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Chapter 1
Introduction and synthesis
Blanca Jimeno

Introduction and synthesis

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 hypothalamicpituitary-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
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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
20
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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 (MacDougallShackleton 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; MacDougallShackleton 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.

23

Chapter 1

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 metabolismmediated 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
24
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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
25
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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.
27
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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 stressinduced 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
28

Introduction and synthesis

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 tradeoffs 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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