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ABSTRACT

In evolutionary endocrinology, there is a growing interest in the extent and basis of individual variation
in endocrine traits, especially circulating concentrations of hormones. This is important because if
targeted by selection, such individual differences present the opportunity for an evolutionary response
to selection. It is therefore necessary to examine whether hormone traits are repeatable in natural pop-
ulations. However, research in this area is complicated by the fact that different hormone traits can be
correlated. The nature of these trait correlations (i.e., phenotypic, within-, or among-individual) is criti-
cally relevant in terms of the evolutionary implications, and these in turn, depend on the repeatability of
each hormone trait. By decomposing phenotypic correlations between hormone traits into their within-
and among-individual components it is possible to describe the multivariate nature of endocrine traits
and generate inferences about their evolution. In the present study, we repeatedly captured individual
great tits (Parus major) from a wild population and measured plasma concentrations of corticosterone.
Using a mixed-modeling approach, we estimated repeatabilities in both initial (cf. baseline; CORTO)
and stress-induced concentrations (CORT30) and the correlations between those traits among- and
within-individuals. We found a lack of repeatability in both CORTO and CORT30. Moreover, we found a
strong phenotypic correlation between CORTO and CORT30, and due to the lack of repeatability for both
traits, there was no among-individual correlation between these two traits—i.e., an individual’s average
concentration of CORTO was not correlated with its average concentration of CORT30. Instead, the phe-
notypic correlation was the result of a strong within-individual correlation, which implies that an under-
lying environmental factor co-modulates changes in initial and stress-induced concentrations within the
same individual over time. These results demonstrate that (i) a phenotypic correlation between two hor-
mone traits does not imply that the traits are correlated among individuals; (ii) the importance of
repeated sampling to partition within- and among-individual variances and correlations among labile
physiological traits; and (iii) that environmental factors explain a considerable fraction of the variation
and co-variation in hormone concentrations.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

1.1. Theoretical background: levels of phenotypic variation

the absence of pedigree information. Under these conditions it is
often useful to estimate the repeatability of traits, which sets an
upper limit to heritability (Lessells and Boag, 1987; but see
Dohm, 2002). Evidence for repeatable variation therefore provides

Evolution requires heritable variation, but estimating the heri- clues as to whether the observed trait can in principle evolve in
tability of traits in free-living animals is often impractical due to response to selection (e.g., Dingemanse and Dochtermann, 2014).
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Morphological measures such as wing length or body size are
examples of traits that typically have high repeatability. Repeat-
ability is the proportion of phenotypic variance explained by
among-individual variance—thus, traits with low within- and high
among-individual variance have high repeatability. Within-indi-
vidual variance describes the amount of phenotypic variation
among observations of the same individual over time (Fig. 1) and
therefore represents the plasticity (as well as stochasticity and
measurement error) of an individual’s phenotype in response to
external (e.g., ambient temperature) and internal variables (e.g.,
nutritional status, age). Within-individual variation is therefore
not synonymous with plasticity, which instead represents only
the portion of this within-individual variation that is due to the
individual’s response to environmental change.

Among-individual variances describe how much individuals
differ from each other in their average phenotype (Fig. 1).
Among-individual variation, therefore, represents the more static
aspects of the phenotype, which can arise due to ‘permanent’
external factors (e.g., maternal effects or environmental influences
that are stable over the course of the measurements) or heritable
genetic differences—fulfilling, in the case of the latter, a prerequi-
site for evolutionary responses to selection. Within- and among-
individual variances thus represent two hierarchical levels of vari-
ation and jointly contribute to the phenotypic (i.e., total) variance
(Westneat et al., 2014; Fig. 1).

Using heritability estimates (h?), it is then possible to calculate
the evolutionary response (R) to selection (S) using the classic
breeder’s equation (R = h? «S). Evolution, however, will proceed
very differently if the focal trait is genetically correlated with other
traits under selection (Lande and Arnold, 1983). It is therefore
imperative that we quantify correlations between traits in order
to be able to properly predict how they might evolve. The most
pressing consequence of genetic correlations is that they can
impose constraints on evolution; the constraining effects of these
correlations can be substantial for behavioral (Dingemanse and
Dochtermann, 2013) and endocrine traits (Ketterson et al., 2009).

Phenotypic correlations between two traits are sometimes used
to infer their genetic correlation, which might be a suitable
assumption for certain classes of traits, particularly non-labile
(i.e., fixed) traits such as morphological dimensions (cf. Cheverud’s
conjecture; Dochtermann, 2011). This inference, however, is more
complicated for labile (i.e., plastically varying) traits. Raw pheno-
typic correlations for labile traits are the weighted outcome of
two processes: (i) ‘within-individual correlations’ which are the
integration of plasticity between two focal traits (cf. both traits
change in concert within the same individual due to one or more
environmental variables); and (ii) ‘among-individual correlations’
which are proximately underpinned by the effects of maternal,
‘permanent’ environmental and genetic correlations between the
traits, with genetic correlations occurring either because of
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Fig. 1. Illustrations of two hypothetical scenarios in which concentrations of CORTO and CORT30 are measured at four time points in each of three individuals (square, circle,
triangle). Scenario I depicts a situation in which the three individuals differ consistently from each other in both CORTO and CORT30, as indicated by the consistent rank order
of each subject (e.g., triangles are always above circles at any given month) in (a) and (b). Therefore, averages for both CORTO and CORT30 in these three individuals are
distinct (solid symbols in (a) and (b)) and correspondingly, repeatability (i.e., among individual variance) is high. In any given month, the rank order of individuals for CORTO
is the same as that for CORT30, leading to a positive phenotypic correlation between these two hormone concentrations (c). This positive phenotypic correlation is driven by a
positive among-individual correlation, and can be illustrated by showing the individual averages for CORTO versus CORT30 (d), which is due to the fact that the rank order of
individuals is stable across months (e.g., triangles are always highest for both CORTO and CORT30). Note that error bars in (d) illustrate that there is also some within-
individual variance in both CORTO and CORT30. Within-individual correlations can be depicted by plotting the deviation from the average per individual for each measure (i)
of CORTO (x-axis) versus the deviation from the average per individual for each measure (i) of CORT30 (y-axis). The lack of a within-individual correlation is depicted in (e),
indicating that the phenotypic correlations in (c) are driven principally by the among-individual correlation (d). Scenario II depicts an alternative situation in which each
individual varies considerably from one month to the next leading to a lack of repeatability (i.e., no among-individual variance) for both CORTO (f) and CORT30 (g).
Nevertheless, in any given month, the ranking of individuals for CORTO is the same as that for CORT30, leading to a phenotypic correlation (h) similar to Scenario I. Because of
the lack of repeatability, this phenotypic correlation cannot be driven by an among-individual correlation, which is depicted by the lack of relationship in the average CORTO
and CORT30 phenotypes (i). Instead, it must be driven by a within-individual correlation (j), indicating the role of environmental factors in co-modulating CORTO and CORT30

concentrations simultaneously within the individual. Scenario II better illustrates the results from the present study.
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pleiotropic effects or linkage disequilibrium (Roff, 1997). Raw phe-
notypic correlations can have non-zero values both in the presence
and absence of within- or among-individual variation (Eq. (1);
Fig. 1).

If among- and within-individual correlations are the same, the
raw phenotypic correlation accurately approximates the among-
individual correlation (Dingemanse and Dochtermann, 2013);
however, if they are different in sign, which is not uncommon—
because those correlations are the outcome of very different pro-
cesses—then this is not the case. Hence, it is important to partition
the raw phenotypic correlation into its among- and within-individ-
ual components. In Fig. 1 we illustrate two hypothetical scenarios
that represent the ends of a continuum for how variances in single
endocrine traits and correlations between them can be manifested
at the phenotypic, within- and among-individual levels.

1.2. Empirical study: levels of variance and correlation
in glucocorticoid concentrations in wild birds

In comparative endocrinology it is common to measure hor-
mone concentrations in individual animals only once and assume
that the variation observed among those individuals represents
among-individual variance (for a discussion of this topic, see
Williams, 2008). However, hormones act as mediators between
the internal (e.g., glucose concentrations) and external environ-
ments (e.g., ambient temperature), and therefore their concentra-
tions often vary from moment-to-moment. Therefore, repeated
measures designs are necessary to quantify among-individual, i.e.,
repeatable, variation (Williams, 2008). The often mixed results on
the topic of hormonal repeatability (Cockrem and Silverin, 2002b;
Duckworth and Sockman, 2012; Jawor et al.,, 2006; Kralj-Fiser
et al., 2007; Ouyang et al., 2011; Patterson et al.,, 2014; Rensel
and Schoech, 2011; Romero and Reed, 2008; Vitousek et al., 2008;
Wada et al., 2008; While et al., 2010), might be due in part to the
fact that while some studies have based their inferences about indi-
vidual-level processes on repeated measures data, others have not.
Studies not using repeated measures designs and variance parti-
tioning might be reporting unrepeatable (cf. within-individual)
parts of the phenotype instead (Dingemanse et al., 2012a;
Dingemanse and Dochtermann, 2013; Williams, 2008).

With a growing interest in the role of hormones in evolution
(Hau, 2007; Heideman, 2004; Ketterson et al., 1996; McGlothlin
and Ketterson, 2008; McGlothlin et al., 2010; Zera et al., 2007), it
is critical that we know whether hormonal traits are (i) repeatable
and (ii) correlated at the among- or the within-individual level, or
both. The hormonal response to stress presents an important sys-
tem to understand in this way because of its activational role in
responding to environmental challenges and the potential correla-
tions among its multiple components (Bokony et al., 2009;
Eikenaar et al, 2012; Goymann et al., 2004; Hau et al., 2010;
Koolhaas et al., 1999; Romero, 2004).

In vertebrates, the hypothalamic-pituitary-adrenal (HPA) axis
performs two fundamental tasks: (1) maintaining homeostasis dur-
ing everyday life and (2) coordinating the stress response. Under
typical conditions the HPA axis regulates baseline concentrations
of circulating glucocorticoids, which help coordinate metabolic
demands in response to predictable (periodic) environmental fluc-
tuations, such as day-night rhythmicity in metabolism and activity
(Landys et al., 2006). The HPA axis fulfills another role by respond-
ing to unpredictable, often ‘stressful’ events, such as agonistic inter-
actions with conspecifics (Carere et al., 2003; Landys et al., 2010;
Van Duyse et al,, 2004); but see (Wingfield and Lewis, 1993),
inclement weather (Breuner and Hahn, 2003), or predators
(Cockrem and Silverin, 2002a; Eilam et al., 1999; but see Butler
et al., 2009). This stress response is initiated within a few minutes
after stressor onset (e.g., capture), and results in secretion of

glucocorticoids above baseline concentrations. Glucocorticoid con-
centrations then continue to increase in the blood until they reach a
peak concentration, typically within 30-90 min in avian capture-
handling-restraint studies (Baugh et al.,, 2013; Wingfield et al.,
1982). These elevated concentrations of circulating glucocorticoids
redistribute glucose stores to critical tissues (e.g., skeletal muscle)
to support this ‘emergency life history stage’ (Wingfield et al.,
1998). A process of negative feedback subsequently reduces circu-
lating glucocorticoid concentrations, thereby enabling baseline
concentrations to be re-achieved. Corticosterone (CORT) is the main
glucocorticoid in birds, and like many steroid hormones, CORT can
affect diverse regulatory and behavioral processes simultaneously
(cf. hormonal pleiotropy; Almasi et al., 2013; Baugh et al., 2012,
2013; Carere et al., 2010; Harri et al.,, 2003; McGlothlin and
Ketterson, 2008; van Oers et al., 2011). Importantly, these different
components of glucocorticoid physiology are known to be interde-
pendent (Romero, 2004), but are often analyzed as though they are
independent dimensions.

Given this interdependence, it is important to address whether
these measures are correlated at the phenotypic, among- and
within-individual levels. Among-individual correlations, for exam-
ple, in initial CORT (hereafter CORTO) versus stress-induced CORT
(hereafter CORT30), can only exist when both of these traits show
among-individual variation (Dingemanse and Dochtermann, 2013;
Fig. 1). An among-individual correlation would exist if the average
CORTO phenotype were correlated with the average CORT30 phe-
notype from the same set of individuals (Fig. 1).

Similarly, within-individual correlations can only be present
when both traits show within-individual variation; significant
within-individual correlations would exist when the change in
CORTO across observations correlates with the change in CORT30
across those same observations within the same individual. This
would occur, for example, when (i) the expression of both traits
is underpinned by a common factor and this common factor varies
within an individual over time, such as nutritional status, work-
load, or environmental conditions; and (ii) when each of the two
traits varies in response to a different environmental factor but
those two factors (e.g., conspecific density and predation risk) are
themselves correlated due to another process (e.g., habitat quality).
Importantly, studies that do not include repeated measurements
are limited to estimates of correlations that are not partitioned,
which means that distinguishing between acute (e.g., environmen-
tal) versus permanent (e.g., genetic) sources of variation in traits
and correlations between them is not possible.

In the present study, we used a population of wild great tits
(Parus major) and mixed effects modeling to address the following
questions: (1) Are initial and stress-induced concentrations of
CORT individually repeatable—a necessary pre-condition for these
traits to evolve in response to selection? (2) Are initial and stress-
induced concentrations correlated at the phenotypic level and if so,
is this phenotypic correlation driven by a within- or among-
individual correlation or both? (3) What does such a correlation
indicate about the mechanistic link between these two traits?
We believe the statistical approaches used here, which are quickly
becoming mainstream in fields such as behavioral ecology, hold
promise for better elucidating the causes and potential evolution-
ary consequences of individual variation in endocrine phenotypes.

2. Materials and methods
2.1. Sample collection
In the autumn of 2010 we sampled birds from a long-term

study population of ringed wild great tits (P. major) in the Weste-
rheide study area near Arnhem, The Netherlands (52° 0’ 38" N, 5°
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50’ 30” E, 35 m AMSL). We captured adult birds for the measure-
ment of plasma CORT using a standardized capture-handling-
restraint protocol to examine baseline and stress-induced concen-
trations (Romero et al., 1997). We conducted this study in autumn
to minimize any potential influence of breeding or molt, thereby
restricting our study to a single life history stage and minimizing
variation arising due to seasonal influences. Further, by sampling
during a restricted time of day (0800-1100), we aimed to minimize
variation in hormone concentrations resulting from diel factors
(Breuner et al., 1999).

We suspended mist nets adjacent to five feeding stations and
observed from a distance of ca. 20 m behind vegetation. The
moment a bird intercepted the net, we initiated a digital timer,
rapidly removed the bird from the net and collected approximately
40 pL of blood at each of two time points by puncturing the bra-
chial vein using a 30-gauge needle. All CORTO blood samples were
collected in less than 3 min following entry into the net—most pas-
serine species exhibit a detectable increase in plasma CORT
approximately 3 min after the onset of an acute stressor (Baugh
et al., 2013; Romero and Reed, 2005; Romero and Romero, 2002).
We refer to the duration of time between entry into the net and
the completion of the CORTO bleed as ‘CORTO handling time’ and
we refer to this concentration as ‘initial’ instead of ‘baseline’
because we define ‘baseline’ as the average concentration in an
unstressed individual correcting for diel modulation—a trait diffi-
cult to measure in any organism, but particularly in free-living ani-
mals. After the initial bleed, birds were held in cloth bags until
30 min after capture, when they were re-bled (CORT30). The dura-
tion of time between opening the cloth bag and completing the
CORT30 bleed is referred to as ‘CORT30 handling time.” We chose
the 30 min time point in an attempt to capture robustly elevated
concentrations without the need for protracted periods of restraint.
Previous research in this population showed that glucocorticoid
concentrations are universally elevated at 30 min post-capture;
however, there is variation in the temporal profiles with some
birds reaching maximal concentrations before or after this time
point (Baugh et al., 2013). We therefore do not assume that the
CORT30 values represent maximal concentrations, but rather a sin-
gle measure of the strength of the stress response under standard-
ized conditions.

After the 30 min sample, we fitted unbanded birds with a
uniquely numbered aluminum ring (Vogeltrek Station, the Nether-
lands) and immediately released them at the site of capture. Fifty-
eight adult birds were recaptured 2-4 times each (2 repeats for 44
birds; 3 repeats for 12 birds; 4 repeats for 2 birds; 132 captures;
264 blood samples) with a median interval across captures of
11 days (mean = SD: 13.5 £ 11.9 d; range: 3-82 d). We tested the
possibility that the interval (days) across captures influences CORT
concentrations (Lynn et al., 2010). To maintain consistency in cap-
ture, handling and bleeding practices, all sampling was conducted
by a single person with considerable prior experience (ATB). We
maintained the blood samples on wet ice for less than 3 h prior
to centrifugation (5000 rpm for 10 min; ca. 1400g) and stored the
plasma fraction at —80°C until November 2010 when samples
were transferred on dry ice to the Max Planck Institute for
Ornithology (Radolfzell, Germany) for hormone measurement.

2.2. Enzyme immunoassay for corticosterone

We used standard enzyme immunoassay techniques to esti-
mate plasma CORT concentrations (Enzo Life Sciences, Cat. No.
ADI 900-097; Donkey anti-Sheep IgG). The details of our EIA proto-
col validation have been reported elsewhere (Ouyang et al., 2011).

Briefly, concentrations were determined following a diethyl-ether
extraction of a 10 pL sample volume. After drying extracts under
a stream of N, gas, samples were diluted (1:30) using Tris-buffered
saline (supplied by kit) and samples were allowed to reconstitute
overnight at 4 °C. Samples were then assayed in duplicate along
with blanks, five standards (0.032-20 ng mL~! CORT) and positive
controls. Final values were corrected for average recovery loss,
which we determined previously using individual samples spiked
with radioactively labeled CORT (mean +SD; ca. 85% +2.7). The
intra- and inter-assay coefficients of variation (CV)—7.79% and
8.32%, respectively—were determined by distributing a minimum
of 2 duplicate samples of stripped chicken plasma spiked with
commercial CORT (supplied by kit) to a concentration of
20 ng mL~! across each of the 11 plates. Additionally, to estimate
the ‘technical repeatability’ of the immunoassay, we reprocessed
a subset of experimental plasma samples (n = 23). This “technical
repeatability” for our procedure was very high (r=0.962 + 0.015
(SE); p 0.0001; n=23 birds sampled twice each). Note that this
includes non-assay sources of variation (extraction, pipetting,
freeze-thaw cycles), thus providing a cumulative estimate of mea-
surement error in plasma CORT concentrations. The assay has a
detection limit of 27 pg mL~'. The cross-reactivity of the antiserum
is 100% for corticosterone, 28.6% for deoxycorticosterone and 1.7%
for progesterone.

2.3. Statistical analyses

We considered initial and stress-induced concentrations of
CORT as separate traits in our models—an approach consistent
with an established assumption that these two aspects are differ-
entially regulated by subsystems of the HPA axis (mineralocorti-
coid and glucocorticoid receptors in the brain), and that variation
in these two measures have different consequences for the organ-
ism (Landys et al., 2006; Romero, 2004; Schmidt et al., 2012).
Therefore, we used a ‘character state’ approach to analyze the
sources of variation in the data (Via et al., 1995). This is similar
to a ‘reaction norm’ approach for our particular study since these
two approaches converge when modeling a two response variable
system (Roff, 1997), with the exception that the character state
approach does not assume that the residual error variance is equal
for the two traits—this variance component is instead simply esti-
mated directly. It is important to note that although we model
CORTO and CORT30 as separate traits, we examine this assumption
by evaluating the within-versus the among-individual correlations
for these two hormone traits.

All hormone data were log,, transformed to satisfy assumptions
of normality and centered by conversion to standardized (z) scores.
We used a two-step statistical approach to estimate within- and
among-individual variance in CORTO and CORT30 and the within-
and among-individual correlations between these two traits. Note,
that our use of ‘correlation’ between two traits is not to be con-
fused with correlational approaches used to estimate repeatability
of single traits, such as intra-class correlations (Lessells and Boag,
1987). First, we fitted univariate mixed-effects models with a
Gaussian error distribution for each trait separately, for which ran-
dom intercepts for individual identity were fitted to estimate the
among- and within-individual variance as well as repeatability.
Second, we fitted a bivariate mixed-effects model with random
intercepts for individual identity and with CORTO and CORT30 as
the two response variables, assuming a bivariate Gaussian distri-
bution. This bivariate model allowed us to estimate the phenotypic
correlation between the two traits r,, ,, and decompose it into its
among- and within-individual components, as detailed in Eq.(1)
(Dingemanse and Dochtermann, 2013):
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rpy b — rindoy Jindg,
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where y ., Findg,indy,» a0d T, ¢, TEPresent the phenotypic, among-
individual and within-individual correlations, respectively; Vindy,
and iy, are the among-individual variances; and v,,, and v,,, rep-
resent the within-individual variances; with subscripts y and z rep-
resenting CORTO and CORT30, respectively.

The statistical significance of random effects was determined by
a likelihood ratio test. The test statistic is twice the difference in
log-likelihood between hierarchical models, and is distributed as
»? with degrees of freedom equal to the difference in the number
of (co)variance parameters estimated (Meyer, 1992).

Because of three statistical outliers in the data (CORTO samples
from 3 birds), we constructed a variable called ‘outlier’ (yes/no)
and ran our mixed-effects models both with and without fitting
this variable as an additional fixed effect. We flagged these three
CORTO samples along with their associated CORT30 samples
because they greatly exceeded the average CORTO concentrations
(>3 SD above mean) and therefore likely represent animals that
had been recently stressed prior to capture. This approach enabled
us to determine whether any of the observed patterns in the data
were caused by these statistical outliers while ensuring that these
models did not differ in sample size. Mixed-effects models were
fitted using the program ASReml v3.0 (VSN International).

3. Results
3.1. General

Our handling-restraint stress protocol resulted in a universal
increase in circulating CORT between the 0 and 30 min time points
(mean * SEM: CORTO: 5.02ng mL~! £0.35; CORT30:
20.20 ng mL~! +0.98; paired t-test: P<0.0001). The average
CORTO handling time was 135.9s (SD=32s; range =50-1795s)
and the average CORT30 handling time was 120.9s (SD=70s;
range = 2-480 s). We investigated the influence of a set of poten-
tially confounding covariates (handling times; blood volumes; date
of capture; days between repeated captures; body condition) and
factors (sex; sampling repeat number within each bird—i.e., first,
second, third, or fourth capture). These covariates and factors,
however, did not change the statistical significance of the results
(see Supplemental Materials).

3.2. Repeatability and levels of variance

Our models indicated that CORTO and CORT30 were not signif-
icantly repeatable (r=0.13-0.26, all P> 0.05) (Table 1). Within-
individual variance always exceeded among individual variance.
As a representative example, this lack of individual repeatability
is illustrated in a plot of concentrations at first versus second cap-
ture (Fig. 2). This finding implies either that those traits were not
repeatable or that non-zero repeatability was too low to detect sta-
tistically. The inclusion versus exclusion of outliers in the dataset
did not influence the statistical significance of the results (Table 1).

3.3. Levels of correlation

There was a strong and positive phenotypic correlation between
CORTO and CORT30 (Fig. 3a-c; Table 2). This means that
captures in which initial concentrations were high also had high

Table 1

3) were included in all models and were either fitted as a

Univariate mixed-effects models showing the within- and among-individual variance components and a significance test of the repeatability estimate. Statistical outliers (n

fixed effect (*) or not.

Repeatability

Variance Components

Fixed Effects

Model

Chi?

SE

Intercept SE Outlier SE Total SE Among SE Within SE
NA

0.576
0.567

Trait

0.128
0.626

2.312

0.122
0.142
0.116
0.116

0.264
0.133
0.197
0.241

0.010432
0.011260
0.009335
0.008851

0.061885
0.064507
0.059780
0.055356

0.010946
0.010745
0.008969
0.008923

0.022216
0.009885
0.014675
0.017538

0.007607
0.006611
0.006672
0.006596

0.084101
0.074392
0.074455
0.072893

0.01926
0.01770
0.01798
0.01808

Log,oCORTO
Log,oCORTO
Log;oCORT30
Log,o,CORT30

0.238
2414

0.1409

0.7774
NA

0.120
0.065

1.190
1.183

3.402

0.1406

0.406
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Fig. 2. Relationship between CORTO at first versus second capture (a). Relationship
between CORT30 at first versus second capture (b). The three individual birds that
had CORTO values that were statistical outliers are indicated in open circles in both
graphs.

concentrations of stress-induced CORT (Table 2). The decomposi-
tion of this phenotypic correlation revealed that this linkage
between the two traits was not driven by an among-individual cor-
relation (Fig. 3d; Table 2)—a result that is congruent with the
absence of significant among-individual variance in both CORTO
and CORT30. Instead, this phenotypic correlation was driven by a
within-individual correlation, which can be illustrated as devia-
tions from individual mean values for CORTO versus CORT30
(Fig. 4). This means that an individual’s change in CORTO across
captures is positively correlated with its change in CORT30 across
that same sampling period.

4. Discussion
4.1. Repeatability and levels of variance

The amount of variance within individuals greatly exceeded
that observed among individuals for both initial and stress-
induced plasma CORT—thus CORTO and CORT30 did not exhibit
significant repeatability. If repeatabilities in these traits are as
low as we found in our sample (r<0.3), we estimate that our
sample size (58 birds sampled 2-4 times each) provided moderate
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Fig. 3. Correlations between CORTO and CORT30 at first (a), second (b) and third (c)
captures, and the correlation between average (per individual) values (d). Lines
represent a Pearson’s correlation of the observed data.



160 A.T. Baugh et al./General and Comparative Endocrinology 208 (2014) 154-163

Table 2

Bivariate mixed-effects models of the correlations of CORTO versus CORT30 at the phenotypic, among- and within-individual levels. Statistical outliers (n = 3) were included in all

models and were either fitted as a fixed effect (*) or not.

Model Phenotypic correlation Among individual correlation Within individual correlation
Correlation SE Chi? P Correlation SE Chi? P Correlation SE Chi? P
0477 0.050 71.19 3x1077 0.183 038 0116  0.73 0.564 0.078 28.24 1x1077
1* 0.455 0.051 62.25 3x10°1° 0.122 0.546 0.020 0.89 0.527 0.084 2031 7x10°°
30 explain why our results exhibit lower repeatabilities compared to
captive studies in the same species that had shorter intervals
across observations and greater control over external variables
(Cockrem and Silverin, 2002b). Because this study was designed
:—: to estimate repeatabilities under wild conditions, we estimated
§ £ ‘agreement repeatabilities’—we did not adjust our estimates for
x ¥ the effects of uncontrolled environmental variables (i.e., ‘adjusted
8 E . repeatabilities’; Nakagawa and Schielzeth, 2010; Westneat et al.,
-_:E -0 8 -6 -2 ° 10 2011). While there are instances in which adjusted repeatabilities
E ;E N ° can be informative, the present study was designed to examine
& = trait variance and correlations under conditions in which selection
a g is actually acting, and selection does not act on ‘adjusted

(CORTO, - CORTO, )
per individual (ng mL")

Fig. 4. Deviation from average per individual in the correlation between CORTO and
CORT30 (n = 58 birds; 132 captures).

statistical power (power ~0.6) to detect significant departures
from zero. On the other hand, if repeatabilities are high (r> 0.5),
we estimate that our sample size would have provided ample
power to detect this (power ~ 0.9) (see power analyses in
Dingemanse and Dochtermann, 2013). Our results therefore indi-
cate that circulating concentrations of CORTO and CORT30 in wild
great tits contain relatively little among-individual variation at
best. Given our study’s large sample size relative to other pub-
lished work, and the small degree of measurement error, this
means that future studies will likely require considerable sample
sizes to detect repeatability, if present, in these glucocorticoid
measures under wild conditions (Dingemanse and Dochtermann,
2013; Martin et al., 2010; Wolak et al., 2011). In contrast, we had
ample statistical power for estimating the within-individual vari-
ance in CORTO and CORT30 and the within-individual correlation
between these two traits.

The lack of repeatability in both CORTO and CORT30 also implies
the absence of individual differences in plasticity; in other words,
since both measures failed to exhibit repeatability, it is not possible
for there to be repeatable individual differences in the change in
CORT concentrations (CORT30 minus CORTO; “CORTchange”),
which is often calculated and examined as a separate trait. We
advise against this practice for two reasons: (1) repeatability in
either one or both of the measured variables (CORTO and CORT30)
could generate apparent repeatability in the derived variable
(CORTchange); and (2) performing ‘statistics on statistics’ can
inflate type I errors because the uncertainty around the estimate
of an individual’s plasticity is discarded. For these reasons, and oth-
ers (see Romero, 2004), we advocate that future studies partition
the variance and correlations in each of the measured variables
separately, as we have done here.

Our study depended on recaptures of wild birds, and our tem-
poral re-sampling scheme was thus necessarily distributed across
a span of time (range: 3-82 days). These methods might help

phenotypes.’

Conducting these types of studies in free-living animals, how-
ever, is critical because the stress of captivity can influence gluco-
corticoid profiles (Calisi and Bentley, 2009) and other labile traits
such as behavior (Niemeld and Dingemanse, 2014), even after pro-
tracted periods of acclimatization to captivity (Marra et al., 1995).
This indicates that an organism’s physical environment can influ-
ence its endocrine state, and therefore the repeatability of that
state. Nevertheless, our results are generally consistent with previ-
ous work, including from captive bird studies. Romero and Reed
(2008) found that within-individual variation was generally higher
than among-individual variation (r < 0.5) in initial CORT in captive
house sparrows (Passer domesticus), and we agree that this finding
complicates studies that employ temporally separated sampling
schemes, or use single observations of hormone concentrations
as a proxy for individuals or populations. We emphasize, however,
that comparing across studies wusing different statistical
approaches (Cockrem and Silverin, 2002b; Ouyang et al., 2011;
Pottinger et al., 1992; Rensel and Schoech, 2011; Romero and
Reed, 2008; Schjolden et al., 2005) is problematic—this is due, prin-
cipally, to the fact that non-partitioned phenotypic variances and
correlations can be driven by variation within-individuals in ‘state’
(e.g., hunger state or temperature). Whereas the use of mixed mod-
els for variance partitioning has become common in fields such as
evolutionary quantitative genetics (Roff, 1997; Wilson et al., 2010)
and ecology (Bolker et al., 2009), these tools are now rapidly gain-
ing popularity behavioral ecology (Dingemanse and Dochtermann,
2013), and this has been instrumental in determining the structure
and repeatability of behavioral traits (Dingemanse et al., 2012b;
Wolf and Weissing, 2012). Moreover, compared to classical statis-
tical approaches to repeatability (e.g., ANOVA; Lessells and Boag,
1987), mixed models have some important advantages: (1) they
allow for the direct estimation of within- and among-individual
variances thereby identifying whether differences in repeatabilies
among groups are attributable to among-individual variances,
within-individual variances or both (Jenkins, 2011; Nakagawa
and Schielzeth, 2010); (2) they do not require an equal number
of repeated samples per individual (i.e., ‘missing cells’ are not a
problem); and (3) they allow for the calculation of repeatability
of traits that have non-Gaussian error distributions (Nakagawa
and Schielzeth, 2010). Furthermore, multivariate mixed models
permit the portioning of correlations, which provides estimates
of the true among-individual correlations that are often of interest.
We therefore encourage future studies to employ a repeated



A.T. Baugh et al./General and Comparative Endocrinology 208 (2014) 154-163 161

measures sampling scheme and a mixed modeling approach to
partition variance and covariance in hormone traits across hierar-
chical levels (e.g., species, population, individual, observations
within the same individual).

We used a standardized stressor procedure common for studies
of avian stress. Under more naturalistic circumstances, such as an
actual predation attempt, animals might cope behaviorally
(Koolhaas et al., 1999) and therefore more quickly turn off their
stress response (Rich and Romero, 2005). As a future research
direction, we recommend examining the repeatability and correla-
tion of glucocorticoids using shorter duration stressors or those
that allow for behavioral coping (Baugh, unpublished). Moreover,
it would be informative to measure other components of stress
reactivity—a lack of repeatability at initial and 30 min post-stressor
time points in great tits does not rule out the possibility that other
features of the stress axis exhibit repeatability, such as the timing
of stress onset or strength of negative feedback (Baugh, unpub-
lished data), or that inter-specific or seasonal variation underlies
disparate findings. Indeed, we have previously shown that these
very early and late stages of the stress response are linked with
repeatable behavioral traits (Baugh et al., 2013).

4.2. Levels of correlation: are initial and stress-induced CORT separate
traits?

We found a strong phenotypic correlation between initial and
stress-induced concentrations (Fig. 3a—c; Table 2). Consistent with
the lack of among-individual variance, we demonstrated that this
phenotypic correlation was driven by a positive within-individual,
but not among-individual, correlation. This finding implies that
either internal (e.g., nutritional state) or external variables (e.g.,
social environment) or both varied across observations of the same
individual and that these variables modulated the expression of
both traits simultaneously. This result provides empirical evidence
that initial and stress-induced concentrations of CORT are strongly
inter-dependent. This inter-dependence is presumably due to
shared mechanisms responsible for co-regulating baseline and
stress-induced concentrations (e.g., co-activation of MR and GR
receptors) and a sensitivity of these mechanisms to the same envi-
ronmental or internal factors. Temperature and photoperiod, for
instance, might simultaneously influence glucocorticoid concen-
trations at baseline and during the stress response (Romero et al.,
2000; Breuner et al., 1999), although such co-modulatory effects
at both the within- and among-individual levels have not, to our
knowledge, been demonstrated. Moreover, photoperiod and time
of day were largely controlled in the present study, and the influ-
ence of temperature that has been described previously is rela-
tively weak (Romero et al.,, 2000). Therefore, in isolation, these
two environmental variables are unlikely to explain the strong
positive within-individual correlation observed here. An alterna-
tive possibility that deserves future study is that CORTO estimates
in fact fail to capture true baseline concentrations, due for exam-
ple, to stressful events occurring prior to capture. If CORTO concen-
trations are ‘contaminated’ by the stress response, we might expect
a positive within-individual correlation between CORTO and
CORT30 because the CORTO concentration would partly measure
what would normally be in the CORT30 component. Given the
low concentrations of CORT that we observed at the initial time
point (ca. 5ngmL~1!), it is unlikely that this potential confound
explains the strong within-individual correlations observed in
the present study. Therefore, in summary, we think an unmeasured
environmental variable or set of variables underpins the expres-
sion of both CORTO and CORT30 due to shared mechanisms under-
lying these two traits.

If CORTO and CORT30 were both expressions of a repeatable yet
labile trait, we have specific predictions about their correlation

structure: they should be correlated in the same way (i.e., sign)
at every level where significant variance is observed (i.e., both
among- and within-individuals for a repeatable and labile trait;
reviewed in Araya-Ajoy and Dingemanse, 2013). In the present
study, this prediction is confirmed: since there is no variance
among individuals, the two traits also cannot be correlated at the
among-individual level (cf. covariance requires variance), so this
level can be ignored. However, a strong correlation exists at the
only level that contains variation (cf. within-individual) implying
that they are expressions of the same trait. Note, however, that if
observations of the two traits are misassigned, which would occur
if ‘baseline’ samples include stress contamination, the validity of
this interpretation is violated.

5. Conclusions

In the present study we demonstrated two important aspects of
the glucocorticoid system. First, concentrations of glucocorticoid
hormones are highly variable (i.e., not repeatable) within wild
great tits. This result advises against interpreting a dataset of single
observations of hormone concentrations across individuals as
‘individual differences’ (Guimont and Wynne-Edwards, 2006;
Love et al., 2004; Williams, 2008). Second, two measures of the glu-
cocorticoid system (initial and stress-induced CORT) are strongly
and positively correlated within the individual. This means that
the concentration of CORTO at a given time point has some predic-
tive value for the immediately subsequent stress induced concen-
tration, but little or no predictive value for later (or earlier)
instances of either measure in the individual’s lifetime. This second
conclusion further suggests against treating initial and stress-
induced concentrations as independent traits. These results
emphasize the need to better understand the forces acting within
the individual that generate such considerable variation, and cau-
tions against drawing inferences about among-individual differ-
ences in the absence of a repeated measures sampling design
and an appropriate partitioning of the variance components. The
same caution therefore applies to inferring relationships between
such ‘snapshots’ of hormone concentrations and longer-term life
history traits, such as survival—a problem under scrutiny in animal
(Dingemanse et al., 2010) and human studies of stress physiology
(Hruschka et al., 2005). Given the disparate findings for hor-
mone-fitness relationships observed in free-living animal popula-
tions (Blas et al., 2007; Bonier et al., 2009; Cabezas et al., 2007;
MacDougall-Shackleton et al., 2009; McGlothlin et al., 2010;
Patterson et al., 2014; Pride, 2005), it will be important moving for-
ward to identify experimental methods that permit control over
possible correlated environmental or developmental influences
(see Dingemanse et al., 2010; MacDougall-Shackleton et al., 2013).

That said, a focus beyond circulating hormones that includes
other components of endocrine systems (e.g., binding globulins,
receptor densities) is also critically needed (Williams, 2008). For
example, it is conceivable that despite highly variable circulating
concentrations of hormones, covariation in receptor densities
results in system-wide repeatability at the target tissue. Con-
versely, individuals may exhibit similarity in circulating concentra-
tions, but due to differences in end organ sensitivity, exhibit
differences in responses. Future endeavors along these lines would
contribute significantly to our understanding of the evolution of
endocrine systems.

We believe our results are consistent with the understanding of
endocrine systems as dynamic mediators that help individual
organisms maintain stasis in a background of environmental
change (McEwen and Wingfield, 2003), and are incongruent with
the concept of hormone concentrations as highly repeatable traits.
Indeed, recent work in mammals has demonstrated that unravel-
ing HPA-behavior relationships may require methods that permit
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measurement of the fine-scale temporal dynamics of the stress
axis (Sarabdjitsingh et al., 2010). We encourage future studies to
consider hormone concentrations as labile traits that mediate
those phenotypic characters available for selection to act on (e.g.,
behavior, performance, ornamentation). Modeling the relation-
ships across these levels of phenotypic organization using a reac-
tion norm approach will help us better understand how such
regulatory systems contribute to functional consequences at the
individual level (Arnold, 1983; McGlothlin and Ketterson, 2008).
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