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Environmental heterogeneity can result in spatial variation in selection pressures that can produce local adaptations. The pace-of-life
syndrome hypothesis predicts that habitat-specific selective pressures will favor the coevolution of personality, physiological, and life-
history phenotypes. Few studies so far have compared these traits simultaneously across different ecological conditions. In this study,
we compared 3 personality traits (handling aggression, exploration speed in a novel environment, and nest defense behavior) and 1
physiological trait (heart rate during manual restraint) across 3 Corsican blue tit (Cyanistes caeruleus) populations. These populations
are located in contrasting habitats (evergreen vs. deciduous) and are situated in 2 different valleys 25 km apart. Birds from these popu-
lations are known to differ in life-history characteristics, with birds from the evergreen habitat displaying a slow pace-of-life, and birds
from the deciduous habitat a comparatively faster pace-of-life. We expected personality to differ across populations, in line with the
differences in pace-of-life documented for life-history traits. As expected, we found behavioral differences among populations. Despite
considerable temporal variation, birds exhibited lower handling aggression in the evergreen populations. Exploration speed and male
heart rate also differed across populations, although our results for exploration speed were more consistent with a phenotypic dif-
ference between the 2 valleys than between habitats. There were no clear differences in nest defense intensity among populations.
Our study emphasizes the role of environmental heterogeneity in shaping population divergence in personality traits at a small spatial
scale.
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INTRODUCTION seldom been studied (Bell 2005; Quinn et al. 2009; Dingemanse
et al. 2010; Dingemanse and Réale 2013), maybe because behav-
1oral traits have often been described as highly plastic. However,
we now know that repeatable and heritable behavioral differ-
ences among individuals, that is, animal personality, can be found
in numerous species (van Oers et al. 2005; Réale et al. 2007; Bell

Environmental heterogeneity can have a fundamental impact on
phenotypic diversity. In particular, heterogeneous environments
can result in spatially variable selection pressures, thereby con-
tributing to phenotypic divergence among populations via phe-
notypic plasticity or via local adaptation (Endler 1986; Kawecki

and Ebert 2004; Nosil et al. 2005; Wang and Bradburd 2014). ¢t @ 20095 Dingemanse and Dochtermann 2014). In addition,
recent studies in various taxa have shown that personality phe-

notypes can be under strong selection and their selection regime
can fluctuate depending on environmental conditions (Réale and
Festa-Bianchet 2003; Dingemanse et al. 2004; Boon et al. 2007;
Smith and Blumstein 2008; Quinn et al. 2009; Conrad et al.
2011; Montiglio et al. 2014; Nicolaus et al. 2016). For example,
in great tits (Parus major), the strength of selection on exploratory
behavior varies spatially and temporally according to local den-

Gene flow among different habitat patches can limit the action
of environmental heterogeneity on the evolution of local adap-
tations, but its impact varies depending on the distance among
habitat patches and on the ecology of the species (LLenormand
2002; Kawecki and Ebert 2004; Wang and Bradburd 2014). The
evolutionary importance of environmental heterogeneity and
gene flow has been highlighted in multiple studies of morpholog-

ical or life-history traits (Reznick et al. 2001; Garant, Forde, et al. 8 A E ;
2007; Garant, Kruuk, et al. 2007; Siepielski et al. 2013). In con- sity and resource availability (Quinn et al. 2009; Nicolaus et al.
2016). In the common lizard (ootoca vivipara), when population

density is low, individuals that are more sociable and less active
grow faster and survive longer than less sociable and more active
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trast, their roles in the evolution of behavioral adaptations have
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An increasing number of studies are showing that personality
traits covary with life-history and physiological traits (Réale et al.
2000; Boon et al. 2007; Dammhahn 2012; Korsten et al. 2013;
Montiglio et al. 2014; Careau et al. 2015). Réale et al. (2010)
developed the pace-of-life syndrome hypothesis, where they pos-
tulated that personality and physiological traits might have (co)
evolved with life-history strategies (see also Ricklefs and Wikelski
2002; Wikelski et al. 2003; Wiersma et al. 2007). According to this
hypothesis, individuals, populations, or species are positioned along
a slow-fast pace-of-life continuum. For example, individuals show-
ing risky behaviors resulting in increased predation probability (e.g.,
faster exploration patterns, higher aggressiveness, and higher bold-
ness) are positioned on the fast end of the pace-of-life continuum
and should therefore reproduce at an earlier age, produce more
offspring per reproductive event, and have lower adult survival,
whereas those showing safer behaviors (slower exploration, less
aggressiveness, and lower boldness) should be at the slow end of
the pace-of-life continuum (Réale et al. 2010). Based on the asset-
protection principle (Clark 1994), theoretical studies predict that
the association between personality traits related to risk-taking and
life-history traits might emerge when behavior mediates life-history
trade-ofls, such as the trade-off between current and future repro-
duction (Stamps 2007; Wolf et al. 2007). Such an association has
been recently observed in a number of empirical studies (Biro and
Stamps 2008; Réale et al. 2010; Nicolaus et al. 2012).

The association between personality/life-history traits and fitness
may vary in time or in space, depending on the environmental con-
ditions and fitness expectations (Réale et al. 2010; Montiglio et al.
2014). For example, according to the pace-of-life syndrome hypoth-
esis, environmental conditions that reduce residual reproductive
value (i.e., low adult survival) should favor a fast life-history strat-
egy (i.e., strong reproductive investment early in life and reduced
longevity) and a fast personality (i.e., risky behavior such as fast
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exploration pattern and high aggressiveness) if the fast personal-
ity phenotype favors current reproduction at the expense of future
survival. Conversely, environmental conditions that increase resid-
ual reproductive value (i.e., high adult survival) but provide limited
resources for reproduction should favor the evolution of both a
slow pace-of-life (i.e., prolonged longevity and reproductive invest-
ment spread over a long lifetime) and a slow personality (i.e., safer
behavior such as slow exploration pattern and low aggressiveness).
Hence, spatial and temporal variation in environmental conditions
has the potential to create a geographical mosaic of a combined set
of personality and life-history phenotypes or to promote the evo-
lution of a coordinated phenotypic plasticity for a body of traits
(Montiglio et al. 2014). To date, only a few empirical studies have
shown that populations inhabiting different habitats differ in suites
of traits involved in the pace-of-life syndrome (but see Atwell et al.
2014).

In this study, we compared the distribution of personality phe-
notypes across 3 blue tit (Cyanistes caeruleus) populations living in
contrasting habitats (Figure 1). Long-term monitoring of these pop-
ulations has previously revealed strong phenotypic differences for
numerous life-history, morphological, and ornamental traits despite
their spatial proximity (from 5.6 to 25.0 km between each popula-
tion; Table 1; Charmantier et al. 2016). These populations live in
2 different valleys on the island of Corsica (France) dominated by
different tree species, the deciduous downy oak (Quercus pubescens)
and the evergreen holm oak (Quercus ilex). One population is located
in a deciduous habitat (Deciduous-Muro, hereafter D-Muro),
whereas the other 2 populations are located in a habitat dominated
locally by evergreen oaks (Evergreen-Muro and Evergreen-Pirio,
hereafter E-Muro and E-Pirio; Figure 1). The deciduous versus
evergreen nature of the locally dominant tree species in each pop-
ulation and valley has a cascading influence on several ecological
features, which in turn affect the birds’ life-history characteristics

(b) Regino valley

(c) Fango valley

(a) Schematic representation of our 3 study populations located in 2 different valleys: the Fango valley and the Regino valley. The study area in the Regino

valley is divided into 2 study populations: E-Muro and D-Muro. E-Muro is located in a forest dominated locally by evergreen oaks and D-Muro in a forest

dominated by deciduous oaks. The E-Pirio population is located in a forest dominated by evergreen oaks in the Fango valley; (b) picture of the Regino valley

and (c) of the Fango valley.
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Table 1

Life-history, morphological characteristics (mean [n]), and caterpillar abundance in the 3 Corsican blue tit populations studied
(France)

Habitat/populations Deciduous D-Muro Evergreen E-Muro Evergreen E-Pirio
First year of monitoring 1993 1998 1976

Annual adult survival probability* 0.39 (15) 0.58 (15) 0.47 (15)

Date of first egg laying®, 1 = 1 March 38.56 (1233) 48.21 (640) 70.08 (1920)
Male body mass (g)" 9.82 (1032) 9.66 (1032) 9.37 (1607)
Female body mass (g)’ 9.66 (1153) 9.47 (480) 9.23 (1616)

Male tarsus length (mm)® 16.52 (578) 16.42 (198) 16.27 (789)
Female tarsus length (mm)® 16.05 (614) 15.99 (224) 15.84 (798)
Clutch size” 8.50 (1235) 7.12 (638) 6.61 (1913)
Number of fledglings” 6.60 (1092) 4.14 (557) 4.15 (1273)
Caterpillar abundance® 762.87 689.32 87.10

Pace-of-life Fast Slow/intermediate Slow

At the bottom of the table, we have indicated the pace-of-life syndrome characterizing each population according to their life-history characteristics.
“Dubuc-Messier G et al. (in preparation): these survival probabilities were estimated from fully time-dependent models with the software E-SURGE v.1.9
(Choquet et al. 2009; from years 2000 to 2015); they are in line with the survival probability estimations of Grosbois et al. (2006; Pirio: years 1985-2000 and
D-Muro: 1993-2000); the number in parenthesis refers to the number of years considered in the analyses.

PCharmantier et al. (2016) (collected between the first year of monitoring and 2014).

‘Mean maximal frass mg/m? per day (sampled in each population between 2011 and 2015 during the breeding period using 0.25 m? trays placed under the
forest canopy and collected twice a week, see Zandt et al. (1990) for details about the sampling procedure).

(Blondel et al. 1999). For example, large differences in the timing
and abundance of food resources (i.c., mainly the leaf-eating Tortrix
viridana caterpillars) result in differences in clutch size, nestling num-
ber and up to a month difference in laying dates between E-Pirio
and D-Muro (Table 1; Charmantier et al. 2016). Furthermore,
individuals in the 2 evergreen habitats have higher adult survival
probabilities than individuals from the deciduous habitat (Table 1).
Hence, based on their life-history characteristics, individuals from
the evergreen habitats could be characterized as displaying a slower
pace-of-life than individuals from the deciduous habitat D-Muro,
showing a comparatively faster pace-of-life (Table 1).

In each population, we repeatedly measured 3 behavioral traits
and 1 physiological trait traditionally used in personality studies
and that are related to risk taking. First, we measured docility as the
reaction of birds toward the handler (Réale et al. 2007). Docility is
related to life-history traits (Réale et al. 2000, 2009) and has been
shown to be repeatable and heritable in blue tits (Brommer and
Kluen 2012; Class et al. 2014). Although our test was slightly dif-
ferent than Brommer and Kluen (2012), we decided to call docility
“handling aggression”, so that the highest score for this behavior
corresponds to the most aggressive response and to facilitate com-
parisons with other works on blue tits (Brommer and Kluen 2012;
Class et al. 2014). Second, we quantified heart rate during manual
restraint. This trait has been shown to be repeatable in different
species (Koolhaas et al. 1999; Réale et al. 2009; Montiglio et al.
2012; Ferrari et al. 2013) and is also potentially associated with life-
history characteristics (Réale et al. 2010). Heart rate during stress-
ful events, such as manipulation, is often studied in the context of
coping styles and is linked to the activity of the sympathetic and
parasympathetic nervous systems (Koolhaas et al. 1999; Ferrari
et al. 2013). Coping styles correspond to the way individuals cope
with a stressful situation (Koolhaas et al. 1999; Groothuis and

sarere 2005). Coping style is linked with many of the behaviors
typically associated with fast and slow pace-of-life (Réale et al.
2010): at one extreme, proactive individuals are highly active,
highly aggressive, and fast explorers, whereas at the other extreme,
reactive individuals are, lowly active, lowly aggressive, and slow
explorers (Koolhaas et al. 1999). The sympathetic nervous system
is presumed to be the dominant system in proactive individuals,

whereas the parasympathetic nervous system is presumed to be
dominant in reactive individuals (Koolhaas et al. 1999, 2007).
Third, we quantified exploration behavior in a novel environment.
Exploration in a novel environment is traditionally used in person-
ality studies (Réale et al. 2007) and is repeatable in blue tits (Mutzel
et al. 2013). Finally, we measured nest defense behavior, which is
assumed to decrease the probability that a predator will harm the
offspring in a nest while increasing the probability of injury for the
parents (Irivers 1972; Montgomerie and Weatherhead 1988). Nest
defense behavior involves a trade-off between parental survival and
offspring protection. An increasing number of studies are show-
ing among-individual variation in nest defense intensity revealing
among-individual differences in investment in current reproduction
versus residual reproductive value (Montgomerie and Weatherhead
1988; Hakkarainen and Korpimaki 1994; Kontiainen et al. 2009;
Fresneau et al. 2014).

We expected that the difference in ecological conditions between
habitats and populations would produce different selection pres-
sures on personality traits that would result in different mean per-
sonality phenotypes among habitats and populations in our study
system. As proposed by the pace-of-life syndrome hypothesis, we
expected that the differences in personality phenotype between
habitats would be linked to their difference in life-history character-
istics. More specifically, we predicted that in the evergreen habitats
individual blue tits would display personality phenotypes associated
with a slow pace-of-life, whereas individuals inhabiting the decidu-
ous habitat would display personality phenotypes associated with
a faster pace-of-life. Based on previous studies on personality, we
expected that a higher handling aggression (Réale et al. 2010), a
faster heart rate during manual restraint (increased activity of the
sympathetic system; Koolhaas et al. 1999; Ferrari et al. 2013), a
faster exploration pattern (Réale et al. 2010; Nicolaus et al. 2012),
and a higher nest defense intensity (Montgomerie and Weatherhead
1988) would be associated with a faster life style and would there-
fore be found in individuals located in the deciduous population
(D-Muro). Because the differences in ecological conditions and
life-history characteristics are more salient between E-Pirio and
D-Muro than between E-Muro and D-Muro (Table 1), we expected
more substantial differences in personality phenotypes between the
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2 former populations. In addition, because sex differences in per-
sonality traits and behavioral syndromes are found in an increasing
number of studies (Schuett et al. 2010; Dammhahn 2012; Iresneau
et al. 2014), we expected to find sex differences in mean phenotypes
and sex-specific differences between populations.

The 2 valleys (Regino and Fango) have different ecological con-
ditions, which could also be important in shaping the personality
phenotype of blue tits in each population. Indeed, in the Regino
valley (E-Muro and D-Muro populations; Figure 1), the dominant
tree species is the deciduous oak, and the evergreen oak is only
present in isolated patches (e.g., E-Muro). In contrast, in the Fango
valley (E-Pirio), the deciduous oak is completely absent, and the
evergreen oak is the dominant species and forms a homogeneous
habitat (Porlier et al. 2012). The 2 valleys also differ in their level of
anthropogenic activities, precipitation, and temperature. Therefore,
the 2 evergreen populations share the same dominant oak species
at a small spatial scale but differ in their ecological conditions at
the scale of the valley. Although E-Muro and D-Muro share the
same large-scale ecological conditions that are specific to the val-
ley, they experience different ecological conditions at a small spatial
scale (e.g., proportion of deciduous oak). The results from previ-
ous studies in this system suggest that morphological and life-his-
tory traits are shaped by factors that vary at different spatial scales;
some traits are shaped by factors specific to the local dominant oak
species and others by factors specific to the valley. For example,
E-Muro birds display laying dates and female tarsus lengths similar
to D-Muro but their average number of fledglings and adult sur-
vival probabilities are more similar to E-Pirio (Table 1). Hence, the
comparison of personality phenotypes among these 3 populations
may provide insight into the spatial scale at which environmental
conditions affect the phenotype of different personality and physi-
ological traits.

METHODS

Study species, sites, population characteristics,
and field protocol

Blue tits are small (9-13g), forest cavity-nesting passerine birds,
commonly found in wooded habitats of the western Palearctic,
ranging from southern Scandinavia to the Canary Islands. Blue tits
are soclally monogamous with biparental care and are sedentary in
our study populations. This study was conducted in 3 populations
in the region of Calvi, Corsica, France: E-Pirio (42°34'N, 08°44’E;
200-m elevation; 205 nest-boxes distributed in 2 study plots),
E-Muro (42°35'N, 08°57°E; 100 m elevation; 75 nest-boxes dis-
tributed in 3 study plots), and D-Muro (42°32°N, 08°55’E; 350 m
elevation; 110 nest-boxes distributed in 3 study plots). These popu-
lations have been studied since 1976, 1998, and 1994, respectively
(Blondel et al. 2006; Charmantier et al. 2016).

A weekly to daily monitoring over the course of the breeding
season, from early April to the end of June, allowed us to record
the exact laying dates and clutch sizes for all broods in nest-boxes.
Adult blue tits were captured in nest-boxes, identified or ringed
with unique metal rings provided by the Centre de Recherches sur
la Biologie des Populations d’Oiseaux (CRBPO, Paris, France), and
weighed to the nearest gram using a Pesola® spring. In 2014 and
2015, we used color rings (Ecotone® 2.7mm) placed on the tar-
sus for further identification during nest defense observations. We
determined the sex of each individual by examining the presence/
absence of a brood patch during the breeding period or based on
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feather coloration outside the breeding period (Perrins 1979; Ferns
and Hinsley 2010; Fresneau et al. 2014). All nestlings were also
weighed, measured, and uniquely identified with metal rings placed
on their right tarsus at 9-15 days of age.

Behavioral tests

Behavioral tests were run between 2011 and 2015. Tests were
performed either during the prebreeding period when males and
females paired up and started defending a territory (from 17 to 30
March for D-Muro and E-Muro and from 4 April to 3 May for
E-Pirio) or during the breeding period when adults were feeding
nestlings. During the prebreeding period, birds were caught with
a mist net or lured into a trap using a live blue tit decoy and play-
back of territorial calls near a nest-box. Birds were then tested
for handling aggression, heart rate during manual restraint, and
exploration behavior in a novel environment. During the breeding
period, we also measured handling aggression on parents caught
inside the nest-box when nestlings were 10-14 days old and mea-
sured nest defense behavior when nestlings were 9 days old. All
tests, except handling aggression, were performed only once a year
for each individual. Occasionally, a bird was caught twice during
the prebreeding period, but it was immediately released after the
second capture, or if a test was done unintentionally, this test was
discarded from the data set (tests from 22 individuals were dis-
carded). Handling aggression tests were done at most twice per
year per individual (once during the prebreeding and once during
the breeding period). For every trait, there were 1 or 2 observers
who performed most of the observations in every population for at
least 3 years (40-70% observations were made by 2 observers, see
Supplementary Tables S1-S3 for details).

Handling aggression score

Handling aggression was scored from 2011 to 2014. The test was
done within 2 min after capture, directly after removing the bird
from the trap and prior to any other manipulation. The handler
held the bird in the upright position, head up, with his back facing
the handler. He held the bird with one hand and placed the bird’s
legs between his forefinger, his middle finger, and his thumb to let
the bird free to move its tail and wings. The handler pointed the
forefinger of his other hand at a spot about 2-3cm in front of the
bird’s beak and noted if the bird struck at his finger, and the position
of its wings and tail. After 2 s in this position, the handler moved
his forefinger toward the bird’s beak 2 or 3 times and recorded its
reaction. The score ranged from 0 (the bird shows no reaction) to
3 (the bird spontaneously strikes the handler’s fingers and spreads
its wings and tail). The scoring protocol is reported in detail in
Supplementary Table S4. The entire test lasted less than a minute.

Heart rate during manual restraint

Heart rates during manual restraint (HR, hereafter) were collected
between 2011 and 2015. Following the handling aggression scoring,
the bird was put in a cloth bag and brought to the novel-environ-
ment apparatus (approximately 1-200 m away) where we recorded
heart rate during manual restraint. Prior to recording, the handler
placed the bird’s head between his forefinger and his middle finger
and put the bird’s legs between his thumb and forefinger. HR was
then recorded for 30s, using a digital recorder with the microphone
placed close to the bird’s cloaca and directed toward the heart.
Back in the lab, we used the software Avisoft SASLab Pro ver-
sion 5.1 to extract the mean time interval (seconds) between 2 heart



452

beats using approximately 100 consecutive heart beats per indi-
vidual. We used the number of heartbeats in a minute (60/mean
time interval) in the analysis. We recorded HR instead of breath
rate (BR hereafter), a measure more commonly used in bird studies
(Carere and van Oers 2004; Fucikova et al. 2009; Brommer and
Kluen 2012; Kluen et al. 2014), because although the analysis is
more time consuming, HR scoring can be automated and is thus
less prone to errors or biases than BR. To compare our results
with other studies on birds, we examined the correlation between
HR and BR on a subsample of 102 birds in 2015. BR was mea-
sured right after recording HR, following the protocol described
by Brommer and Kluen (2012). In short, we measured the time
required for the bird to take 30 breaths and repeated this procedure
twice. We transformed the average of the 2 measures to obtain the
number of breaths in a minute (1800/average of the 2 measures).

Exploratory behavior in a novel environment

Data on exploration were collected between 2011 and 2014. After
a bird’s heart rate was measured, it was placed in a novel-envi-
ronment apparatus built on the model proposed by Mutzel et al.
(2013). From 2011 to 2013, the apparatus consisted of a large white
cage (120cm x 50cm X 50 cm) with 6 perches and one side com-
posed of small mesh, allowing us to video trials (Supplementary
Figure Sla). The apparatus was placed in the trunk of a car
(Kangoo, Renault), and the car side and back windows were cov-
ered with a tarp to isolate the tested bird from the external envi-
ronment (Supplementary Figure Sla). Natural light was used for
the video recording. In 2014, to homogenize light conditions over
time and space, we used a slightly smaller novel-environment appa-
ratus (110X 50X 50cm) placed inside a closed trailer and artificial
lights for every trial (Supplementary Figure S1b). Prior to all trials,
the bird was placed for 2min in a closed chamber (15X 15X 15cm)
located on the right-hand side of the novel-environment apparatus
and connected to the main chamber by a sliding door. We then
opened the door, gently pushed the bird inside the main chamber
and video recorded its behavior for 5min. The bird was subse-
quently retrieved of the novel-environment apparatus, ringed when
necessary, weighed, and released. Birds that could not be put in the
novel-environment apparatus right after the heart rate measure-
ment were placed in a small cloth bag for a maximum of 30min.
When the time interval between the HR recording and the novel-
environment trials was more than 30 min, the birds were placed in
a cage with water and mealworms (z = 193 trials).

Back in the lab, we extracted the average speed of the bird (cen-
timeter/second) during the trial using the software EthoVision XT
version 9, and we used this variable in the analyses as a measure
of exploratory behavior. Compared with other ways of measuring
movements in the novel environment, the computation of aver-
age exploration speed can be automated, reducing both errors
and biases. Furthermore, the average speed was well correlated to
the number of large flights in our novel-environment apparatus
(r=10.9, P <0.001, » = 20), a measure that has commonly been
used to quantify exploratory behavior in other studies (Dingemanse
et al. 2002; Mutzel et al. 2013).

Nest defense behavior

Nest defense trials were conducted from 2012 to 2015 in E-Pirio
and in 2012, 2014, and 2015 in D-Muro and E-Muro. We mea-
sured nest defense behavior with a stuffed Eurasian jay (Garrulus
glandarius), a common predator of blue tit nestlings in Corsica.

Behavioral Ecology

The decoy was placed as close as possible to the nest-box (mini-
mum = 0.50 m, maximum = 4.00 m, mean = 1.18 m, standard
deviation [SD] = 0.67 m). The observer was hidden between 6 and
30 m from the nest-box (mean = 14.14 m, SD = 4.33 m). As soon
as a parent blue tit approached within 15 m of the nest-box, we
estimated its minimal approach distance from the nest-box during
the next 5min. For practical reasons, recording the distance to the
nest-box was much easier and more accurate than estimating dis-
tance to the predator, but the 2 distances were highly correlated
and parents did not approach nest-boxes with the intention of feed-
ing their nestlings because they systematically dropped or ate their
prey once they located the predator, and none entered the nest-
box during the test (Dubuc-Messier G, personal observation). We
recorded the behavior of the 2 partners at the same time when they
were both present. Tests were done only once per nest-box per year.
Birds that did not enter the 15 m perimeter within 15min after the
beginning of the test (decoy in place) were discarded from the data
set. The sex and identity of each parent was determined using indi-
vidual color rings, the position of the metal ring (adult females are
ringed on their left leg), or based on feather coloration. Birds were
caught for final identification and/or ringing the day after the test.

Statistical analysis

To test for phenotypic differences among populations, we used uni-
variate linear mixed-models and included population in fixed effect.
Models were run separately for each trait. In all models, we also
included sex, age (juvenile or adult), year, and the 2-way interac-
tions between year and population and between sex and population
as fixed eflects. The time of the day when each test was performed
(hour) was also added as a confounding variable for each trait. The
random effect structure of each model is detailed at the end of this
section.

Relevant confounding and biological variables were added for
cach trait. For handling aggression score, because this trait was
repeatable within a year and for a given period of captures across
years (Supplementary Table S5), we pooled the data from both
periods and added “capture period” as a fixed effect.

For HR, because there was substantial among-individual varia-
tion in the time between capture and HR recording (minimum
time: Omin; maximum time: 96min), we added the time between
capture and recording as a fixed effect in the analyses. We also
included body mass as a fixed effect for this trait because HR is
related to metabolic rate and both traits are positively correlated
with body mass (Green 2011). We investigated the relationship
between HR and BR using a univariate linear model. We used HR
as a response variable, mean BR as a fixed effect and included in
fixed effect all the significant confounding variables for HR identi-
fied previously.

For average exploration speed, we also included as con-
founding variables the time interval between capture and tri-
als (minimum = 5min, maximum = 57min, mean = 21.15min,
SD = 11.40min) and the confinement system used between heart
rate recording and trial (3 classes: no confinement, bag, or cage).

For nest defense behavior, we added as confounding variables the
distance between the decoy and the nest-box, the distance between the
observer and the nest-box, and the identity of the decoy (we used 2
different stuffed Eurasian jays). To ensure that any difference between
populations would not be caused by the availability of perches close
to the nest-box, we included the distance from the nest-boxes to the
closest branch as a confounding variable in all models. However, this
variable was recorded for all years in E-Pirio (2012-2015) but only for
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2014 and 2015 in D-Muro and E-Muro. The inclusion of this vari-
able in the models thus limited our population comparison to 2014
and 2015. We also tested for a correlation between the nest defense
behavior of an individual and its partner’s behavior during the test
using a univariate linear model. We used female minimal approach
distance as a response variable and male minimal approach distance
as a fixed effect and included as fixed effect all the significant con-
founding variables for nest defense. Minimal approach distance was
square root transformed prior to analyses.

To control for differences in reproductive status among individu-
als during trials, we used the time between measurement and laying
date as an additional fixed effect for HR and exploration speed.
For handling aggression, the “capture period” fixed effect and the
time between measurement and laying date were highly correlated,
we thus kept only “capture period” in models. We did not control
for the reproductive status of individuals for nest defense behavior
because all trials were performed when nestlings had 9 days old.

To control for any effect of habituation of the birds in response to
either repeated manipulations by humans or to repeated visits in the
novel-environment apparatus, we used the order of capture (for han-
dling aggression and HR) or the order of the novel-environment trials
as a fixed effect in the models. We assumed that there was no habitu-
ation during nest defense trials, because this test imitated a real preda-
tor attack and trials were done only once a year for a given individual.

The significance of the confounding variables was first tested
using likelihood-ratio tests (L-ratio test; Bates et al. 2014b) and a
backward stepwise procedure starting with a model including all
the confounding variables. We then used the same procedure to
test for the significance of the biological variables (population, age,
sex, and year) starting with a model containing all the biological
variables and the significant confounding variables. All models were
run first on a data set combining both sexes. When a significant
interaction between sex and population was found, we ran sepa-
rated models for males and females using the fixed effect structure
of the models selected with the sexes pooled.

If a significant population effect was revealed for a trait, we
tested for a significant difference between 2 given populations by
including 2 populations in a single model (E-Pirio and D-Muro;
E-Pirio and E-Muro; E-Muro and D-Muro) and by running L-ratio
tests to test for the presence of a significant population effect. In
these models, we did not include the interaction between year and
population or between sex and population. This allowed us to test
the significance of the population term alone. Comparing a model
with the interaction term between population and year or popula-
tion and sex to a model without the term population would test

Table 2
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simultaneously for 2 effects: the interaction between the 2 terms
and the population. In addition, not including the interaction
between population and year or sex allowed us to investigate the
difference in phenotype between populations over the entire study
period not only for one specific year or sex. We also checked for a
significant valley effect (Regino vs. Fango) rather than a population
effect and present these results in Supplementary Table S12.

We included individual and observer identity as random effects
to decompose the phenotypic variance into among-individual (Vjp),
among-observer (Vps not included for average exploration speed
in the novel environment), and residual (V) components and to
account for the nonindependence of repeated measures on the
same individual. Repeatability of personality traits was estimated
using repeated behavioral trials for the same individuals across
years. We calculated adjusted repeatability as rnp = Vip/(Vip + Vi)
or Vip/(Vip + Vops + Vi) using the fixed effect structure selected
previously and agreement repeatability as np = Vip/(Vip + 1R)
using no fixed effects (Nakagawa and Schielzeth 2010). We calcu-
lated the repeatability of each trait for the metapopulation and for
each population and sex, separately. We calculated the observer
effect as Vops/(Vip + Vops + Vi) using the fixed effect structure
selected previously. We assessed the significance of the random
terms using L-ratio tests (Pinheiro and Bates 2000).

All analyses were done using the package lme4 (Bates et al.
2014a) in R (version 3.1.3, R Core Team 2015). Confidence inter-
vals (CI) were generated using the confint.merMod function of the
lme4 package.

Captures were performed under ringing permits delivered
by the CRBPO (ringing permit number 1907 to A.C., pro-
gram permit number 369). All experimental protocols described
here were approved by the ethics committee for animal experi-
mentation of Languedoc Roussillon (305-CEEA-LR-12066
approved in 2012), by Regional Institutions (bylaw issued by the
Prefecture on 15/06/2012 n° 2012167-0003), and by the Comité
Institutionnel de Protection des Animaux (UQAM; CIPA-769-
2015; 0413-R1-769-0414).

RESULTS
Repeatability

Significant among-individual differences were observed for each
trait, with adjusted repeatability estimates ranging from 0.26 to
0.75 (Table 2). Observer identity significantly affected handling
aggression (proportion of total variance = 0.03; L ratio = 21.33;
P < 0.001; 17 observers) and the minimum approach distance

Among-individual, among-observer, and residual variances (95% CI) along with adjusted and agreement repeatability (p; Nakagawa
and Schielzeth 2010), sample sizes, and statistics for the significance of adjusted repeatability for 3 personality traits and 1
physiological trait measured in 3 Corsican blue tits populations (France)

Trait Vi (CT) Vos (CT)

np adjusted; agreement

Handling aggression 0.22 (0.16; 0.28) 0.03 (0.01; 0.07)

HR (beats/min) 7103 (5396.17; 8972.43) 201.20 (0.00; 458.88)
Average exploration speed 22.74 (17.11; 33.83) n/a

(em/s)

Nest defense (m)

0.15 (0.06; 0.23) 0.14 (0.03; 0.44)

Tk (CI) (Nna 1, 2, 3,4, +) Lratio Pvalue
0.61 (0.55; 0.67) 0.26; 0.30 (458, 242, 114, 66, 33) 82.39  <0.001
2326 (1655.02; 3411.38) 0.75; 0.64 (243, 34, 18, 4, 1) 41.25  <0.001
25.34 (12.20; 32.10) 0.47; 0.40 (385, 89, 19, 1, 0) 17.10  <0.001
0.22 (0.14; 0.30) 0.30; 0.52 (196, 31, 7, 0, 0) 9.37  <0.005

(Maa 1, 2,3,4, +) indicates how many individuals were included in the models with 1, 2, 3, 4 or more than 4 tests. L ratio and P values are from the comparison
of a full model and a model without the term individual identity as random effect. Data from the 3 populations and for both sexes are included. Vp, Vogs, Vs
and adjusted repeatability were calculated from models with all the significant fixed effects for each trait; for details on fixed effects structure and effect sizes, see

Supplementary Tables S8-S11. n/a, not applicable.
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(0.27; L ratio = 31.60; P < 0.001; 7 observers), but not HR (L
ratio = 0; P = 0.99; 5 observers). Handling aggression, HR, and
average exploration speed were significantly repeatable for all pop-
ulations except for exploration speed in E-Pirio, where a large pro-
portion of the variance was nevertheless explained by bird identity
(Supplementary Table S6). The small number of repeated mea-
sures for nest defense behavior prevented us from testing its repeat-
ability in each population separately. All traits were repeatable for
both sexes except nest defense behavior, which was repeatable for
females only (Supplementary Table S7).

Population difference and variation across sex
and time

Handling aggression

Populations differed significantly in average handling aggres-
sion score (Tables 3 and 4, Figure 2a, and Supplementary Table
S8). Birds in D-Muro (mean = 1.69; SD = 0.95) had a sig-
nificantly higher handling aggression score than those from
E-Muro (mean = 1.48; SD = 0.96) and than those from E-Pirio
(mean = 1.49; SD = 0.99), whereas birds in E-Pirio and E-Muro
displayed similar scores (Table 4, Figure 2a). Females were less

Table 3

Population differences and significant biological variables for
3 personality traits and 1 physiological trait across 3 Corsican
blue tit populations (France)

Trait Fixed effect Lratio  Pvalue
Handling aggression Population 13.84 <0.001
Year 22.88 <0.001
Population X year 67.18 <0.001
Sex 42.33  <0.001
HR (beats/min) Population 415 0.15
Year 7020.3  <0.001
Sex 92.60 <0.001
Body mass 398.94 <0.001
Population X year 19.16  <0.050
Average exploration speed (cm/s)  Population 13.37 <0.010
Year 81.91 <0.001
Sex 14.74  <0.050
Population X year 8.35 <0.001
Nest defense (m) Year 16.34 <0.001
Sex 14.35 <0.001

L ratio and P values are from the comparison of a full model and a model
without the variable of interest. Confounding variables included in the
models are described in Supplementary Tables S8-S11. Random effect
structures are individual and observer identity. All effect sizes and CI are
described in Supplementary Tables S8 and S11.
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aggressive than males (estimate: —0.34 [95% CIL: —0.44; —0.24];
Supplementary Table S8). There was no significant interaction
between sex and population for this trait (£ = 0.31; L ratio: 2.35),
but there was a significant interaction between population and
year; individuals from D-Muro were more aggressive compared to
individuals in E-Pirio in 2011, whereas in 2012 and 2013, individu-
als in D-Muro were less aggressive (Table 3; Supplementary Figure
S2a and Table S8).

Heart rate

Mean HR during manual restraint was positively related to BR
(estimate: 0.82 [95% CI: 0.06; 1.66]; L ratio = 4.33; P < 0.05):
individuals with a fast heart rate breathed faster during restraint.
When we did not control for body mass, birds from E-Pirio had
a faster HR (mean = 976.24 beats/min; SD = 86.99) than birds
from D-Muro (mean: 963.30 beats/min; SD = 87.80) and E-Muro
(mean = 955.97 beats/min; SD = 89.18), but birds from E-Muro
and D-Muro had a similar heart rate (E-Pirio vs. D-Muro: estimate:
26.64 [95% CI: 1.15; 52.06]; L ratio = 3.90; P < 0.05; E-Pirio vs.
E-Muro: estimate: 30.66 [95% CI: —0.418; 61.71]; L ratio = 3.74;
P = 0.053; D-Muro vs. E-Muro: estimate: —9.09 [95% CI: —36.14;
17.92]; L ratio = 0.44; P = 0.53). There was also a significant inter-
action between population and year (L ratio = 21.92; P < 0.01;
Supplementary Figure S2b).

Lighter individuals had a faster HR (P < 0.001; Supplementary
Table S9), and there was a significant difference in body mass
between populations: birds from E-Pirio were lighter than birds
from D-Muro (estimate: —0.15 [95% CI: —-0.27; —0.05]; L
ratio = 7.42; P < 0.01) and from E-Muro (estimate: —0.11 [95%
CI: —0.23; 0.01]; L ratio = 3.11; P = 0.078). Consequently, mean
HR did not differ significantly among populations when we con-
trolled for body mass (E-Pirio vs. D-Muro: L ratio = 2.07; P = 0.15;
E-Pirio vs. E-Muro: L ratio = 2.01; P = 0.16; E-Muro vs. D-Muro:
L ratio = 0.308; P = 0.58; Figure 2b). There was also a significant
interaction between population and year when we controlled for
body mass (Table 3; Supplementary Figure S2b and Table S9).

We found a marginally significant interaction between sex and
population (L ratio = 5.65; P = 0.059). When we analyzed both
sexes separately and controlled for body mass, males from E-Pirio
had a faster HR than males from E-Muro (estimate: 81.03 [95%
CIL: 35.66; 129.93]; L ratio = 11.62; P < 0.001) and males from
E-Muro had a marginally significantly slower HR than males from
D-Muro (estimate: —32.71 [95% CI: —69.68; 3.90]; L ratio = 3.08;
P =0.079; Figure 3). However, there was no difference in male HR
between D-Muro and E-Pirio (L ratio = 2.36; P = 0.12) and no
population effect for females (L ratio = 0.90; P = 0.65).

Table 4

Differences in handling aggression score and average exploration speed (cm/s) between pairs of blue tit populations in Corsica

(France)

Trait Populations compared Estimate (95% CI) L ratio Pvalue

Handling aggression E-Pirio versus D-Muro —0.14 (=0.27; —0.01) 4.268 <0.05
E-Pirio versus E-Muro 0.11 (=0.04; 0.25) 2.110 0.25
E-Muro versus D-Muro —0.28 (—0.41; —0.15) 17.752 <0.001

Average exploration speed E-Pirio versus D-Muro —3.41 (-5.33; —1.49) 10.444 <0.005
E-Pirio versus E-Muro —-2.01 (-3.97; —0.05) 4.324 <0.05
E-Muro versus D-Muro —1.27 (=3.30; 0.78) 4.600 0.100

Significant differences between populations are in bold. The second population in the second column is the reference population. Estimates and 95% CI are from a
model with the 2 populations of interest and the same fixed effects structure detailed in Table 3 and Supplementary Tables S8 and S10 but without the interaction
term between population and year. L ratio and P values are from the comparison of a full model and a model without the term population as fixed effect.
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Boxplots for (a) handling aggression (D-Muro: number of observations [z] = 703; E-Muro: n = 447; E-Pirio: n = 549); (b) heart rate during manual restraint
(HR in beats/min; D-Muro: n = 143; E-Muro: n = 116; E-Pirio: n = 107); (c) average exploration speed (speed in cm/s; D-Muro: n = 175; E-Muro: n = 100;
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tit populations in Corsica (France). Male and female data are pooled. The significance of the between-population differences was assessed with models
contrasting 2 populations at a time with fixed effects structures as detailed in Table 3 and Supplementary Tables S8-S11 but without the interaction term
between year and population; “*” indicates a significant difference (P < 0.05) between 2 populations.
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Boxplots representing male heart rate during manual restraint (HR; in
beats/min) in 3 Corsican blue tit populations (France; D-Muro: n = 62;
E-Muro: n = 57; E-Pirio: n = 48);
population difference was assessed with models contrasting 2 populations at
a, time with fixed effects structures as detailed in Supplementary Table S9

the significance of the between

(1R

but without the interaction term between year and population. “.” indicates
a marginally significant difference (0.10 > P > 0.05), and “*” indicates a

significant difference (P < 0.05) between 2 populations.

Average exploration speed

We found a significant population effect for average exploration
speed (Table 3): individuals from E-Pirio (mean = 10.37cm/s;
SD = 7.49) were significantly slower in their exploration than indi-
viduals from D-Muro (mean = 13.52cm/s; SD = 8.39) and E-Muro
(mean = 11.84cm/s; SD = 7.16), whereas birds from D-Muro and

E-Muro did not differ (Table 4; Supplementary Table S10 and
Figure 2c). Females were slower in the novel environment than
males (estimate: —2.02 [95% CI: —3.49; —0.55]; Supplementary
Table S10), but there was no significant interaction between sex
and population (L ratio = 0.73; P = 0.69). We also found an inter-
action between population and year for this trait (Table 3). This
significant interaction was mainly attributable to 2014 when the
difference between D-Muro and E-Pirio was smaller than for the
other years (Supplementary Figure S2c).

Nest defense behavior

There were no significant difference in nest defense between pop-
ulations (L ratio = 1.85; P = 0.40; I'igure 2d) and no interaction
between population and year for this trait (L ratio = 1.92; P = 0.38).
We found a significant effect of the distance between the closest
branch and the nest-box on nest defense intensity. The inclusion of
the distance from the nest-box to the closest branch as a fixed effect
limited our population comparisons to 2014 and 2015. However,
this limitation did not hinder our capacity to detect population dif-
ferences because there was no significant difference between pop-
ulations even when we did not include the distance to the closest
branch in the model and hence included year 2012 in the compari-
son (L ratio = 2.89; P = 0.24). We also found a significant sex-differ-
ence for this trait: females had longer minimal approach distances
than males (estimate: 0.20 [95% CI: 0.05; 0.35]). Partners’ nest
defense behaviors were significantly correlated (estimate = 0.06
[95% CI: —0.06; 0.19]; L ratio = 122.48; P < 0.001).

DISCUSSION

This study reveals that blue tits from contrasting habitats display
different mean personality phenotypes. In addition, some of our
results are consistent with the pace-of-life syndrome hypothesis
because birds from the deciduous population D-Muro had a faster
phenotype on average (faster exploration pattern and higher han-
dling aggression scores) than birds from the evergreen populations
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E-Muro and E-Pirio (Table 4, Figure 2). A small number of stud-
ies have compared the personality phenotypes of wild popula-
tions that differ in ecological contexts (Iraser and Gilliam 1987;
Bell and Stamps 2004; Bell 2005; Quinn et al. 2009; Dingemanse
et al. 2010; Korsten et al. 2010; Dingemanse et al. 2012). To our
knowledge, most of these studies have compared the personality
phenotype of a single trait (Fraser and Gilliam 1987; Korsten et al.
2010), the behavioral syndrome structure (Bell and Stamps 2004;
Bell 2005; Dingemanse et al. 2010), or the plasticity (Dingemanse
et al. 2012) of populations. Very few studies have compared explic-
itly the personality phenotypes of populations that exhibit different
life-history characteristics and that differ in ecological conditions
and residual reproductive value in the framework of the pace-of-life
syndrome hypothesis. The long-term monitoring of these blue tit
populations that display pronounced phenotypic variation on many
morphological, life-history, and behavioral traits at a small spatial
scale (Charmantier et al. 2016) was an ideal opportunity to test for
personality differences in the context of the pace-of-life syndrome.

According to the pace-of-life syndrome hypothesis, populations
experiencing different ecological conditions, in particular differing
in adult mortality rates, should show different personality pheno-
types. More precisely, in the presence of a trade-off between current
and future reproduction, theoretical models predict that individuals
that have lower residual reproductive value (or asset) should dis-
play riskier behavior if it favors current reproduction over future
reproduction (Wolf et al. 2007; Sih et al. 2015). In the deciduous
population of D-Muro, adult survival is lower than in E-Pirio and
E-Muro (Table 1; Grosbois et al. 2006). Because of this lower adult
survival, birds inhabiting the deciduous habitat have a lower residual
reproductive value. We were thus expecting that birds from D-Muro
would show a personality phenotype associated with risk taking and
typical of a faster pace-of-life (higher handling aggression score,
faster heart rate, faster exploration pattern, and higher nest defense
intensity; Clark 1994; Groothuis and Carere 2005; Réale et al.
2010; Cole and Quinn 2014; Sih et al. 2015). As predicted, birds
from D-Muro had a faster exploration pattern across all years than
birds from the evergreen population E-Pirio (Table 4, Figure 2c).
Our results are also consistent with our predictions for handling
aggression scores, as birds from D-Muro had a higher handling
aggression score overall than birds from E-Muro and from E-Pirio
(Table 4, Figure 2a).

Nevertheless, some of our results are not consistent with our pre-
dictions. Indeed, there was no population difference in nest defense
intensity, and males from E-Pirio had a faster HR than males from
E-Muro. In addition, our analyses revealed very strong temporal
variation in the differences between populations in handling aggres-
sion scores, with patterns that are reversed between years. These
results suggest that other factors than the local dominant oak spe-
cies and the residual reproductive value might be important in
shaping the personality phenotype of these blue tit populations.

A matter of scale

Our study design provides insight into the factors and the spatial
scales that shape the phenotypes of different personality and physi-
ological traits. For example, exploration behavior differs between
birds from the Regino and Fango valleys (Supplementary Table
S12) but did not differ between birds with different local ecological
conditions in the same valley (D-Muro and E-Muro birds; Iigure 2¢
and Table 4). These results suggest that processes occurring at the
landscape scale (i.e., the valley; proportion of deciduous oak in the
surroundings, level of anthropogenic activities, precipitation, and
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temperature) might be more important in shaping exploration pat-
terns than processes resulting from local ecological conditions
occurring at a smaller spatial scale. In contrast, we did not find a sig-
nificant difference in handling aggression score between the 2 valleys
(Supplementary Table S12), but we did find differences between pop-
ulations with different small-scale ecological conditions (Figure 2a;
Table 4). These results suggest that small-scale ecological conditions
might be more important for shaping handling aggression pheno-
type than ecological conditions occurring at the landscape level. Our
results thus suggest that, depending on the trait under study, person-
ality phenotypes can be influenced by processes happening at differ-
ent spatial scales (Quinn et al. 2009). More study sites with different
degrees of ecological differences at varying spatial scales would be
necessary to further explore this interesting phenomenon.

Temporal variation in mean phenotype: selection
or plasticity?

The yearly changes in mean phenotypes and the significant inter-
action between population and year for handling aggression, HR,
and exploration speed (Table 3 and Supplementary Tables S8-S10)
suggest 2 possibilities that are not mutually exclusive. The first
possibility is that traits were plastic and their mean varied within
a population according to local temporal variation in environmen-
tal conditions. Indeed, variation in environmental conditions may
affect life-history characteristics, and thus personality traits, either
directly through the plasticity of individuals or indirectly through
maternal effects (Nicolaus et al. 2012; Montiglio et al. 2014).
Second, yearly variation in environmental conditions may have
created selection pressures (e.g., through differential mortality) that
have led to short-term changes in the mean phenotypes within
each population (Réale and Festa-Bianchet 2003; Dingemanse
et al. 2004; Boon et al. 2007; Kontiainen et al. 2009; Quinn et al.
2009). In this case, we would expect that traits would not change
from year to year within individuals, but that, instead, the popu-
lations in different years would be made up of different types of
individuals. Exploring the relative importance of these 2 processes
would require testing for within-individual changes in personal-
ity traits and personality-dependent demographic changes. These
questions were not the goal of this study, but we can suggest a few
explanations. In great tits, changes in population density and food
abundance drive phenotypic changes in personality and selection
pressures on behavioral traits (Dingemanse et al. 2004; Nicolaus
et al. 2016). These factors may also shape personality in the closely
related blue tit. Preliminary analyses in the 3 Corsican populations
suggest that handling aggression was not affected by population
density (Supplementary Figure S3) but depended on the amount
of caterpillar frass (an indication of the caterpillar abundance;
Supplementary Figure S4). Testing whether phenotypically plas-
tic changes or personality-dependent survivals are responsible for
yearly changes in the phenotypes measured would be an exciting
follow-up but could only be done on a longer time scale. Whatever
the reasons for these changes, these results indicate that among-
population comparisons of pace-of-life characteristics should be
made with caution if data are not collected over several years and
under contrasting environmental conditions.

Heart rate during manual restraint

Heart rate and breath rate reflect the activity of the sympathetic
and parasympathetic nervous systems (Koolhaas et al. 1999). The
sympathetic nervous system is suspected to be the dominant system
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in individuals that display fast exploration patterns, high handling
aggression, and that exhibit a fast life-history strategy and invest
more in current reproduction. The parasympathetic system is sus-
pected to be the dominant system in slow exploring and docile indi-
viduals that exhibit a slower life-history strategy and invest more in
future reproduction (proactive vs. reactive coping styles: Koolhaas
et al. 1999; Réale et al. 2010; Ferrari et al. 2013). According to
the pace-of-life syndrome hypothesis, the birds from the evergreen
populations should exhibit a personality typical of a slow pace-of-
life and thus a higher activity of the parasympathetic system and
a slower heart rate during stressful events (Koolhaas et al. 1999;
Ferrari et al. 2013). The tendency for a slower male heart rate in
E-Muro than in D-Muro 1s in accordance with this prediction.
However, contrary to our expectations, male heart rate was faster
in E-Pirio then in E-Muro. This result contradicts the literature
on pace-of-life and coping style (Koolhaas et al. 1999; Réale et al.
2010; Ferrari et al. 2013). However, a fast breath rate has been
found to be associated with low activity in the novel-environment
apparatus and with low handling aggression in other blue tit studies
(Kluen et al. 20145 but see Fucikova et al. 2009). We found a posi-
tive relationship between breath rate and heart rate in our popula-
tions. Therefore, our results indicate that males in E-Pirio are less
active in the novel-environment apparatus and have a potentially
faster breath rate, which is in line with previous studies on blue tits
personality (Kluen et al. 2014) even though it contradicts the gen-
eral pace-of-life syndrome expectations (Réale et al. 2010). Further
studies would be needed to clarify the association between the
autonomous nervous system and both personality and life-history
traits in avian species.

Nest defense behavior

We found a significant repeatability for nest defense behavior
(Table 2) revealing among-individual differences in nest defense in
blue tits. We also found that birds in a pair showed positively cor-
related nest defense behavior. This correlation between partners
could be caused by environmental factors shared by both parents,
such as brood size (Montgomerie and Weatherhead 1988), or be
the result of individuals matching their behavior to their partner’s
(Schuett et al. 2010). Alternatively, this relationship could indicate
behavioral assortative mating choice in these populations (Schuett
et al. 2010; Class et al. 2014).

Nest defense behavior involves a trade-off between parental
survival, energy reserve, and offspring protection (Irivers 1972;
Montgomerie and Weatherhead 1988). Birds that have a lower
future reproductive value and invest more in current reproduc-
tion should take more risks and invest more in offspring defense
(Hakkarainen and Korpiméki 1994; Wolf et al. 2007; Moller and
Nielsen 2014). Because they are faced with lower survival prob-
ability and larger clutches (Grosbois et al. 2006; Charmantier
et al. 2016; Table 1), D-Muro birds were expected to approach the
stuffed predator and the nest-box closer than birds from the ever-
green populations. Contrary to this prediction, we did not find any
difference among populations in nest defense behavior (Figure 2d).
It is possible that, contrary to expectations (Wolf et al. 2007; Sih
et al. 2015), risk taking during nest defense is not related to other
measures of life-history characteristics in these blue tit popula-
tions. Alternatively, the correlation between risk taking during nest
defense and other life-history traits could exist in our system but
be detectable only at the within-population level if we compare
individuals instead of populations (between-individuals correlation;
Dingemanse and Dochtermann 2013).
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Sex-specific personality phenotypes

An increasing number of studies are showing sex differences in
personality traits and behavioral syndromes (Schuett et al. 2010;
Dammhahn 2012; Iresneau et al. 2014). For example, Iresneau
et al. (2014) found different behavioral syndromes between males
and females in a Finnish population of blue tits. We found sex-spe-
cific personality phenotypes in this study, with differences between
sexes iIn mean phenotype for all traits and sex-specific difference
between populations for heart rate during manual restraint. We
also found that nest defense behavior was repeatable for females
but not for males. In general, intersexual differences in personal-
ity phenotypes are not well understood, but likely arise because of
intersexual differences in life-history strategies and selection pres-
sures (Dingemanse et al. 2004; Dammhahn 2012; Class et al. 2014).
A detailed investigation of sex-specific selection acting on these traits
would help to explain the sexual dimorphism described in this study.

Local adaptation in personality traits

Phenotypic differences between the 3 blue tit populations could be
interpreted as divergent adaptations to habitat-specific ecological
conditions, but from the present study, we cannot conclude whether
these differences are due to behavioral plasticity or due to under-
lying genetic differences. However, several lines of evidence from
recent studies on personality variation and past investigations in
these populations suggest that differences in personality traits likely
reflect genetic differences among populations and adaptations to
local ecological conditions. First, personality in Parus is under selec-
tion (Dingemanse et al. 2004; Quinn et al. 2009; Nicolaus et al.
2016) and is heritable (Brommer and Kluen 2012; Class et al.
2014). Second, common-garden experiments have revealed genetic
differences in life-history, morphological, and other behavioral traits
among the 3 populations (Table 1; Blondel et al. 1999; Braillet
et al. 2002; Charmantier et al. 2016). Third, genomic analyses
using RAD sequencing have recently revealed a fine-scale genetic
differentiation with a significant Fst of 1.8% between D-Muro and
E-Muro (Porlier et al. 2012; Szulkin et al. 2016). Fourth, genetic
drift is not likely to have driven such phenotypic differences, con-
sidering the very large population size (roughly estimated around
10000 in the Regino valley alone; Charmantier A, personal com-
munication). Finally, preliminary results from a common-garden
experiment suggest a genetic basis for the phenotypic differences
between these populations in personality phenotypes (Dubuc-
Messier G et al., in preparation).

Conclusion and perspective

Our results reveal divergent personality phenotypes among 3 blue
tit populations separated by spatial distances within the dispersal
ability of the species and reveal strong temporal variation in mean
personality phenotypes within populations. These populations
inhabit areas with contrasting ecological conditions and display dif-
ferent life-history characteristics. This study thus emphasizes the
role of environmental heterogeneity on behavioral diversity linked
to life-history characteristics. An interesting next step would be to
determine whether the phenotypic differences described across popu-
lations are mainly of genetic or environmental origin and whether
these differences result from habitat-specific selection pressures and
represent local adaptations. Different mechanisms could be respon-
sible for fine-scale genetic diflerentiation for personality traits, among
which matching habitat choice (Cote and Clobert 2007; Edelaar
and Bolnick 2012), selective barriers against migrants, and positive
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assortative mating (Richardson et al. 2014) would be appealing pos-
sibilities for future research. Furthermore, these Corsican blue tit
populations are located at the extreme south of the blue tit distribu-
tion and, based on their small clutch size, they are located on the
slower end of the pace-of-life continuum. An interesting and broader
approach to study the pace-of-life syndrome hypothesis would thus
be to compare populations at a much larger scale by including popu-
lations located further north within the species’ range.

SUPPLEMENTARY MATERIAL

Supplementary material can be found at http://wwwbeheco.
oxfordjournals.org/

FUNDING

This work was supported by the Agence Nationale de la Recherche
(BioAdapt grant ANR-12-ADAP-0006-02-PEPS to A.C.), the
European Research Council (Starting grant ERC-2013-StG-
337365-SHE to A.C.), the Observatoire des Science de I'Univers—
Observatoire de Recherche Méditerranéen de I’Environnement to
A.C., and the Natural Sciences and Engineering Research Council
of Canada (NSERC; Discovery Grant) to D.R. G.D.M. received a
PhD fellowship from the Fonds de Recherche Québec Nature et
Technologies and of Natural Science and Engineering Research
Council of Canada.

We thank the landowners for permission to work on their property. We also
thank C. De Franceschi and the numerous field assistants for their precious
work in the field, particularly V. Journeau, M.-O. Beausoleil, C. Goeflroy,
K. Dubois, S. Cété-Bougouin, and R. Mercier-Gauthier. We also thank
C. Hall for helpful comments on a previous version of the manuscript and 2
anonymous reviewers for valuable comments.

Data accessibility: Analyses reported in this article can be reproduced using
the data provided by Dubuc-Messier et al. (2016). The accessibility of the
data is subject to a 2 year embargo. Prior to public release, the authors will
honor any reasonable requests for access to data sets in order to verify the
conclusions drawn in this article.

Handling editor: Shinichi Nakagawa

REFERENCES

Atwell JW, Cardoso GC, Whittaker DJ, Price TD, Ketterson ED. 2014.
Hormonal, behavioral, and life-history traits exhibit correlated shifts in
relation to population establishment in a novel environment. Am Nat.
184:147-160.

Bates D, Michler M, Bolker B, Walker S. 2014a. Fitting linear mixed-effects
models using Ime4. Available from: http://arxiv.org/abs/1406.5823.

Bates D, Michler M, Bolker B, Walker S. 2014b. Ime4: linear mixed-effects
models using Eigen and S4. R package version 1.1-7.

Bell AM. 2005. Behavioural differences between individuals and two popu-
lations of stickleback (Gasterosteus aculeatus). ] Evol Biol. 18:464-473.

Bell AM, Hankison SJ, Laskowski KL. 2009. The repeatability of behav-
iour: a meta-analysis. Anim Behav. 77:771-783.

Bell AM, Stamps JA. 2004. Development of behavioral differences between
individuals and populations of sticklebacks, Gasterosteus aculeatus. Anim
Behav. 68:1339-1348.

Biro PA, Stamps JA. 2008. Are animal personality traits linked to life-history
productivity? Trends Ecol Evol. 23:361-368.

Blondel J, Dias PC, Perret P, Maistre M, Lambrechts MM. 1999. Selection-
based biodiversity at a small spatial scale in a low-dispersing insular bird.
Science. 285:1399-1402.

Blondel J, Thomas DW, Charmantier A, Perret P, Bourgault P, Lambrechts
MM. 2006. A thirty-year study of phenotypic and genetic variation of
blue tits in Mediterranean habitat mosaics. BioScience. 56:661-673.

Behavioral Ecology

Boon AK, Réale D, Boutin S. 2007. The interaction between personality,
offspring fitness and food abundance in North American red squirrels.
Ecol Lett. 10:1094-1104.

Braillet C, Charmantier A, Archaux F, Dos Santos A, Perret P, Lambrechts
MM. 2002. Two blue tit Parus caeruleus populations from Corsica differ in
social dominance. J Avian Biol. 33:446-450.

Brommer JE, Kluen E. 2012. Exploring the genetics of nestling personality
traits in a wild passerine bird: testing the phenotypic gambit. Ecol Evol.
2:3032-3044.

Careau V, Montiglio P-O, Garant D, Pelletier E, Speakman JR, Humphries
MM, Reéale D. 2015. Energy expenditure and personality in wild chip-
munks. Behav Ecol Sociobiol. 69:653-661.

Carere C, van Oers K. 2004. Shy and bold great tits (Parus major): body
temperature and breath rate in response to handling stress. Physiol Behav.
82:905-912.

Charmantier A, Doutrelant C, Dubuc-Messier G, Fargevieille A, Szulkin
M. 2016. Mediterranean blue tits as a case study of local adaptation.
Evol Appl. 9:135-152.

Choquet R, Rouan L, Pradel R. 2009. Program E-SURGE: a software
application for fitting multievent models. In: Thomson DL, Cooch EG,
Conroy MJ, editors. Series: environmental and ecological statistics. Vol.
3, p. 845-865.

Clark CW. 1994. Antipredator behavior and the asset-protection principle.
Behav Ecol. 5:159-170.

Class B, Kluen E, Brommer JE. 2014. Evolutionary quantitative genet-
ics of behavioral responses to handling in a wild passerine. Ecol Evol.
4:427-440.

Cole EE, Quinn JL. 2014. Shy birds play it safe: personality in captivity
predicts risk responsiveness during reproduction in the wild. Biol Lett.
10:20140178.

Conrad JL, Weinersmith KL, Brodin T, Saltz JB, Sih A. 2011. Behavioural
syndromes in fishes: a review with implications for ecology and fisheries
management. J Fish Biol. 78:395-435.

Cote J, Clobert J. 2007. Social personalities influence natal dispersal in a
lizard. Proc Biol Sci. 274:383-390.

Dammhahn M. 2012. Are personality differences in a small iteropar-
ous mammal maintained by a life-history trade-off? Proc Biol Sci.
279:2645-2651.

Dingemanse NJ, Both C, Drent PJ, van Oers K, van Noordwijk AJ. 2002.
Repeatability and heritability of exploratory behavior in great tits from
the wild. Anim Behav. 64:929-938.

Dingemanse NJ, Both C, Drent PJ, Tinbergen JM. 2004. Fitness conse-
quences of avian personalities in a fluctuating environment. Proc Biol
Sci. 271:847-852.

Dingemanse NJ, Bouwman KM, van de Pol M, van Overveld T, Patrick SC,
Matthysen E, Quinn JL. 2012. Variation in personality and behavioural
plasticity across four populations of the great tit Parus major. ] Anim Ecol.
81:116-126.

Dingemanse NJ, Dochtermann NA. 2013. Quantifying individual variation
in behaviour: mixed-effect modelling approaches. J Anim Ecol. 82:39-54.

Dingemanse NJ, Dochtermann NA. 2014. Individual behavior: behav-
ioral ecology meets quantitative genetics. In: Charmantier A, Garant D,
Kruuk LEB, editors. Quantitative genetics in the wild. Ist ed. Oxford:
Oxford University Press. p. 34-53.

Dingemanse NJ, Dochtermann N, Wright J. 2010. A method for exploring
the structure of behavioral syndromes to allow formal comparison within
and between data sets. Anim Behav. 79:439-450.

Dingemanse NJ, Réale D. 2013. What is the evidence for natural selection
maintaining animal personality variation? In: Carere C, Maestripieri
D, editors. Animal personalities: behavior, physiology and evolution.
Chicago (IL): Chicago University. p. 201-220.

Dubuc-Messier G, Réale P, Perret P, Charmantier A. 2016. Data from: envi-
ronmental heterogeneity and population differences in blue tits person-
ality traits. Dryad Digital Repository. http://dx.doi.org/10.5061/dryad.
n7v8l.

Edelaar P, Bolnick DI. 2012. Non-random gene flow: an underappreciated
force in evolution and ecology. Trends Ecol Evol. 27:659-665.

Endler JA. 1986. Natural selection in the wild. Princeton (NJ): Princeton
University Press.

Ferns PN, Hinsley S. 2010. How blue are British tits ? Sex, age and environ-
mental effects. Bird Study. 57:37-41.

Ferrari C, Pasquaretta C, Carere C, Cavallone E, Von Hardenber A, Réale
D. 2013. Testing for the presence of coping styles in a wild mammal.
Anim Behav. 85:1385-1396.


http://arxiv.org/abs/1406.5823
http://dx.doi.org/10.5061/dryad.n7v81
http://dx.doi.org/10.5061/dryad.n7v81

Dubuc-Messier et al. * Personality in a heterogeneous environment

Fraser DE Gilliam JF 1987. Feeding under predation hazard: response of
the guppy and Hart’s rivulus from sites with contrasting predation haz-
ard. Behav Ecol Sociobiol. 21:203-209.

Tresneau N, Kluen E, Brommer JE. 2014. A sex-specific behavioral syn-
drome in a wild passerine. Behav Ecol. 25:359-367.

Fucikova E, Drent PJ, Smits N, van Oers K. 2009. Handling stress as a
measurement of personality in Great tit nestlings (Parus major). Ethology:.
115:366-374.

Le Galliard JF Paquet M, Mugabo M. 2015. An experimental test of den-
sity-dependent selection on temperament traits of activity, boldness and
sociability. ] Evol Biol. 28:1144-1155.

Garant D, Forde SE, Hendry AP. 2007. The multifarious effects of dispersal
and gene flow on contemporary adaptation. Funct Ecol. 21:434-443.

Garant D, Kruuk LE, McCleery RH, Sheldon BC. 2007. The effects of
environmental heterogeneity on multivariate selection on reproductive
traits in female great tits. Evolution. 61:1546-1559.

Green JA. 2011. The heart rate method for estimating metabolic rate:
review and recommendations. Comp Biochem Physiol A Mol Integr
Physiol. 158:287-304.

Groothuis TG, Carere C. 2005. Avian personalities: characterization and
epigenesis. Neurosci Biobehav Rev. 29:137-150.

Grosbois V, Henry PY, Blondel J, Perret P, Lebreton JD, Thomas DW,
Lambrechts MM. 2006. Climate impacts on Mediterranean blue tit sur-
vival: an investigation across seasons and spatial scales. Glob Chang Biol.
12:2235-2249.

Hakkarainen H, Korpimiki E. 1994. Nest defense of Tengmalm’s owls
reflects offspring survival prospect under fluctuating food conditions.
Anim Behav. 48:843-849.

Kawecki TJ, Ebert D. 2004. Conceptual issues in local adaptation. Ecol
Lett. 7:1225-1241.

Kluen E, Siitari H, Brommer JE. 2014. Testing for between individual cor-
relations of personality and physiological traits in a wild bird. Behav Ecol
Sociobiol. 68:205-213.

Kontiainen P, Pietidinen H, Huttunen K, Karell P, Kolunen H, Brommer
JE. 2009. Aggressive Ural owl mothers recruit more offspring. Behav
Ecol. 20:789-796.

Koolhaas JM, de Boer SE, Buwalda B, van Reenen K. 2007. Individual
variation in coping with stress: a multidimensional approach of ultimate
and proximate mechanisms. Brain Behav Evol. 70:218-226.

Koolhaas JM, Korte SM, De Boer SE, Van Der Vegt BJ, Van Reenen CG,
Hopster H, De Jong IC, Ruis MA, Blokhuis HJ. 1999. Coping styles
in animals: current status in behavior and stress-physiology. Neurosci
Biobehav Rev. 23:925-935.

Korsten P, Mueller JC, Hermannstiadter C, Bouwman KM, Dingemanse
NJ, Drent PJ, Liedvogel M, Matthysen E, Van Oers K, Van Overveld T,
et al. 2010. Association between DRD4 gene polymorphism and person-
ality variation in great tits: a test across four wild populations. Mol Ecol.
19:832-843.

Korsten P, van Overveld T, Adriaensen F, Matthysen E. 2013. Genetic inte-
gration of local dispersal and exploratory behaviour in a wild bird. Nat
Commun. 4:2362.

Lenormand T. 2002. Gene flow and the limits to natural selection. Trends
Ecol Evol. 17:183-189.

Moller AP, Nicelsen JT. 2014. Parental defense of offspring and life-history
of a long-lived raptor. Behav Ecol. 25:1505-1512.

Montgomerie RD, Weatherhead PJ. 1988. Risks and rewards of nest
defense by parent birds. Q) Rev Biol. 63:167-187.

Montiglio PO, Garant D, Bergeron P, Messier GD, Réale D. 2014. Pulsed
resources and the coupling between life-history strategies and exploration
patterns in eastern chipmunks (Zamias striatus). ] Anim Ecol. 83:720-728.

Montiglio PO, Garant D, Pelletier I, Réale D. 2012. Personality differences
are related to long-term stress reactivity in a population of wild eastern
chipmunks, Zamias striatus. Anim Behav. 84:1071-1079.

Mutzel A, Dingemanse NJ, Araya-Ajoy YG, Kempenaers B. 2013. Parental
provisioning behaviour plays a key role in linking personality with repro-
ductive success. Proc Biol Sci. 280:20131019.

Nakagawa S, Schielzeth H. 2010. Repeatability for Gaussian and non-Gaussian
data: a practical guide for biologists. Biol Rev Camb Philos Soc. 85:935-956.

Nicolaus M, Tinbergen JM, Bouwman KM, Michler SP, Ubels R, Both C,
Kempenaers B, Dingemanse NJ. 2012. Experimental evidence for adap-
tive personalities in a wild passerine bird. Proc Biol Sci. 279:4885-4892.

Nicolaus M, Tinbergen JM, Ubels R, Both C, Dingemanse NJ. 2016.
Density fluctuations represent a key process maintaining personality vari-
ation in a wild passerine bird. Ecol Lett. 19:478-486.

459

Nosil P, Vines TH, Funk, DJ. 2005. Immigrants from divergent habitats.
Evolution. 59:705-719.

van Oers K, Klunder M, Drent PJ. 2005. Context dependence of personali-
ties: risk-taking behavior in a social and a nonsocial situation. Behav Ecol.
16:716-723.

Perrins C. 1979. British tits. Collins, Cornell University.

Pinheiro JC, Bates DM. 2000. Mixed effects models in S and S-PLUS. New
York: Springer.

Porlier M, Garant D, Perret P, Charmantier A. 2012. Habitat-linked pop-
ulation genetic differentiation in the blue tit Cyanistes caeruleus. ] Hered.
103:781-791.

Quinn JL, Patrick SC, Bouwhuis S, Wilkin TA, Sheldon BC. 2009.
Heterogeneous selection on a heritable temperament trait in a variable
environment. J Anim Ecol. 78:1203-1215.

R Core Team. 2015. R: a language and environment for statistical comput-
ing. Vienna (Austria): R Foundation for Statistical Computing.

Réale D, Festa-Bianchet M. 2003. Predator-induced natural selection on
temperament in bighorn ewes. Anim Behav. 65:463-470.

Réale D, Gallant BY, Leblanc M, Festa-Bianchet M. 2000. Consistency of
temperament in bighorn ewes and correlates with behaviour and life his-
tory. Anim Behav. 60:589-597.

Réale D, Garant D, Humphries MM, Bergeron P, Careau V, Montiglio
PO. 2010. Personality and the emergence of the pace-of-life syndrome
concept at the population level. Philos Trans R Soc Lond B Biol Sci.
365:4051-4063.

Réale D, Martin ], Coltman DW, Poissant J, Festa-Bianchet M. 2009. Male
personality, life-history strategies and reproductive success in a promiscu-
ous mammal. J Evol Biol. 22:1599-1607.

Réale D, Reader SM, Sol D, McDougall PT, Dingemanse NJ. 2007.
Integrating animal temperament within ecology and evolution. Biol Rev
Camb Philos Soc. 82:291-318.

Reznick D, Butler Iv M]J, Rodd H. 2001. Life-history evolution in guppies.
VII. The comparative ecology of high- and low-predation environments.
Am Nat. 157:126-140.

Richardson JL, Urban MC, Bolnick DI, Skelly DK. 2014. Microgeographic
adaptation and the spatial scale of evolution. Trends Ecol Evol.
29:165-176.

Ricklefs RE, Wikelski M. 2002. The physiology/life-history nexus. Trends
Ecol Evol. 17:462-468.

Schuett W, Tregenza T, Dall SR. 2010. Sexual selection and animal person-
ality. Biol Rev Camb Philos Soc. 85:217-246.

Siepielski AM, Gotanda KM, Morrissey MB, Diamond SE, DiBattista JD,
Carlson SM. 2013. The spatial patterns of directional phenotypic selec-
tion. Ecol Lett. 16:1382-1392.

Sih A, Mathot KJ, Moiron M, Montiglio PO, Wolf M, Dingemanse NJ.
2015. Animal personality and state-behaviour feedbacks: a review and
guide for empiricists. Trends Ecol Evol. 30:50-60.

Smith BR, Blumstein DT. 2008. Fitness consequences of personality: a
meta-analysis. Behav Ecol. 19:448-455.

Stamps JA. 2007. Growth-mortality tradeofls and ‘personality traits” in ani-
mals. Ecol Lett. 10:355-363.

Szulkin M, Gagnaire PA, Bierne N, Charmantier A. 2016. Population
genomic footprint of fine scale isolation-by-environment in
Mediterranean blue tits. Mol Ecol. 25:542-558.

Trivers RL. 1972. Parental investment and sexual selection. In: Campbell
B, editor. Sexual selection and the descent of man: the Darwinian pivot.
Chicago (IL): Transaction Publishers. p. 136-179.

Wang 1], Bradburd GS. 2014. Isolation by environment. Mol Ecol.
23:5649-5662.

Wiersma P, Mufioz-Garcia A, Walker A, Williams JB. 2007. Tropical birds
have a slow pace of life. Proc Natl Acad Sci USA. 104:9340-9345.

Wikelski M, Spinney L, Schelsky W, Scheuerlein A, Gwinner E. 2003. Slow
pace of life in tropical sedentary birds: a common-garden experiment on
four stonechat populations from different latitudes. Philos Trans R Soc
Lond. 270:2383-2388.

Wolf M, van Doorn GS, Leimar O, Weissing FJ. 2007. Life-history
trade-offs favour the evolution of animal personalities. Nature.
447:581-584.

Zandt H, Strijkstra A, Blondel J, van Balen H. 1990. Food in two
Mediterranean blue tit populations: do differences in caterpillar availabil-
ity explain differences in timing of the breeding season? In: Blondel J,
Gosler A, Lebreton JD, McCleery R, editors. Population biology of pas-
serine birds: an integrated approach. Berlin (Germany): Springer-Verlag.
p. 145-155.



