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Individual variation in behavioural plasticity:
direct and indirect effects of boldness,
exploration and sociability on habituation
to predators in lizards
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Little is known about the factors causing variation in behavioural plasticity and the interplay between per-
sonality and plasticity. Habituation to predators is a special case of behavioural plasticity. We investigated the
direct and indirect effects of boldness, exploration and sociability traits on the habituation ability of Iberian
wall lizards, considering exposure and sex effects. Individual boldness was consistent across several non-
habituation contexts, but it did not significantly affect habituation. Exploration had a strong direct effect
on habituation, with more exploratory individuals being able to habituate faster than less exploratory
ones, probably because of their ability to assess risk better. Individual variation in habituation was also
affected by sociability, but this was an indirect effect mediated by exposure to the predator. Less social indi-
viduals avoided refuges with conspecific cues, increasing exposure to the predator and eventually
habituation. Finally, the direct effects of sex (females habituated faster than males) were opposite to its
indirect effects through exposure. We conclude that risk assessment, instead of the proactivity—reactivity
gradient usually considered in the literature, can affect behavioural plasticity through complex interactions
between direct and indirect effects, including exploratory behaviour, degree of exposure to the predator and
sex, which represent novel mechanisms generating inter-individual variation in plasticity.
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1. INTRODUCTION
Consistent individual differences in major behavioural
traits like boldness, exploration, sociability or aggressive-
ness, also known as personality, have been found in
multiple vertebrates [1—4]. There is evidence indicating
that this personality variation may be heritable [5—-7] and
may have fitness consequences [8,9]. Individuals may not
only be consistently different among themselves, but also
adjust their behaviour to varying environmental conditions
[10]. This behavioural plasticity could be either similar
among individuals, hence maintaining personality differ-
ences across an environmental gradient, or vary among
individuals [10]. Furthermore, individuals may differ in
plasticity in one behavioural dimension, but show no
plasticity differences in other dimensions [11].
Personality and behavioural plasticity have been exten-
sively studied independently; however, their interplay has
received relatively little attention [4,12,13], particularly
in terms of inter-individual variability in behavioural
plasticity [10,14]. Recently, Dingemanse ez al. [10]
proposed a framework for the joint study of personality
and behavioural plasticity, which is crucial for under-
standing how selection affects each of these processes

* Author for correspondence (efernan@purdue.edu).
Electronic supplementary material is available at http:/dx.doi.org/10.
1098/rspb.2010.1194 or via http:/rspb.royalsocietypublishing.org.

Received 4 June 2010
Accepted 15 July 2010

and how variation in behaviour is maintained within
and among individuals [10].

Habituation to predators is a special case of behaviour-
al plasticity [15,16], by which animals reduce their
antipredator responses to a potential predatory stimulus
through a process in which the stimulus ceases to be
regarded as dangerous after repeated non-threatening
exposures to it [17,18]. Previous studies have shown
differences in habituation ability among individuals
within a population ([17,19,20]; but see Martin &
Réale [21]), and these differences may have fitness-related
consequences [22]. However, the mechanisms underlying
the individual variation in habituation are poorly under-
stood [15,17].

The goal of this study was to establish how habituation
to a low-risk predator is influenced by boldness, explo-
ration and sociability [3], taking into consideration
potential sex effects, and whether the relationships
between these factors agree with the predictions of the
proactivity—reactivity gradient (see below), or if other
mechanisms are implicated. We conducted a manipulative
outdoor experiment in semi-natural conditions using the
Iberian wall lizard (Podarcis hispanica) as a model species.

According to the proactivity—reactivity gradient
[4,23,24], reactive individuals tend to be shy, less aggres-
sive and more adaptable to new situations, and show
greater behavioural flexibility than proactive individuals,
which tend to be bolder and more aggressive [4,23,24].

This journal is © 2010 The Royal Society
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Therefore, it is expected that bolder individuals would be
less able to habituate than shyer individuals. Alternatively,
bold individuals could tolerate closer and longer encoun-
ters with a low-risk predator enabling them to better
assess the reduced threat posed by that predator, which
would actually facilitate habituation. High exploration be-
haviour is usually included as a characteristic of proactive
individuals [4,25], and as such we could expect explora-
tory individuals to have reduced habituation.
Alternatively, exploratory individuals could also obtain
more information about their surroundings [26—28],
and this information could actually enhance habituation
to low-risk predators. Sociability is a relatively less studied
behavioural trait in the context of personality research,
but recently Cote er al. [29] suggested that sociability
could also be part of the behavioural axis including bold-
ness and exploration, with more social individuals being
bolder than less social ones. Thus, we hypothesize that
more social individuals are more proactive than reactive,
and hence less prone to habituation according to the pre-
dictions of the proactivity—reactivity gradient. Finally,
previous research in birds [17,30] showed that females
habituate faster than males. Thus, we also assessed this
sex effect in our lizard study system.

We also tested whether the studied behavioural traits
could influence habituation through indirect mechan-
isms, such as individual differences in the time exposed
to low-risk predators. Shy individuals could spend more
time in refuges than bold individuals [31], resulting in
individual differences in exposure owing to boldness.
Similarly, sociability may influence whether individuals
spend more or less time out of refuges occupied by con-
specifics [29,32]. Therefore, boldness and sociability
could directly influence the exposure to a predator,
which can indirectly influence habituation. We did not
predict exploration behaviour to affect lizard activity pat-
terns out of the refuge in a familiar environment [3].
Finally, sex could also influence activity patterns in lizards
[33,34], and hence their exposure to the low-risk predator
stimuli. Our study allowed us to test a fundamental ques-
tion in behavioural ecology: whether individual traits can
generate inter-individual variation in behavioural
plasticity within a population.

2. METHODS

Thirty-two adult Iberian wall lizards were captured by noos-
ing in a population in the Guadarrama Mountains (Central
Spain), and later transported to El Ventorrillo field station,
3 km away from the capture site. All lizards had intact tails.
Lizards were individually housed outdoors in plastic cages
(48 x 29 x 24 cm) for two weeks in early June. During this
period, we performed behavioural tests of boldness, expl-
oration and sociability. We added a 15 x 15 cm ceramic
refuge to each cage, and we provided water ad libitum and
mealworms and crickets as daily food.

We acknowledge that the terms boldness, exploration and
sociability may not be completely consistent in the literature
[3]; however, we describe specifically how we measured each
of these parameters in the following sections.

(a) Morphology
Body size can affect personality traits in lizards [31]. Thus,
following the methods of Lopez et al. [31], we performed a

Proc. R. Soc. B

principal component analysis (PCA) to reduce seven differ-
ent size variables from each lizard to two independent
factors, one representing absolute size and the other repre-
senting relative size (body mass and head size relative to
snout—vent length). See electronic supplementary material,
S1 for details.

(b) Boldness

To obtain a measure of boldness before the habituation pro-
tocol (see below), we followed Lopez ez al. [31]. We tested the
lizards between 16.15 and 18.15 h, when all individuals were
active. We placed individual cages separately from one
another in an open and sunny location, and the cage walls
and the ceramic refuge provided partial shade. We simulated
several consecutive attacks to each lizard, recording at the
start of each consecutive attack whether the lizard was
hiding inside the refuge (body and head inside the refuge),
leaning out of the refuge (i.e. individual’s body was inside
the refuge, but its head was sticking out) or outside the
refuge (body and head outside of the refuge; [31]). One
observer (I.LR.P.) performed the attacks by first crawling
slowly on the ground to avoid being seen by the lizards in
the other cages. The observer then suddenly appeared over
the cage walls simulating a predator attack by tapping the
lizard close to its tail with a little stick, which made the
animal run and hide into the refuge. If the lizard was already
in its refuge, the observer tapped the refuge entrance with the
stick. For each lizard, we simulated 12 attacks within a day
(one attack every 10 min within a 2 h window). The observer
was out of sight from the lizards between attacks. The goal of
all these simulated attacks during the 2 h period was to create
a context of constant high risk to record the proportion of
times lizards were out versus inside the refuge. The 12
attacks were repeated the next day, totalling 24 attacks per
individual.

From the observations of the initial position of lizards in
relation to the refuge taken at each simulated attack (i.e.
every 10 min), we calculated six variables (number of times
inside the refuge on day 1, number of times leaning out on
day 1, number of times outside the refuge on day 1 and the
same variables on day 2) that were included in a PCA to
obtain a composite variable indicative of boldness [31].
From this analysis, we used PC1 (hereafter ‘boldness in
refuge-use context’) as it represented a gradient from shy to
bold individuals (see electronic supplementary material, S2
for details on the PCA and its interpretation).

To test whether individual differences in boldness were
consistent across situations, we later compared this boldness
in refuge-use context index with other measures likely to rep-
resent boldness in different contexts: (i) movement strategy
in a novel habitat (see §2¢) and (ii) flight initiation distance
(FID) at the start of the habituation treatment (see §2¢).

(c¢) Exploration

To measure the exploratory behaviour of lizards, we per-
formed a novel-environment test [5] in an indoor 2.5 X
1.5 m experimental enclosure. Enclosure walls were 60 cm
high, and were made of polyethylene sheets that lizards
were unable to climb. Nine stacks composed of floor-tiles
of similar size and shape were placed at regular intervals
from each other inside the enclosure. A 40 x 15 cm area
was delimited just beside one of the enclosure short walls
to serve as the area where focal lizards were released inside
the enclosure at the start of the exploration trials. We ran
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one trial for each of the 32 lizards, in which the individual
lizard was placed in the release area, while an observer
directly recorded its behaviour for 3.5 min from a hide.
Specifically, we recorded the time it took the lizard to leave
the release area and start exploring the enclosure (latency),
the number of different stacks visited during the observation
period (stacks inspected), the number of movement bouts
(i.e. a non-moving lizard starts walking for a given length
and then stops moving for more than a second) performed
per minute (movements per minute) and the average
number of hind legs steps that composed each movement
bout (steps per movement). Many lizards tried to climb the
enclosure walls unsuccessfully several times, so we also
recorded the total number of climbing attempts, and the
average time spent at each climb attempt (time per climbing
attempt).

We conducted a PCA to reduce these six variables to a
smaller number of independent factors (see electronic sup-
plementary material, S2 for details on the PCA and its
interpretation). We obtained and used two factors from this
analysis. PC1 was interpreted as a gradient from slow to
fast explorers, with fast explorers quickly inspecting the
enclosure and quickly abandoning each climbing attempt
after being unsuccessful. We interpret PC2 as representing
another gradient of boldness, with shy individuals taking a
long time to initiate the exploration of the novel environment,
moving across the enclosure using short movement bouts
that allow for pauses to scan the environment [35], while per-
forming few attempts to climb the walls. We speculate that
lizards may perceive a climbing attempt as an action entailing
high predation risk because of their high exposure while
climbing, the noise derived from the forehands slipping
repeatedly on the plastic surface and the reduced locomotor
ability of this species while climbing relative to horizontal
movement [36]. Our interpretation of PC2 as another
measure of boldness is reinforced by the significant associ-
ation between PC2 (boldness in novel habitat) and
boldness in refuge-use context (see §2b; Spearman rank
correlation, r, = 0.52, n = 31, p = 0.003).

(d) Sociability

Our sociability test followed Cote and co-workers [29,32],
who measured how the time spent hidden in a refuge
varied as a function of whether the refuge contains olfactory
cues from conspecifics or not. Twenty adult lizards, different
from the focal individuals, were used as sources of conspeci-
fic odour. To obtain the olfactory cues, donor lizards were
housed for 10 days in one large terrarium, with a layer of ver-
miculite as a substrate, which was later used under the refuge
of the focal lizard. Focal lizards were tested indoors in a
cleaned plastic cage (80 x 50 x 60 cm high) containing a
15 x 15 cm ceramic refuge for hiding and a bulb for heating.
All lizards were tested in the afternoon when they were fully
active. We had two substrate treatments with varying types of
vermiculite under the refuge: (i) new and clean vermiculite
and (ii) odorized vermiculite coming from the terrarium
with the 20 conspecifics. In both the treatments, vermiculite
was moisturized by spraying water. Each lizard was tested
separately in a cleaned cage, randomly beginning either
with odorized vermiculite or with clean vermiculite. The
lizard could choose between staying under the refuge or leav-
ing the refuge and being exposed. Each lizard was introduced
in the test cage, and left 4 min to acclimate. Then, the time
spent hidden under the refuge was measured during 7 min.

Proc. R. Soc. B

These time frames are similar to those used by Cote and
co-workers [29,32], and were considered appropriate after
preliminary tests on individuals not used in this study. The
next day, all lizards were tested again, this time using the
opposite substrate type to the one used the first day.
Following the interpretation of Cote and co-workers
[29,32], we used the odour-dependent time spent hidden
(time spent hidden when the refuge substrate was odorized
vermiculite minus time spent hidden when the refuge
substrate was clean vermiculite) as a sociability index.

(e) Habituation protocol

To perform the habituation test, we transferred the lizards to
four 6 x 4 m outdoor enclosures placed in an open area sur-
rounded by woodland. Enclosures had a natural herbaceous
substrate. We supplied water ad libitum but not food; thus,
individuals were forced to search and capture naturally
occurring invertebrates within the enclosures. While lizards
were not able to climb out of the walls, there was a constant
flux of arthropods resulting in diverse and abundant prey
availability. We added to each enclosure a standardized
array of rocks, tiles and bricks for refuge and thermoregula-
tion. Details on enclosure layout are presented in [22].

Individual lizards were sorted by size (four categories) and
sex, and eight lizards were randomly allocated into each of
the four enclosures (z = 32 individuals), but keeping a simi-
lar proportion of size and sex classes per enclosure. The
attained density (3.3 lizards 10 m ™~ ?) represented a high-den-
sity scenario for this species [37]. Lizards went through an
acclimation phase from mid-June to mid-August (post-
reproductive period). Three days prior to the habituation
experiment, each individual was dorsally marked with three
painted dorsal colour circles to allow for visual identification.

Lizards were subjected to a 6 day habituation protocol,
with one observer (I.R.P.) entering and longitudinally cross-
ing each enclosure every 20 min during the peak activity
period (12.00-14.00h and 16.45-18.45h), totalling 12
intrusions per enclosure per day. Lizard activity was very
low outside of these peak activity periods because of the
shadows projected by the surrounding trees before 12.00
and after 19.00 h, and because of the high temperatures
experienced between 14.00 and 16.30 h. Iberian wall lizards
are not territorial [38]. Individual lizards did not associate
themselves with specific sectors of the enclosures, and fre-
quently changed locations to position themselves in the
best spots for thermoregulation as the sun and tree shadows
moved across the enclosure.

A measurable effect of habituation is the progressive
reduction in magnitude of a behavioural response to the
repeated application of a stimulus [39]. Therefore, we used
the progressive reduction of FID as our proxy of habituation
to repeated human intrusions. This indicator of habituation
has been frequently used in the recent literature (e.g.
[15,18,20,40-42]).

Flight initiation distance was defined as the distance
between the observer and the lizard at the point at which
the latter flushed in response to the approaching threat. As
the observer crossed the enclosure, he was able to mark on
a detailed scaled map of the enclosure his own position and
the positions of lizards as they individually flushed. When
the observer reached the end of the enclosure, he went
back to the points marked on the map and measured FID
with a measuring tape without stepping out of the crossing
path. We also measured distance to the nearest refuge, but


http://rspb.royalsocietypublishing.org/

Downloaded from rspb.royalsocietypublishing.org on November 20, 2010

4 1. Rodriguez-Prieto ez al.

Amnimal personality and habituation

it did not affect FID significantly (r= 0.04, p = 0.524).
Thus, we did not use this variable in the analyses.

We estimated the reduction of FID over the course of the
6 day experimental phase by regressing FID over time for
each individual. A 6 day period was considered enough to
observe habituation effects, based on our previous experience
with this species as well as on other studies on habituation
[17,43]. Some individuals maintained their FID mostly unal-
tered over the course of the experiment (slope of the FID/
time regression close to 0), while other individuals experi-
enced a strong decrease in FID over time (high negative
slopes), and some others slightly increased their FID (low
positive slopes). Individual behavioural plasticity can be
characterized as the slope of the variation for a given behav-
iour across an environmental gradient [10]. Thus, we were
not interested in whether the slope was significant or not,
but in the value of the slope of individual FID/time
regressions to characterize the degree to which each individ-
ual responded to the habituation protocol. For clarity, we
multiplied the slopes (by —1) in order to obtain a ‘habitu-
ation index’ with higher scores indicating rapid habituation.

To test the consistency and appropriateness of our boldness
measure (see §2b), we also calculated for each individual its
mean FID over the first day of the protocol to compare with
the boldness in refuge-use context index obtained in the bold-
ness test (Spearman rank correlation, r, = —0.47, p = 0.008;
[22]): lizards with a high boldness score in the boldness test
had a low FID when approached by the observer two
months later in a very different context. This finding further
emphasizes the consistency of our estimate of boldness
across contexts. Note that boldness in refuge-use context
was also consistent with our measure of boldness in a novel
habitat (see §2¢).

(f) Exposure

When performing the habituation treatment, the observer also
recorded all lizards that were out of the refuges just before
entering each enclosure. By summing up all observations
over the course of the habituation protocol, we obtained an
index of exposure that represented the number of times each
individual lizard was exposed to the low-risk predator.

(g) Statistical analyses

We removed from the dataset an individual that lost its tail
during the acclimation phase. All variables were checked
for normality, and sociability was log-transformed.

We used a general linear model (GLM) to assess the
effects of behaviour (boldness, exploration, sociability),
body size (relative body size, absolute body size) and sex
on the habituation index. We used boldness in refuge-use
context as our measure of boldness to include in the GLM.
Flight initiation distance during the first day of habituation
was highly correlated with boldness in the refuge-use context
(see §2¢), so we did not include it in the GLM. Nevertheless,
the results remained the same by including it (available upon
request). We included an enclosure identity factor in the
model to control statistically for potential confounding
effects. All enclosures were structurally similar; however,
the different position of surrounding trees affected the
amount of direct sunlight received. Moreover, differences
in the initial behavioural composition of each enclosure
could have affected the habituation process, although we
note that there was no significant variation in behavioural
composition among enclosures (boldness, F;,; = 0.54,
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p = 0.659; sociability, F5,7; = 0.72, p= 0.551; exploration,
F;5,7=0.50, p=0.687).

To better asses the direct and indirect effects of individual
factors on habituation, we ran a path analysis [44,45] using
AMOS 18.0 (SPSS Inc.). We included behavioural variables
(boldness, exploration, sociability), body size (relative body
size, absolute body size) and sex as exogenous predictors (i.e.
variables with no causal arrows pointing to them in the dia-
gram), while exposure was included as an endogenous
mediator (i.e. a variable with both incoming and outgoing
causal arrows in the diagram), and habituation index as the
endogenous dependent variable (i.e. a variable with only
incoming causal arrows). We coded sex as male =1, and
female = 2 for inclusion in the path analysis. To control for
the potential confounding effects of enclosure, we used the
residuals of the relationship between enclosure and habituation,
and the residuals of the relationship between enclosure and
exposure as the dependent and mediator variables, respectively.
Non-significant paths can be dropped from a path analysis,
especially those paths for which the biological interpretation is
weak [46,47]. Thus, we included in the model only those
non-significant paths that a priori predicted to have a biologi-
cally relevant effect [45,48]. Then, we employed an Akaike
Information Criteria (AIC) model selection procedure to
further improve our selection of the effects included in the
final model. We selected the model with the lowest AIC score
(i.e. best model), and we also calculated the AIC score differ-
ences between each competing model and the best model to
identify any other model equally probable to the best model
[49]. We also assessed whether the indirect effects of the predic-
tor through a mediator variable on the dependent variable were
significant using two methods: (i) bootstrap estimation and (ii)
Baron and Kenny criteria. According to the Baron and Kenny
criteria, an indirect effect is considered significant when the
path leading to the mediator variable and the path from the
mediator to the dependent variable are both significant [50].
The goodness-of-fit of the path analysis model was measured
with the Comparative Fit Index (CFI), which ranges from 0
to 1; a value of >0.9 indicates an acceptable fit to the data [51].

(h) Ethical note

None of the lizards used showed any sign of stress or pain, and
all lizards behaved and fed normally at the end of each exper-
imental trial. Lizards were released in the same spots in
which they were captured and were in good condition.
Procedures also complied with recommended guidelines for
the treatment of animals in behavioural research [52] and
more specifically with the guidelines for the use of live reptiles
in research [53].

3. RESULTS
Based on the GLM, habituation index was significantly
associated with the exploration behaviour and sociability
of individual lizards, while boldness, sex and body size did
not significantly affect habituation (table 1, overall model
r*=0.63, Fop =3.93, p=0.005). Fast explorers and
less social individuals habituated faster than slow explorers
and more social individuals (figure 1). Relative body size
was highly associated to sex (coefficient of covariation =
0.85), but the results of the GLM did not change when
we removed relative body size from the model.

The results of the path analysis confirmed the associ-
ations encountered with the GLM, while providing
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Figure 1. Relationships between habituation index and
(a) exploration behaviour, and (b) sociability, in Iberian
wall lizards.

Table 1. Effects of enclosure, sex, behavioural and size traits
on habituation. (Significant (p < 0.05) p-values are shown
in bold.)

variables F d.f. P

intercept 8.95 1,21 0.007
boldness 0.02 1,21 0.893
exploration 20.11 1,21 <0.001
sociability 5.84 1,21 0.025
relative size 1.15 1,21 0.296
absolute size 2.51 1,21 0.128
sex 1.74 1,21 0.201
enclosure 3.02 3,21 0.052

extra insight into the nature of these relationships. Rela-
tive and absolute body size had no significant effect on
exposure or habituation, and these two factors were
dropped from the analysis. Exploration did not have a sig-
nificant effect on exposure and hence the path
exploration-exposure was not included in the final
model. Standardized path coefficients are shown in
figure 2. Our path analysis model explained 53.4 per
cent of the variance in habituation, and presented an
acceptable goodness-of-fit (CFI = 0.99).

Exploration was again the strongest direct predictor of
habituation (figure 2). The direct effects of boldness and
sociability on habituation were negligible and they were
removed from the model following an AIC model selec-
tion procedure. However, sociability affected
habituation indirectly through exposure: less social

Proc. R. Soc. B
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boldness 0.44%
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SEX

Figure 2. Path diagram and path coefficients for predictors of
habituation. Correlation lines among the exogenous variables
are not shown. Significant paths are in bold. *p < 0.05;
#p < 0.01; #*+*p < 0.001.

individuals were more frequently out of the refuges than
more social individuals, with this higher exposure to the
stimulus leading to greater habituation (figure 2). This
indirect effect of sociability on habituation was significant
according to bootstrap estimation (p = 0.012), and to the
Baron and Kenny criteria: the effect of sociability on
exposure (p < 0.001) and the effect of exposure on
habituation (p = 0.009) were both significant. The indir-
ect effect of sociability on habituation remained
significant after removing the two lizards with lowest
sociability scores (results available upon request).

Sex had a significant direct effect on habituation with
females habituating more than males (figure 2). However,
the direct effect of sex is counteracted by the indirect
effect of sex on habituation mediated by exposure.
Exposure to the predator was significantly greater in
males than in females (path coefficient =—0.33, p=
0.022), which coupled with the significant effect of
exposure on habituation yielded a significant indirect
effect of sex on habituation according to the bootstrap
estimation (p = 0.036) and the Baron and Kenny criteria.
This indirect effect means that males habituated to a
greater degree than females. Hence, the lack of a signifi-
cant association between sex and habituation in the
GLM may be explained by the conflicting direct and
indirect effects of sex on habituation (‘inconsistent
mediation’ sensu MacKinnon et al. [44]).

The path boldness-exposure was retained in the final
model. However, the AIC score difference between the
best model and a similar model with this boldness-
exposure path dropped was only 0.61, which indicates
that this alternative model lacking any boldness effect is
equally probable to the selected model [49]. Additionally,
the indirect effect of boldness on habituation through
exposure was not significant because it did not meet the
Baron and Kenny criteria and the bootstrap estimation
of the indirect effect was non-significant (p = 0.097).

4. DISCUSSION
Our results show that exploration behaviour, sociability
and sex influenced the individual variation in habituation,
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which is a special case of behavioural plasticity. Addition-
ally, we showed that these relationships were modulated
by both direct and indirect effects. While exploration be-
haviour had a positive and direct effect on habituation,
the negative effect of sociability on habituation was
mediated by the frequency of exposure to the low-risk
stimuli. Less sociable lizards were out of the refuges
more frequently than more social ones, being more fre-
quently exposed to the low-risk predator. This probably
allowed them to habituate faster than less exposed individ-
uals. The relationship between sex and habituation also
proved to be complex. Females showed a direct tendency
to habituate faster than males, but males habituated
faster following an indirect effect through exposure (e.g.
males had more out-of-refuge activity than females).

Under the framework recently proposed by
Dingemanse ez al. [10] to jointly study personality and
behavioural plasticity, our results suggest that elevation
(e.g. relative boldness of an individual) and slope (e.g.
plasticity) of the boldness reaction norm do not show cov-
ariation despite individuals actually differing in both
elevation and slope [10]. Variation in behavioural plas-
ticity (e.g. habituation) proved to be more influenced by
other behavioural traits than by boldness itself. This
suggests that habituation is not related to proactive or
reactive behaviours in lizards. By contrast, Ellenberg
et al. [17] found a clear negative association between
aggressive behaviour against researchers approaching
nests (a measure that may be related to boldness) and
habituation. Taken together, these results suggest that
the constraints imposed by boldness on habituation
could be context- or species-specific.

The positive effect of exploration behaviour on habitu-
ation was consistent with the hypothesis on the
association between exploration behaviour and risk assess-
ment rather than the proactivity—reactivity gradient. More
exploratory individuals may assess actual risk more quickly
than less exploratory individuals because they can gather
more information from novel stimuli [26—28]. Actually,
more exploratory individuals may have an advantage in
learning or assessing the characteristics of a novel stimulus
even if they spend the same time exposed to it than less
exploratory individuals (e.g. by focusing their attention
more on the stimulus), as has been shown in birds [54].
Furthermore, the fact that more exploratory individuals
stopped trying to climb out of the wall sooner than less
exploratory individuals also suggests fast assessment abil-
ities (i.e. lizards were not able to successfully climb the
walls in our experimental arena).

Réale et al. [3] pointed out that measures of explora-
tion obtained in past studies may not represent true
exploration, but a composite measure of several behav-
ioural traits, mainly boldness and exploration. However,
our results suggest that we may have been more successful
at separating true exploration behaviour from boldness
(see §2¢ and electronic supplementary material, S2).
Alternatively, exploration and boldness could actually be
interdependent in other taxa (e.g. birds and mammals)
but not in lizards.

Sociability influenced habituation only through an
indirect mechanism mediated by the time exposed to a
low-risk threat. Less social individuals were more fre-
quently out of the refuges than more social ones, as
expected in a high-density scenario as ours. Less social

Proc. R. Soc. B

individuals may have used direct (refuges with conspeci-
fics in them) or indirect (conspecific scent in recently
empty refugees) cues to avoid close conspecific contact
within the refuge. Less time in the refuge means more
instances of direct interaction with the low-risk predator,
probably allowing lizards to better assess their level of risk.
This finding suggests that individual differences in socia-
bility may have major implications for the ecology of
lacertid lizards, with density-dependent effects of socia-
bility affecting space use, migration and fitness [29,32].

Our analysis of direct and indirect effects uncovered a
complex relationship between sex and habituation.
Female lizards tended to habituate more than males, as
reported previously in birds [17,30]. Ellenberg et al.
[17] suggested that the higher habituation of female pen-
guins could be related to their need to conserve energy
during incubation; however, our study was conducted in
the non-breeding season. More interestingly, sex also
affected habituation in an indirect way. Males were
more frequently exposed to the predator than females,
which probably allowed them to habituate more rapidly.
Therefore, the indirect effect counteracted the direct
effect, resulting in an overall lack of significant association
between sex and habituation. Path analysis, like the one
we performed, may be useful in the future to unmask
this type of important process in personality and
behavioural plasticity studies.

Our results may have implications for the conservation
of species living in human-dominated landscapes (e.g.
urban and suburban environments) and in protected
areas with recreational activities. Habituation ability could
provide benefits for individuals in these areas with abun-
dant low-risk predators (e.g. humans). Thus, colonization
into human-dominated landscapes could be facilitated if
the greater potential of exploratory individuals to habituate
is coupled with their greater dispersion ability [26,55].
Recently, Cote et al. [56] have found a positive association
between dispersion and low sociability in the invasive mos-
quitofish (Gambusia affinis). Similarly, a positive association
between dispersion and aggression behaviour has been
linked to the range expansion of western bluebirds (Sialia
mexicana) across the northwestern United States [57]. We
speculate that a similar process could result from the associ-
ations we found between exploration and habituation, and
between sociability and habituation.

Furthermore, if a high-density population is suddenly
exposed to high levels of human disturbance, we could
expect less social individuals to habituate more and
reduce the non-lethal costs of predation [58]. This
could lead to changes in stable population density
owing to variations in density-dependent emigration
[32] and fitness [29] between social and asocial individ-
uals. Overall, these population processes driven by
differential habituation ability could lead to reductions
in the genetic diversity of populations in human-disturbed
habitats [17].

One of the main implications of our study is that, at
least in lizards, behavioural plasticity is not necessarily
associated with the proactivity—reactivity gradient found
in birds and mammals [4,23,24,59]. Our results actually
suggest that differences in information-acquisition ability
between individuals play a major role in behavioural
plasticity variation in a predator—prey context.
Information-acquisition has been previously proposed as
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one of the maintenance costs of phenotypic plasticity [60],
and deemed necessary for individuals to adjust their behav-
iour to current environmental conditions [61]. This is the
first study to our knowledge to find that behavioural traits
may be related to the probability of an individual to show
behavioural plasticity. In particular, risk assessment can
affect behavioural plasticity through a complex interaction
of direct and indirect effects, including exploratory behav-
iour, degree of exposure to the predator, and sex. We show
novel mechanisms by which inter-individual variation in
behavioural plasticity can be generated and maintained
within a population.

Lizard capture and experiments were carried out under
license (Ref. 10/054082.5/05, resolucion 6516/05) from the
Madrid Environmental Agency (Consejeria de Medio
Ambiente de la Comunidad de Madrid). The experimental
protocol and procedures were in compliance with the UK
Animals Scientific Procedures Act 1986 and the European
Communities Council Directive November 24, 1986 (86/
609/EEC).
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