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a b s t r a c t
Animal ‘personality’ describes consistent individual differences in suites of behaviors, a phenomenon
exhibited in diverse animal taxa and shown to be under natural and sexual selection. It has been suggested that variation in personality reﬂects underlying physiological variation; however there is limited
empirical evidence to test this hypothesis in wild animals. The hypothalamic–pituitary–adrenal axis is
hypothesized to play a central role in personality variation. Here we tested whether in great tits Parus
major variation in personality traits is related to plasma concentrations of corticosterone (CORT). Using
a capture-restraint protocol we examined baseline and stress-induced CORT levels in two captive experimental groups: (1) birds selected for divergent personalities (‘fast-bold’ and ‘slow-shy’ explorers); and
(2) non-selected offspring of wild parents. We ﬁrst tested for differences in CORT between selection lines,
and second examined the relationship between responses in a canonical personality test and CORT concentrations in non-selected birds. We found support for our prediction that the slow-shy line would exhibit a higher acute stress response than the fast-bold line, indicating a genetic correlation between
exploratory behavior and stress physiology. We did not, however, ﬁnd that continuous variation in
exploratory behavior co-varies with CORT concentrations in non-selected birds. While our results provide
support for the idea that personality emerges as a result of correlated selection on behavior and underlying physiological mechanisms, they also indicate that this link may be particularly evident when composite personality traits are the target of selection.
Ó 2011 Elsevier Inc. All rights reserved.

1. Introduction
When exposed to the same environmental challenges, individuals of a given species or population often exhibit consistent individual differences in behavioral responses (for review, see [1]).
Consistency for a given behavior often correlates with other behavioral responses in different contexts and can have a heritable component (reviewed in [54]). Personality can be deﬁned as the suite
of behavioral tendencies in an individual that exhibit consistency
across time and context. The study of animal personalities (also referred to as ‘coping styles’, ‘behavioral syndromes’ and ‘animal
temperament’) aims to understand how behavioral traits co-vary
within individuals and which evolutionary processes might gener-
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ate such trait constellations (reviewed in: [38,48]). Indeed, a growing number of studies have now shown that personality traits can
be under natural [14,15,49] and sexual selection [47,55].
A suite of neural and hormonal adaptations underlie behavioral
responses to environmental and social challenges. Recently, interest in the physiological correlates of animal personality has been
growing and several studies have shown that physiological responses can also be individually consistent [11,39,42,60] and related to personality (reviewed in: [27,61]). Hormones in
particular, due to their systemic nature and simultaneous effects
on multiple traits, have been proposed to represent key physiological mechanisms that organize behavioral traits into suites
[7,27,30]. However, the extent to which hormonal mechanisms
evolve alongside behavioral mechanisms and are responsible for
individual variation in behavior remains under debate [7,34].
The endocrine system most studied with respect to regulatory
mechanisms of personality is the hypothalamic–pituitary–adrenal
(HPA) axis, which produces glucocorticoids as its principal end
product. In birds, the main glucocorticoid is cortiscosterone

Author's personal copy

A.T. Baugh et al. / General and Comparative Endocrinology 175 (2012) 488–494

(CORT), which serves primarily metabolic functions at baseline levels but becomes elevated shortly after the perception of a stressor,
and continues to increase until a process of negative feedback permits baseline levels to be re-achieved (i.e., the endocrine stress response; see [40]). The glucocorticoid stress response is widespread,
perhaps universal amongst vertebrates [17,62], and is an adaptation that enables organisms to regain homeostasis following challenges encountered in normal life.
Hormones like CORT can affect multiple regulatory and behavioral processes simultaneously. For example, elevated levels of
CORT stimulate foraging and promote locomotor activity when
food reserves are low, but can also suppress reproduction
[40,45]. Because a single hormone, such as CORT, can generate
co-variation at multiple physiological levels (i.e., hormonal pleiotropy), and because the HPA axis is known to inﬂuence behavior,
the pleiotropic effects of CORT might also contribute to behavioral
co-variation [2,61]. In fact, several of the behaviors that typify personality variation (e.g., shyness in non-human animals, neuroticism in humans; [21]) are thought to be related, either directly
or indirectly, to differences in how animals cope hormonally with
stress [27].
There is often considerable inter-individual variation in baseline and peak concentrations of CORT [10,59]. We have limited
knowledge about how this potential variation relates to animal
personality, particularly in non-domesticated species, but some
key studies have provided testable predictions (reviewed in [9]).
Speciﬁcally, shyer individuals (i.e., reactive copers) are predicted
to have higher HPA axis reactivity, lower sympathetic adrenomedullary reactivity, higher cardiac parasympathetic activity, a stronger innate and adaptive immune response, and a higher
susceptibility to stress-related illness compared to bolder (proactive) individuals [4,27,29,31,46,56], including in humans (reviewed
in: [17]).
Artiﬁcial selection experiments provide a powerful method for
identifying co-selected traits. In what has become a model system
in this ﬁeld, artiﬁcial selection on temperament in silver foxes
demonstrated correlated selection on morphological and physiological traits, including stress physiology [24]. Likewise, artiﬁcial
selection on stress physiology in birds has shown correlated
changes in coping behavior. For example, Japanese quail (Coturnix
coturnix japonica) artiﬁcially selected for low and high CORT responses [12] show variation in open ﬁeld behavior, comparable
to the novel environment test used in the present study. Birds from
the line selected for low CORT responses showed less freezing
behavior and began exploring sooner than did birds selected for
high CORT responses [25].
Here, we examine the relationship between the stress response
and personality in a wild vertebrate model system, the great tit,
Parus major. In great tits, exploration behavior (in a novel environment) and boldness (toward a novel object) are phenotypically correlated, repeatable within individuals, and artiﬁcial selection
experiments have demonstrated a heritable component [16]. Further, this combination of behaviors (‘fast-bold’/‘slow-shy’) correlates phenotypically and genetically with other behavioral
tendencies, such as risk-taking [52], aggression, and dominance
[58]. Studies that used feces to determine hormone concentrations
showed that great tits selected for a combination of slow exploration and shyness (slow explorers, ‘SE’) had elevated fecal CORT
concentrations when challenged compared to the line of fast
explorers (‘FE’) [5]. One additional advantage of this model system
is the lack of sex differences in both exploratory behavior [6] and
CORT concentrations [50], thus making inferences about correlated
selection sex-independent.
Here we test the hypothesis that HPA axis reactivity underlies
variation in personality by measuring plasma corticosterone responses in great tits of the two lines. In addition to testing this
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hypothesis in a non-domesticated species, our approach departs
from previous studies by selecting on composite behavioral traits
rather than single physiological or behavioral ones. We used two
complementary experiments: ﬁrst, we measured CORT responses
to capture and restraint in the lines of birds bi-directionally selected for personality. We predicted that the SE line would have
elevated responses to stress compared to the FE line. Second, we
measured corticosterone responses in a group of non-selected
birds of wild origin to examine the continuous relationship between individual behavioral characteristics and corticosterone
responses.

2. Materials and methods
2.1. Subjects, behavioral testing and hormone sampling
2.1.1. Experiment 1: Selection line birds
In October 2007 we sampled 16 great tits (5 months old, originating from 14 broods) descended from the fourth generation of
previously established lines bi-directionally selected for fast exploration and boldness (FE; N = 9: 2 females, 7 males) and slow exploration and shyness (SE; N = 7: 5 females, 2 males). The parental
generation was chosen from 81 hand-raised birds (11 broods) originating from two wild populations in the Netherlands (for more details see [16]). At each generation, nestlings were combined into
mixed broods and cross-fostered to adults in the wild, and then
hand-raised following nutritional independence. Mating pairs (FE
with FE, SE with SE) were assigned according to a composite personality score. The selection criterion used was a combined score
resulting from two classes of behavioral tests: (1) a novel environment test—analogous to an open ﬁeld test [57]; and (2) two tests
evaluating each bird’s response to novel objects. Each bird was
tested individually shortly after nutritional independence (ca.
30–40 days posthatching) at the Netherlands Institute for Ecology.
For the novel environment test, birds were allowed to freely enter
and explore a room (2.0  4.0 and 2.5 m high) by exiting through
an opened sliding door separating their home cage from the novel
room. We monitored and recorded all movement during each trial.
A trial was discontinued if a subject reached all ﬁve trees in less
than 10 min, but all trials were conducted for a minimum of
2 min independent of a bird’s exploratory speed. We converted
the latency to perch on the fourth of ﬁve artiﬁcial trees to a linear
scale from 0 to 10 and used this as the measure of exploratory tendency (hereafter, ‘4th tree score’; see [16,57]. A score of 10 indicates a bird that reached the 4th tree within 1 min (‘fast’) and a
score of 0 indicating a bird that failed to reach the 4th tree within
10 min (‘slow’).
For each bird two novel object tests were conducted, one with a
penlight battery as the object and one with a bendable Pink Panther ﬁgurine (8 cm). The object was placed on one of the outer
perches of the subject’s home cage and the latency to approach this
perch and the minimum distance to the novel object were measured during a 120 s trial. These two measures were combined into
a single novel object score along a linear scale (0–5)—this score is
used as a measure of shyness (with a score of 0 representing extremely shy birds). Together, scores from these three behavioral tests
(1 novel environment, and 2 novel objects) were summed and this
composite score is referred to as early exploratory behavior—the
score used during each round of selection (for more details on
the behavioral tests and the selection procedure, see
[16,52,53,57]). After behavioral testing all birds were transferred
to open outdoor aviaries (2  4 and 2.5 m high) where they were
housed in single sex groups for the rest of the year.
In autumn 2007 birds were distributed singly in cages and
allowed to acclimatize undisturbed for 7 days prior to hormone

Author's personal copy

490

A.T. Baugh et al. / General and Comparative Endocrinology 175 (2012) 488–494

sampling. Before and during sampling birds were maintained individually in their home cages (0.9  0.4 and 0.5 m high), which consisted of solid walls except for a wire-mesh front, three perches,
and food and water dishes. The natural light–dark cycle and ambient temperatures were maintained because rooms were equipped
with large open windows that allowed for natural lighting and airﬂow. Birds were provided with ad libitum water, seed mixture and
calcium, and this was supplemented daily with mealworms and a
mixture of sour milk, ground beef heart, commercial egg product
and multivitamins.
We collected blood samples from 6 SE and 6 FE individuals each
day on October 29th, 30th and 31st between 1100 and 1230. All birds
had completed molt. To minimize unintended stress birds were distributed across six rooms and left undisturbed for at least 2 h prior to
sampling. We used a standardized capture and restraint protocol to
examine baseline and stress-induced CORT concentrations. On the
day of sampling we collected approximately 75 lL of blood at each
of three time points by puncturing the alar vein and the time from
entering the room until ﬁnishing each blood sample was recorded.
The ﬁrst blood sample for baseline CORT (‘CORT0’) was collected
in less than 3 min following entry into each room (mean ± 1 SEM
(s); all: 97.3 ± 10.0; fast: 91.7 ± 13.9; slow: 104.6 ± 15.1). CORT becomes elevated after approximately 3 min in many taxa [41]. All
samples exceeding this duration were excluded from analysis. Thus
our ﬁnal sample size included birds sampled on 29 October (5 FE, 2
SE), 30 October (4 FE, 4 SE) and 31 October (1 SE). After the baseline
bleed, birds were held in small cloth bags until they were quickly rebled at 15 min (‘CORT15’) and 30 min post-disturbance (‘CORT30’).
Blood samples were kept on ice for less than 1.5 h before being centrifuged (5000 rpm for 10 min; ca. 1400 g). The plasma fraction was
then stored at 80 °C until transfer on dry ice to the Max Planck
Institute for Ornithology (Radolfzell, Germany) for hormone
measurement.
2.1.2. Experiment 2: Non-selected birds
In November 2009 and October 2010 we sampled blood for
CORT from 68 great tits (19 months old; N = 28 in 2009: 11 females, 17 males; N = 40 in 2010: 23 females, 17 males). These birds
originated from a long-term study population at the Hoge Veluwe
National Park (the Netherlands) and were taken into captivity as
nestlings in 2008 and 2009. All nestlings were sampled for blood
at 3 days old for molecular sexing [22], and to identify extra-pair
offspring prior to brood selection [44]. The 2009 sample originated
from 11 broods and the 2010 sample from 13 broods. On day 10
post-hatching, chicks were transferred to the Netherlands Institute
for Ecology (Heteren, the Netherlands) for hand-rearing [16] as in
Experiment 1.
We tested all ﬂedglings for early exploratory behavior (ca. 30–
40 days post-hatching) in the novel environment test as described
in Experiment 1 (i.e. 4th tree score). Afterwards the birds were
transferred to open outdoor aviaries (2  4 and 2.5 m high) where
they were housed in single sex groups for the rest of the year. On 1
December each year, breeding pairs were formed randomly with
respect to exploratory scores, but avoiding sib-matings, and then
housed in climate-controlled aviaries for the next year as breeding
pairs. Photoperiod and diet were the same as in Experiment 1. Our
ﬁnal sample also included a few individuals (N = 2 in 2008, N = 7 in
2009) generated from F1 and F2 crossings from the selection line
birds and, as with the birds in Experiment 1, were cross-fostered
and raised by wild parents until day 10 post-hatching. We included
these birds because F1 and F2 crosses are expected to have a mean
exploratory score in-between the two selection lines.
We collected blood samples between 0930 and 1330 on 2 and 3
November (2009) and 12 and 15 October (2010) following the
completion of molt. Birds were left undisturbed in their home aviaries (as breeding pairs) for at least 2 h prior to sampling and only

1 bird from the pair was sampled on a given day. We used the same
capture-restraint protocol from Experiment 1 with the following
exceptions: (a) birds were captured from their home aviaries using
a net rather than hand-caught in cages; (b) birds were bled at only
two time points, baseline (CORT0) and 30 minutes post-capture
(CORT30); (c) CORT0 samples were collected by puncture of the
alar vein but CORT30 samples were collected from the jugular.
Baseline bleeds not completed in less than 3 min after aviary entry
are not included here (mean ± 1 SEM (s); 138.4 ± 3.1). As in Experiment 1, blood samples were kept on ice brieﬂy, centrifuged to
separate the plasma which was stored at 80 °C and transferred
on dry ice to the Max Plank Institute for Ornithology (Radolfzell,
Germany) for hormone measurement.
2.2. Enzyme immunoassay for CORT
Plasma concentrations of CORT were estimated using commercially available enzyme immunoassay (EIA) kits (Enzo Life Sciences, Cat. No. ADI 900-097; Donkey anti-Sheep IgG). Details of
the EIA protocol (parallelism, precision and quantitative recovery)
can be found in [36]. Concentrations were determined following a
diethyl-ether extraction of a 5–10 lL sample volume. After drying
extracts under a stream of N2 gas, samples were diluted using
Tris-buffered saline (provided by kit) and samples were re-suspended overnight at 20 °C at a 1:30 dilution. Additionally, samples of stripped chicken plasma spiked with a known quantity of
puriﬁed CORT (20 ng mL 1) were extracted alongside the unknown samples for the estimation of intra- and inter-assay variation. The following day, 100 lL aliquots of each sample were
added assigned to individual wells across assays with each plate
containing hormone standards and a separate standard curve
(range: 32–20,000 pg mL 1). Plates were then placed on an orbital
shaker for 2 h to bind the antibody and CORT conjugate. We then
washed the wells four times using 200 lL of wash solution and
afterwards added 200 lL of p-nitrophenyl phosphate to each well.
The plates were then developed in darkness for 1 h and 50 lL of
stop solution was added to each well immediately before being
read on a VERSAmax microplate reader at 405 nm. We ran samples
in duplicate and accepted the average of both readings as the ﬁnal value for each sample. This commercial assay has a detection
limit of 27 pg mL 1. The average extraction recovery in our laboratory was estimated previously to be ca. 90% as determined from
individual samples spiked with a small amount of radioactively
labeled CORT [36]. We therefore corrected each sample for this
loss. For Experiment 1 (2 plates), the intra- and inter-assay coefﬁcients of variation (CV) were 14.69% and 5.65%, respectively. For
Experiment 2 (8 plates), the intra- and inter-assay CVs were
5.21% and 7.00%, respectively. The cross-reactivity of the antiserum is 100% for corticosterone, 28.6% for deoxycorticosterone,
and 1.7% for progesterone.
2.3. Statistical analyses
All data in this study were analyzed using SPSS (version 16.0,
SPSS Inc., Chicago, IL, USA). Following square root transformation
of CORT values, the normality of the residuals was tested by visual
inspection of Q–Q plots and Kolmogorov–Smirnov tests and homogeneity of variances were examined with Levene’s test. The
assumptions of all test statistics were met unless indicated otherwise. All tests were two-tailed and signiﬁcance was determined at
the a = 0.05 level. Data are presented as mean ± 1 SEM.
2.3.1. Experiment 1: Selection line birds
Differences in tarsus length (as a measure of body size) were
examined using a univariate analysis of variance and the inﬂuence
of tarsus length on CORT concentrations was tested with Pearson’s
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correlations. Differences in early exploratory behavior were tested
using non-parametric Mann-Whitney U-tests. We used a repeated
measures general linear model to examine the inﬂuence of selection line on CORT across the three time points. To avoid overparameterization with these limited sample sizes we did not
examine sex differences; however, previous work with these selection lines has shown that males and females do not differ in exploratory behavior [6] or CORT concentrations [50] (see also
Experiment 2 in Results).
2.3.2. Experiment 2: Non-selected birds
We ﬁrst tested for differences in 4th tree scores between the
2009 and 2010 datasets using a Mann–Whitney U-test. We used
univariate GLMs to test for year and sex effects on CORT0 and
CORT30. Finally, we tested for a relationship between 4th tree
scores and CORT0 and CORT30 using the non-parametric Spearman’s rank correlations.

cantly higher CORT levels in SE at the CORT30 time point
(p = 0.017). Similarly, the SE line had higher CORT concentrations
at 15 min but this difference was not statistically signiﬁcant
(p = 0.161). No differences were observed for CORT0 (p = 0.824).
Tarsus length did not differ between individuals from FE
(mean ± SD; 20.11 ± 0.46 mm, N = 9) and SE (19.74 ± 0.53 mm,
N = 7) lines (F1,12 = 0.089, p = 0.771). We observed a sex difference
in tarsus length (F1,12 = 5.124, p = 0.043) but there was no interaction between sex and line (F1,12 = 0.328, p = 0.577). Mass measurements at the time of blood sampling were not available, making a
comparison of body condition between lines not possible; however, mass, body condition and tarsus have been shown previously
not to differ between the selection line birds [56]. Further, CORT
concentrations were not related to tarsus length at any of the three
sampling time points (Pearson correlations, all R2 < 0.04, and all
p > 0.5).
3.2. Experiment 2: Non-selected birds

2.4. Ethical note
This study was carried out in accordance with the animal ethical committee of the Royal Dutch Academy of Sciences (DECKNAW) under protocols CTE.0705 and CTE.0707 (Experiment 1)
and CTE.0809 and CTE.0907 (Experiment 2).
3. Results
3.1. Experiment 1: Selection line birds

4. Discussion
We used a model organism for the study of animal personality
to test the prediction that slower-shyer individuals have greater
HPA reactivity compared to faster–bolder birds. Because variation
in both personality [16] and stress physiology [18,35] can have a
heritable basis in birds, testing for correlated selection on these
two types of complex traits as we have done here is warranted.
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The selection lines differed in early exploratory behavior (mean
composite score ± 1 SEM: slow = 10.13 ± 1.21; fast = 12.55 ± 1.02;
Mann–Whitney U = 11.5, p = 0.031) as has been shown previously
for these selection lines [16]. Plasma concentrations of CORT increased signiﬁcantly across the three blood sampling time points
(F2,13 = 163.7, p < 0.001; Fig. 1). The main effect of selection line
on CORT concentrations was not signiﬁcant (F1,14 = 3.64,
p = 0.077) but the interaction between selection line and sampling
time point was signiﬁcant (F2,13 = 5.25, p = 0.012). Planned comparisons (Sidak corrected) between selection lines yielded signiﬁ-

Concentrations of CORT signiﬁcantly increased between the
baseline and stress-induced sample (paired t-test: t67 = 18.16,
p < 0.001; Fig. 2). There was no correlation between 4th tree scores
and CORT0 or CORT30 (Spearman’s rank correlations: CORT0:
q = 0.05, p = 0.684; Fig. 3a; CORT30: q = 0.03, p = 0.781; Fig. 3b).
There were no differences in 4th tree scores between birds in
2009 and 2010 (Mann–Whitney U = 526.5, p = 0.485). Likewise,
there were no differences between years in CORT0 (F1,63 = 1.079,
p = 0.303) or CORT30 (F1,63 = 0.03, p = 0.866). The sexes did not differ in CORT at either time point (CORT0: F1,63 = 0.018, p = 0.893;
CORT30: F1,63 = 0.458, p = 0.875), nor was there a signiﬁcant interaction between sex and year in the model (CORT0: F1,63 = 0.995,
p = 0.322; CORT30: F1,63 = 0.025, p = 0.875).
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Fig. 1. Experiment 1. Baseline and stress-induced corticosterone concentrations for
fast-bold (solid, N = 9) and slow-shy (dashed, N = 7) selection line birds evaluated
using a within-subject design (mean ± 1 SEM). Concentrations increased signiﬁcantly at each time point, and differed between selection lines at 30 min (NS = nonsigniﬁcant; ⁄p < 0.05).
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Fig. 2. Experiment 2. Corticosterone concentrations increased signiﬁcantly
between baseline and stress-induced samples in non-selected birds (mean ± 1
SEM; N = 68; ⁄⁄⁄p < 0.001).
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Fig. 3. Experiment 2. There was no continuous relationship between 4th tree scores and (a) baseline corticosterone (CORT0) or (b) stress-induced corticosterone (CORT30)
concentrations in non-selected birds (N = 68).

We found that great tits artiﬁcially selected for a combination of
slow exploratory behavior and shyness toward novel objects reach
higher circulating CORT concentrations following exposure to a
standardized stressor compared to individuals from the fast-bold
selection line. The direction of the effect on stress-induced CORT
levels corroborates patterns found in other vertebrate species
[7,27], as well as two previous studies that examined fecal CORT
from great tit selection lines. Carere et al. [5] found that adults of
the SE line had elevated fecal CORT concentrations following a simulated territorial intrusion (a potent social stressor in this species;
[51]), while no differences were observed during the non-stressor
treatment. A study by Stöwe et al. [50] showed that great tit nestlings of a SE line had generally elevated fecal CORT concentrations.
Fecal CORT measurements, however, represent a combination of
stressed and non-stressed contributions [33,37]. Therefore by
showing that baseline levels of plasma CORT do not differ, while
stress-induced levels do, we provide some support for the idea that
it is reactivity in the HPA system, and not basal regulation, that
correlates with personality.
There was no relationship between a measure of exploratory
behavior (4th tree score) and baseline corticosterone or the corticosterone response to a stressor in non-selected birds. In other species, birds with relatively proactive or reactive personalities show
relatively less or more fearfulness [9], and fearfulness is one behav-

ioral characteristic associated with corticosterone. For example,
white chickens are considered to be more fearful than brown
chickens, and white Leghorn chickens had higher corticosterone
responses and showed greater fearfulness than brown Hyline hens
[20]. However, correlations between behavioral measures of fearfulness or exploratory behavior and corticosterone have been
found in some avian studies [25,26,31] but not others [19,32]. Fearfulness and personality cannot be readily measured using a single
test [9], and the absence of a correlation between a single measure
of exploratory behavior and corticosterone responses in the great
tits does not preclude the existence of a general relationship between other aspects of personality and corticosterone in this species. Selection line birds generally had narrower distributions for
exploratory scores and CORT concentrations compared to the
non-selected birds, potentially reﬂecting the disrupting (bi-directional) process of selection on both phenotypic characters (see
Supplementary materials S1–S3).
Together the studies conducted in great tits agree generally
with a broader picture that is emerging for vertebrates: shyer phenotypes exhibit a greater reactivity of the HPA axis as demonstrated by a higher corticosterone concentration in response to
strong stressors [27,31,62]. In birds, a capture-restraint protocol
physically constrains subjects into highly stressful conditions
without permitting much freedom to cope by employing a
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particular behavioral strategy. Differences in the stress reactivity
between individuals might be diminished, or alternatively enhanced, if allowed to cope behaviorally [17]. Future studies will
thus need to extend this line of research to include stressors—particularly naturalistic ones—that allow subjects to cope in an active
or passive way. Indeed, it is precisely these coping strategies that
are predicted to vary amongst personality types [28], and therefore
such an experimental design would be complimentary to a restraint style stressor. Here, monitoring the behavioral response in
conjunction with the endocrine response will be essential for teasing apart these two possible contributions to differences across
personalities. It is important to note that the present selection line
study and similar ones before it provide correlational evidence for
a link between personality and HPA reactivity. This ﬁnding does
not necessitate, however, that variation in plasma CORT is responsible for the behavioral variation observed during the exploration
trials. Given that differences in plasma CORT were not observed
until the 30 min time point, it is quite likely that the behavioral differences are the product of a more rapidly acting physiological response. Future studies, therefore, will need to determine if
upstream regulatory centers in the brain respond to selection
and are directly linked to personality.
In conclusion, we have shown that phenotypic selection on a
combination of two personality traits (exploration and boldness)
is associated with differences in the physiological stress response,
a result we think reﬂects the idea that selection on personality
structure—and not simply a single behavioral response—is key.
Van Oers et al. [56] examined a similar question using selection
line great tits and found a correlation between personality and
plasma testosterone levels. Together, this might suggest that a
suite of hormonal traits is associated with a suite of behavioral
traits. Future studies examining the link between animal personality and stress physiology should therefore also consider exploring
other components of the HPA cascade, and the targets of CORT.
For example, glucocorticoid and mineralocorticoid receptor
expression in the hypothalamus in birds can be sensitive to differences in HPA axis reactivity [13]. Slow birds might be more sensitive to the perception of stressors, secreting more corticosterone
releasing factor in response to a standardized stressor, and thereby
exhibiting an earlier onset of the corticosterone stress response; an
alternative, which is not mutually exclusive, is that slower phenotypes have a dampened negative feedback control of CORT causing
them to achieve higher stress-induced levels. At a different regulatory level, the serotonergic system has been at the center of coping
biology, and while much of the attention has been focused on laboratory mammals, personality researchers working with wild taxa
would beneﬁt from examining both HPA and serotonin systems
simultaneously [28]. These are exciting avenues for future work,
especially considering recent evidence demonstrating that both
personality characteristics (reviewed in [14]) and how animals respond physiologically and behaviorally to natural stressors is
important to their health, survival and reproductive success
[3,8,23,43].
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