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Abstract

Highly plastic endocrine traits are thought to play a central role in allowing organisms to respond rapidly to environmental
change. Yet, not all individuals display the same degree of plasticity in these traits, and the costs of this individual variation
in plasticity are unknown. We studied individual differences in corticosterone levels under varying conditions to test
whether there are consistent individual differences in (1) baseline corticosterone levels; (2) plasticity in the hormonal
response to an ecologically relevant stressor (food restriction); and (3) whether individual differences in plasticity are related
to fitness costs, as estimated by oxidative stress levels. We took 25 wild-caught house sparrows into captivity and assigned
them to repeated food restricted and control treatments (60% and 110% of their daily food intake), such that each
individual experienced both food restricted and control diets twice. We found significant individual variation in baseline
corticosterone levels and stress responsiveness, even after controlling for changes in body mass. However, these individual
differences in hormonal responsiveness were not related to measures of oxidative stress. These results have implications for
how corticosterone levels may evolve in natural populations and raise questions about what we can conclude from
phenotypic correlations between hormone levels and fitness measures.
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Introduction

A central goal in evolutionary ecology is to characterize patterns

of selection on the optimal phenotype for a given environment.

Currently, there is a growing interest in the causes and

consequences of between- and within-individual variation in labile

traits, including behavior and physiology [1–3]. Hormones are

labile phenotypic traits, and therefore show a reaction norm (i.e.,

variable phenotypic expression of a single genotype depending on

the environment) [4] (Fig. 1). A number of studies have identified

strong phenotypic correlations between plasma hormone concen-

trations and fitness measures and conclude that these correlations

are evidence of natural selection [5–8]. However, these trait-fitness

correlations and selection coefficients may be confounded or

overestimated because of individual plasticity [9]. Specifically, the

observed between-individual and fitness-trait correlations could be

an artifact of biased sampling [10] or the result of unmeasured

traits that are tightly correlated with both the focal trait and fitness,

including developmental history [11] and environmental condi-

tions [12]. To illustrate this point, consider the case of hormone

levels, which are often adjusted as a response to changes in the

environment. If natural selection strongly favors a single optimal

hormonal response to the environment such that all individuals in

the population have the same reaction norm, then any phenotypic

correlation between fitness and hormone levels must be due to the

influence of the environment on both the optimal hormone levels

and fitness, a scenario that is likely if individuals in a sample are

confronted with heterogeneous environmental challenges (Fig. 1).

Without knowing individual reaction norms, researchers may be

tempted to interpret such phenotypic correlations as evidence of

natural selection [13]. This conclusion may be premature or

unsubstantiated [14,15]; therefore, we need to measure the

adaptive value of among individual variation in reaction norms

of labile traits under different environmental conditions to

understand how selection shapes plasticity of these traits.

Glucocorticoids, a conserved family of vertebrate steroid

hormones, are secreted in response to changes in environmental
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and social conditions and prepare the organism to cope with

challenges. Thus, these hormones vary along a reaction norm, and

circulating concentrations depend on both extrinsic and intrinsic

factors, including a wide array of environmental factors [16–18],

the development of the Hypothalamic-Pituitary-Adrenal axis

(HPA) [19,20], the value of reproduction [21,22], and the age of

the individual [23,24]. Although this hormonal response is plastic,

there is individual consistency in the stress responsiveness of

captive and wild animals [25–30] and artificial selection experi-

ments and a recent cross-fostering experiment have provided

evidence for heritability in some of the individual variation in

responsiveness [28,31]. Therefore, in natural populations, endo-

crine responsiveness itself might be a trait that has been, or is

being, shaped by selection. For example, a recent phylogenetic

comparative analysis of more than a hundred bird species found

that baseline and stress-induced corticosterone (the major gluco-

corticoid in birds) levels evolved together and resulted in very

diverse reaction norms in different species [32]. Similarly, natural

selection can act on reaction norms within a single species to

optimize the physiological states of individuals across multiple

environments [4].

Although glucocorticoid levels change in response to a variety of

environmental factors, most of the studies on stress physiology in

wild birds have used the capture-handling stress protocol [33],

which provides valuable information, but represents an unlikely

event for individuals living in the wild [34]. Food shortage, on the

other hand, may be a more common and prolonged stressor for

most wild birds. In fact, an association between limited food

availability and increased corticosterone levels has been shown in

wild birds [35,36]. The close and recurrent association between

environmental conditions and corticosterone suggests that this

hormonal responsiveness is adaptive [37].

To measure the costs of different corticosterone reaction norms,

we can use oxidative stress parameters as surrogate measures for

cellular integrity. Managing oxidative stress appears to be an

important mediator of life history trade-offs, with wide reaching

consequences for individual performance [38–43]. For example,

the accumulation of oxidative damage over time is thought to be

an important contributor to the aging process [38,44]. Moreover,

recent connections established between glucocorticoids, oxidative

stress, and aging [20,45,46] suggest that some of the effects of

oxidative stress on survival may be mediated in part through

glucocorticoids [47–49].

In this study, we experimentally varied food availability in

captive house sparrows (Passer domesticus) to test the hypothesis

that there is adaptive among-individual variation in the cortico-

sterone reaction norm. We addressed this hypothesis through three

main questions. First, we tested whether there are consistent

between-individual differences in corticosterone reaction norms.

Second, we tested whether there is a covariance between the

intercept and slope of an individual corticosterone reaction norm.

Chronically elevated baseline corticosterone is often associated

with decreased stress responsiveness [50], therefore, the elevation

and the slope of the reaction norm may not evolve independently.

Finally, we asked whether hormonal responsiveness was related to

levels of oxidative stress. Under the hypothesis that hormonal

plasticity is adaptive, we expected that natural selection would

strongly select for a plastic phenotype; we predicted that the most

responsive individuals would have the lowest signs of oxidative

stress.

Methods

Ethics Statement
All procedures used in this study were approved by the Virginia

Tech Institutional Animal Care and Use Committee and free-

living bird capture was approved by Virginia’s Department of

Game and Inland Fisheries.

Bird capture and housing
We captured 25 adult house sparrows (10 females, 15 males) at

various locations around Blacksburg, VA, USA (37.21 N,

80.43 W, ,700 m above sea level) from February 8th to the

15th, 2013. Upon capture, we banded birds using a numbered

Figure 1. The concept of reaction norms. Reaction norms are the phenotypic expression of a single genotype across a range of environments.
Reaction norms can be characterized by the intercept (e.g. initial hormone levels) and the slope of the line (e.g. stress responsiveness). Panel (A)
depicts a hypothetical scenario, where there is only one reaction norm in the population (e.g. due to the lack of genetic variance or due to a strong
selection for an optimal reaction norm). In this scenario, selection cannot act on hormone levels, because there is no variance between genotypes
(individuals A and B have the same slope and intercept), i.e., all individuals will have identical hormone levels under the same environmental
circumstances. However, without knowing the reaction norm, differences between the individuals (denoted by A and B) may be mistakenly attributed
to results of natural selection on the hormone levels (if fitness is higher in the good environment than in the poor one). In panel (B), individuals differ
in their reaction norms (both in the intercept and the slope). Different individuals (C and D) are sampled twice, once in a good environmental
condition and once in a bad environmental condition. In this case, the between- and within-individual variation in hormone levels can be separated,
and the reaction norm can be defined. If fitness related traits are also measured, then we can ask whether selection acts on the different reaction
norms. In this special case, the reaction norms cross, making an individual by environment (I6E) interaction that has further consequences on how
natural selection can act on the reaction norms in such a situation. See the text and references therein for further details.
doi:10.1371/journal.pone.0110564.g001
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aluminum ring, measured their tarsus (to the nearest 0.1 mm) and

weighed them (body mass to the nearest 0.25 g). Immediately

following capture, we took birds to an indoor facility, separated

them into individual cages (31641641 w6l6h cm) within a single

room, and placed them on a 13:11 D:L cycle that approximately

matched the natural photoperiod at the time of capture. For one

week following capture, we fed birds a commercial seed mixture

ad libitum. Water, cuttlefish bone, and fine grit also were provided

ad libitum as a source of calcium and to facilitate digestion.

Because the experimental protocol required a daily change of food

and water, a small cardboard box (approximately

18610615 w6l6h cm) was provided in every cage as a shelter

from human disturbance and for roosting. Bird care was always

provided at the same time of day (1300 h).

Measuring daily food intake
After one week of acclimation, we measured the daily food

intake for each individual for five consecutive days. The mass

(60.01 g) and the volume (60.1 mL) of the food were highly

correlated (adjusted R2 = 0.98, p,0.001); therefore, we used

volume to measure food intake. Individuals received a daily food

volume of 20 mL (approximately 12.9 g) in their feeder. The next

day (24 hours later), we removed the bottom of the cage and the

feeder for each individual cage, removed the discarded seed husks,

and measured the remaining volume and the amount of food

spilled with a graduated cylinder. The daily amount of food

consumed was calculated as the difference between the initial

volume in the feeder and the remaining volume in the feeder plus

the spillage. ‘‘Daily food intake’’ was calculated as the median of

the 5-day daily food intake values. Average daily food intake was

7.760.3 (SE) mL (range: 5.0–10.4).

Experimental protocol
Following individual food intake measurements, individuals

were randomly assigned to one of two identical rooms to reduce

the disturbance caused by human presence during feeding and

blood sampling. We provided all individuals with 110% of their

daily food intake for one week as an additional acclimation period

and then started the five-week experimental protocol. In each

room, the birds were randomly assigned to one of the treatments:

food restricted or control (60% or 110% of their individual daily

food intake, respectively). The amount of food restriction was

chosen because 60% of daily food intake was sufficient to induce

increased corticosterone secretion (as opposed to the beneficial

effects of slight calorie restriction) in two previous captive studies,

although in different species [17,51]. To facilitate distribution of

the required amount of food, we made two containers corre-

sponding to the volume of each individual’s 110% and 60% daily

food intake. Each treatment lasted for one week, and the

treatments were alternated such that each individual experienced

food restricted and control diets twice, but on week one, 12 birds

started with the food-restricted treatment whereas 13 started with

the control treatment. After week 2, all birds were given a recovery

week (ad libitum food, enriched with chopped hard boiled eggs,

vitamin supplements, cuttlefish bone, and grit). At the end of each

week, we recorded the body mass of the birds and took blood

samples (within 3 minutes of disturbance) for hormone and

oxidative stress analysis (see below). Blood samples were not taken

after the recovery week (week 3). Five birds died during the

experiment (two birds during week 1, and three during week 2 – all

of them during the food restriction treatment), so hormonal

plasticity could be estimated for only the twenty surviving birds.

We refer to the first part of the experiment (weeks 1-2) as replicate

1 and the second part of the experiment (week 4–5) as replicate 2.

Blood sampling
To obtain initial blood samples for all birds, we staggered the

start of the experiment so that each day there were at most four

birds sampled from each room. We randomized the order in

which the birds started the treatments, so that each day an equal

number of birds received the food restricted and the control

treatment. The order of blood sampling (with respect to room and

then cage number) was also randomized, and several people bled

the birds in a given room simultaneously. We took a blood sample

within three minutes from the time when the first person entered

the room. We refer to these samples as initial blood samples.

Bleeding was always carried out at 13:00, and all birds were fed

immediately after blood sampling. Blood was then stored on ice

and centrifuged within 20 mins for 10 mins. Separated plasma was

frozen at 220uC until the assay was performed.

Hormone assay
Total corticosterone from plasma samples was quantified at

Virginia Tech through direct radioimmunoassay, as described in

detail in [52,53]. Briefly, corticosterone was extracted from 15 mL

plasma using dichloromethane, and extracts were reconstituted in

PBS buffer. Mean recovery of corticosterone was 67% and final

concentrations were corrected for individual recoveries. We used a

commercial antiserum (Esoterix Endocrinology, Calabasas Hills,

CA 91301, Product number: B3-163). The extracts were

incubated overnight at 4uC with 14 K dpm (10 K cpm) of 3H-

Corticosterone (Perkin Elmer, Product number: NET399250UC)

and antiserum. Corticosterone bound to antibodies was separated

by adding dextran-coated charcoal. After centrifugation and

decanting, the radioactivity of the bound fraction was counted in

a liquid scintillation counter. Within-assay variation among

replicate known-concentration standard samples was 5.0%

(N = 5 standards). Minimal detectable corticosterone levels were

1.12 ng/mL, and no samples fell below this detection limit.

Oxidative stress assays
We assessed reactive oxygen metabolites (ROM) and total

plasma antioxidant capacity (TAC), using the d-ROMs and OXY-

adsorbent tests (Diacron International, Grosseto, Italy) respective-

ly, in all blood samples as described previously [20,54]. Oxidative

damage to DNA was determined using an ELISA specific to three

oxidized forms of the nucleic acid guanine, in both DNA and

RNA (Cayman Chemical Company, Ann Arbor, MI, USA) and is

expressed as the levels of 8-hydroxy-29-deoxyguanosine (mg/mL)

in the plasma sample. This assay was optimized for house

sparrows, so that plasma samples were diluted to a concentration

of 1:100 and plated with an acetylcholinesterase monoclonal

antibody and tracer. In all three assays, samples were assayed in

duplicate and absorbance was measured in a microplate reader

per manufactures specifications (BioTek ELx800). Intra-assay

coefficients of variation were 3.9% for DNA damage, 4.5% for

ROM, and 4.5% for TAC. TAC was expressed as mM of HClO

neutralized, and ROM shows the total oxidant capacity (mainly

due to hydroperoxide) of plasma samples against the chromogenic

substrate N,N-diethylparaphenylendiamin, and is expressed in

mM of H2O2 equivalents).

Statistical analysis
All statistical analyses were performed in the R statistical and

computing environment, version 3.0.1. [55] using Bayesian mixed-

effects models based on Markov chain Monte Carlo estimations, as

implemented in the R-package MCMCglmm version 2.17 [56,57].

MCMCglmm allows the simultaneous analysis of multiple

Costs of Hormonal Plasticity
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response variables (in our case: corticosterone and body mass or

oxidative stress parameters) while controlling for the repeated

measures of the response. This procedure makes it possible to

analyse the between-individual differences in plasticity and also to

analyse whether the measure of plasticity is related to another

variable in a single model, while avoiding the problems associated

with the usage of correlations with estimates derived from another

statistical model [9,58,59]. First, to investigate individual differ-

ences in the reaction norms and the intercept-slope covariance, we

fitted a MCMCglmm model with corticosterone as a response

variable, and treatment and the order of treatments (i.e., treatment

on week 1) as fixed factors. The random structure of the model was

changed to test different hypotheses about individual variation in

the intercept and the slopes of the reaction norms. Second, to test

whether hormonal responsiveness was related to body mass and to

the levels of oxidative stress, we used bivariate MCMCglmm

models to investigate the covariance between the two response

variables (corticosterone and either body mass or oxidative

damage to DNA). Corticosterone values were log-transformed

before analyses. In bivariate models, the response variables were

standardized (i.e., their mean was 0 and their SD was 1). We

compared candidate models using the information-theoretic

approach [60]. Specifically, we used the Deviance Information

Criterion (DIC) [57], which is the Bayesian equivalent of the more

commonly used Akaike Information Criterion. Initial analyses

showed that neither sex, nor the room the animals were housed in

had any detectable effect on our results; therefore, these factors

were excluded from the final analyses. We report the parameter

estimates (posterior means of treatment compared to control) and

corresponding 95% Credibility Interval values in brackets, i.e.

mean [lower 95% CI; upper 95% CI]. We used inverse Wishart

priors, (a weakly informative prior, which allows for minimal

influence of the prior on the posterior distributions), and a residual

variance structure separately for treatments. We ran the models

three times and then assessed the convergence of the models using

the Gelman-Rubin statistic implemented in the coda package in R

(functions gelman.diag and gelman.plot) [61]. We report statistical

results for the last run of the MCMC chains.

Results

Effects of treatment
Birds assigned to the food restricted or control diet on week 1

did not differ in their body size (tarsus length) or body mass at

capture (Table S1). At the beginning of the experiment (after the

acclimation period, week 1) there was no difference in body mass,

corticosterone levels, or any of the oxidative parameters (Table S1,

see also Fig. 2). As expected, diet treatment affected body mass:

during food restriction birds lost an average 9% of their body mass

(22.17 [22.56; 21.74] g, Fig. 2a).

Changes in body mass were associated with changes in

corticosterone levels: overall, during food restriction, corticoste-

rone levels were doubled compared to the control periods (96%,

30.19 [16.15; 57.81] ng/mL increase, Fig. 2b). The two groups

(receiving different diets on week 1) differed in their overall

corticosterone response to the treatment: birds starting with food

restriction had overall lower corticosterone levels (28.36 [211.76;

22.59] ng/mL, Fig. 2b). We controlled for this effect in the fixed

structure of the subsequent models. However, on average,

corticosterone levels of the birds during replicate 1 (week 1–2)

and replicate 2 (week 4–5) did not differ (20.31 [25.66; 6.39] ng/

mL).

Levels of oxidative damage to DNA and ROM were unaffected

by the treatment (damage: 21.85 [25.49; 2.47] mg/mL, ROM:

1.36 [23.43; 5.92] mM). However, total antioxidant capacity was

lower during food restriction (222.46 [239.79; 22.58] mM).

Individual differences in corticosterone reaction norms
Is there individual variation in initial corticosterone

levels? The model including individual as a random factor had

better support than the constrained model that provides a

common estimate for initial corticosterone (random intercept

model: DIC = 196.28, constrained model: DIC = 199.23). The

difference between these models supports the existence of

consistent individual variation and shows that individuals differ

in their initial corticosterone levels.

Is there individual variation in plasticity of corticosterone

levels (i.e. reaction norm slope)? The model including

individual variation in responsiveness received better support than

the model with common slopes across individuals, but the

difference was small (DDIC = 20.51, Fig. 3). However, a single

individual (3609) had an unusually high corticosterone level

(80.9 ng/mL) during the first control treatment leading to a

negative slope in the first replicate (Fig. 3) and a disproportionate

effect on the model fit. After removing this single outlier (3.85

times above the upper quartile of corticosterone levels in the

control treatment), the difference between the random intercept

and the random intercept + random slope model became more

pronounced (DDIC = 22.37, model 2 vs. model 4 in Table 1).

The latter model included a covariance term between responsive-

ness and initial levels (i.e., reaction norm slope and intercept). In

the next step, we constrained the model by setting the slope-

intercept covariance to zero. This model received slightly better

support as the model where slope-intercept covariance was

estimated (DDIC = 20.43, Table 1). Finally, we fitted a model

where the covariance between slope and the intercept was

constrained to be zero, and they shared a common variance

term. This model received similar support as the random intercept

model (Table 1). Therefore, we found robust differences in

corticosterone responsiveness (plasticity) between individuals, and

weak support for a lack of covariance between initial corticoste-

rone levels and responsiveness.

How much of the variation in corticosterone levels is

explained by changes in body mass? Overall, changes in

corticosterone levels were negatively associated with changes in

body mass: on average, birds reduced their circulating corticoste-

rone levels by 9.31 [6.96; 12.35] ng/mL for every one gram

increase in their body mass. Remarkably, the intercept was almost

exactly zero (20.14 [26.84; 7.12] ng/mL), indicating that on

average, loss of body mass was associated with increases in

corticosterone, whereas gain in body mass was followed by a

decrease in corticosterone (Fig. 4).

Although this relationship between changes in body mass and

corticosterone suggests a within-individual correlation, we also

tested whether the variation among individuals in their body mass

may affect our results (e.g., because heavier birds may lose more

mass). Therefore, we analyzed further how body mass affects

corticosterone levels by partitioning the variance in body mass into

within-individual and between-individual components using with-

in-individual centering [62]: for each individual we calculated the

mean body mass (between-individual variance component) and

the differences from its own mean (within-individual variance

component). This analysis showed that variation in corticosterone

levels was caused mainly by within-individual variation in body

mass: in general, the more mass a bird lost over a week, the higher

its corticosterone levels (intercept (log): 4.36, within-individual

effect of mass: 20.28 [20.39; 20.16]), while the between-

individual effect of mass was weak: 20.06 [20.19; 0.06]).

Costs of Hormonal Plasticity
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Figure 2. Mean ± SE (a) body mass (b) corticosterone levels during the experiment. Birds received either a food restricted (’FR’) or a
control diet, which corresponded to 60% or 110% of their daily food consumption, respectively. During the third week of the experiment, all birds
received ad libitum food for one week (’recov’). Birds were randomly allocated into two groups that differed only in the order of the treatments. Black
dots and solid lines represent birds starting with the control diet (treatments indicated above the lines), blue triangles and dotted lines represent
birds starting with the food restricted diet (treatments indicated below the lines). Note that blood samples were not collected after the recovery
period (after week 3), but body mass was recorded.
doi:10.1371/journal.pone.0110564.g002

Figure 3. Corticosterone levels in response to a dietary treatment in house sparrows. The treatment was either control or food restricted
(‘FR’), which corresponded to 110% or 60% respectively of daily food intake for each individuals. Each individual (denoted here by their band
numbers above each box) received both treatments twice during the course of the study. Replicate 1 or 2 refers to the weeks (1–2 and 4–5
respectively) when they received the treatments. One blood sample was missed for two individuals (3607, 3695 in the top row). Individuals are
ordered by degree of plasticity (after controlling for changes in their body mass), as in Fig.4.
doi:10.1371/journal.pone.0110564.g003
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Therefore, we controlled for the individual variation in body

mass and re-analyzed the individual differences in corticosterone

responsiveness. To do so, we analyzed body mass and corticoste-

rone levels in a bivariate Bayesian mixed model, and we calculated

a conditional between-individual variance (V ind1yDzð Þ) in corticoste-

rone response using the equation

V (ind1yDz)~V ind1y,ind1y-
Covind1y,ind1z2

V (ind1z,ind1z) ð1Þ

where ind1y and ind1z refers to the reaction norm slope in

corticosterone and in mass, respectively, and V and Cov denote

variance and covariance terms respectively. In other words,

V ind1yDzð Þ represents the differences in responsiveness between

individuals that are independent of the body mass changes

induced by the treatment [9]. We found significant between-

individual differences in corticosterone responsiveness even after

controlling for the effects of body mass change (V ind1yDzð Þ = 0.61

[0.2; 1.04], Fig. 5).

Although between-individual variation in body mass did not

affect corticosterone levels (see above), daily food consumption

during ad libitum circumstances before the experiment predicted

individual conditional plasticity: on average, one gram increase in

daily food consumed was associated with 2.44 [0.42; 4.47] ng/ml

decrease in corticosterone levels for one gram loss of body mass.

Costs of hormonal plasticity
Is corticosterone responsiveness related to oxidative

stress? Corticosterone responsiveness was unrelated to total

antioxidant capacity, ROM levels or the oxidative damage to

DNA suffered during the experiment, as shown by the lack of

covariance between corticosterone reaction norm slope and the

Table 1. Comparison of a priori candidate models of individual differences in corticosterone responsiveness.

id Random effect Model description K DIC DDIC

3 ,idh(treatment):band random intercept and slope, no covariance between slope and intercept 6 176.1 0.000

2 ,us(treatment):band random intercept and slope, covariance between slope and intercept 6 176.5 0.430

1 ,band random slope only 5 178.9 2.796

4 ,treatment:band same variance for intercept and slope, no covariance 5 179.4 3.318

The variables under the column ‘‘Random effect’’ indicate the specific random effect in the model in which ‘‘band’’ corresponds to the individual. K is the number of
parameters in the model, DIC is deviance information criterion, DDIC indicates the difference between DIC value of a given model and the model with the lowest DIC.
All models were fit with treatment as a fixed effect in the model; therefore, models differ in their random structure.
doi:10.1371/journal.pone.0110564.t001

Figure 4. Relationship between the weekly changes in body mass and corticosterone levels in all experimental house sparrows.
Note that individuals are represented with multiple points. The line represents the model fit of the fixed model that accounts for the repeated nature
of the data.
doi:10.1371/journal.pone.0110564.g004

Costs of Hormonal Plasticity

PLOS ONE | www.plosone.org 6 November 2014 | Volume 9 | Issue 11 | e110564



above oxidative parameters (TAC: 20.18 [20.61; 0.16], ROM:

0.02 [20.43; 0.47], damage: 20.12 [20.59; 0.25]).

Discussion

Our study revealed significant differences in the way that

individuals responded to a standardized dietary treatment:

individuals differed in both aspects of their corticosterone reaction

norms: their initial levels and their responsiveness. To the best of

our knowledge, these results are the first to specifically address and

document substantial individual differences in both the elevation

and the slope of the corticosterone reaction norms within a

population. These individual by environment (I6E) differences

can have important consequences for the evolution of physiolog-

ical mechanisms by which individuals cope with environmental

challenges.

We propose two explanations for why these differences in the

birds’ hormonal reaction norm may exist. First, it is possible that

individuals did not perceive the food restriction as equally

challenging. When we investigated the effects of food restriction

on all birds, we found that the treatment was overall effective, such

that food deprivation resulted in considerable loss of body mass

and strongly elevated corticosterone levels (Fig. 2), indicative of a

‘stress-response’ [63–65]. Despite these robust effects of the

treatment, our study revealed important individual variation in

how individuals responded to the treatment (Fig. 3) that raises the

possibility that even if we standardized the treatment for each

individual, we may not have been able to achieve equally

challenging conditions for all birds. Inevitable errors in determin-

ing the daily food intake, or simply large within-individual

variation in food intake, may have caused variation in the severity

of the food restriction. However, our results are not consistent with

this explanation. When we controlled for the within-individual

variation in body mass changes, the conditional between-

individual variance in corticosterone responsiveness was still

evident. In other words, even after controlling for differences in

changes in body mass, individuals still differed in the way their

corticosterone levels responded to the treatment (for example,

compare bird 3672 and 3676 in Fig. 3 and in Fig. 5). Nevertheless,

we cannot exclude the possibility that intrinsic differences in the

birds’ metabolism may make some individuals more tolerant of

food shortages and changes in body mass. In fact, even subtle

variation in metabolism may generate consistent individual

differences in a variety of behavioral and physiological traits

[66]. Our result that initial food consumption was related to

conditional plasticity seems consistent with this explanation. Also,

the order of the treatments seemed to affect the way birds

responded to the treatments. When birds received the control

treatment after the ad libitum periods, they lost mass and increased

their corticosterone levels, whereas birds that received the control

treatment after the food restriction were able to recuperate and

gain back mass and decrease corticosterone levels during the

control period. This result suggests that prior conditions could

affect perception and/or response to subsequent environmental

stressors.

Figure 5. Relationship between the weekly changes in body mass and corticosterone levels in individual house sparrows. Individuals
are denoted by their band number above each box. Panels are ordered in function of the individuals’ conditional responsiveness (i.e., the slope of the
fitted line), from left to right starting with the top row.
doi:10.1371/journal.pone.0110564.g005
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A second, mutually non-exclusive explanation for the existence

of different reaction norms is that even in the face of equally

perceived challenges, individuals genuinely differ in their coping

strategies. Consistent individual differences in corticosterone

secretion have been found in several species [23,25,27,67,68]. In

our study, individuals differed not only in their initial corticoste-

rone levels (reaction norm elevation), but also in their responsive-

ness (i.e., reaction norm slope, or plasticity). Our results do not

allow us to reject the hypothesis that these two aspects of the

reaction norm are related (our models with and without the

intercept-slope covariance received roughly equal support, Ta-

ble 1), indicating that responsiveness may not be limited or

constrained by higher initial corticosterone levels, or if there is

such an effect, it is weak.

What is the functional cost of these between-individual

differences in physiological responsiveness? None of the measured

oxidative stress parameters (reactive oxygen metabolites, the

amount of DNA damage or the total antioxidant capacity) were

related to the individual differences in hormonal responsiveness.

Among these variables, total antioxidant capacity varied most with

the treatment, and was significantly lower during food restriction

than during control diet, but even this variable was not related to

the individual variation in corticosterone. These results present an

interesting conundrum.

One possibility is that individual differences in stress respon-

siveness are not related to fitness. This explanation seems unlikely,

because previous correlative and experimental work have shown

that the stress response is related to survival and reproductive

success, although these studies used the capture-restraint stressor

(e.g. [69–71]). Also, we have to differentiate between costs of the

hormonal response itself and the costs of the associated behavioral

and physiological changes the hormonal response can mediate

[72,73]. Even if producing large amounts of corticosterone is

effectively cost-free, it does not necessarily mean that these

differences in hormone secretion are not translated into fitness

differences [72]. In this study, we measured surrogate measures of

tissue integrity and repair, but it is possible that stress responsive-

ness affects other fitness-related traits that were not measured in

the current study [74]. For example, we only measured oxidative

stress parameters from the blood, although oxidative damage may

be more readily detected from tissues, such as the brain or the liver

[49]. Previous studies have shown that corticosterone response to

capture stress may be related to both reproduction and survival,

although these effects are often context-dependent [21,70,75–78].

Also, as we discussed above, individual differences in the perceived

severity of the treatment may have affected oxidative stress

parameters. Calorie restriction is known to have a beneficial effect

on oxidative balance [79]. If calorie restriction resulted in an

overall improvement of oxidative balance, it could have uncoupled

the link between corticosterone responsiveness and the oxidative

stress parameters.

Between-individual differences in responsiveness might also be

part of the stable behavioral and physiological trait complexes of

the individuals, often referred to as ‘personality’ or ‘coping styles’

[80]. For instance, artificial selection for different stress respon-

siveness in rainbow trout and zebra finches was associated with

concurrent changes in behavior, physiology, and central signaling

systems [28,30]. Although the artificial selection studies have

shown that there is a genetic basis of some of the individual

differences in stress responsiveness, we also know that this trait

itself shows developmental plasticity. Environment (including

maternal effects) during early development may significantly

influence the coping style of the adult [19,81–84]. This develop-

mental plasticity of physiological responsiveness plays an impor-

tant role in producing phenotypes that match the predicted

environment in later life stages. These genetic and developmental

effects may create variability in coping styles in a population, while

frequency dependent selection and spatio-temporal heterogeneity

in the environment may ensure the persistence of these different

strategies [85–87]. Irrespective of the actual causes of the

variation, the fact that we found substantial individual differences

in a relatively small sample of wild birds is not consistent with the

idea of strong selection favoring a single optimal reaction norm.

Individuals seemed to fall into two main categories: those that do

not show a substantial increase in corticosterone levels in response

to the treatment (‘non responders’: top two rows in Fig. 5) and

those that do (‘responders’ bottom two rows in Fig. 5, see also Fig.

S1). Although a larger sample is needed to test whether the

distribution of responsiveness at the population level is indeed

bimodal, the pattern in our sample is consistent with the existence

of alternative coping styles.

The existence of multiple reaction norms (as represented by a

significant individual – environment interaction, I6E) in a

population has interesting evolutionary and ecological implica-

tions: if individuals do not experience all environments throughout

their lifetime, then natural selection is masked at the intersection of

the reaction norms, because different genotypes produce the same

phenotype in this range [4]. In this context, phenotypic plasticity

has been traditionally considered to constrain or slow evolutionary

responses [13]. However, recent empirical and theoretical work

has shown that adaptive plasticity contributes to the maintenance

of genetic variation within populations, reduces bottlenecks when

facing rapid environmental changes, and confers an overall faster

rate of adaptation, which is very relevant in face of recent global

changes [59,88–90].

Finally, our results also serve as a cautionary note about the

interpretation of phenotypic correlations among labile traits.

Similarly to the findings of another study [17], we found a general

negative relationship between corticosterone levels and body mass.

The repeated measures design of our experiment allowed us to

tease apart within- and between-individual effects, and we showed

that the relationship between body mass and corticosterone was

caused by within-individual effects, and not between-individual

effects (i.e., not because heavier birds had overall lower

corticosterone levels than lighter birds). It is noteworthy, because

changes in labile phenotypic traits within individuals may account

for a large part, or even all of the phenotypic variance in a

population. Without recognizing the latter, researchers may be

tempted to document evidence for natural selection [5,7,8] even

when such conclusions are based on phenotypic correlations that

result largely from within-individual sources [91]. To avoid that

pitfall, we recommend studies where individuals are repeatedly

sampled within and across environments.
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