mostly takes place in cytosines 

that occur before guanines (CpGs) and it is generally linked to repression of gene 

expression (Jones 2012; Szyf et al. 2005; Weaver 2014). DNA methylation has previously 

been related to long-term phenotypic changes due to adverse early-life conditions in 

mammals (Szyf et al. 2005; Murgatroyd et al. 2009; McGowan et al. 2009; Kundakovic et 

al. 2014), including long-term health consequences in humans (i.e. psychological disorders 

such as anxiety, depression or bipolar disorder, reviewed in Vaiserman & Koliada 2017). 

Many of these studies have pointed at changes in the hypothalamus-pituitary-adrenal 

(HPA) axis function as one of the mechanism mediating those processes. The HPA axis is a 

dynamic neuroendocrine system that regulates homeostatic responses, such as the ability 

to cope with challenge. It is highly sensitive to the impact of adverse experiences during 

early stages (Meaney 2001, Turecki & Meaney 2016), which can lead to long-term changes 

in its function during adulthood (reviewed in Turecki & Meaney 2016). The HPA axis 

regulates the production and secretion of glucocorticoids (GCs), involved in most of the 

behavioural and physiological regulatory processes that animals use to cope with 

environmental change, in particular when change affects energy expenditure (Jimeno et al 

2017a). GC actions are regulated by the expression of two intracellular GC receptors: the 

mineralocorticoid (MR) and the glucocorticoid (GR) receptor. MR has a high affinity to 

GCs, and is saturated at lower circulating concentrations than the low affinity GR. MR is 

expressed only in a few organs (e.g. hypothalamus, liver), while GR is expressed in most 

tissues (Romero 2004).  

The GR gene (Nr3c1) is sensitive to epigenetic changes (i.e. DNA methylation) attributed to 

the early-life environment (Yehuda et al. 2014; Weaver et al. 2004; Hompes et al. 2013; 

Perroud et al. 2011; reviewed in Zhang et al. 2013, Vaiserman & Koliada 2017). Adverse 

early-life environments have been associated with greater methylation in the Nr3c1 

promoter in the majority of studies so far (reviewed in Turecki & Meaney 2016). 

Specifically, DNA methylation in the Nr3c1 promoter in mammals has been related to a 

reduction in the expression of this receptor and subsequent changes in HPA axis reactivity 

(Szyf et al. 2005; Meaney 2001). Many of the long-term phenotypic changes attributed to 
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methylation of Nr3c1 include impaired glucocorticoid secretion and disruption of the 

homeostatic mechanisms that regulate the activity of the HPA axis (Weaver et al. 2004; 

Murgatroyd et al. 2009; Szyf 2013; Houtepen et al. 2016; Oberlander et al. 2008). 

However, as the majority of studies investigating methylation in the GR promoter did not 

measure glucocorticoid levels, conclusions on the overall impact of Nr3c1 methylation 

patterns on basal and reactive glucocorticoid concentrations remain uncertain (Turecki & 

Meaney 2016). Moreover, all those studies have been mainly restricted to humans and 

captive rodents, and little is known about the occurrence and consequences of such 

processes in other taxa, or about their ecological relevance. In birds, few studies have 

looked at DNA methylation of target genes (Rubenstein et al. 2016; Riyahi et al. 2015; 

Verhulst et al. 2016; Saino et al. 2017), only one did so in the glucocorticoid receptor 

(Rubenstein et al. 2016), and none of them tested for DNA methylation and gene 

expression simultaneously.  

While there are many evidences of long-term effects of developmental environment being 

influenced by the adult environment (Briga et al. 2017; Jimeno et al. 2017b), such 

interaction remains unexplored in the context of an epigenetic programming of HPA axis. 

Using captive zebra finches (Taeniopygia guttata), we previously showed long-term effects 

of developmental conditions (large vs. small broods) in combination with the adult 

environment (high vs. low foraging costs) on traits ranging from survival (Briga et al. 2017), 

social behaviour (Van der Bijl et al. in preparation), daily energy expenditure (our 

unpublished data) to HPA reactivity (Jimeno et al. 2017b; Table 1). An earlier study on the 

same species showed long-term effects of developmental conditions (deprivation of 

maternal care) on the expression of glucocorticoid receptors in the brain (Banerjee et al. 

2012). We therefore predict that differences in the expression of the glucocorticoid 

receptor may explain the differences in HPA axis regulation between experimental 

treatments that we observe.  

In this study, we investigated whether epigenetic mechanisms link early development to 

the adult phenotype in birds, and may thus be involved in the causation of the long-term 

developmental of early life environment previously shown in our population. To this end, 

we tested whether developmental adversity affects DNA methylation and expression of 

GR gene (Nr3c1), and whether such processes are affected by the adult environment. 

Based on the literature, we predicted harsh developmental conditions to increase 

methylation in the promoter region of the Nr3c1 gene, presumably leading to reduced 

expression and differences in HPA axis reactivity (Oberlander et al. 2008; Hompes et al. 

2013). 
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Materials and methods 

Birds and experimental treatments 

The study population was kept at the University of Groningen, the Netherlands, in the 

context of an ongoing long-term experiment described in detail in Briga et al. (2017). In 

brief, all birds were reared in either a small or large brood, and afterwards moved to 

outdoor aviaries in which foraging conditions were either easy or hard. Specifically, when 

the chicks were a maximum of 5 days old, all chicks in the nest were cross-fostered 

randomly to create experimentally small (two, sometimes three chicks) and large (six, 

sometimes five chicks) broods. These brood sizes are within the range observed in the 

wild (Zann 1996) and in captivity (Griffith et al. 2017). Chicks that grow up in large broods 

show increased begging and reduced food reward relative to those from small broods 

(Briga 2016); thus growing up in large broods implies increased foraging costs. We 

therefore interpret large broods as a harsh developmental condition. From 35 until c. 120 

days of age, young birds were separated by sex and housed in indoor aviaries (153 × 76 × 

110 cm) with about 40 other young and two male/female adults (tutors) to allow for 

sexual imprinting. Once they reached sexual maturity individuals were housed in eight 

outdoor aviaries (310 × 210 × 150 cm) for a long-term adult treatment in which they spent 

the rest of their lives. Four aviaries provided an easy foraging environment with low 

foraging costs and four provided a hard foraging environment with high foraging costs. In 

brief, food was offered in boxes that were suspended from the ceiling, and there were 

holes in the boxes through which the birds can reach the food. Underneath the holes, 

there was either a perch (easy foraging), or not (hard foraging), in which case the birds 

had to fly to the food box and back for every seed (see Koetsier & Verhulst, 2011 for 

details of the foraging manipulation). In each aviary, there was only one sex present, while 

numbers of birds reared in small and large broods were balanced. This is a long-term 

experiment and every year some young birds were added to the treatments to maintain c. 

20 birds per aviary, and to keep the flock composition balanced with respect to brood size.

Dataset 

Individuals included in this study were selected to have a balanced and representative 

sample of all experimental groups and ranges of corticosterone concentrations. Baseline 

corticosterone is the trait showing stronger differences between developmental 

treatments (Jimeno et al. 2017b), and is also a component of the stress-induced 

corticosterone. For this reason, we balanced birds by experimental groups and their 

baseline corticosterone concentrations as follows: we extracted the residuals of the main 

male and female baseline corticosterone models showed in Jimeno et al. 2017b by 

experimental group (small broods and easy foraging treatment; small broods and hard 

foraging treatment; large broods and easy foraging treatment; large broods and foraging 
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hard treatment). We calculated quantiles by experimental group and sex, and took one 

random individual from each group quantile. In total, we selected 32 birds (4 experimental 

groups x 2 sexes x 4 quantiles) from which we already had corticosterone data. To this 

dataset we added 5 new individuals in the 2017 sampling, where we also took second 

samples of 15 individuals of the ones sampled in 2015 (see below).  

a) Corticosterone profile 

 

The corticosterone data included in this study are a subset of the data presented in 

Jimeno et al. (2018), where detailed information of the sampling protocol is provided.  In 

brief, blood samples were taken from the brachial vein in May in two consecutive years: 

2014 and 2015. We determined baseline corticosterone concentrations by sampling 

within 2 min after the door of the aviary was opened. After the first sample, the birds 

were placed in an opaque cloth bag where they waited for 20 min (restraint), after which 

the stress-induced sample was collected. Immediately after the second sample, we tested 

the adrenal′s maximal ability to down-regulate the corticosterone response via negative 

feedback by administrating a dexamethasone (corticosterone analogue) injection into the 

pectoral muscle (1,000 μg/kg; MacDougall-Shackleton et al. 2013; Romero & Wikelski 

2010) and taking a third blood sample at minute 80. Finally, we administered an 

adrenocorticotropic hormone (corticosterone precursor) injection (100 IU/kg; Hau et al. 

2015) to determine the maximum corticosterone release capacity and took the final blood 

sample at minute 100 after first disturbance. Thus, for each bird, we took four blood 

samples (max total 150 μl) for corticosterone. Plasma was separated through 

centrifugation and stored at −20°C until analysed.  

 

Repeatabilities of these corticosterone traits are high in our population (35-70 %; Jimeno 

et al. 2017b; Jimeno et al. 2018), indicating that individuals can be characterized by their 

corticosterone profile.  

 

b) Epigenetics 

 

We quantified DNA methylation and gene expression at the Nr3c1 promoter in whole 

blood samples. Previous research suggests that epigenetic biomarkers in peripheral 

tissues (e.g. blood), which are easily accessible in living animals, may be used to test for 

long-term environmental effects on DNA methylation patterns, also for the Nr3c1 gene 

(Hompes et al. 2013; Oberlander et al. 2008; Rubenstein et al. 2015; Ikegame et al. 2013; 

Heijmans et al. 2008; reviewed in Vaiserman & Koliada 2017). Furthermore, several 

studies have reported methylation patterns in blood to be highly correlated to 

methylation patterns in other target tissues (i.e. brain: Kurdakovic et al. 2014; Verhulst et 

al. 2011; Riyahi et al. 2015; Tyrka et al. 2012). Thus, blood methylation of target-genes 

rises as a good and less invasive potential biomarker for detection of long-term effects of 
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early life adversity (Kurdakovic et al. 2014), which is particularly convenient in bird studies, 

as bird erythrocytes are nucleated. 

For DNA methylation analyses, we used samples from the 32 individuals selected 

previously which were taken as part of the long-term experiment protocol (i.e. twice a 

year). These blood samples were taken with a maximum of 4 weeks gap between the date 

in which we sampled the individuals for corticosterone in 2014 and 2015. In order to test 

the association between DNA methylation and gene expression, this data set was 

complemented with DNA and RNA samples from 20 additional individuals in 2017: 15 

were the ones still alive from 2015, and we added 5 new ones, keeping the balance 

between treatments and sexes. This design also allowed us to control for temporal 

differences in methylation patterns over time. At this moment we also took simultaneous 

samples of baseline corticosterone for these 20 birds, but unfortunately the assay failed; 

therefore we tested for the association between gene expression and CORT traits using 

the data available from 2014-2015 on the 15 birds sampled in both time-points only. 

Blood samples in 2017 were taken following the protocol described above for baseline 

corticosterone samples. Samples for DNA were stored cooled (2-8ºC) in 500μl 2% EDTA 

buffer. In the lab, this buffer was replaced by 500μl glycerol-storage buffer (50 mM TRIS, 5 

mM MgCl, 0.1 mM EDTA, 40% Glycerol) carefully mixed and snapfrozen in liquid nitrogen 

to be stored at -80ºC until analysed.  Samples for RNA were stored in TRI Reagent
®

, 

immediately snap-frozen in liquid nitrogen and stored at -80ºC until analysed.  DNA 

extraction was done using InnuPREP Blood DNA Mini Kit (Westburg), following 

manufacturer´s protocol. Extracted DNA and samples for RNA extraction were further 

analyzed at the Estación Biológica de Doñana (Sevilla, Spain). 

Hormone analyses 

Detailed information of the corticosterone analyses are provided in Jimeno et al. 2017b. 

We determined plasma corticosterone concentrations using an enzyme immunoassay kit 

(Cat.No. ADI-900-097, ENZO Life Sciences, Lausen, Switzerland), following previously 

established protocols (Ouyang et al., 2015). Aliquots of either 10 μl (for baseline and 

feedback response) or 7 μl plasma (stress-induced and response to ACTH) along with a 

buffer blank and two positive controls (at 20 ng/ml) were extracted twice with 

diethylether. After evaporation, samples were re-dissolved in 280 μl assay buffer. On the 

next day, two 100 μl duplicates of each sample were added to an assay plate and taken 

through the assay. Buffer blanks were at or below the assay’s lower detection limit (27 

pg/ml). In 2014, intra-plate coefficient of variation (CV; M ± SE) was 9.63 ± 5.1% and inter-

plate CV was 15.23 ± 3.2% (n = 10 plates). In 2015, the intra-plate CV was 11.43 ± 7.05% 

and inter-plate CV was 9.99 ± 2.67% (n = 16 plates).  
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Trait 
Brood size 

effect 

Foraging 

costs effect 
Description 

Baseline CORT Yes (females) Yes (females) 
Females from large broods had higher BasCORT in hard 

and lower BasCORT in easy environment 

Stress-induced 

CORT 
No No  

Feedback 

response 
No (trend) Yes 

Birds in hard foraging treatment had weaker feedback 

response. Older birds show weaker responses, 

especially those from large broods in hard treatment  

ACTH-induced 

CORT 
No No  

 

 

DNA methylation analyses 

Extracted DNA samples (20μl, 20ng/ml) were subjected to bisulphite treatment using EZ 

DNA Methylation-Gold kit (Zymo Research) following manufacturer´s protocols. As birds 

have nucleated erythrocytes, our DNA methylation data likely represent the Nr3c1 

methylation status in blood cells (Rubenstein et al. 2016). 

We first carried out the set-up of a methylation profiling approach in the zebra finch. We 

designed a battery of new primers to amplify the promoter region of the Nr3c1 gene 

based on published zebra finch nucleotide gene sequences, using bisulfite primer seeker 

tool (Zymo Research). We checked for the appropriateness of the primers based on 

conventional nested PCR. PCR products were sequenced and we confirmed the expected 

fragment size in an agarose gel. We selected the following primer pair with the highest 

specificity: forward 5´ GTT TTT TAT TGY GGG GAT GGT GAT AGA GTT GGA GAG TG, and 
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reverse 5´ AAA AAT AAA AAA CAA TCA AAA TCA ACA CAA CAA ACA C. The amplified 

fragment (350 bp) was located on the promoter region closest to the exon, and it 

contained 10 CpG sites, from which 8 (CpG2 to CpG9) could be quantified in all the 

samples (Fig. 1). We named those CpG sites starting from the closest to the exon (CpG1) to 

the farthest (CpG10). 

PCRs (25 μL) were prepared with 1.25 μL of 10x ImmoBuffer (10x, Bioline), 0.5 μL of MgCl2 

solution (50mM), 0.5 μL of dNTP (100nM), 0.5 μL of each primer (20 μM), 0.25 μL of 

Immolase DNA Polymerase (5u/μL, Bioline) and 0.75 μL of DNA (20 ng/ml). Amplifications 

were carried out as follows: initial denaturation at 95 °C for 10 min; 30 cycles of 95 °C for 

30 s, annealing at 59 °C for 30 s and extension at 72 °C for 60 s, and a final extension at 72 

°C for 5 min. Amplicons were visualized on 2% agarose gels to confirm expected fragment 

size, and sent out for sequencing (Macrogen). Sequences were analyzed using FinchTV 

(Geospiza), and we quantified the number of CpG sites methylated and percentage of 

methylation per CpG site. Final sample size for methylation analyses after discarding 

samples that did not pass quality standards was 43 samples of 31 individuals (original, 52 

samples of 37 individuals). 

Gene expression analyses 

RNA was extracted using Tri Reagent® (MRC) following standard protocol specification. 

RNA quantity and quality was checked using nano drop.  Reverse transcription was 

performed using Superscript III RT (Invitrogen), according to the manufacturer’s 

instructions. Quantitative real-time PCR (Applied Biosystems) was carried out on cDNA 

using previously published gene-specific primer pairs for the glucocorticoid receptor 

(Banerjee et al. 2012) and the house-keeping gene ß-actin (Tagirov & Rutkowska 2014). 

Reactions (12.5 μL) were performed in duplicate and consisted of 1 μL of cDNA (1:10), 1 μL 

of forward and reverse primers (10 μM), and 5 μL of KAPA SYBR FAST qPCR Master Mix 

(Kapa Biosystems). Cycling conditions were 10 min initial denaturation at 95ºC, followed 

by 45 cycles of 15 sec denaturation at 95ºC, 30 seg at 58ºC annealing , 30 sec extension at 

72ºC, and a final extension at 72 °C for 5 min. The raw cycle threshold (Ct) values were 

converted to copy number with a standard curve. Each target gene copy number was 

normalized using the house keeping copy number from the same sample. Normalized data 

are reported as ratio of copy numbers of glucocorticoid receptor to house-keeping. 

Product-specific amplification was confirmed by performing melting curves for each 

reaction, gel electrophoresis of expected sizes, and direct sequencing of amplification 

products. Expression levels were obtained for 20 individuals, of those only 10 had the 

corresponding methylation data. 
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Statistics 

We used General Linear Mixed Models (GLMM) to test for the effect of experimental 

treatments on the number of CpG sites exhibiting methylation. We ran analogous models 

for the average percentage of methylation (as the sum of the % methylation per site 

divided by the number of quantified sites, including those with zero methylation), and for 

the percentage of methylation on each CpG site separately. As predictive variables in the 

models we included experimental treatments (foraging costs and brood size), sex and 

their interactions. Individual identity was included as random factor. Year of sampling was 

not included because it explained a negligible part of the variance (<2%). To test the effect 

of treatments on expression levels, we ran a linear model with experimental treatments as 

predictors. 



DNA methylation in the glucocorticoid receptor gene 

 
 

 
117 

We calculated Pearson correlations for the percentage of methylation at the different CpG 

sites. To test for the correlation between methylation and expression we used linear 

regressions, first using total number of CpG sites methylated and average percentage of 

methylation, and then doing the same for each of the 8 CpG sites quantified. We also used 

linear regression to test for the association between gene expression and all four 

corticosterone traits. 

All statistical analyses were performed using R version 3.3.2 (http://www.R-project.org/) 

with the functions ‘lmer’ of the R package lme4 (Bates et al. 2015) and lm of the R package 

nlme (Pinheiro et al. 2017). Logarithmic transformations were performed to normalize the 

residuals of the CORT variables. CORT increase and ACTH response were calculated as 

ln(stress-induced CORT)−ln(Baseline-CORT) and ln(ACTH-induced CORT)−ln(CORT after 

feedback), respectively. Residuals of the final models showed a normal distribution. 

 

Results 

DNA methylation patterns at the Nr3c1 promoter 

Results for 12 individuals sampled twice (2015 and 2017) showed consistency of 

methylation levels (number of CpG sites showing methylation) over years with no 

apparent time effects (r=0.60, Fig. S1). The number of methylated CpG sites (F1,23.68=7.19; 

p=0.01) and the average methylation percentage per site (F1,16.8=4.38; p=0.05) were higher 

in individuals reared in large broods (Fig.2), with no effect of foraging treatment (number 

of CpG sites: F1,16.93=0.22, p=0.64; average percentage of methylation: F1,18.31=0.36, p=0.85) 

or sex (number of CpG sites: F1,18.08=2.19, p=0.16; average percentage of methylation: 

F1,19.06=0.23; p=0.64, Fig. S3). The brood size effect was consistent over CpG sites, although 

the difference between treatments was significant only at 3 sites: 3, 6 and 9 (Fig. 3). 

We found significant positive correlations between percentage of methylation at CpG sites 

located close to each other, and lower correlations between sites at a greater distance 

(Fig.S2). 

DNA methylation and gene expression  

Nr3c1 expression was not significantly correlated with the number of methylated CpGs 

(F1,12=0.03; p=0.83) or with average methylation level (F1,9=0.95; p=0.36) (Table 2). 

However, this association varied between CpG sites and approached significance at two 

CpG sites (CpG2: r= 0.58, F1,9=4.18, p=0.07; CpG3: r=0.54; F1,9=3.22; p=0.1). Combining the 

two P-values using Fisher’s combined probability test yields a significant association 

(Chi2=9.9, d.f.=4, P<0.05), and thus higher methylation at these sites combined was 

associated with lower expression (Table 2, Fig.4).  
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Environmental manipulations and gene expression 

Foraging treatment was the only factor showing a significant effect on GR expression (Sex: 

F1,15= 0.008, p=0.93; Brood size: F1,15=0.89, p=0.36), which was lower in hard foraging 

treatment (F1,17=5.38; p=0.03). Although brood size manipulation did not have a significant 

effect on gene expression (F1,17=1.50; p=0.24), the correlation coefficient between brood 

size treatment and GR expression (r=0.28) was at the expected level given the effect of 

brood size treatment on methylation (r=0.46), and the correlation between methylation at 

sites 2 and 3 and gene expression (r=0.58; product of r=0.25). Therefore, we attribute the 

lack of significance of the brood size treatment to our low sample size, as data suggests an 

additive effect of brood size and foraging treatments on gene expression (Fig. 5). 

Nr3c1 expression was strongly correlated with all four HPA axis reactivity traits (Fig. 6). 

Lower receptor promoter expression was associated with higher baseline CORT (r=0.65; 

F1,13=9.25; p=0.01), weaker CORT increase in response to restraint (r=0.49; F1,13=4.21; 

p=0.06) and ACTH (r=0.51; F1,13=4.55; p=0.05), and weaker negative feedback (r=0.50; 

F1,13=4.23; p=0.06). 

N=11         N=8                  N=8           N=9 
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 CpG2 CpG3 CpG4 CpG5 CpG6 CpG7 CpG8 CpG9 %met nºCpG 

r -0.57 -0.52 -0.01 0.14 0.14 0.05 0.06 0.29 -0.05 0.01 

 

 

 

 

 

 

  

  N=6       N=4              N=5       N=5 
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Discussion 

Early life environment affected methylation at the Nr3c1 promoter, with birds reared in 

large broods (i.e. harsher conditions) showing higher levels of methylation. This is in 

accordance to our predictions based on similar findings reporting associations between 

early life adversity and higher levels of GR methylation in mammals (e.g. Meaney 2001; 

Oberlander et al. 2008; Zhang et al. 2013; Perroud et al. 2011; Vaiserman & Koliada 2017). 

Our results suggests that early life experiences can lead to lifelong differences in the 

epigenome of individual zebra finches, independently of the degree of challenge faced in 

adulthood. We also found methylation at the Nr3c1 promoter to be associated with gene 

expression at 2 of the 8 CpG sites analyzed. Interestingly, these 2 CpG sites were closest to 

the transcription region (~120 bp from the end of the promoter), and therefore more 

likely to be located within transcription factors binding sites, and thus directly regulating 

gene expression (see Meaney 2001; Weaver et al. 2004; Murgatroyd et al. 2009). These 

findings raise the question of how early environment-triggered epigenetic signals may 

appear in peripheral blood cells during adulthood. Performing DNA methylation analyses 

on a broader range of genomic targets, including genome-wide analyses, would be 

required to investigate this. On the other hand, the nature of specific epigenetic marks 

might be context-specific, with only environmental conditions of wide biological impact 

leading to coordinated changes that would enhance epigenetic changes across multiple 

tissues and cell types (see Turecki & Meaney 2016).  

Expression of the glucocorticoid receptor was reduced in individuals living in a hard 

foraging environment. We had predicted lower expression to be associated to increased 

methylation at the promoter. Not finding an effect of the foraging treatment on 

methylation while finding such effect on expression could be explained by other 

epigenetic processes, such as histone acetylation/deacetylation, contributing to a greater 

extent to the differences in gene expression we observe (Miller et al. 2008). Histone 

acetylation leads to the alteration of chromatin domains from a condensed 

(heterochromatin) to a transcriptionally accessible (euchromatin) state. These chromatin 

changes are considered a primary molecular mechanism underpinning the early 

developmental programming and long-lasting maintenance of many homeostatic 

responses (Weaver et al. 2017). In contrast, DNA methylation promotes the formation of 

heterochromatin. Investigating between-individual differences in both chromatin 

modifications and DNA methylation marks simultaneously may allow to further study the 

impact of early life experiences on adult phenotype (Weaver et al. 2017). 

Our results suggest the manipulation effects during development and in adulthood to be 

additive (i.e. birds from large broods in hard treatment showing the lowest expression 

levels). However our limited sample size prevented us from proving or refuting such 

hypothesis. Further research should focus on confirming these results with larger sample 

sizes that allow for more complex tests on interactions between early and adult 
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environments, which have remained overlooked so far. Investigating the changes in DNA 

methylation and gene expression at different time points (i.e. before, during and after 

environmental changes) would also provide relevant insights on the temporal progression 

and additive effects of epigenetic processes.  

Nr3c1 expression was a strong predictor of all four glucocorticoid traits we tested (i.e. HPA 

axis reactivity). Birds with lower gene expression had higher baseline corticosterone levels 

and weaker responses (i.e. stress-induced, feedback and after ACTH). Thus we would 

predict birds in hard treatment to show a “flatter” HPA regulation profile. Although 

studies testing GR methylation or expression and basal and reactive glucocorticoid levels 

are scarce (Turecki & Meaney 2016), some previous studies in mammals report early life 

adversity or reduced expression of Nr3c1 to be related to higher baseline glucocorticoid 
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levels, heightened acute responses and disruption of the feedback mechanisms 

(Oberlander et al. 2008; Weaver et al. 2004; Murgatroyd et al. 2009, reviewed in Turecki & 

Meaney 2016). In contrast, we did not find so for the acute responses in our zebra finch 

population, which were weakened in the individuals with lower gene expression. We can 

only speculate about the cause of this difference, but birds and mammals may differ in the 

way in which HPA regulation is affected by environmental challenge (incl. epigenetic 

marks). In addition, we have not investigated the interactions that may be taking place 

between the glucocorticoid receptor and the high affinity mineralocorticoid receptor, as 

well as whether methylation and gene expression changes occur within that gene (Nr3c2). 

Overall, the high correlations between expression of the GR in peripheral blood and 

corticosterone phenotype may help understanding the mechanistic associations between 

different steps of the glucocorticoid regulation.  We further believe they will provide a 

novel perspective towards the development of integrative and less invasive measures of 

glucocorticoid traits and HPA reactivity. 

An open question arising from the treatment differences in Nr3c1 expression is whether 

such differences (and the subsequent effects on HPA regulation) are adaptive, in the sense 

that fitness would be lower without treatment effects on Nr3c1 expression. In our case, 

challenge experienced during either development (large broods) or adulthood (hard 

foraging treatment) seemed to affect expression in the same direction, but we can still say 

little about whether the phenotypic outcome is beneficial or detrimental, and how this 

depends on the circumstances. Although most of the research on developmental effects 

and epigenetic processes has focused on detrimental medical outcomes (e.g. see Feinberg 

& Tycko 2004; Vaiserman & Koliada 2017), greater emphasis is being placed on the role of 

epigenetic mechanisms in facilitating the adaptation of organisms to changing 

environments (Murgatroyd et al. 2009). Under this interpretation, methylation induced 

during early life may also remain as a “footprint” for a faster or more efficient response as 

prompt changes in expression when facing specific challenges later in life (see Murgatroyd 

et al. 2009; Weaver et al. 2017). Testing for effects of gene-specific methylation and 

expression on survival, and whether they depend on developmental and adult 

environments, could shed more light on the consistency and evolutionary relevance of 

epigenetic programing.  

In this study we provide, to our best knowledge, the first report showing both epigenetic 

and gene expression changes in relation to early life adversity in birds. The similarity 

between our findings and earlier findings in laboratory mammals suggest epigenetic 

programming to be a mechanism underlying long-term effects of early life experiences 

also in other taxa. We believe that our work opens new perspectives towards the study of 

epigenetic processes as pathways linking environmental conditions experienced 

throughout life and coping strategies, which is of fundamental and applied interest in the 

context of a changing world. 
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SUPPLEMENTARY INFORMATION to:  

DNA methylation and expression levels in the glucocorticoid receptor 

gene are affected by developmental conditions and predict 

corticosterone responses in zebra finches 
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ABSTRACT 

Glucocorticoid hormones (GCs) are often assumed to be indicators of stress. At the 

same time, one of their fundamental roles is to facilitate metabolic processes to 

accommodate changes in energetic demands. Although the metabolic function of 

GCs is thought to be ubiquitous across vertebrates, we are not aware of experiments 

which tested this directly, i.e. in which metabolic rate was manipulated and 

measured together with GCs. We therefore tested for a relationship between plasma 

corticosterone (CORT; ln transformed) and metabolic rate (MR; measured using 

indirect calorimetry) in a between- and within-individual design in captive zebra 

finches (Taeniopygia guttata) of both sexes. In each individual, CORT and MR were 

measured at two different temperature levels: ‘warm’ (22°C) and ‘cold’ (12°C). CORT 

and MR were both increased in colder compared with warmer conditions within 

individuals, but also across individuals. At the between-individual level, we found a 

positive relationship between CORT and MR, with an accelerating slope towards 

higher MR and CORT values. In contrast, the within-individual changes in CORT and 

MR in response to colder conditions were linearly correlated between individuals. 

The CORT–MR relationship did not differ between the sexes. Our results illustrate the 

importance of including variation at different levels to better understand 

physiological modulation. Furthermore, our findings support the interpretation of 

CORT variation as an indicator of metabolic needs. 
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Introduction 

Glucocorticoid hormones (GCs; e.g. cortisol, corticosterone) are often quantified to assess 

whether individuals or populations are ‘stressed’ (reviewed in Dantzer et al., 2014; 

Koolhaas et al., 2011). However, circulating GC concentrations can also increase during 

non-stressful situations, for example with the regular daily increases in energy demands 

that individuals routinely experience (McEwen and Wingfield, 2003; Landys et al., 2006; 

Romero et al., 2009; Beerling et al., 2011). This is in line with one of the primary functions 

of GCs, which is to interface with metabolism in a variety of ways. GCs have been named 

for their function to convert stored energy into glucose, and are therefore predicted to 

fluctuate in concert with metabolic demands. However, although this basic prediction 

underlies many concepts of GC regulation and function (McEwen and Wingfield, 2003; 

Romero et al., 2009), the existence and nature of the relationship between metabolic rate 

(MR) and GCs is still surprisingly unresolved (Holtmann et al., 2017; reviewed in Romero 

and Wingfield, 2015). 

Multiple lines of evidence suggest that GCs and metabolism may be linked, both at the 

inter- and intra-specific level. Perhaps the most convincing evidence available comes from 

a recent comparative study on mammals, which found that both baseline and stress-

induced cortisol levels correlated positively with mass-specific MR (Haase et al., 2016). At 

the intraspecific level, GC levels have been shown to be associated with energy 

expenditure (Welcker et al., 2015), and with factors that presumably affected energy 

expenditure. For example, baseline GC concentrations are generally higher with increased 

workload, resource limitations, reproductive investment, immune responses or 

thermoregulatory demands (Romero et al., 2009; Bonier et al., 2011; Miller et al., 2009; 

Bauch et al., 2016; Goymann et al., 2017; Merkling et al., 2017; Ouyang et al., 2013). 

Likewise, stress-induced concentrations (increases following exposure to acute stressors) 

can be affected by energetically-demanding processes such as molt (Cyr et al., 2008; Bauer 

et al., 2011; de Bruijn and Romero, 2013), climatic conditions (de Bruijn and Romero, 

2011) or reproductive behaviour (Buwalda et al., 2012; Ouyang et al., 2013). In contrast, 

other studies have not detected a covariation between GCs and metabolism (e.g. MR, 

daily energy expenditure), perhaps because GCs and metabolism were not measured at 

the same time (e.g. Buehler et al., 2012; Welcker et al., 2009). A number of studies have 

employed exogenous GC administration to test for effects on metabolism (Preest and 

Cree, 2008; Miles et al., 2007; Wack et al., 2012; Buttemer et al., 1991; Wikelski et al., 

1999; Spencer and Verhulst, 2008). However, results have been inconsistent, especially 

among endotherm species (Buttemer et al., 1991; Wikelski et al., 1999; Spencer and 

Verhulst, 2008), perhaps because GC-induced increases in blood glucose levels may be 

required to maintain a high MR, but they may not necessarily cause a high MR. 

Despite the wealth of circumstantial evidence for a GC–MR association, we are not aware 

of studies in which MR was simultaneously manipulated and measured in conjunction with 
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GC measurements. The latter is an important addition, because measured effects on MR 

are more convincing than assumed effects. Furthermore, direct measurements are 

necessary for direct quantification of the GC–MR association, and individual variation in 

MR can otherwise not be incorporated in the analyses. We therefore tested for an 

association between manipulated MR and endogenous corticosterone (CORT; the main GC 

in birds) in captive zebra finches (Taeniopygia guttata), using both between- and within-

individual approaches. For each individual, we measured CORT and MR (oxygen 

consumption) in ‘warm’ (room temperature; 22°C) and ‘cold’ (12°C) conditions. Both 

temperatures are below the thermoneutral zone of zebra finches and differ strongly in the 

imposed thermoregulatory demands, i.e. energy expenditure (Calder, 1964; Briga and 

Verhulst, 2017). Based on the hypothesis that CORT variation reflects metabolic needs, we 

predicted that each individual will increase CORT when exposed to the cold compared to 

the room-temperature treatment insofar as the cold treatment induces an increase in MR 

(within-individual approach). We tested for the same association between individuals, but 

have less of a prediction at this level because there may be individual variation in the 

CORT–MR association, leading to weak or no correlation at the between-individual level 

(e.g. Goymann and Dávila, 2017). Finally, we compared the CORT–MR association between 

the sexes, because we previously found that natural variation in ambient temperature was 

related to CORT in females but not in males, and this contrast can potentially be explained 

by sex differences in the CORT–MR association (Jimeno et al., 2017). 

 

Materials and methods 

Subjects 

A total of 36 birds (18 males and 18 females; Taeniopygia guttata Reichenbach 1862) were 

used in this study. They were reared as part of a larger population in our facilities at the 

University of Groningen, The Netherlands, in outdoor aviaries (L×H×W: 310×210×150 cm) 

containing 12 pairs each, with free access to food and water. After reaching 

independence, birds were moved to big single-sex outdoor aviaries (L×H×W: 310×210×300 

cm). One month before the experiment started, birds were moved to four separate single-

sex outdoor aviaries (L×H×W: 310×210×150 cm) with 10 birds each. Food and water were 

provided ad libitum. To avoid potential age effects, all birds were of similar age (8– 13 

months) when the experiment started, and born during the breeding season of 2014. 
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Blood sampling and experimental treatments 

The experiment was carried out during April and May 2015. Each bird went through 

four respirometry sessions (with a minimum time of 2 weeks of recovery time 

between sessions) of 3 h each, and was subjected to four different treatments in 

random order, two of which were the warm and cold treatment mentioned above 

(the treatments in the other two sessions – 15 min noise stress applied either early or 

late during the 3 h measurement session – fall outside the scope of the present 

paper). The identity of the bird to be sampled was pre-determined and target birds 

were previously marked with colour rings to facilitate their individual identification 

when catching. In the ‘warm’ treatment, the ambient temperature was kept at 22°C 

for the entire session (3 h). In the ‘cold’ treatment, the ambient temperature was 

decreased to 12°C after 1.5 h, and kept low for the remaining 1.5 h. Average 

temperature in the outdoor aviaries during sampling hours was 14.38±0.38°C 

(mean±s.e.m.). Respirometry measurements were conducted either in the morning 

(9:00–13:00 h) or in the afternoon (14:00–18:00 h). In each respirometry session, two 

birds (one male and one female) were measured simultaneously, and the sets of two 

birds remained the same throughout all trials. 

Birds were captured from the outdoors aviaries (one bird per aviary per day) and 

transported indoors into the respirometer room in separate cages (L×W×H: 40×40×15 

cm) with access to food. See Fig. 1 for a schematic overview of the measurement 

procedure. The birds were left undisturbed in the respirometer room for 1 h to 

acclimate to room temperature (22°C), after which we took the first blood sample for 

CORT analysis (CORTstart). Birds were weighed to the nearest 0.1 g before going into 

the metabolic chambers. The door of the respirometer room was then closed, and 

MR measurements started. During the following 1.5 h, the birds remained 

undisturbed to further acclimatize to the metabolic chambers. After this time, for the 

remaining 1.5 h, the temperature was either decreased to 12°C in the cold treatment 

(taking 15–20 min; temperature was changed without entering the room), or kept at 

22°C for the warm treatment. After this time, the MR was at an approximately stable 

level (Fig. 2), birds were taken out and a second blood sample was taken (CORTend). 

Afterwards, they were put into a cage (L×W×H: 40×40×15 cm) with food and water to 

recover before being returned to their aviary. 

All CORT samples were taken within 3 min after entering the respirometry chamber 

to minimize disturbance effects on CORT values.
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Metabolic rate 

MR was measured using an open-flow respirometer situated in a temperature-

controlled room. Each individual was transferred to a 1.5 l metabolic chamber, 

without food or water. For detailed information about the technique, see Bouwhuis 

et al. (2011). In brief, the air flow through the metabolic chambers was kept at 22 l 

h
−1

 by mass-flow controllers (5850S; Brooks, Rijswijk, The Netherlands) calibrated 

with a bubble flowmeter. The air was dried using a molecular sieve (3 Å; Merck, 

Darmstadt, Germany) and analysed using a paramagnetic oxygen analyser (Servomex 

Xentra 4100, Crowborough, UK). During the measurements, each metabolic chamber 

or reference outdoor air was sampled for 60 s every 3 min. In each sampling, we 

measured O2 and CO2 concentration and oxygen consumption was calculated using 

the equation of Hill (1972). An energy equivalent of 19.7 kJ l
−1

 oxygen consumed was 

used to calculate energy expenditure in watt (W). When analysing the data, we took 

the average MR during the last 10 min of the 3 h session as a measure of MR 

(MRend). 

Hormone analyses 

Plasma CORT concentrations were measured using an enzyme immunoassay kit (cat.no. 

ADI-900-097, ENZO Life Sciences, Lausen, Switzerland), following previously established 

protocols (Ouyang et al., 2015). Samples taken from one individual were placed in 

neighbouring wells but, in other respects, samples were randomly distributed. Briefly, 

aliquots of 10 μl plasma along with a buffer blank and two positive controls (at 20 ng ml
−1

) 

were extracted with diethyl ether. After evaporation, samples were re-dissolved in 280 μl 

assay buffer. On the next day, two 100 μl duplicates of each sample were added to an 

assay plate and taken through the assay. Buffer blanks were at or below the assay’s lower 

detection limit (27 pg ml
−1

). Intra-plate coefficient of variation (CV; mean±s.e.m.) was 

10.76±2.77% and inter-plate CV was 8.2% (n=11 plates; note that plate identity was 

included as a random effect in the statistical analyses). Samples with CV >20% were re-

assayed when there was sufficient plasma. Final CORT concentrations were corrected for 

average loss of sample during extraction, which is 15% in our laboratory (Baugh et al., 

2014). 

Statistical analyses 

We used paired t-test to test for the effect of temperature treatments on both MR and 

CORT. To assess the CORT–MR association, we constructed general linear mixed models 

for both the between-individual and within-individual approaches. For the between-

individual approach, we used CORTend values as the dependent variable and MRend, sex, 

body mass (as the average between the two measurements taken before and after going 

into the respirometer) and treatment (warm or cold) as predictors. Individual identity and 
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assay plate (CORT analyses) were included as random factors. Visual inspection of the data 

suggested the relationship between MR and CORT to be non-linear, so we tested for a 

quadratic effect of MR on CORT in the analysis. We also tested for potential effects of 

sampling variables on CORTend variation: sampling round (morning/afternoon), sampling 

order within the pair (first or second) and whether or not it was the first time the 

individual was placed into the respirometer. However, none of these variables had a 

significant effect on CORTend (Table S1), so we did not include them in further analyses. 

For the within-individual approach, we used the change in CORT between the two 

treatments [calculated as (CORTend in cold) −(CORTend in warm)] as the dependent 

variable and change in MR [as (MRend in cold)−(MRend in warm)] and sex as predictors. 

We did not consider CORTstart a proper control for the treatment effect because the 

experience of the animal prior to sampling (capture and handling) was very different from 

the experience prior to the sample after treatment. Assay plate was included as a random 

factor. 

While building the two models described above, we used backward elimination of least 

significant terms. After model selection, the Akaike information criterion (AIC; Akaike, 

1973) was also considered to confirm that the final models had the lowest AIC values. All 

statistical analyses were performed using R version 3.3.2 (http://www.R-project. org/) 

with the function ‘lmer’ of the R package lme4 (Bates et al., 2015). R
2
 was calculated using 

the function ‘r.squaredGLMM’ of the R package MuMIn (https://CRAN.R-

project.org/package=MuMIn). Logarithmic transformations were performed to normalize 

CORT. CORT change was calculated as ln(CORTcold)−ln(CORTwarm). Residuals of the final 

models showed a normal distribution. While building the models, one individual male was 

excluded from the between-individual analyses because it was a clear statistical outlier 

(this data point was 2.75 times the s.d. of the model residuals). That was not the case in 

the within-individual analysis, where its residuals were within 1 s.d. (0.25) of the model 

residuals. 

Ethics 

All methods and experimental procedures were carried out under the approval of the 

Animal Experimentation Ethical Committee of the University of Groningen, The 

Netherlands, licence 5150G.  

http://jeb.biologists.org/lookup/doi/10.1242/jeb.166124.supplemental
http://www.r-project.org/
http://www.r-project.org/
http://www.r-project.org/
https://cran.r-project.org/package=MuMIn
https://cran.r-project.org/package=MuMIn
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Results 

Treatment effects 

During the cold treatment, individuals maintained a significantly higher MR than during 

the warm treatment (t34=−5.76, P<0.0001; Fig. 3A). The MR response to temperature was 

shown by both sexes (males: t17=−3.99, P=0.001; females: t17=−4.04, P=0.001). Likewise, 

individuals showed higher CORT concentrations after cold compared with the warm 

treatment (t34=−2.70, P=0.011; Fig. 3B) and this effect was also similar in the two sexes 

(males: t17=−2.01, P=0.061; females: t17=−1.80, P=0.090). 

Between-individual approach 

The model with CORT as the dependent variable showed a strong quadratic relationship 

with MR (Table 1), with the slope accelerating towards higher MR (Fig. 4). The MR 

variation is a mixture of individual differences and a temperature effect, and these two 

types of variation may or may not associate with CORT in the same way. However, adding 

treatment to the model in Table 1 resulted in a poorer model fit (treatment effect when 

added to the model: P=0.4, and AICc=3.73), indicating that the quadratic relationship 

between MR and CORT was independent of treatment (Table S2). This implies that 

temperature-independent individual variation in MR associated in the same way with 

CORT as the temperature-induced variation. The association between CORT and MR was 

also independent of sex (F1,56.34=0.220, P=0.64) and did not change when adding CORTstart 

to the model (Table S3). 

In this model, we included individual identity as a random effect, which increased 

statistical power of the model because MR and CORT were repeatable in both sexes (MR: 

r=0.62; CORT: r=0.37; Table S4). These estimates are within the range of estimates in our 

population for both MR (Briga and Verhulst, 2017) and CORT (Jimeno et al., 2017). 

Within-individual approach 

Within-individual changes in MR induced by cold treatment were positively correlated 

with the associated changes induced by ambient temperature in CORT (Table 2, Fig. 5). 

Thus, higher temperature-induced increases in MR were associated with higher increases 

in CORT. This association did not differ between the sexes (F1,24.34=0.003, P=0.96). 

http://jeb.biologists.org/lookup/doi/10.1242/jeb.166124.supplemental
http://jeb.biologists.org/lookup/doi/10.1242/jeb.166124.supplemental
http://jeb.biologists.org/lookup/doi/10.1242/jeb.166124.supplemental
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Estimate s.e. d.f. F p 

Intercept -0.163 0.271 22.20   

MR (change) 3.880 1.390 31.15 7.787 0.009 

Rejected terms      

Sex (male) 0.024 0.506 23.03 0.003 0.962 

MR x Sex 0.161 2.998 24.34 0.003 0.958 

Random factors      

 Variance  

Plate 0.189  

Residual 0.513  

 
 
 
 
 

Estimate s.e. d.f. F p 

Intercept 6.818 1.531 67.04   

Body mass -0.193 0.059 44.77 10.679 0.002 

MR -7.668 4.221 62.86 3.300 0.074 

MR2 7.657 3.127 62.73 5.995 0.017 

Rejected terms      

Treatment (cold) -1.230 1.484 56.81 0.687 0.411 

Sex (male) 0.338 0.827 58.01 0.167 0.684 

MR x Sex -0.591 1.260 56.34 0.220 0.640 

MR x Treatment 1.806 2.281 57.77 0.627 0.432 

Random factors      

 Variance  

Bird ID 0.091  

Plate 0.002  

Residual 0.259  
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Discussion 

The generally accepted association between GCs and MR is supported by a wealth of 

circumstantial evidence (see Introduction), but we are not aware of previous direct 

measurements combined with manipulations of MR in relation to CORT. We therefore 

manipulated MR through temperature change and found a strong positive CORT– MR 

association. Speculating on the mechanism causing the observed association falls outside 

the scope of the present paper but, on a functional level, our interpretation of this finding 

is that CORT ensured increased fuel (e.g. glucose, fatty acids) supply to match higher 

energetic needs, although we recognise that the evidence for such a relationship is mixed 

(Remage-Healey and Romero, 2001; Landys et al., 2004; Deviche et al., 2014). Our results 

are in line with previous studies finding a negative association between CORT and ambient 

temperature (Beaulieu, 2016; Jenni-Eiermann et al., 2008; Lendvai et al., 2009; de Bruijn 

and Romero, 2011; Jimeno et al., 2017), which generally has a strong effect on MR when 

below the thermoneutral zone (Briga and Verhulst, 2017). We found this association to be 

consistent both within and between individuals, and independent of temperature 

treatment, implying that variation in MR between individuals was associated with CORT in 

the same way as the temperature-induced variation. Furthermore, the CORT–MR 
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association held across a broad CORT range, including baseline and stress-induced levels 

(as established in an earlier study on the same study population; Jimeno et al., 2017). The 

latter finding is in agreement with the comparative study of Haase et al. (2016), who 

found the GC–MR association to be similar for baseline and stress-induced GC levels.

 

 

To the best of our knowledge, MR has not previously been simultaneously manipulated 

and measured in conjunction with CORT measurements. However, de Bruijn and Romero 

(2011, 2013) used heart rate as a proxy of MR in conjunction with CORT measurements to 

investigate effects of experimentally changed climatic conditions in captive European 

starlings (Sturnus vulgaris). To compare our findings with the results of de Bruijn and 

Romero (2011, 2013), we plotted average values of heart rate versus CORT for each of 

their treatment groups (the authors did not report the associations between the two 

traits). We find that the magnitude of the treatment effects on CORT and MR were 

strongly correlated between the different treatments in all three groups of experiments 

(Fig. S1). Thus, we conclude that the results of de Bruijn and Romero (2011, 2013) are in 

close agreement with the conclusions of the present study that there is a strong 

association between MR and CORT. 

http://jeb.biologists.org/lookup/doi/10.1242/jeb.166124.supplemental
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At the time that we took the blood sample for CORT (CORTend), the MR had been stable 

for some time (Fig. 2). We can therefore assume that energy turnover and fuel supply 

(glucose) were reasonably in balance at the time of measurement, and this may have 

contributed to our finding that CORT and MR were strongly correlated. Conversely, we 

would expect such a correlation to be weaker or absent in the extreme case of CORT 

measurements immediately after an acute increase in energy expenditure (Beerling et al., 

2011), while homeostasis is still in disequilibrium. However, such a correlation would likely 

become stronger with CORT levels measured after an as-yet-undefined time lag, when 

homeostasis is being restored. Thus, the temporal profile of energy expenditure and the 

relative timing of the CORT measurement may be crucial when investigating the CORT–MR 

association, and this may explain the absence of such an association in studies in which 

CORT and MR were not measured at the same time (e.g. Buehler et al., 2012). 

MR and CORT were strongly correlated both at the between- and within-individual levels. 

However, the shape of the relationship differed between the two levels, being quadratic 

between individuals and linear within individuals (but note that CORT was logarithmically 

transformed prior to analysis). The explanation for this discrepancy can either be 

statistical or biological. A smaller range of variation within individuals when compared 

with the variation between individuals (see distributions along the x-axis in Figs 4 and 5) 

may have impeded the detection of a non-linear pattern within individuals. It is possible, 

therefore, that there also exists an accelerating pattern within individuals that we cannot 

detect with the present data. Experiments using a wider MR range would be needed to 

test this explanation. Alternatively, individuals with high CORT may have a lower 

sensitivity to CORT (which would be the reason for having high CORT), and hence they 

would need to up their CORT more to achieve the same physiological response as birds 

with higher CORT sensitivity (and hence low CORT). Such variation in CORT sensitivity of 

target cells could arise at any step in the causal chain from CORT to glucose and/or other 

plasma metabolites in the blood stream (see Bamberger et al., 1996) and could lead to 

associations within individuals being linear while accelerating (as before) upwards among 

individuals. 

The present study was in part inspired by our previous finding in zebra finches of a strong 

relationship between ambient temperature and CORT in females housed outdoors, 

whereas this relationship was flat in males (Jimeno et al., 2017). A potential explanation 

for this finding was that the CORT–MR association is sex dependent, being flatter or 

absent in males when compared with females. However, the present study falsifies this 

hypothesis, because the MR and CORT responses to a decrease in ambient temperature 

were indistinguishable between males and females. However, this may be different in the 

outdoor aviaries where the birds are housed in groups. The sexes may, for example, differ 

in their huddling behaviour when subjected to natural variation in ambient temperature. 
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MR variation can arise in many different ways besides the effect of temperature that we 

employed. It remains to be tested, therefore, whether other short-term MR-modulating 

factors (e.g. psychological stressors) will cause MR to associate with CORT in the same 

way. However, some considerations lead us to believe that our finding of a strong CORT–

MR relationship may apply more generally, regardless of context. First, our best-fitting 

models did not include treatment, which implies that the CORT–MR relationship we 

observed was independent of temperature context. Second, we find that the results of de 

Bruijn and Romero (2011, 2013), where MR was manipulated using different climatic 

variables in addition to temperature, are in complete agreement with our finding (Fig. S1). 

Last, Buwalda et al. (2012) previously showed that rewarding (sex) and aversive (defeat) 

social stimuli and habituation to these stimuli affected both CORT and heart rate in a very 

similar way. Nevertheless, further research is needed to determine to what extent the 

CORT–MR association we observed is consistent across contexts. To this end, studies are 

needed in which MR is manipulated in different ways and measured directly in 

conjunction with CORT measurements. 
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SUPPLEMENTARY INFORMATION to:  

Strong association between corticosterone and temperature dependent 

metabolic rate in individual zebra finches 

 

Terms AICc AICc 

MR, MR
2
, Mass (main model) 138.93 0.00 

MR, MR
2
, Treatment, Mass 142.66 3.73 

MR, Treatment, Mass, MR x Treatment 144.25 5.32 

MR, Mass 146.56 7.63 

 

 
 
 
 
 

Estimate Std. error df F p 

Intercept 2.075 0.151 41.18   

Sampling order (2) 0.305 0.180 35.76 2.892 0.098 

First Trial (yes) 0.234 0.187 53.69 1.565 0.216 

Round (afternoon) 0.098 0.184 42.26 0.294 0.591 

Random factors      

 Variance  

Bird ID 0.089  

Plate 0.039  

Residual 0.367  
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a 
Females (N=18) Males (N=18) Total (N=36) 

Variance Repeat. Variance Repeat. Variance Repeat. 

Bird ID 0.0031 47.7% 0.0061 70.9% 0.0045 61.6% 

Residual 0.0034 - 0.0025 - 0.0028 - 

 

b 
Females (N=18) Males (N=18) Total (N=36) 

Variance Repeat. Variance Repeat. Variance Repeat. 

Bird ID 0.1242 30.9% 0.1325 48.3% 0.1236 36.9% 

Residual 0.2774 - 0.1420 - 0.2111 - 

 

c 
Females (N=18) Males (N=18) Total (N=36) 

Variance Repeat. Variance Repeat. Variance Repeat. 

Bird ID 0.0021 39.6% 0.0044 53.01% 0.0033 48.5% 

Residual 0.0032 - 0.0039 - 0.0035 - 

 
 
 
 
 

Estimate s.e. d.f. F p 

Intercept 6.187 1.501 66.76   

Body mass -0.192 0.054 38.45 12.612 0.001 

CORTbeg 0.022 0.009 58.01 6.201 0.016 

MR -6.438 4.199 65.11 2.351 0.130 

MR2 6.655 3.112 65.47 4.571 0.036 

 Variance  

Bird ID 0.015  

Plate 0.018  

Residual 0.292  
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ABSTRACT 

Variation in glucocorticoid hormones (GCs) is often interpreted as reflecting ‘stress’, 

but this interpretation is subject of intense debate. GC’s induce gluconeogenesis, and 

often vary in parallel with energy expenditure. We hypothesized therefore that GC 

variation can be fully explained by changes in current and anticipated metabolic rate. 

Alternatively, GC levels may respond to forms of psychological ‘stress’ over and above 

its effect on metabolic rate. We here refute the latter hypothesis in captive zebra 

finches, building on our recent finding of a strong positive association between 

corticosterone (CORT, the main avian glucocorticoid) and metabolic rate (MR, 

measured using indirect calorimetry). To this end, we induced an increase in MR using 

a psychological stressor (noise), and compared the noise effect on CORT with the 

effect of a decrease in ambient temperature on CORT.  By design, lower ambient 

temperature and noise exposure increased MR to a similar extent. We find the 

increase in CORT induced by the psychological stressor to be indistinguishable from 

the level expected on the basis of the noise effect on MR. We further find that a 

handling and restraint stressor that increased CORT levels also resulted in increased 

blood glucose levels, corroborating a key assumption underlying our hypothesis. Thus, 

GC variation primarily reflected variation in energy expenditure, independently of 

psychological stress. GC levels have many downstream effects besides inducing 

gluconeogenesis, and we propose that these effects can be interpreted as adjustments 

of physiological functions to the metabolic level at which an organism operates. 
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Introduction 

Glucocorticoid (GC) hormones (e.g. cortisol, corticosterone) are considered to play a 

central role in coping strategies and organismal adjustments to environmental variability 

(reviewed in Romero & Wingfield 2015; Romero et al. 2009; McEwen & Wingfield 2003). 

While variation in GC concentrations and its biomedical and ecological consequences have 

been the focus of numerous studies (e.g. Bonier et al. 2009b; Breuner et al. 2008; Taff & 

Vitousek 2016), the causes of variation in GC concentrations are still intensively debated. 

While previous work, for example within the field of conservation physiology, often 

considers elevations in GCs to represent potentially ‘stressful’ conditions (Martinez-Mota 

et al. 2007; Sheriff et al. 2011; reviewed in Dantzer et al. 2014; but see Madliger et al. 

2014), ecological and evolutionary physiologists advocated the need to reconsider the 

causes of GC variation from a wider perspective (McEwen & Wingfield 2003; Koolhaas et 

al. 2011; Romero et al. 2009). In this context, GCs are also considered as primary 

mediators of allostasis (i.e. achieving stability through change, McEwen & Wingfield 2003), 

integrating physiology and associated behaviours in response or anticipation to changing 

environments (McEwen & Wingfield 2003; Romero et al. 2009). Given this diverse and 

contentious background, there is a need for a better functional understanding of HPA axis 

activation. 

GCs have many downstream effects on diverse systems, which confound a straightforward 

interpretation of the HPA axis regulation. A direct effect of GCs is the induction of 

gluconeogenesis (glucose synthesis) in the liver, so that glucose will be released to the 

blood, making it available for tissues and organs to maintain their metabolism (Remage-

Healey & Romero 2000; Sapolsky et al. 2000). Thus, GCs are expected to fluctuate 

together with metabolic demands, to provide the resources needed for a perceived 

(“reactive” response), or anticipated (“anticipatory” response) energy expenditure 

(Herman et al. 2016; Koolhaas et al. 2011), or to restore glucose levels following an 

adrenalin supported burst of energy expenditure (Koolhaas et al. 2011). Indeed, many 

studies show that GCs are modulated in parallel with factors that can be assumed to affect 

energy expenditure, and this is true for both predictable (e.g. seasonal or daily 

temperature variation, breeding, daily activities; McEwen & Wingfield 2003; Bauch et al. 

2016; Bonier et al. 2011; Welcker et al. 2015; Romero et al. 2009; Beerling et al. 2011; 

Vitousek et al. 2017; Jimeno et al. 2017a) and unpredictable and/or uncontrollable (e.g. 

sudden meteorological events, predator threat, human presence or handling ; de Bruijn & 

Romero 2011-2013; Harlow et al. 1987; Cyr & Romero 2008; Cohen et al. 2008) variation 

in energy demands. However, none of these studies tested whether measurements of 

manipulated metabolic rate associated with simultaneous measurements of GCs. By using 

this approach, we recently confirmed a direct relationship between metabolic rate (MR) 

and GCs in captive zebra finches Taeniopygia guttata (Jimeno et al. 2017b). The role of 

GCs in facilitating energy metabolism raises the question whether GC variation can be fully 
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explained as response to current and anticipated variation in MR. Alternatively, 

”stressors” may increase GCs over and above the response required to meet energetic 

demands. Because the two alternatives result in very different interpretations of variation 

in GC levels this is an important hypothesis to investigate.  

We tested whether a psychological stressor induced an increase in GC levels over and 

above its effect on MR using noise as psychological stressor. This noise effect on CORT was 

compared with a metabolically induced change in CORT using a change in ambient 

temperature. The temperature change was tuned to induce on average the same increase 

in MR as the noise treatment to enable a direct comparison. The temperature change was 

gradual and within the range routinely experienced by the subjects during that time of 

year, and induced a gradual increase in MR (Jimeno et al. 2017b). For this reason we 

consider that only the noise treatment would induce a classic stress response in the 

psychological sense.  Both treatments were carried out in the same individuals in a cross-

over design, allowing us to compare within-individual CORT responses between the two 

stimuli.  Furthermore, as our interpretation of the predicted MR-CORT association is based 

on the assumption that CORT ensures increasing fuel (i.e. glucose) supply to match higher 

energetic needs, we also tested whether a response to a standardized stressor (restraint; 

Romero & Wingfield 1998; Romero et al. 2000; Jimeno et al. 2017a), which induces an 

increase in plasma CORT, was accompanied by an increase in plasma glucose. 

 

Materials and methods 

Subjects  

36 birds (18 males and 18 females) were used in this study, all reared at the University of 

Groningen, the Netherlands, in outdoor aviaries (L x H x W: 310 x 210 x 150 cm) containing 

12 pairs each. After reaching independence they were moved to larger single-sex outdoor 

aviaries (L x H x W: 620 x 420 x 300 cm). One month before the experiment started they 

were transferred to 4 single-sex outdoor aviaries (L x H x W: 310 x 210 x 150 cm) with 10 

birds each. Food, water and fortified canary food (“egg food”) were always provided ad 

libitum. The birds were born in 2014 and aged 8-13 months when the experiment started. 

Experimental manipulation of metabolic rate and corticosterone sampling 

The experiment was carried out in April and May 2015. Each bird went through 4 

respirometry sessions of 3 hours each (with a minimum of two weeks between each 

session), and was subjected to four different treatments in a random order, three of which 

are included in the present paper: a control treatment under room temperature (22ºC), a 

‘cold’ treatment in which ambient temperature was gradually reduced to 12ºC (results 
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were presented in Jimeno et al. 2017b), while the third treatment (subject of the present 

paper), was an acoustic disturbance (psychological stressor). The fourth treatment, not 

considered in this paper, consisted of the same noise treatment but in the middle of the 

three-hour MR measurement period. Average temperature in the outdoor aviaries during 

sampling hours was 14.38 ± 0.38ºC (mean ± s.e) and both temperature treatments fell 

within the range of temperatures naturally experienced by the subjects during the actual 

measurement period.  

In each respirometry session, two birds (one male and one female) were measured 

simultaneously, and the sets of two birds remained the same throughout all trials. Birds 

were captured and transported indoors into the respirometer room in separate cages with 

access to food, and left undisturbed there for 1 h to acclimate to room temperature 

(22ºC). After this we took a first blood sample for CORT analysis and birds were weighed 

to the nearest 0.1 g before being transferred into single metabolic chambers. These first 

CORT samples are not used in the present paper, but including them in the analyses did 

not improve the models or change any of the results. 

The respirometer room was then closed and MR measurements started. During the 

following 1.5h the birds remained undisturbed, enough time for the MR to reach an 

approximately stable level (Fig. 1). In the control treatment, the ambient temperature was 

kept at 22ºC and the birds remained undisturbed for the entire session (3h). In the cold 

treatment, after 1.5 hours at 22ºC the ambient temperature was gradually decreased to 

12ºC (the target temperature was reached within 15-20 min.; the temperature was 

changed remotely), and kept at this level for the remaining 1.5 hour. In the noise 

treatment, temperature was kept at 22ºC and a playlist of sounds/noise was played 

starting 15 min. before the end of the respirometry session (mins. 165-180; Fig. S1). The 

playlist (first time exposure for all the individuals) consisted of consecutive short tracks (of 

approximately 30 seconds each) containing sounds of humans (voices, steps, clapping 

hands) and predators (e.g. sparrow hawk), followed by a 5 min. recording of music (hard-

rock). At the end of each measurement session the birds were taken out of the 

respirometer, a second blood sample was taken and they were weighed again. They were 

then put into a cage (L x W x H: 40 x 40 x 15 cm) with food and water to recover before 

being returned to their aviary. All CORT samples were taken within 3 minutes after 

entering the respirometry chamber to minimize disturbance effects on CORT values.  We 

used the average of the two mass measurements as estimate of body mass in the 

analyses. 

Prior to the present study, a pilot study was carried out to adjust both the temperature in 

the cold treatment and the playlist for the noise treatment to ensure that the cold 

treatment and the noise exposure induced comparable increases in MR. 
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MR was measured using an open flow respirometer situated in a climate chamber. Each 

individual was transferred to a 1.5 L metabolic chamber, without food or water (for 

technical details see Briga & Verhulst. (2017) and Jimeno et al. 2017b). During the 

measurements, each metabolic chamber or reference outdoor air was sampled every 3 

min for 60s. In each sampling, we measured O2 and CO2 concentration and oxygen 

consumption was calculated using the Eq. of Hill (1972). When analysing the data we took 

the average MR during the last 15 minutes of the 3h session as measure of MR for each of 

the treatments. 

Glucose and corticosterone measurements 

A standard restraint protocol (Jimeno et al 2017a) was applied to test whether the CORT 

increase this induces is accompanied by a proportional increase in blood glucose level. 

This test was carried out between July 17 and August 5, 2015 using 30 individuals. We 

sampled two birds per aviary on each day, one in the morning (10:00-11:00) and one in 

the afternoon (15:00-16:00), to minimize disturbance effects on CORT concentrations. The 

sequence of aviaries sampled each day was randomized. Immediately after collecting the 

first sample (baseline CORT) the birds were placed into an opaque cotton bag (restraint 

stressor), and a second blood sample (stress-induced CORT) was taken after 20 min. In 

total, no more than 150 μl of blood were taken per individual per day. After blood 

sampling, birds were put into separate cages with food to recover before being released 

back into the aviary (usually within 20 min). 

Due to the amount  of blood needed for the glucose (90-100 μl) and both CORT traits (40-

60 μl), we could measure glucose in only one of the two samples taken per individual on a 

given day. Hence each individual was subjected to the restraint protocol twice, on 

different days at least 15 days apart. For each individual, we measured baseline and 

stress-induced levels CORT on both days, but sampled blood for glucose measurement 

once on each of the two days, either at baseline or after the restraint treatment. The 

order in which samples for glucose were taken on the two sampling days (baseline versus 

stress-induced) was randomized over individuals, balanced by sex and sampling day. 

Blood sampling 

Throughout this study, blood samples were taken from the brachial vein, collected in 

heparinized microcapillary tubes and kept on ice. At the end of each sampling session, 

plasma for CORT analyses was separated after centrifugation and stored at −20 °C until 

analyzed. Blood for glucose analyses was immediately taken to the lab for analysis. 
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Hormone analyses 

Plasma CORT concentrations were measured using an enzyme immunoassay kit (Cat. No. 

ADI-900-097, ENZO Life Sciences, Lausen, Switzerland), following previously established 

protocols (Jimeno et al. 2017a). Briefly, aliquots of 10 μl plasma along with a buffer blank 

and two positive controls (at 20ng/mL) were extracted twice with diethylether. After 

evaporation, samples were re-dissolved in 280 μl assay buffer. On the next day, two 100 μl 

duplicates of each sample were added to an assay plate and taken through the assay. 

Buffer blanks were at or below the assay’s lower detection limit (27 pg/ml). Intra-plate 

coefficient of variation (CV; mean±SE) was 10.76±2.77% and inter-plate CV was 8.2% 

(n=11 plates; note that plate number was included as a random effect in the statistical 

analyses). Samples with CV’s >20% were re-assayed when there was sufficient plasma. 

Final CORT concentrations were corrected for average loss of sample during extraction, 

which is 15% in our laboratory (Baugh et al. 2014). 
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Glucose analyses 

Plasma glucose concentrations were quantified from whole blood (90-100 µl) with 

VetScan (Avian/Reptilian Profile Plus reagent rotor; © 2003, Abaxis, Inc., Union City, CA 

94587). Glucose detection range for this method is 10-700 mg/dL. Previous tests in our 

laboratory have shown high repeatabilities between machine trials for the glucose 

measurements obtained with the VetScan (R=0.996; N=12 independent samples; 

Zuidersma & Verhulst, personal communication). 

Statistical analyses   

All statistical analyses were performed using R version 3.3.2 (R Core Team 2016) using 

either paired t-tests or the function “lmer” of the R package lme4 (Bates et al. 2014). R
2
 

was calculated using the function “r.squaredGLMM” of the R package MuMIn (Barton 

2013).  

a) Metabolic rate and corticosterone 

We used paired t-tests within individuals to test for the effect of cold and noise 

treatments on both MR and CORT. Our subsequent analyses were in two steps in which 

we compared the MR-CORT association between treatments (temperature decrease vs. 

noise) using general linear mixed models using individual identity and assay plate (CORT 

analyses) as random effects. In our first analysis, we focused on absolute CORT levels as 

the dependent variable. As starting point for the analyses, we used the model we fitted 

earlier to the temperature treatment data alone (i.e. the current data set without the 

noise treatment data; Jimeno et al. 2017b), which revealed that there was no discernable 

temperature effect on CORT when MR and body mass were controlled for. Hence 

temperature treatment was not included in what we here refer to as the ‘background 

model’ (including the non-significant temperature treatment as third treatment level did 

not change the results). MR and CORT showed an accelerating positive relationship which 

was fitted by including MR squared in the model (as in Jimeno et al. 2017b). The inclusion 

of sex or its interaction with temperature treatment did not significantly increase the 

explained variance and were therefore excluded from the background model. The effect 

of the noise treatment was tested by adding it as a two-level factor to the background 

model with or without interaction with MR, and we used Akaike’s Information Criterion 

(Akaike 1973) to test whether this improved the model.  We initially tested for potential 

effects of sampling variables on variation in CORT: sampling round (morning / afternoon), 

sampling order within the pair (1st or 2nd) and whether or not it was the first time the 

individual was subjected to a respirometry session. However, none of these factors 

significantly improved the CORT models (Table S1), so we did not include them in further 

analyses. 
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In our second analysis we used the within-individual CORT response to the two treatments 

as dependent variables (i.e., the difference “CORT after cold– CORT after control”, and 

“CORT after noise - CORT after control”). Treatment and within-individual changes in MR 

after cold and noise relative to the control condition were used as predictors. Individual 

identity and assay plate (CORT analyses) were included as random effects. 

Although the model fitted for the temperature treatment data only (Jimeno et al. 2017b) 

did not include sex (i.e. there were no sex differences in MR or CORT values, nor in the 

association between MR and CORT), we tested whether that also held for the noise 

treatment. Results were consistent with our previous findings, with sex neither explaining 

variation in the absolute levels (F42.7=1.68; p=0.20), nor in the response (F31.6=0.93;p=0.34) 

models. 

CORT levels were logarithmically transformed to normalize the error distribution and 

CORT change was calculated as ln(CORTcold or noise) – ln(CORTcontrol). Residuals of the 

final CORT models showed a normal error distribution. One individual male was excluded 

from the absolute levels analyses because his CORT level was a clear statistical outlier 

(2.75 times the SD of the model residuals). This individual was however retained in the 

response analysis, where its residual CORT level was within 1 SD of the model residuals. 

b) Glucose and corticosterone 

We used paired t-tests using the concentrations of CORT and glucose taken 

simultaneously (i.e. in the same blood sample) to analyze whether the capture-restraint 

protocol affected CORT and glucose levels and subsequently tested for an association 

between CORT and glucose levels using a mixed linear model using individual identity and 

assay plate as random factors. The final sample size for the glucose-CORT association was 

N=28, because for two individuals it was not possible to obtain one of the two glucose 

samples. We initially tested for potential effects of sampling variables on variation in 

glucose: sampling round (morning / afternoon) and glucose sample order (whether the 

first glucose sample was the baseline or the stress-induced). However, none of them 

significantly improved the glucose model (Table S2), so we did not include them in further 

analyses. 
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Results 

Metabolic rate and corticosterone 

The noise treatment significantly increased MR compared to the control treatment (t36 = -

6.00, p<0.0001; Fig. 1), as did the cold exposure (t34=-5.76; P<0.0001; Jimeno et al. 2017b). 

As intended, MR levels after noise and cold exposure did not differ significantly, although 

there was a tendency for MR after cold exposure to be slightly higher (paired t-test; t35 

=1.88, p=0.07), which we attribute to a slight drop in MR just before the noise treatment 

started (Fig. 1). Likewise, individuals showed higher CORT concentrations after noise 

(paired t-test; t36 = -2.25, p = 0.03) and cold (paired t-test; t34 = -2.70, p = 0.011; Jimeno et 

al. 2017b) exposure compared to the control treatment. CORT levels after cold or noise 

were indistinguishable (paired t-test; t35 =0.60, p=0.55). 

a)  Absolute levels analyses 

When adding the noise treatment (F71.01=0.40, p=0.53) to the background model (see 

methods) this resulted in a model that fitted the data less well (AICc=+1.92), indicating 

that the relationship between MR and CORT was independent of the noise treatment. 

Fitting of more complex models, adding e.g. the interaction between MR and treatment, 

confirmed this finding (Table 1). That the effect of treatment on the association between 

MR and CORT is negligible is illustrated in Fig.2, where it can be seen that the fitted lines 

for models with and without data from the noise treatment are almost equal. 

b) Response analysis  

Within-individual changes in MR induced by noise were strongly and positively correlated 

with the changes in CORT (Fig. 3), and adding noise treatment (F36.15=0.091, p=0.76) or the 

interaction between treatment and the change in MR to the model did not improve model 

fits (Table 2).  

Glucose and corticosterone 

The capture-restraint protocol led to significant increases in CORT (t28 = -10.38, p<0.0001) 

and glucose (t28 = -8.39, p<0.0001; Fig. S2) concentrations. Likewise, the model testing for 

the correlation between CORT and glucose concentrations showed a strong association 

between both traits (F46.8=19.6; p<0.0001; Fig. 4).  
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Estimate s.e. d.f. F P 

Intercept -0.181 0.148 20.63   

MR (change) 4.103 0.792 68.75 26.85 <0.0001 

Random factors    Variance  

Bird ID 0.223  

Plate 0.025  

Residual 0.287  

Alternative models      

 AICc  

Treatment, MR,  2.29  

Treatment, MR  Treatment x MR 4.54  

Treatment 21.13  

 

 

 

 

 

Estimate s.e. d.f. F p 

Intercept 6.058 1.411 103.05   

Body mass -0.173 0.051 87.53 11.729 0.001 

MR -6.399 3.703 89.96 2.985 0.087 

MR2 6.883 2.777 91.46 6.144 0.015 

Random factors    Variance  

Bird ID 0.131  

Plate 0.000  

Residual 0.232  

Alternative models      

 AICc  

Body mass, Treatment, Treatment x MR, MR,  

MR2 

1.35  

Body mass, Treatment, MR,  MR2 1.92  

Body mass, Treatment, MR, Treatment x MR 5.68  

Body mass, Treatment, MR 6.02  

Body mass, Treatment 24.03  

Treatment 38.26  
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Discussion 

Despite the wealth of information on GCs, the functional interpretation of CORT 

regulation is still a contentious issue. CORT is often interpreted as indicator of ‘stress’ 

independent of MR, and we tested this interpretation by comparing CORT between two 

treatments that both increased MR, with one treatment (noise) inducing a rapid (stress) 

response, while the other treatment (temperature) induced a gradual homeostatic 

response. We show that variation in CORT levels was explained by variation in MR, 

independent of the stimulus that caused the increase in MR. We based our hypothesis on 

the assumption that CORT induces gluconeogenesis, and this assumption was supported 

by our finding of a strong association between CORT and blood glucose levels. Thus, we 

propose that the most parsimonious interpretation of our findings is that CORT variation is 

an indicator of variation in MR, independent of the cause of the latter.  

We built our study on the assumption that the noise treatment was perceived as a 

psychological stressor, while the (gradual) cold treatment was not. Our MR data support 

this assumption, because the MR increase in response to noise occurred very fast, being 

already detectable in the first MR measurement after the treatment started. Furthermore, 

its duration was tightly correlated with the duration of the playlist (our unpublished data), 

fitting the pattern of an acute response to a stressor (deBruijn & Romero 2011). In 

contrast, the MR response to decreasing temperature was gradual, taking 15-20 minutes, 
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and occurred in parallel with the decline in ambient temperature (Fig. 1). The proportional 

response may be due to the fact that the finches were housed in outdoor aviaries 

between the experiments, and hence the temperature treatment fell within the range of 

temperature changes that the individuals are exposed to on a daily basis (Briga & Verhulst 

2015).  

Our findings are in agreement with previous comparisons showing similar physiological 

responses to stimuli of different nature. Harlow et al. (1987) found high correlations 

between simultaneously measured heart rate and plasma cortisol concentrations in sheep 

exposed to psychological stressors of different intensity. Furthermore, Buwalda et al. 

(2012) showed that an aversive (defeat) vs. rewarding (sex) stimulus both elicited a similar 

CORT response. These results support the hypothesis that the MR-CORT association is 

independent of the stimuli that trigger MR variation.  

Our finding that the MR-CORT association was independent of the cause of MR variation 

suggests that effects of “stressors” on CORT can be interpreted as indicator of their effect 

on anticipatory and reactive energetic demands, independent of psychological nature of 

‘stressors’. This also implies, conversely, that factors that increase GC levels because they 

affect MR do not necessarily indicate that they induce ‘stress’ in the psychological sense. 

From this perspective, we interpret the many downstream effects of GCs (Sapolsky et al. 

2000, McEwen & Wingfield, 2003, Schmidt et al. 2015) as allocation adjustments to the 

metabolic level at which organisms operate, down-regulating functions such as the 

immune system and reproduction and enhancing learning and memory processes when 

organism-level metabolic demands are high.  

In conclusion, we consider the view that GCs are primarily regulated with respect to their 

metabolic function the most parsimonious interpretation of our findings, which contrasts 

with the widespread interpretation of GCs as indicators of ‘stress’. We acknowledge 

however that further study is required to assess the generality of this conclusion. For 

example, more detailed descriptions of the temporal pattern of MR, GC and glucose levels 

could result in testable quantitative predictions of GC patterns in response to a variety of 

stressors with diverse metabolic consequences. Lastly, we emphasize that through our 

design we focused our study on within-individual variation, and between-individual 

variation does not necessarily show the same pattern due to other differences between 

individuals. 

 

Ethics statement 

All experimental procedures were carried out under the approval of the Animal 

Experimentation Ethical Committee of the University of Groningen, licence 5150G. 



Corticosterone, metabolic rate and stress 

 
 

 
163 

Acknowledgements 

We thank Sabine Jörg for expertly running the CORT assays and Gerard Overkamp for 

keeping the respirometry set up in good shape. We also thank Michael Briga and Renee 

Bensdorp for their help during the sampling sessions and the preparation of the 

experiment, Ellis Mulder and Erica I. Zuidersma for their help with the glucose 

measurements, and Jaap M. Koolhaas for comments on the manuscript. 

 

  



Chapter 6 

 
 

164 

SUPPLEMENTARY INFORMATION to:  

Corticosterone levels reflect variation in metabolic rate, independent of 

‘stress’ 

 

 

 

 

 

 

 

 

 

 

 

 

 

Estimate Std. error df F p 

Intercept 2.263 0.122 44.64   

Sampling order (2) 0.152 0.145 43.19 1.096 0.301 

First Trial (yes) 0.105 0.143 85.33 0.534 0.467 

Round (afternoon) 0.005 0.149 43.76 0.001 0.972 

Random factors      

 Variance  

Bird ID 0.081  

Plate 0.039  

Residual 0.314  

 

 

 

 

 

Estimate s.e. d.f. F p 

Intercept 5.922 0.026 58.00   

Gluc. order (2)  0.055 0.031 58.00 3.173 0.080 

Round (afternoon) -0.034 0.031 58.00 1.174 0.283 

Random factors    Variance  

Bird ID 0.000  

Plate 0.000  

Residual 0.015  
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ABSTRACT 

Glucocorticoid hormones (GC) mediate adjustments to environmental conditions in 

vertebrates, but the functional interpretation of GC variation is still contentious. One 

of their main functions is to elevate glucose release to the blood stream. In agreement 

with this metabolic function we recently showed a strong association between 

temperature-induced changes in metabolic rate and plasma corticosterone 

concentrations in zebra finches in controlled conditions. Building on this finding, we 

hypothesised that the temperature effect on metabolic rate will depend on food 

availability, because, in addition to the increased thermoregulatory costs, individuals 

will have to spend energy to gather the extra food needed for thermoregulation. We 

tested this hypothesis in zebra finches using natural temperature variation in outdoor 

aviaries with either an easy or a hard foraging environment. We measured baseline 

GCs in two years, together with variation in ambient temperature. Our within-

individual analyses confirmed a negative association between ambient temperature 

and GCs that was significantly steeper in the hard foraging environment. This finding 

supports the hypothesis that GC concentrations are regulated to maintain 

homeostasis in the face of fluctuations in energy metabolism, and underlines the 

importance of variation in metabolic rate as explanatory factor of variation in 

glucocorticoid concentrations.  
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Background 

Increased concentrations of glucocorticoid hormones (GCs) are often assumed to be an 

indication of “stress” (reviewed in Dantzer et al. , 2014; Koolhaas et al. , 2011). However, 

through the synthesis and release of GCs, organisms mobilize body reserves (i.e. glucose, 

fatty acids and proteins; Remage et al.  2001; Sapolsky, Romero & Munck 2000) to provide 

the resources needed to cope with a current or anticipated increase in energy expenditure 

(Herman et al.  2016; McEwen & Wingfield 2003; Romero et al.  2009). For example, a GC 

increase is often observed in response to colder weather, which induces a higher 

metabolic rate (Jenni-Eiermann et al.  2008; Lendvai et al.  2009; reviewed in Jessop et al.  

2016). Hence GCs primary function may be metabolic, but to what extent GC’s are 

primarily regulated with respect to energetic demands remains a contentious issue.  

While the association between ambient temperature and GCs is often found, it is not 

ubiquitous (e.g. Lendvai et al.  2009; Jessop et al.  2016), for reasons that are not well 

understood. For example, in zebra finches (Taeniopygia guttata) living in outdoor aviaries, 

we found a temperature-CORT association in females but not in males (Jimeno et al.  

2017a), and such findings are reason to question whether GCs are primarily regulated with 

respect to energetic demands. A potential explanation for the heterogeneous findings is 

that there is variation in the extent to which ambient temperature affects metabolic rate 

and hence GCs. Negative results when testing for a GC-metabolism relationship may also 

arise from reliance on cross-sectional data, in which variation between individuals could 

partially mask existing patterns within individuals. In our study we therefore concentrated 

on within-individual variation.  

Lower ambient temperature requires higher heat production, leading individuals to 

increase their energy expenditure (Jimeno et al.  2017b) and food intake. When food 

acquisition costs energy, which will usually be the case in the wild, a lower ambient 

temperature further increases foraging effort because the foraging costs themselves need 

to be covered with more foraging. Thus, building on the hypothesis that GCs are primarily 

regulated with respect to energetic demands, we predict the GC-temperature associations 

to be steeper in environments with higher foraging costs. We tested this prediction in 

captive zebra finches living permanently in outdoor aviaries with either low or high 

foraging costs (Briga et al.  2017), by comparing baseline corticosterone measurements 

taken on the same individuals in two consecutive years at different ambient 

temperatures.  
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Materials and methods 

Housing and rearing conditions of the birds used in this study are described in Briga et al.  

(2017). In brief, individuals were bred indoors and when the oldest chick was maximally 5 

days old, chicks were randomly cross-fostered to create small and large broods, always 

within the range observed in the wild. After reaching 100 days of age, individuals were 

assigned randomly to one of eight outdoor aviaries (310 × 210 × 150 cm), evenly 

distributed between easy and hard foraging environments. Each aviary contained 

individuals of one sex, and an approximately equal number of birds reared in small and 

large broods. The foraging manipulation is described in detail in Koetsier and Verhulst 

(2011). In brief, in each aviary a food container with 5 holes on each side was suspended 

from the ceiling. In the easy foraging environment food-boxes had perches just below the 

holes, allowing birds to perch while eating (low foraging costs). In the hard foraging 

environment the perches were absent, forcing birds to stay on the wing when obtaining 

food (high foraging costs). Ambient temperature at the aviaries was recorded each hour 

(HOBO, Onset computer corporation). Following Jimeno et al 2017a, for temperature we 

used the average ambient temperature during the hour prior to sampling.  

Blood samples were collected in May 2014 and May 2015, always within 2 min of entering 

the aviary as described in Jimeno et al.  (2017a). Samples were taken from the brachial 

vein, collected in heparinized microcapillary tubes and stored on ice until centrifugation. 

Plasma was separated from all samples and stored at −20 °C until analysed. For the 

present study we used all 49 individuals (27 females and 22 males) that were sampled in 

both years. 

Plasma CORT concentrations were determined using an enzyme immunoassay kit (Cat. No. 

ADI-900-097, ENZO Life Sciences, Lausen, Switzerland), following previously established 

protocols (Jimeno et al.  2017a). In brief, aliquots of 10 μl along with a buffer blank and 

two positive controls (at 20 ng/ml) were extracted twice with diethylether and redissolved 

in 280 μl assay buffer after evaporation. On the next day, two 100 μl duplicates of each 

sample were added to an assay plate and taken through the assay. Buffer blanks were at 

or below the assay's lower detection limit (27 pg/ml). Samples with CV's higher than 20% 

were re-assayed. Final hormone concentrations were corrected for average loss of sample 

during extraction in our laboratory (i.e. 15%). 

We applied model selection using the Akaike Information Criterion AICc (Burnham & 

Anderson 2002) to test our main hypothesis.  Difference in corticosterone (2015 – 2014) 

was the dependent variable, and the model representing our hypothesis contained 

temperature difference (2015-2014), foraging treatment, and their interaction. The 

alternative models we considered are listed in Table 1. Statistical analyses were 

performed using R version 3.2.1 (R Core Team, 2015) with the function “lm” of the R 

package nlme (Pinheiro et al.  2014). Logarithmic transformations were performed to 
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normalize CORT, thus corticosterone change was calculated as the difference between 

lnCORT2015 – lnCORT2014.  

 

Results and discussion 

In agreement with our predictions, the model that best explained the within-individual 

change in CORT concentrations (i.e. lowest AICc) included temperature difference, 

foraging treatment, and their interaction (Table 1). Thus larger between-year differences 

in ambient temperature at time of blood sampling were associated with greater 

differences in CORT, and this association was affected by foraging treatment, with birds 

living in the energetically more demanding environment showing a steeper slope (Fig.1). 

This relationship did not differ between sexes (i.e. including sex and its interactions always 

resulted in a poorer model fit, and including sex and rearing brood size never improved 

the model). Furthermore, removing the interaction between foraging treatment and 

temperature difference from the models, our main test, always increased AICc values. 

Thus when experiencing naturalistic variations in ambient temperature, individuals that 

had to expend more energy to forage (i.e. fly more to obtain food) also increased their 

CORT concentrations more strongly when temperatures decreased, compared to the less 

demanding foraging environment. Our results corroborate the existence of a relationship 

between energy expenditure and GC concentrations observed previously in climate-

controlled rooms (Jimeno et al.  2017b), but highlight the relevance of the food availability 

and the ensuing foraging costs on determining the strength (and hence detectability) of 

such association.  

The increase in metabolic demands induced by lower temperatures will require an 

increase in fuel supply (i.e. glucose, the main fuel molecule in birds) to match those needs. 

Glucose can be absorbed in the intestine during digestion, or synthetized in the liver from 

glycogen reserves (Braun & Sweazea 2008). As GC release is required for the latter process 

(Remage-Healey et al.  2001), a correlation between energetic (i.e. glucose) needs and GCs 

may only be detected when individuals do not have access to food, or when access to food 

is energetically costly (which is often the case in the wild, but rarely so in captivity), as in 

our high foraging costs treatment. Glucose synthesis in the liver may also be needed when 

food is easily available but energetic demands are too high to be fulfilled by food intake; 

however further research is needed to test this idea and the involvement of the glucose 

mobilization processes. Nevertheless, this strong effect of the foraging costs, together 

with the lack of within-individual measurements, could partly explain the inconsistency 

between studies testing for correlations between metabolism and GCs (e.g. Wikelski et al.  

1999; Buehler et al.  2012). 



Chapter 7 

 
 

 
172 

Our findings suggest that at the within-individual level, GCs fluctuate proportionally to 

energy expenditure, presumably through their effect on glucose supply. More generally, 

this study illustrates the importance of investigating (physiological) traits in multiple 

environments that differ in ecologically relevant variables such as for example food 

availability and ambient temperature.  
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Estimate s.e. d.f. F p 

Intercept -0.023 0.136    

Temperature (difference) 0.031 0.017 1,45 11.42 0.002 

Foraging -0.092 0.096 1,45 0.32 0.583 

Temperature x Foraging -0.037 0.012 1,45 9.44 0.004 

Alternative models      

 AICc  

Foraging, Temperature, Sex, Temperature x Foraging (b) 1.25  

Temperature (c) 4.08  

Temperature, Foraging (a) 6.36  

Sex, Temperature, Sex x Temperature (d) 7.45  

Sex, Foraging, Temperature, Sex x Foraging x Temperature (e) 7.79  
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SUPPLEMENTARY INFORMATION to: 

Glucocorticoid-temperature association is shaped by foraging costs in 

individual zebra finches  

a 
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BOX D 

Effects of developmental and adult environments on 

metabolism:  Daily energy expenditure 

Blanca Jimeno 

Previous results in our zebra finch population (see Fig. 2 in the introduction for details on 

the experimental design) have reported lower basal metabolic rate (BMR) and standard 

metabolic rate (SMR) in individuals living in hard foraging conditions, with no effect of 

brood size manipulation (Briga & Verhulst 2017). However, this leaves open the questions 

whether this holds for more integrative measures of metabolism, and whether brood size 

manipulation has an effect on other metabolic traits. Furthermore, when the foraging 

costs are increased (as in our hard foraging environment), everything else remaining 

constant, we would expect the total energy expenditure to increase accordingly (Wiersma, 

Salomons & Verhulst 2005). Hence we would predict birds living in easy vs. hard foraging 

conditions to differ in energy expenditure.  

We therefore tested for the effects of our experimental treatments (brood size 

manipulation and adult foraging environment) on daily energy expenditure (DEE). We 

estimated DEE by the doubly labelled water method (Lifson & McClintock 1966; Butler et 

al. 2004; Welcker et al. 2015) for 128 individuals sampled between October and December 

of 2008.  

DEE was 9.8% lower in birds reared in large broods (F112=4.51, p=0.03, Fig. 1), with no 

effect of foraging environment (F112=0.33, p=0.59) or their interaction (F112=0.14, p=0.71). 

Including structural size, body mass or ambient temperature as predictor variables did not 

qualitatively change the results, although higher ambient temperatures were associated 

with lower DEE (slope: -1.37 ± 0.44; F112=9.83, p<0.01). Differences in metabolism 

between treatments may indicate absolute differences in metabolism, or else a change in 

energy allocation, by favouring other processes that maximise fitness in that specific 

environment (e.g. foraging efficiency in the hard foraging environment). The fact that total 

DEE was affected by developmental conditions, whereas BMR and SMR were only affected 

by foraging environment, point at different energy balance strategies (or divergent energy 

allocation priorities) between treatment groups, determined by both developmental and 

adult conditions. Individuals may down-regulate their metabolic rate under certain 

circumstances (e.g. during the night) to be able to increase their energetic scope without 

the need to acquire more energy. This might also be facilitated by a reduction in 
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potentially costly processes (e.g. immune responses or decrease in the metabolism of vital 

organs; Deerenberg et al. 1997). This “compensation” (Wiersma, Salomons & Verhulst 

2005) is more expected to occur in animals operating close to an energetic ceiling 

(Welcker et al. 2009, 2015).  

------------------------------------------------------------------------------------------------------------------------  

These analyses were carried out on the basis of an experiment and data collection by 

Gertjan van Dijk, Femke Tamminga, Egbert Koetsier and Simon Verhulst. 

 

 

METHODS 

Daily energy expenditure: An hour after the injection an initial blood sample was collected, and 
twenty-four hours after the initial blood sample the final blood samples were taken. Body mass 
was measured at the time of injection and when taking the final blood sample. Analysis of 
isotopic enrichment of blood was performed by isotope ratio mass spectrometry as described in 
Speakman & Krol (2005). The rate of CO2 production (rCO2) was calculated using Speakman's 
single-pool model equation 7.17 (Speakman 1997). Initial isotope dilution spaces were calculated 
by the intercept method (Coward and Prentice 1985). Total body water was converted to grams 
using a molecular mass of 18.020 for body water, and expressed as a percentage of body mass. 
Finally, rCO2 was converted to energy expenditure assuming an energetic equivalent of 22.0 kJ/L 
CO2

-1
 based on the Weir equation (Weir 1949), and average respiratory quotient from our 

respirometry measurements (0.95). Final body water was inferred from final body mass assuming 
a constant fraction of body water throughout the experiment. 

Statistical analyses: We ran general linear models (GLMM) with DEE as dependent variable and 
experimental treatments and sex as predictors. We also tested for the effects of mean daily 
temperature, structural size and individual body mass (corrected by size) by including them as 
covariates. Model residuals were normally distributed. 
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Summary 
In this thesis we provided novel insights on environmental and internal factors affecting 

glucocorticoid (i.e. corticosterone) variation; in the short (e.g. energetic demands) and in 

the long (e.g. developmental conditions) term (Fig.1). We further investigated the 

relationships between hypothalamus-pituitary-adrenal (HPA) axis regulation and other 

phenotypic traits, tested some experimentally (e.g. metabolic rate-corticosterone 

association), and suggested functional mechanisms involved (e.g. glucose supply, 

epigenetic processes). 

We found developmental conditions to have long-term effects on glucocorticoid traits, in 

interaction with the adult environment. However, such effects, as well as the association 

between glucocorticoids and survival, are complex and differed between males and 

females.  How are these long-term effects preserved with age? We further found that 

developmental environment affects the degree of methylation and expression of the 

glucocorticoid receptor (GR) gene, contributing in this way to the repeatability of 

between-individual variability in glucocorticoid traits in adulthood. 

We show that variation in metabolic rate is a major driver of glucocorticoid variation, in 

the short term (i.e. temperature and acute response effects), but also in the long term (as 

metabolism is also affected by environmental conditions during developmental and in 

adulthood). Glucocorticoid variation was tightly associated to metabolic rate measured at 

the same time, presumably through glucose metabolism. We tested such association 

experimentally and found the physiological response to a decrease in temperature to be 

indistinguishable from the one showed when facing a psychological stressor increasing 

metabolic rate to the same extent. We therefore question whether glucocorticoids are an 

indicator of ´stress´ beyond the effects of stress on energetic demands and metabolic rate. 

More detailed information on metabolic rate is therefore required to be able to evaluate 

whether metabolism explains all variation in glucocorticoid concentrations. Hence, other 

processes may be mediating those phenotypic changes, although we do not yet know to 

what extent independently of metabolism. To answer this question, further research 

should investigate the effects of developmental conditions on metabolic rate in early and 

later life stages, also testing for differences between sexes, which may diverge in their 

energy allocation priorities. 

Hormone variation can mediate environmentally-triggered changes in the phenotype and 

may give raise to phenotypic plasticity and adaptation. However, as we show in this work, 

endocrine traits can interact with environmental factors through complex mechanisms 

(e.g. epigenetics), many of which probably remain to be identified. Our findings underline 

the need to carry out a thorough revision of the traditional interpretation of 

glucocorticoids as biomarkers of animal welfare, starting with a deep understanding of the 
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causes of glucocorticoid variation. Multi-disciplinary approaches investigating multiple 

glucocorticoid traits within different environments are needed to unravel the physiological 

mechanisms behind. Designing experiments under more naturalistic conditions, as 

illustrated by this thesis, is a further step to understand the processes underlying the 

phenotypic variation induced by endocrine systems, and their evolutionary consequences.  
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Samenvatting 

Dutch translation by Yoran Gerritsma 

In dit proefschrift verstrekken we nieuwe inzichten op omgevings- en interne factoren die 

invloed hebben op glucocorticoïde variatie; zowel op de korte (zoals energiebehoefte) als 

op de lange (zoals ontwikkelingsomstandigheden) termijn (Fig. 1). Hiernaast onderzochten 

we de relaties tussen de hypothalamus-hypofyse-bijnier (HHB) as-regulatie en andere 

fenotypische eigenschappen, hebben we een aantal hiervan experimenteel getest (zoals 

de associatie tussen stofwisselingssnelheid en corticosteron), en stellen wij enkele 

functionele mechanismen voor die een rol spelen hierin (zoals glucose voorziening en 

epigenetische processen).  

We hebben gevonden dat ontwikkelingsomstandigheden een lange-termijn effect hebben 

op glucocorticoïde eigenschappen, en dit in interactie met de volwassen omgeving. 

Echter, zulke effecten, alsmede de associatie tussen glucocorticoïden en overleving, zijn 

complex en verschillen tussen de geslachten. Hoe zijn deze lange-termijn effecten 

behouden met leeftijd? Verder hebben we gevonden dat de ontwikkelingsomgeving de 

graad van DNA methylatie en de expressie van de glucocorticoïde receptor (GR) beïnvloed, 

en op deze manier bijdraagt aan de herhaalbaarheid van veranderlijkheid van 

glucocorticoïde eigenschappen tussen individuen tijdens het volwassen leven.  

We laten zien dat variatie in stofwisselingssnelheid een belangrijke oorzaak is van 

glucocorticoïde variatie, zowel op de korte termijn (temperatuur en acute respons 

effecten), alsmede op de lange termijn (gezien de stofwisseling ook beïnvloed wordt door 

omgevingsomstandigheden tijdens de ontwikkeling en tijdens volwassenheid). 

Glucocorticoïde variatie en stofwisselingssnelheid die op hetzelfde moment gemeten zijn 

blijken nauw verbonden te zijn, waarschijnlijk door middel van de glucose stofwisseling. 

We hebben deze associatie experimenteel getest en hebben gevonden dat de 

fysiologische respons op een verlaging van de temperatuur niet te onderscheiden valt van 

een psychologische stressor, welke beide de stofwisselingssnelheid laten toenemen in 

dezelfde mate. Hierdoor vragen wij ons af of glucocorticoïden een indicator zijn van 

‘stress’, los van het effect dat stressoren hebben op de energiebehoefte en het 

metabolisme. Verdere, gedetailleerde informatie over de stofwisselingssnelheid is dus 

nodig om te bepalen of de stofwisseling alle variatie in glucocorticoïde concentraties kan 

verklaren. Vandaar is het mogelijk dat andere processen deze fenotypische veranderingen 

mediëren, alhoewel we niet weten op wat voor manier dit onafhankelijk is van het 

metabolisme. Om deze vraag te beantwoorden is er meer onderzoek nodig naar de 

effecten van ontwikkelingsomstandigheden op de stofwisselingssnelheid in vroege, 

alsmede late levensstadia, waarnaast er gekeken moet worden naar verschillen tussen de 

geslachten, gezien zij mogelijk verschillen in hun prioriteiten voor energietoewijzing.  
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Door omgeving veroorzaakte veranderingen in het fenotype kunnen worden gemedieerd 

door hormoonvariatie en kan hierdoor een bron worden van fenotypische plasticiteit en 

aanpassing. Echter, zoals we laten zien in dit proefschrift, kunnen endocriene 

eigenschappen een interactie aangaan met omgevingsfactoren door middel van complexe 

mechanismen (zoals epigenetica), waarvan er waarschijnlijk nog veel ontdekt moeten 

worden. Onze bevindingen leggen de nadruk op het grondig uitvoeren van een herziening 

van de traditionele interpretatie van glucocorticoïden als indicatoren voor dierwelzijn, 

beginnend met een grondig besef van de oorzaken van glucocorticoïde variatie. 

Multidisciplinaire benaderingen die de meerdere glucocorticoïde eigenschappen 

onderzoeken in verschillende omgevingen zijn nodig om de fysiologische mechanismen te 

ontrafelen. Het ontwerpen van experimenten onder meer natuurlijke omstandigheden, 

zoals geïllustreerd wordt in het huidige proefschrift, is een volgende stap richting het 

begrijpen van de processen die onderliggen aan de fenotypische variatie die geïnduceerd 

is door de endocriene systemen, en hun evolutionaire gevolgen. 
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Resumen 

Esta tesis aporta una nueva visión sobre los factores internos y ambientales que modulan 

la variación en las concentraciones de glucocorticoides (i.e. corticosterona) a corto y largo 

plazo (Fig.1). Profundizando experimentalmente en los mecanismos fisiológicos, hemos 

investigado las relaciones entre la actividad del eje hipotálamo-hipófisis-adrenales (HPA) y 

caracteres fenotípicos tales como la asociación entre corticosterona y tasa metabólica,  

sugerido mecanismos funcionales implicados en estos procesos, como la secreción de 

glucosa o los procesos epigenéticos. 

Nuestros resultados muestran que las condiciones experimentadas durante el desarrollo 

tienen efectos a largo plazo en la secreción de glucocorticoides, y que la intensidad o 

detectabilidad de estos efectos depende del ambiente adulto. Dichos efectos, así como la 

existencia de una asociación  entre glucocorticoides y supervivencia, son complejos y 

difieren entre machos y hembras. Cómo se mantienen estos efectos a lo largo del tiempo? 

Hemos descubierto que las condiciones experimentadas durante el desarrollo afectan a la 

metilación de ADN en el gen del receptor de glucocorticoides (GR) y a su grado de 

expresión, contribuyendo así a la variabilidad en los niveles de glucocorticoides entre 

individuos. 

También hemos comprobado que la variación en la tasa metabólica es un factor clave en 

la variación de las concentraciones de glucocorticoides; a corto (e.g. efectos de la 

temperatura), pero también a largo plazo (ya que el metabolismo también está afectado 

por las condiciones ambientales durante el desarrollo y en la vida adulta). La variación en 

glucocorticoides aparece estrechamente asociada con la tasa metabólica cuando medimos 

ambas simultáneamente; una asociación probablemente mediada por el metabolismo de 

la glucosa. Quisimos comprobar esta asociación experimentalmente, lo que nos llevó a 

descubrir que la respuesta fisiológica a una reducción gradual de la temperatura era 

idéntica a la que tiene lugar cuando los individuos son expuestos a un factor de estrés 

psicológico que resulte en la misma elevación de tasa metabólica. Por consiguiente, 

cuestionamos si los glucocorticoides son un indicador de ´estrés´ más allá del efecto de 

éste sobre la tasa metabólica. En vista de ello, sería necesario obtener más información 

sobre las variaciones en tasa metabólica de cara a evaluar si el metabolismo puede 

explicar  toda la variación en las concentraciones de glucocorticoides. Aunque otros 

procesos podrían mediar también la variación en los niveles de glucocorticoides, todavía 

desconocemos hasta qué punto lo harían con independencia del metabolismo. Para 

responder a estas preguntas, futuros estudios deberían investigar los efectos que las 

condiciones durante el desarrollo ejercen sobre la tasa metabólica en distintas etapas de 

la vida, también teniendo en cuenta posibles diferencias entre los sexos, que pueden 

divergir en sus prioridades energéticas. 
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La variación hormonal puede mediar los efectos que el ambiente ejerce sobre el fenotipo, 

dando lugar a plasticidad fenotípica y adaptación. No obstante, como mostramos en este 

trabajo, las hormonas también pueden interactuar con factores ambientales a través de 

mecanismos complejos (como los procesos epigenéticos), muchos de los cuales 

probablemente todavía no se han identificado. Nuestros resultados destacan la necesidad 

de llevar a cabo una profunda revisión de la interpretación tradicional que se ha dado a los 

glucocorticoides como indicadores de bienestar animal, empezando por comprender las 

causas de la variación en sus concentraciones. También serán necesarios enfoques 

multidisciplinares que investiguen múltiples rasgos endocrinos en distintos ambientes, de 

cara a desvelar los mecanismos fisiológicos implicados. Diseñar experimentos en 

condiciones más naturales, como los incluidos en este trabajo, constituye un paso más de 

cara a entender los procesos implicados en los cambios fenotípicos inducidos por los 

sistemas endocrinos, así como sus consecuencias evolutivas. 
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If I we were asked to draw what “life” is in one line, we might come to something like this: 
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