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Summary

1. Interest in the evolutionary origin and maintenance of individual behavioural variation and
behavioural plasticity has increased in recent years.

2. Consistent individual behavioural differences imply limited behavioural plasticity, but the prox-
imate causes and wider consequences of this potential constraint remain poorly understood. To
date, few attempts have been made to explore whether individual variation in behavioural plastic-
ity exists, either within or between populations.

3. We assayed ‘exploration behaviour’ among wild-caught individual great tits Parus major when
exposed to a novel environment room in four populations across Europe. We quantified levels of
individual variation within and between populations in average behaviour, and in behavioural
plasticity with respect to (i) repeated exposure to the room (test sequence), (ii) the time of year in
which the assays were conducted and (iii) the interval between successive tests, all of which indicate
habituation to novelty and are therefore of functional significance.

4. Consistent individual differences (‘I’) in behaviour were present in all populations; repeatability
(range: 0-34-0-42) did not vary between populations. Exploration behaviour was also plastic,
increasing with test sequence — but less so when the interval between subsequent tests was relatively
large — and time of year; populations differed in the magnitude of plasticity with respect to time of
year and test interval. Finally, the between-individual variance in exploration behaviour increased
significantly from first to repeat tests in all populations. Individuals with high initial scores showed
greater increases in exploration score than individuals with low initial scores; individual by envi-
ronment interaction (‘I x E’) with respect to test sequence did not vary between populations.

5. Our findings imply that individual variation in both average level of behaviour and behavioural
plasticity may generally characterize wild great tit populations and may largely be shaped by mech-
anisms acting within populations. Experimental approaches are now needed to confirm that indi-
vidual differences in behavioural plasticity (habituation) — not other hidden biological factors —
caused the observed patterns of I x E. Establishing the evolutionary causes and consequences of
this variation in habituation to novelty constitutes an exciting future challenge.

Key-words: behavioural reaction norm, habituation, individual by environment interaction,
local adaptation, personality, temperament

Introduction iours, across tirpe or conte)fts. This .Variation },1as been

referred to as ‘animal personality’ (Gosling 2001; Réale et al.
There has been increasing interest in consistent individual 2007) or ‘behavioural syndromes’ (Sih, Bell & Johnson 2004;
differences in single behaviours, or suites of correlated behav- Sih et al. 2004). One form of variation in personality exists
when rank order differences between individuals in their
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2004; Reale et al. 2007), implying limits to behavioural plas-
ticity (Sih ez al. 2004). From an adaptive perspective, limited
plasticity is unexpected (DeWitt, Sih & Wilson 1998; Dall,
Houston & McNamara 2004) because heterogeneous envi-
ronments should favour the evolution of behavioural plastic-
ity rather than behavioural consistency (Via & Lande 1985;
de Jong 1995; Via et al. 1995). Theoreticians have therefore
begun to address variation in personality within an evolu-
tionary framework and started to develop adaptive explana-
tions for animal personality (reviewed by Dingemanse &
Wolf 2010; Wolf & Weissing 2010).

Animal personality studies typically document repeat-
ability of behaviours within populations (Réale et al. 2007,
Bell, Hankison & Laskowski 2009), a measure providing
insight into whether individuals —on average— differ in
behavioural profile. Such an analysis, however, does not
provide information on the level of individual plasticity
within this population (Dingemanse e al. 2010; Réale &
Dingemanse 2010). Individual variation in plasticity is
important because it implies that the potential amount of
additive genetic variance that selection can act upon is not
stable across environments, which would affect predictions
of evolutionary change in response to selection (Roff 1997;
see Brommer, Rattiste & Wilson 2008 for a worked exam-
ple). Furthermore, recent research has demonstrated that
individual plasticity itself can have a genetic basis and is
under selection (Brommer et al. 2005; Nussey et al. 2005;
Nussey, Wilson & Brommer 2007). Despite its importance,
evolutionary ecologists have only recently begun to quan-
tify individual variation in plasticity using a reaction norm
approach (Nussey, Wilson & Brommer 2007), a widely
adopted framework in quantitative genetics (Via et al.
1995). This approach considers the phenotype of an indi-
vidual expressed in two (or more) environments as a line,
described by an elevation (‘intercept’ in statistical terms;
the individual’s level of behaviour in the average environ-
ment) and a slope (the individual’s plasticity over an envi-
ronmental gradient), and specifically aims to estimate
individual variation in reaction norm elevation (individual
variation or ‘I’) and slope (individual x environment inter-
action or ‘I x E’).

Few studies have quantified variation in plasticity in wild
populations, even at the level of the phenotype (reviewed in
Nussey, Wilson & Brommer 2007), and those that have gen-
erally focussed on the response of life history or morphologi-
cal traits to changing environmental conditions (e.g., Nussey
et al.2005; Brommer, Rattiste & Wilson 2008). Few attempts
have been made to quantify levels of variation in individual
plasticity in the context of behaviour specifically (Dinge-
manse et al. 2010). Examples of contexts in which such
attempts have been made include links between provisioning
rate and offspring begging intensity (Smiseth, Wright & Koll-
iker 2008), between dispersal and wind velocity (Bonte, Boss-
uyt & Lens 2007), or between crypsis and predation risk
(Quinn & Cresswell 2005).

Here, we investigate individual variation in phenotypic
plasticity (i.e. I x E) of a behavioural trait often used in per-
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sonality research (exploration behaviour) based on large
numbers (1007) of wild individual great tits Parus major sam-
pled from four populations across Western Europe. Previous
work has shown that repeatable and heritable variation exists
in exploration behaviour, both in wild populations (Dinge-
manse et al. 2002; Quinn et al. 2009) and under controlled
laboratory conditions (Drent, van Oers & van Noordwijk
2003). Exploration behaviour is also plastic, as it increases
within individuals from autumn to spring (Dingemanse et al.
2002; Quinn ez al. 2009) and, independently, with repeated
exposure to the test procedure (Dingemanse et al. 2002)
because of habituation to repeated testing or acclimation to
repeated capture and handling (Romero 2004). Although we
have yet to reveal the functional significance of the time of
year effects, habituation to repeated tests was expected
because responses to novelty normally decrease with expo-
sure (Réale et al. 2007; Martin & Réale 2008). Moreover,
while the experimental ‘novel’ room used in these studies is
the same physical environment across repeated measures,
habituation can be viewed as a specific type of behavioural
plasticity because the individual’s perception of the room’s
novelty and risk changes over time, representing an environ-
mental axis of variation in the broad sense (Réale et al. 2007;
Martin & Réale 2008).

The existence of individual variation in plasticity in
response to experience with challenging stimuli (e.g. experi-
ence with our test procedure), or time of year, is important
because individuals are continuously exposed, and have to
habituate, to challenging environmental conditions as part of
everyday activities (e.g. during foraging, or encounters with
novel conspecifics). The presence of individual variation in
plasticity would thus provide insight into the potential for the
heritability of exploration behaviour to be a function of these
environmental gradients (Nussey, Wilson & Brommer 2007)
and imply that the evolutionary consequences of selection on
exploratory behaviour would depend on novelty, and experi-
ence with, challenging stimuli, or time of year in which selec-
tion might be acting.

Study replication is generally viewed as an essential part of
modern biology (Kelly 2006). For example, the comparison
of patterns of behavioural variation across different popula-
tions has proven useful because it can provide insight into
whether behaviour has been subject to locally varying pro-
cesses (Bell 2005; Dingemanse et al. 2007). Here, we investi-
gated phenotypic plasticity of exploration behaviour
measured among four West-European great tit populations,
which have previously been shown to differ both in average
level, and in the association between a gene polymorphism
and exploration (Korsten ez al. 2010). These findings suggest
that local circumstances, for example selective regime, differ
between these populations but whether they also differ with
respect to phenotypic plasticity of exploration behaviour is
unknown. We partition here the phenotypic variation in
behaviour into individual components (I; random effect),
population-average level of plasticity (E; fixed effect) and
individual variation in plasticity (I x E; random effect) using
procedures advocated by Nussey, Wilson & Brommer (2007)
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and Dingemanse et al. (2010). First, we calculated average
levels of plasticity in response to (i) experience with the test
procedure, (ii) interval between tests and (iii) time of the year.
Second, we estimated standardized indices (repeatability) of
individual variation in exploratory behaviour. Third, we
assessed whether individual variation in plasticity existed
with regard to experience with the test procedure (habitua-
tion) and time of the year. Fourth, we compared patterns of
individual variation across populations.

Materials and methods

STUDY SITES

Exploration behaviour was measured for wild-caught great tits from
four populations: Boshoek (BH; Belgium), Lauwersmeer (LM; The
Netherlands), Westerheide (WH; The Netherlands) and Wytham
Woods (WW; Great Britain). Detailed descriptions of the study sites
are given elsewhere (BH: Matthysen 2002; LM: Nicolaus et al. 2009;
WH: Dingemanse ez al. 2002; WW: Elton 1966). In short, BH
consists of 17 fragmented woodlands within a 1000-ha area, inter-
sected by roads, residential and agricultural areas (51°08'N, 04°32'E).
All forest patches were provided with c¢. nine nest boxes per ha from
1993 onwards. LM consists of five woodlots surrounded by grassland
areas within a 1700-ha area (53°20'N, 06°12’E). Twelve nest box plots
(between 9 and 12 ha) with 50 nest boxes each have been created in
the area since 2005. WH consists of mixed pine and deciduous forest
of about 250 ha (52°00’N, 05°50’E). Approximately 600 nest boxes
have been provided from 1995 onwards. Finally, WW consists of a
single ¢. 352-ha area fitted with over 1000 nest boxes situated in mixed
woodland dominated by oak trees (51°47'N, 1°20'W).

CATCHING METHODS

Similar capture methodology was used in all study areas (see details
in Dingemanse ez al. 2002). Outside the breeding season, individuals
were caught using mist nets at feeding stations (baited with sunflower
seeds or peanuts), or when roosting in nest boxes during winter. At
capture, all birds were weighed and transported to the laboratory
within 1-5 h. Re-captured birds were taken to the laboratory for a
repeat test. Inter-test interval was on average about half a year: mean
interval in days (range): BH: 198 (5-740); LM: 288 (1-889); WH: 130
(1-832); WW: 132 (2-763).

EXPLORATIONTESTS

Each study area had its own laboratory located near the study site.
All ‘novel environment rooms’ were constructed and furbished fol-
lowing Dingemanse ez al. (2002). Subtle differences nevertheless
existed between the laboratories: home cage size differed between
study areas (LxWxH: BH: 08x04x05m; LM:
0-5%x 04 x 05 m; WH: 09 x 04 x 0-5 m; WW: 07 X 0-5 x 0-5 m),
as well as the number of cages connected to an observation room
(BH: 16; LM: 48; WH 16; WW: 16), in part dictated by the labora-
tory’s ethical committees. Consequently, the number of perches in
the novel room differed between the laboratories, because some birds
readily use the edges of sliding doors that connect each cage to the
room as perches (Dingemanse et al. 2002).

In the laboratory, birds were housed individually under natural
daylight regime in cages with a solid bottom and top. Birds had ad
libitum access to food and water, and human disturbance was kept to

a minimum. The morning following capture, exploration behaviour
was measured of each bird alone placed in a sealed room (BH, LM,
WH: 40 x 2:4 x 2:3 m; WW:4-0 x 3-3 x 2:5 m) containing five artifi-
cial trees, following procedures detailed by Dingemanse et al. (2002).
In BH, LM and WH, exploration score was calculated as the total
number of flights and hops within the first 2 min after arrival. Flights
were defined as movements that were made between trees, walls or
other perches using flight. Hops were defined as movements that were
made without using flight either between different branches on the
same tree or over a distance of 30 cm (e.g. when hopping on the floor
or across a ledge on the wall). Exploration scores of WW also
included hops within a branch and within a distance of 30 cm. These
additional hops could not be excluded from the exploration score ret-
rospectively because of the methodology of data collection (see also
Quinn et al. 2009).

All birds were released near their site of capture directly after the
last bird had been tested (always within 24 h after capture). The age
class of birds not ringed as nestlings was determined by the colour of
their greater wing coverts, allowing distinction between juveniles and
adults (Jenni & Winkler 1994).

DATASELECTION

We selected data of birds that had undergone two (n = 719 birds),
three (n = 222 birds) or four (n = 66 birds) exploration tests. To
increase comparability between data sets, only records from the
months July through March were included in the analyses, because
data from other months were available for WH only. This meant
including data collected from January 2006 (BH), September 2005
(LM) or February 2005 (WW:; the onset of these studies) through
February 2009 (BH), March 2009 (LM) or March 2007 (WW).The
WH data set includes a selection of the data published by Dinge-
manse et al. (2002; July 1998 through March 2001) supplemented
with additional data collected in 2002. Tests of 1007 birds were
included (total number of tests: 2368), with individuals in each study
site tested on average 2:42 (BH; 2x: 154, 3x: 46, 4x: 24), 2-37 (LM; 2x:
244, 3x: 83, 4x: 23), 2-:37 (WH; 2x: 153, 3x: 62, 4x: 11) and 2:23 (WW,
2x: 168, 3x: 31, 4x: 8) times.

STATISTICAL ANALYSES

We used General Linear Mixed Models (GLMM) with a normal
error distribution to assess sources of variation in exploration score.
The dependent variable exploration score, and continuous explana-
tory variables, were centred around their grand mean. Individual was
entered as a random effect (i.e. random intercepts for individual).
Three variables, previously shown to explain within-individual varia-
tion in exploratory behaviour (Dingemanse et al. 2002), were
included as fixed effects. Test number (‘sequence’) was included as a
categorical factor to investigate the change in exploration behaviour
in a completely novel environment (first test; coded as 0) vs. a more
familiar environment (second, third and fourth test; all coded as 1).
Preliminary analyses showed that sequence effects were adequately
modelled in this way, because exploration behaviour typically chan-
ged most from first to second tests and changed less from second to
further tests (Fig. la—d). ‘Interval’ in days between two consecutive
tests was log-transformed (interval + 1) and included as a linear
covariate, because sequence effects decay over time (Dingemanse
et al. 2002). Furthermore, we entered log-transformed ‘time of year’
(here defined as days from July lIst, covariate) as a third fixed
effect. Exploration scores have been shown to change linearly from
autumn to spring (see Fig. 2 in Dingemanse et al. 2002). However,
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Fig. 1. Exploration score as a function of test sequence (a—d), time of year (e-h) and change in score (the score of a focal test minus the score of
the previous one) as a function of interval between subsequent tests (i-1). Panels a—d show that exploration scores (+ SE) increased from first
(1st) to repeat (2nd—4th) tests within individuals for all populations. Panels e-h show that exploration scores changed with Julian date (‘time of
year’) for all populations. The x-axis gives values for log-transformed time of year (Julian date) that are expressed in deviations from the individ-
ual’s mean (i.e. ‘centred’ values, see Materials and methods). Panels e-h therefore capture the within-individual relationship between behaviour
and time of year. For example, an individual with three observations with the values 1-959, 2-:369 and 2:230 for log-transformed time of year
would have an average value of 2:186 and plotted centred values of —0-227, 0-183 and 0-044, respectively. Panels i-1 show that the increase in
exploration score between subsequent tests was generally more pronounced for shorter intervals (note that interval is plotted on a log-axis; data
points above the thin, reference line represent individuals that increased their exploration score from one test to the next; the solid line fits a linear
regression through the raw data shown here). Statistical analyses for all data are shown in Table 1. Samples sizes (grand total number of tests)
were 542 (Boshoek), 829 (Lauwersmeer), 536 (Westerheide) and 461 (Wytham Woods).

preliminary exploration of our data set showed that the model fit was individual effects (e.g., van de Pol & Verhulst 2006; van de Pol &

better when using the log-transformation of time of year. In agree- Wright 2009), a methodology recently advocated for the analysis of
ment with Dingemanse ez al. (2002), we found that other fixed effects reaction norms based on observational data (see Box 2 in Dinge-
that could potentially bias the data (age class, body mass, catching manse et al. 2010). For each individual, we thus calculated, first, the
method, time of day) did not significantly affect exploration score mean value for interval and time of year, and second, for all
(Results not shown). observations of an individual, the deviation from this mean value.
Relationships between exploration score and time of year or inter- Because we were interested in modelling within-individual effects
val can exist both at the between-individual level (e.g. if certain types here, we only included the within-individual effects (deviations) in
of bird are more likely to be caught at certain times of the year) and our models (Tables 1 and 2).
the within-individual level (e.g. if individuals change their behaviour Individual repeatability (r; the intraclass correlation coefficient) of
over the year, i.e. individual plasticity). We used within-individual exploration score was calculated as the ratio of the between-individ-
centring to separate the within-individual effects from the between- ual variance over the sum of the between- and within-individual

© 2011 The Authors. Journal of Animal Ecology © 2011 British Ecological Society, Journal of Animal Ecology, 81, 116-126



120 N.J. Dingemanse et al.

variance (Rasbash ez al. 2005), with standard errors and confidence
intervals calculated following Fisher (1925). Repeatability is best
interpreted when the timing of the measurements is standardized
between individuals (Falconer & Mackay 1996), and we therefore
calculated r from models where sequence, interval and time of year
were included as fixed effects, also called ‘adjusted repeatability’
(Nakagawa & Schielzeth 2010). We statistically compared adjusted
repeatability across study sites by fitting a GLMM that included data

variance components for each study site simultaneously, which we
compared with a reduced model where individual variances of the
different study sites were constrained to the same value. For this com-
parison, we standardized values across our study sites by rescaling
the total variance within study sites not accounted for by fixed effects
to one, thereby ensuring that we tested for differences in repeatability
rather than individual variance across populations.

Subsequently, we analysed whether there was individual by envi-

from all four study sites and estimated individual and residual ronment interaction (I x E) in the effect of sequence, interval and

Table 1. Sources of within-individual variation in exploration behaviour based on repeated exploration tests of wild-caught great tits in four
West-European populations. We used GLMMs with random intercepts fitted for individual, and test sequence (1st vs. repeat tests), interval
between tests (in days; log-transformed) and time of year (days from July 1st; log-transformed) fitted as fixed effects. For interval and time of
year, we fitted for all observations of an individual the deviation from its mean value (see Materials and methods). We further give estimates of
between- and within-individual variances and adjusted repeatability. Values are reported with 95% credible intervals (CI), and ADIC values
refer to the change in DIC when the specific parameter was included vs. excluded

Boshoek Lauwersmeer Westerheide Wytham Woods

(Belgium) (the Netherlands) (the Netherlands) (United Kingdom)
Fixed effects B(95%CI) ADIC B (95%CI) ADIC B (95%CI) ADIC B (95%CI) ADIC
Sequence 821 (409, 12:33) -22:9  975(6:54,13:16) =312 944(6:41,1242)  —456 7-1(2:72,1148)  —11-3
Interval —1:91 (-3-84, -0-02) -2:9 —-074(-2:18,0-65) 13 -277(-437,-124) —137 —0-59 (-2-76, 1-61) 1-8
Time of year 472(2-18,7:27) -157 10-81(6:00, 15:81) -257  487(1-86,791) —12:0  10-34(2:23,187) -66
Intercept —0-98 (=352, 1-69) —6-78 (—8-84, —4-75) —542(-737,-3-42) —6:65(-9-3,-4-11)
Variances 6 (95%CI) ADIC &7 (95%CI) ADIC 6% (95%CI) ADIC  6°(95%CI) ADIC
Between-individual 468 (33-5, 62:6) —1531  33:0(250,41-8) —2172  33:1(23-2,44%) -30-0 301 (186,433) =715

Within-individual

659 (564, 769)

490 (431, 554)

53-4 (455, 62:5)

596 (499, 70-9)

Repeatability

(95%CI)

r(95%CI)

7 (95%CI)

7 (95%CI)

042 (037, 0-46)

0-40 (037, 0-44)

0-38 (034, 0-43)

0-34 (030, 0:39)

DIC, deviance information criterion; GLMM, general linear mixed model.

Table 2. Between-individual variation in effects of test sequence (first vs. repeat tests), log-transformed interval between tests (days) and log-
transformed time of year (days from July Ist) on exploration score of great tits for four populations. Results are from a GLMM with individual
fitted as random effect and sequence, interval and time of year fitted as fixed effects. For interval and time of year, we fitted for all observations
of an individual the deviation from its mean value (see Materials and methods). For each fixed effect, we report the between-individual variance
in elevation (aglevmon) and slope (a?lope), and their covariance (Geievation,slope) f0r @ model where the magnitude of the fixed effect was allowed to
vary randomly between individuals (random slopes model). ADIC values of the variance in slope refer to the change in DIC when both the
slope-variance and elevation-slope covariance term were included into the model compared with a model that only contained variance in

elevation. Note that 95% credible intervals (CI) of variances can only take positive values

Boshoek Lauwersmeer Westerheide Wytham Woods
(Co)variances  Estimate (95%CI) ADIC  Estimate (95%CI) ADIC  Estimate (95%CI) ADIC  Estimate (95%CI)  ADIC
Individual x Sequence
levation 267 (147,41-8) 147 (8-7,21-8) 16:2(7-8,27-0) 11-5(48,20-1)
TJlope 11-1(29,237) —242 153 (80, 24:6) -853 12-1 (38, 24-4) -30:0 26:0 (120, 44°5) =715
Gelevation slope 14-8 (79, 21-9) =99 13:6 (10-0, 17-3) -82:6 11:9 (6:9, 16:8) =376 18:0 (9-5,20-7) —-88-3
Individual x Time of year
02 evation 472 (34:0,63-4) 33:3(253,422) 33:6(23:5,453) 30-8 (197, 43-6)
Tliope 0-01 (0-00, 0-06) 09 0-05 (0-00, 0-06) 1-8 0-01 (0-00, 0-05) 12 0-09 (0-01, 0-16) 0-6
Gelevation,slope 0-04 (-0-57,0-78) 03 0-08 (—=0-50, 0-61) 13 0-02 (—0-49, 0-69) 15 0-04 (—0-49, 0-60) 03
Individual x Interval
02 evation 47-6 (341, 63°5) 319 (242, 409) 33-8(23-6,455) 30-4(196,43-2)
Tljope 0-05 (0-00, 0-50) 1-8 1-15(0-05, 3-23) 0-0 0-07 (0-00, 0-27) 09 0-12(0-01, 0-44) 15
Gelevation slope 0-30 (-0-41, 3-50) 0-1 1-86 (0-21, 8-25) 0-7 0-27 (-0-34, 3-47) 1-4 0-08 (—0-48, 0-58) 1-7

DIC, deviance information criterion; GLMM, general linear mixed model.
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time of year by including random coefficients at the individual level
for these fixed effects (so-called ‘random regression’ or ‘random
slopes’ models; Data S1, Supporting Information). These models
thus estimated the amount of between-individual variance in the
slope of the (within-individual) relationship between exploration
score and an explanatory variable (either sequence, interval or time
of the year; for detailed explanation of the approach, see van de Pol
& Wright 2009). Random slope models describe the pattern of
between-individual variation over an environmental gradient by esti-
mating three random parameters: (i) the variance in elevation, (ii) the
variance in slope and (iii) the covariance between elevation and slope.
Evidence for the presence of random slopes (I x E) was assessed by
comparing a model that included all three above parameters against
a model that included only variance in elevation. All random inter-
cepts and slopes were modelled as normally distributed random vari-
ables with zero mean and variance (¢°).

We used a two-step analytical approach. First, we present models
for each study site separately. Second, we present a joint model,
where we test for differences between the four study sites in the
above-mentioned fixed and random effects by comparing models in
which these effects were allowed to differ between populations or not
(see Data S1, Supporting Information for details).

Model parameters were estimated using Markov Chain Monte
Carlo (MCMC) methods within a Bayesian framework (see Data S1,
Supporting Information for details). We compared model support
using the Deviance Information Criterion (DIC). The DIC is a hier-
archical modelling generalization of the Akaike and Bayesian infor-
mation criterions and is used in Bayesian model selection analyses
whenever posterior distributions of the parameters have been derived
from MCMC simulation (Spiegelhalter ez a/. 2002). The model with
the lowest DIC value is considered best supported. Support for the
presence of relationships between exploration behaviour and other
fixed effects (Table 1), or for presence of between-individual varia-
tion (Tables 1 and 2), was based upon comparisons of DIC values
between models where the effect of interest was included vs. excluded.
Throughout the Results section, we considered values of ADIC
(DICefrect included MinUS DICefrect excluded) below =2 as ‘support for the
presence’, and values of ADIC above + 2 as ‘support for the absence’,
of a focal (random or fixed) effect.

General Linear Mixed Models were performed with MLwiN 2.02
and its winBUGS interface (Rasbash ez al. 2005). Unless stated
otherwise, parameter estimates are reported with 95% credible inter-
vals, which reflect the degree of belief that the parameter has a 95%
probability of being within this interval.

ETHICALNOTE

Possible adverse effects of the novel environment test have been stud-
ied elsewhere but were not detected (Dingemanse et al. 2002; Hol-
lander e al. 2008). Formal permission for short-term housing
(maximum of 24 h) and personality testing was granted by an ethical
committee for each study site, or in the case of WW, under license
granted by Natural England.

Results

POPULATION-AVERAGE BEHAVIOURAL PLASTICITY

For all four populations, we found strong support for plastic-
ity in exploration behaviour with respect to test sequence
(ADIC ranged between —45-6 and —11-3; Table 1): on aver-
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age individuals explored the room faster during repeat com-
pared to initial tests (Fig. la—d). There was strong support
for lack of variation between populations in the magnitude
of behavioural change with sequence (study site X sequence:
ADIC = +53).

For all four populations, we found further strong support
for plasticity in exploration score with respect to time of year
(ADIC ranged between —25:7 and —6-6; Table 1): exploration
scores increased with Julian date in all populations (Fig. le—
h). We also found support for between-population differ-
ences in the magnitude of population-average plasticity
(interaction study site x time of year: ADIC = -2:6). The
magnitude of the time of year effect differed most strongly
between BH and WH vs. LM and WW.

There was also evidence for plasticity with respect to inter-
val because longer test intervals reduced exploration scores in
repeat tests within the average individual for population BH
(ADIC = -29; Table 1; Fig. 1i) and WH (ADIC = -137,
Table 1; Fig. 1k). Analysis for the other two populations
resulted in slightly better support for the absence as opposed
to the presence of interval effects (LM: ADIC = +1-3; WW:
ADIC = +1-8; Table 1). Consequently, we found support
for between-population differences in the magnitude of pop-
ulation-average plasticity (interaction study site X interval:
ADIC = -2+4;Fig. li-]).

VARIATION INREPEATABILITY BETWEENPOPULATIONS

We found strong support for the presence of consistent indi-
vidual variation in exploration behaviour within each popu-
lation (ADIC ranged between —217-2 and —30-0 for the
random effect individual; Table 1), with adjusted repeatabili-
ties ranging from 0-34 to 0-42 (Table 1). We also found strong
support for the absence of population differences in adjusted
repeatability (ADIC = +4-2).

INDIVIDUAL VARIATION INPLASTICITY

For all four study sites, there was strong model support for
the presence of between-individual variation in the change
in exploration score from the first to repeat tests within
individuals (ADIC ranged between —85-3 and —-24-2 for
individual x sequence (63,,.); Table 2), implying that indi-
viduals differed systematically in how quickly they habitu-
ated to the novel environment and/or other aspects of the
experimental procedure (Fig. 2) (see the Discussion for
alternative interpretations). In all populations, individuals
typically explored the room faster during their repeat tests
compared to their first one (see above, Table 1), but indi-
viduals that were initially fast explorers became dispropor-
tionally faster in repeat tests compared to birds that
initially explored the room less quickly (Fig. 2). As a conse-
quence, the between-individual variance in exploration
score increased from first to repeat tests (Fig. 2). This link
between personality and plasticity was present in all popu-
lations and was shown statistically by high support for a
positive covariance between the elevation and slope
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(Gclevationslope)  Of ~ exploration-sequence reaction norms
(ADIC ranged between —88:3 and —9-9; Table 2).

At the same time, we found more support for the absence
than the presence of population variation in the amount of
between-individual variation in these reaction norm slopes
for sequence (study site x individual x sequence: ADIC =
+1-2). Similar estimates and statistics were obtained when
we only considered the 288 individuals tested more than twice
(study site x individual x sequence: ADIC = + 1-0), imply-
ing that the inclusion of these individuals did not cause bias.
Similarly, the absence of variation among the four popula-
tions in the covariance between the elevation and sequence
slope was better supported than its presence (ADIC =
+2-1). In other words, the same ‘fanning-out’ pattern of
between-individual variance with test sequence characterized
all populations (Fig. 2).

For individual variation in behavioural plasticity with
respect to interval or time of year, the absence of I x E was
generally better supported than its presence (ADIC ranged

between +0-6 and + 1-8 for individual x time of year (aflope);
ADIC ranged between +0-0 and +1-8 for Individual x
Interval (aflope); Table 2). Therefore, given the data at hand,
it appears that individual variation in plasticity with regard
to interval or time of year was either absent (as suggested by
the observation that values of ADIC were always positive),

or that we had insufficient power to detect it.

Discussion

Our results demonstrate considerable complexity in the
patterns of between-individual and between-population
variation underlying assays of an easily measured avian
personality trait, which we summarize here in four main find-
ings. (i) Significant individual differences (‘I’) in exploration
behaviour were found in all populations, and this component
of variation was similar across all populations. (ii) Analyses
of the fixed effects suggested that exploration behaviour
increased with sequence and time of year but decreased with

© 2011 The Authors. Journal of Animal Ecology © 2011 British Ecological Society, Journal of Animal Ecology, 81, 116-126



interval between successive tests within individuals; the aver-
age patterns were similar across populations for sequence but
differed quantitatively across populations for both interval
and time of year. (iii) Significant individual by environment
interaction (I X E) was present with respect to sequence (indi-
vidual X sequence), but not with respect to time of year or
test interval, and populations did not appear to differ from
one another in these patterns. (iv) Finally, the covariance
between elevation and slope of individual exploration—habit-
uation reaction norms showed that individuals that were fast
explorers on the first test became disproportionally faster in
repeat tests compared to birds that initially explored the
room less quickly; this pattern was present in all populations,
and populations did not appear to differ from one another in
this link between exploration behaviour on the first test and
subsequent plasticity over, or habituation to, subsequent
tests.

Consistent individual differences in average level of explo-
ration behaviour have been discussed extensively elsewhere,
and here, we simply point out that this finding supports the
assertion that exploration behaviour may be a ubiquitous,
heritable personality trait in this species (Réale et al. 2007).
We focus the remainder of our discussion primarily on pat-
terns of plasticity variation because few attempts have previ-
ously been made to estimate differences in behavioural
plasticity between individuals using variance components, let
alone compare variation in behavioural plasticity between
populations.

When confronted with a novel environment repeatedly
over time, individuals become familiar with the situation
that usually leads to decreased activity (e.g., Elliott & Grun-
berg 2005; Mettke-Hofmann ez al. 2006; Martin & Réale
2008). The direction of the effect is likely to be system
dependent, and exploration scores for our great tits instead
increased over successive tests. This effect (i) was most
pronounced when the interval between successive tests was
relatively short, suggesting a memory component to the
habituation process and (i) varied between individuals
(I x E; Fig. 2). Individual variation in habituation to a
novel situation is commonly associated with individual vari-
ation in learning ability (e.g., File 2001), with information
processing (Elliott & Grunberg 2005) and risk aversion
(McSweeney, Murphy & Kowal 2004), all of which are
potentially linked and involved in the patterns described
here. Exploration behaviour in the great tit is often associ-
ated with fearfulness (reviewed by Groothuis & Carere
2005), and individual differences in the change in explora-
tion behaviour over repeated tests may thus reflect differ-
ences in the speed of overcoming initial fear. Furthermore,
Verbeek, Drent & Wiepkema (1994) suggested that the ini-
tial exploration of the environment is relatively thorough
and cautious (‘slow’ exploring) in great tits, while explora-
tion is more superficial in repeat tests (‘fast’ exploring). This
process agrees with the cognitive map theory of habituation
(O’Keefe & Nadel 1978) in which individuals construct a
representation of the novel environment in their hippocam-
pus: as the map becomes complete, exploration is reduced.
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In our system, although birds became faster, paradoxically
slow-exploring birds are known to explore more thoroughly
compared with fast-exploring ones (reviewed by Groothuis
& Carere 2005). We suspect that a combination of overcom-
ing fear, learning and memory all contributed to these com-
plex patterns, the functional significance of which is likely to
be substantial.

Changes in exploration behaviour with time of year were
observed for all populations, but the proximate and func-
tional significance of this form of plasticity remains
unknown. Interpretation of this pattern is complicated by the
fact that our measure of exploration behaviour likely reflects
a combination of behavioural tendencies, including explora-
tion per se, risk taking behaviour and response to capture
and handling (e.g. van Oers et al. 2004). Adaptive behaviour-
al changes to seasonal environmental variation are wide-
spread (e.g. migration, singing), and thus the functional
significance of exploratory behaviour may be dependent on
time of year. Increases in explorative behaviour from autumn
to spring, as observed in our current and previous studies
(Dingemanse et al. 2002; Quinn et al. 2009), might have
evolved because the energetic or behavioural costs of fast
exploration outweigh any functional benefits. For example,
fast exploration behaviour in early spring may be particularly
important if it facilitates information acquisition in the early
stages of reproduction (Semenova et al. 2001; Prendergast &
Nelson 2005; Mettke-Hofmann 2007), but in the non-breed-
ing season, it may only be significant if food availability is
scarce. Towards spring, an increase in hormones, such as tes-
tosterone, has been reported (e.g., Dittami & Gwinner 1985),
and these may play a role in regulating changes in explor-
atory behaviour (but see Mutzel et al. 2011) and require fur-
ther investigation.

We could not detect individual differences in how the phe-
notype of individuals changed across the season (individ-
ual X time of year), and we therefore suggest that this
ubiquity indicates the seasonal trend is likely linked to ener-
getic costs associated with high exploration scores. The
absence of I x E over the season within populations also
implies that the behavioural types of individuals captured at
different times of the season can be compared as long as the
population-average plasticity is known (Dingemanse et al.
2002), and that population-specific sampling bias is unlikely
to bias our estimates of individual exploration phenotypes
(Martin & Réale 2008; Dingemanse et al. 2010). The evolu-
tionary implication of this similarity across populations is
that there is probably no additive genetic variance for this
form of plasticity within these populations, and that it there-
fore cannot be the target of selection (Nussey, Wilson &
Brommer 2007). At the same time, heritable variation in this
form of plasticity might exist at larger spatial scales, because
our data suggested that populations differed in the magni-
tude of population-average plasticity with respect to time of
year. The non-experimental nature of our data set, however,
also provides scope for alternative explanations. For exam-
ple, exploration behaviour may have been a function of other
unmeasured environmental axes (e.g. population density,
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food availability or risk of predation) that covaried with time
of'year in some, but not all populations.

The most novel contribution of our study to the field of
animal personality research comes from comparisons in the
patterns observed among populations. There was remarkable
consistency across populations in the presence or absence of
the effects observed. This finding points to the potential ubiq-
uitous significance of exploration behaviour. However, the
magnitude of two out of three fixed effects varied between
populations: effects of both interval and time of year on the
behaviour of individuals differed between study sites. These
effects suggest that adaptive population differentiation in
behavioural plasticity might be population or species-spe-
cific, which are likely to arise from evolutionary factors as
well as non-genetic factors (e.g. parental effects). Elsewhere,
studies on hermit crabs Pagurus bernhardus (Briffa, Rundle
& Fryer 2008) and salt marsh wolf spiders Pardosa purbeck-
ensis (Bonte, Bossuyt & Lens 2007) have recently docu-
mented population variation in average levels of plasticity.
Together with these studies, our findings imply that popula-
tion differences in average level of plasticity are likely to be
common.

The evolutionary significance of the observed patterns of
variation in aspects of behavioural phenotypes within and
across populations remains to be elucidated by focussing on
three key questions. First, is the observed pattern of I X E
because of individual variation in behavioural plasticity? This
question is particularly valid because of the observational
nature of our data. Perhaps all individuals had the same
exploration — habituation reaction norm slope, but unmea-
sured environmental axes affecting the birds’ behaviour
might have harboured greater variance among individuals
during repeat compared to initial tests. Such bias might, for
example, be caused by age-related increases in between-indi-
vidual variance in breeding conditions (Charmantier & Ga-
rant 2005) or accumulated experiences (Stamps & Groothuis
2010). Approaches where exploration behaviour of each indi-
vidual would be essayed repeatedly over a range of environ-
ments differing in novelty per se may provide future
experimental confirmation of our findings of I x E with
respect to ‘test sequence’.

Second, assuming that I x E was indeed reflecting individ-
ual variation in habituation, what are its proximate causes;
specifically, does this variance component have an underly-
ing additive genetic basis (G x E)? Work in two of our popu-
lations (WH and WW) has already revealed additive genetic
(Dingemanse et al. 2002; Quinn et al. 2009) and permanent
environmental (Quinn ez al. 2009) sources underlying indi-
vidual variation (I) in exploratory behaviour. G x E has not
yet been estimated in these populations but could be carried
out so using pedigree-based REML analysis (see Brommer,
Rattiste & Wilson (2008) for a worked example). We note
that evidence for G x E would by default imply that I X E
did indeed partly reflect individual variation in behavioural
plasticity.

Third, does selection act on plasticity in exploration behav-
iour (i.e. slopes of behavioural reaction norms)? Recently, we

documented spatial and temporal variation in selection pres-
sures on exploratory behaviour (Dingemanse et al. 2004;
Quinn et al. 2009), but selection on the phenotypic, or geno-
typic, component of its plasticity awaits quantification.
Notably, estimates of selection acting on behavioural plastic-
ity in natural populations are generally missing from the
empirical literature (Duckworth & Kruuk 2009; Dingemanse
et al. 2010). Although the analyses associated with these
questions are technically and empirically challenging (Had-
field et al. 2009), the differences and similarities in the pat-
terns of variation observed across our populations suggest
that they could be equally rewarding.

An additional challenge will be the identification of the
mechanisms underlying selection on plasticity (Reed et al.
2006; Nussey, Wilson & Brommer 2007; Hadfield et al.
2009). Wolf, van Doorn & Weissing (2008) recently proposed
that individual differences in plasticity might be maintained
by a combination of negative frequency-dependent selection
(maintaining variation in plasticity) and positive feedback
mechanisms reducing the costs of plasticity (thereby generat-
ing consistent individual differences in plasticity). Our find-
ing of positive correlations between the elevation and slope
of exploration—habituation reaction norms in all four popu-
lations (Fig. 2) therefore warrants further investigation with
regard to whether such associations are favoured and main-
tained by selection (Dingemanse et al. 2010).
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