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Abstract

It has been proposed recently that labile state variables
(e.g. energy reserves) can have a key role in the develop-
ment and maintenance of consistent between-individual
behavioural variation (i.e. animal personality) within pop-
ulation. In male Carpetan rock lizards (/berolacerta
cyreni), the provitamin D3 component of femoral gland
secretion acts as an honest signal in sexual communica-
tion. Further, vitamin D3 has many important metabolic
functions in reptiles. Therefore, by employing a factorial
experiment with food (high vs. low) and vitamin D3 (sup-
plemented vs. control) treatments in wild-caught repro-
ductive male /. cyreni, we tested whether changing labile
components of individual state affected (i) behavioural
consistency (the degree of between-individual difference)
and (ii) behavioural type (mean behaviour). Animal per-
sonality in activity was present in all treatments; however,
personality was present only in the high food X vitamin
D supplementation treatment in shelter use and it was
present in all but the low food % placebo treatment in risk
taking. Lizards (i) decreased activity in the high food
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treatment, (ii) increased shelter use in the vitamin D3 sup-
plementation treatment and (iii) increased risk taking in
the low food x vitamin D5 supplementation treatment. We
conclude that short-term changes in individual state affect
both behavioural consistency and behavioural type of re-
productive male /. cyreni. Unfavourable conditions result-
ed in decreased behavioural consistency, while high-state
individuals became less active in general. Individuals with
high specific (vitamin D3) but low general (energy re-
serves) state took higher risk. We discuss several evolu-
tionary explanations for the reported patterns.

Significance statement

The evolutionary and developmental mechanisms resulting in
consistent between-individual behavioural differences across
time and situations (i.e. animal personality) are of high scien-
tific interest. It has been recently proposed that links between
individual state (e.g. how well-fed the individual is) and be-
haviour can maintain such between-individual differences
even on an evolutionarily timescale. However, whether
short-term state changes are able to affect animal personality
in adults is an open question. In a manipulative experiment,
we found that the amount of food and vitamin D5 (known to
increase physiological quality and attractiveness of male
Carpetan rock lizards, /. cyreni) affected the expression of
animal personality and the actual behavioural types of repro-
ductive male Carpetan rock lizards. Therefore, we provide
evidence that short-term environmental variation does induce
or suppress animal personality, and it also affects individual
behaviour.

Keywords Animal personality - Individual state - Energy
reserves - Reproductive value - Asset protection - Terminal
investment
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Introduction

The concept of behavioural consistency states that
between-individual behavioural differences are consistent
and represent individual behavioural strategies rather than ran-
dom noise or measurement error (Komers 1997;
West-Eberhard 2003; Sih et al., 2004a, b; Carere and
Masterpieri 2013). Animal personality (consistent individual
differences in one behaviour) and behavioural syndromes (con-
sistent individual differences across two or more functionally
different behaviours) turned to be both statistically and biolog-
ically significant in several invertebrate and vertebrate taxa
(Réale et al. 2007; Smith and Blumstein 2008; Garamszegi
et al. 2012a; Mather and Logue 2013). Moreover, behavioural
consistency can be present during long periods across different
ecological contexts and situations and thus potentially play an
important role in adaptive evolution (Sih et al. 2004a, 2012;
Dochtermann and Dingemanse 2013). However, explaining
the existence of consistent behavioural differences is challeng-
ing, due to its seemingly negative effects on fitness by
constraining behavioural plasticity (Sih et al. 2004a, b).
Classic theories emphasize the role of less plastic or fixed un-
derlying variables constraining behaviour (e.g. genetic or
neuroendocrine; see van Oers et al. 2005; Overli et al. 2007)
or the adaptive benefits of consistent individual behavioural
variation (Wilson 1998; Dall et al. 2004; Luttbeg and Sih
2010; Wolf and Weissing 2010; Mathot et al. 2012).

New conceptual approaches have also been introduced in the
last decade to explain the emergence of between-individual be-
havioural differences in a holistic, ecological and evolutionary
context. A growing body of theory-based studies suggests that
links between behaviour and state variables can be responsible
for the observed behavioural consistency (Dall et al. 2004, 2012;
Biro and Stamps 2008; Dingemanse and Wolf 2010; Luttbeg and
Sih 2010; Wolf and Weissing 2010; Mathot et al. 2012; Sih et al.
2012, 2015). Recent empirical data support this notion; however,
results reveal no general pattern, behavioural consistency is
sometimes increased, sometimes decreased by state-dependent
changes (David et al. 2012; Dosmann et al. 2014; Kekaldinen
et al. 2014; DiRienzo et al. 2015, 2016; DiRienzo and Montiglio
2016). Classically, internal state reflects various inherently stable
(e.g. size, sex differences, brain structure) and labile features (e.g.
energy reserves, health state, reproductive value) of an individual
affecting the costs and benefits of its behavioural actions
(Houston and McNamara 1999). Behavioural differences de-
pending on labile intrinsic state variables are expected to change
fast, as the underlying mechanisms are highly variable in time. In
addition, these labile differences may include not only internal
characteristics but the social and ecological environment as well
(Sih et al. 2015). Environmental differences experienced during
early stages of ontogeny seem to have high importance in the
emergence of behavioural consistency (Dingemanse et al. 2007,
DiRienzo et al. 2015; Urszan et al. 2015a, b; DiRienzo and
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Montiglio 2016). However, environmental factors, indirectly or
in interaction with body condition, could affect the strength of
behavioural consistency in opposite ways, either promoting or
reducing between-individual variation (DiRienzo et al. 2015;
DiRienzo and Montiglio 2016). It is still an unresolved question
if state-based variation influences the strength of behavioural
consistency during adulthood and whether the strength of behav-
ioural consistency can change during relatively short periods (see
Sih et al. 2015).

Energy reserves, body condition, dominance and various
other traits are all important state variables contributing to
expected future reproductive success, which is considered as
one of the most important assets, and thus are among the most
widely recognized characteristics with connection to behav-
ioural strategies (Wolf et al. 2007; Sih et al. 2015). For in-
stance, everything else being equal, individuals with low en-
ergy reserves need to take extra risk by increasing their forag-
ing time to increase their future reproductive success, while
individuals with high energy reserves should risk less during
foraging because of their already high future reproductive
success (asset protection principle, Clark 1994; Dall et al.
2004; Wolf et al. 2007; Harcourt et al. 2009; Luttbeg and
Sih 2010; Dosmann et al. 2014; Engqvist et al. 2015). An
alternative possibility comes from the state-dependent safety
principle (Dingemanse and Wolf 2010; Luttbeg and Sih 2010;
Dosmann et al. 2014; Sih et al. 2015); taking the extra risk of
high behavioural activity is beneficial for high-state individ-
uals (e.g. with higher reserves, condition, etc.), as their higher
state (= higher performance) reduces the risk of predation,
while they can further increase their state. Finally, as future
reproductive success is getting lower (e.g. by ageing, decreas-
ing condition, illness) it may also be beneficial to take every
risk to maximise current reproductive efforts and giving up
unlikely future chances (terminal investment principle,
Clutton-Brock 1984; Candolin 2000; Nielsen and Holman
2012; Lee et al. 2014; Engqvist et al. 2015). Empirical testing
of these mechanisms is not easy. However, using species with
well-studied biology and traits known to play a role in sexual
selection or being linked to fitness could reveal more details
on the relationship between state and behaviour.

Chemical signalling is one of the most important modes of
intraspecific communication in many reptiles (Martin and
Lopez 2010; Mason and Parker 2010). Moreover, there is
empirical evidence that femoral gland secretion of male liz-
ards plays a particularly important role in sexual selection
(Aragon et al. 2001; Lopez and Martin 2002; Lopez et al.
2003; Martin and Lopez 2010). The Carpetan rock-lizard
(Iberolacerta cyreni) is a small diurnal lacertid lizard endemic
to the central mountain regions of the Iberian Peninsula, and
during the last decades, it became one of the best studied
reptiles regarding the role of chemical communication in sex-
ual selection (e.g. Lopez and Martin 2005, 2011; Martin and
Lopez 2006a, b, 2010, 2013). Femoral glands of I cyreni
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males, among many other compounds, secrete provitamin D3
(= cholesta-5,7-dien-3-o0l), which is the precursor of vitamin
D3, a chemical essential for calcium metabolism and a potent
immune system modulator (Allen et al. 1994; Laing and
Fraser 1999; Griffin et al. 2003; Hayes et al. 2003).
Therefore, the amount of provitamin D5 that could be
invested into the femoral secretion might give information
about the individual’s quality. Females prefer males with high
levels of provitamin D; in their femoral secretion, making this
chemical an honest signal (Lopez et al. 2006; Martin and
Lépez 2006a, b, 2008, 2010, Martin and Loépez, 2012), and
thus a male lizard’s vitamin D; level is a highly relevant state-
variable within the given reproductive season.

In the present paper, we studied how different attributes of
diet (quantity and quality) affected the behaviour of male
L cyreni during the reproductive season. We were interested
in behaviour at two levels: first, we asked whether diet influ-
enced the strength of behavioural consistency (i.e. the degree
of between-individual differentiation in one or across two be-
haviours), and second, whether diet influenced behavioural
type (individual mean behaviour). To this end, we applied a
full factorial experimental design with two treatments: high
vs. low food and vitamin D; supplementation vs. placebo. It
is known that dietary intake of vitamin D3 allows male
L cyreni to allocate more provitamin D5 to femoral secretion
(Martin and Lopez 2006b). We had two hypotheses regarding
treatment effects on behavioural consistency. First, as condi-
tions were controlled in our semi-natural setup, environmental
variation, and as consequence, individual states were expected
to be less variable within than across treatments. We
hypothesised that environmental and state variations are im-
portant in maintaining behavioural consistency in adulthood
and predicted that behavioural consistency will be lower (i.e.
animal personality or behavioural syndrome will be weaker)
within, than across the treatment groups. Second, we
hypothesised that behavioural consistency is adaptive in
some, but not in other environments (see, e.g. Bell and Sih
2007) and predicted that strength of behavioural consistency
will vary among the treatment groups. Further, as it has been
shown that animals under favourable conditions are more like-
ly to express extreme behaviours (Lichtenstein et al. 2016), we
also predicted that behavioural consistency will be strongest in
the high food X vitamin D5 supplementation treatment and
lowest in the low food x placebo treatment. We also expected
our treatments to affect behavioural types (mean behaviour).
Here, different predictions could be drawn based on different
well-established hypotheses. According to the asset protection
principle (e.g. Clark 1994), individuals with high state (and
thus having high potential future reproductive success) should
decrease their behavioural activity to protect their asset by
avoiding risk. In contrast, following the state-dependent
safety principle (e.g. Dingemanse and Wolf 2010), individ-
uals with high state are expected to express high

behavioural activity for its benefits, because their high state
allows them to deal with the increased risk. In addition, the
terminal investment principle (e.g. Engqvist et al. 2015)
predicts that individuals with low state (and thus with low
expected survival) should increase their behavioural activ-
ity to maximise their current reproductive output, accepting
the associated increase in risk.

Methods
Study animals

We captured 60 adult 1. cyreni males by noosing during the
mating season (between May 31 and June 3) in 2014 at the
‘Alto del Telégrafo’ peak (Sierra de Guadarrama, Madrid
prov., Spain, 1900 m asl). The habitat is characterized by a
relatively dense vegetation of shrubs (Cytisus and Juniperus)
and grassy meadows with a large number of granite rock
boulders, which provide basking spots and shelter for the liz-
ards. The animals were transported to the ‘El Ventorrillo’ field
station of the Museo Nacional de Ciencias Naturales, 5 km
from the capture site. The animals were housed individually
outdoor in grey opaque boxes (57 cm x 37 cm X 30 cm;
length, width, height, respectively). In the boxes, we used a
layer of coconut fibres as substrate (2—-3-cm thick, approxi-
mately) and we provided shelters (one per box) made of fibre-
boards (20 cm x 15 cm % 1 cm; length, width, height, respec-
tively). The shelters were made without bottom and were open
from the front, providing a suitable hiding place for the liz-
ards, but the shelters could be also quickly removed with
minimal disturbance to the animals. Between the assays (see
below), we covered the boxes with fine metal mesh to protect
animals from bird predators. Individuals spent at least 3 days
in the boxes used for the experiment to habituate before the
treatments started. During habituation, treatments and assays
(see below) water was provided ad libitum. Amount of food
(house crickets, Acheta domestica) differed between treatment
groups (see below). At the end of the experiment, all lizards
were released at their original capture points, without any sign
of injury.

Treatments

Treatments were applied for a 17-day period, between June 7
and 23, including the days of behavioural assays. We applied
two treatments with two levels in each in a factorial design
(i.e. there were 15 lizards in each treatment combination).
Lizards were randomly assigned to the low (N = 30) and high
food treatments (N = 30). Low food males were provided with
four house crickets every second afternoon (ca. 14.00 pm
[UTC + 02.00]) for 3 h. After this time window, all remaining
crickets were removed from the home cages. In contrast, high
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food males were fed daily (with the same amount starting at
the same time), uneaten crickets being removed only 5 h later.
This translates to 3 h per 2-day foraging possibility in the low
food, and 10 h per 2-day foraging possibility in the high food
treatment. In the high food treatment, there was always food
left, while in the low food treatment, all food was eaten in the
vast majority of time. Thus, the amount of food lizards en-
countered during a 2-day timeframe was twice for the high
food treatment lizards with foraging time being more than
threefold. Similar manipulations affect body condition of
lacertid lizards considerably (Bajer et al. 2012; GeH et al.
unpublished). The timing of food provision (afternoon) en-
sured that at the time of the behavioural assays (ending ca.
2 h before food provisions), all lizards were already hungry,
actively searching for food (GeH personal observation).

Within each food treatment, males were also randomly
assigned to the vitamin D3 supplementation treatment
(N =30) and control treatment (N = 30). Supplemented males
were provided with a dietary dose of 0.25-ml vitamin D5 sup-
plement specially developed for reptiles (Tetra ReptoSol,
Tetra GmbH, Melle, Germany) diluted (1:1) in soybean oil
(Sigma-Aldrich Chemicals Co., St. Louis, MO, USA) every
2 days on the afternoon between June 7 and 23. The applied
vitamin supplement is a liquid solution containing
67.85 TU ml ™! of vitamin D3 (manufacturer’s description).
Hence, each male was provided approximately 8.48 U (=
0.21 pg) vitamin D3 per dose approximately, an amount that
evidently raises the secretory provitamin D3 levels (Martin
and Lopez 2006b). To ensure that all males ingested the same
amount of vitamin solution, we gently handled the lizards and
used a sterile syringe to slowly deliver the solution into their
mouth. Lizards were released back to their cages when we
ensured that they had swallowed the entire dose. Control
males were treated the same way (including handling), but
we provided them with 0.25 ml of soybean oil alone, without
the vitamin D5 solution. Note that soybean oil contains no
vitamin Dj.

Behavioural assays

The behaviour assays took place between June 16 and 23 after
9 days from the start of treatments. Activity and risk taking of
lizards were tested four times, on sunny, low-wind days in the
animals’ home cages. Observations took place every second
day so animals had time to recover from the handling related
to treatments.

Activity of lizards was video-recorded between 11:15 a.m.
and 12:15 p.m. (UTC + 02.00) using car cams (ConCorde
RoadCam HD10, CONCORDE, ConCorde Elektronik Ltd.,
Budapest, Hungary). We assessed movement activity of ani-
mals in their home boxes based on a 30-min sample from
every 1-h video footage (sum of three 10-min intervals, dis-
tributed equally: 0—10, 25-35, 50-60 min) using MATLAB
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(MathWorks, Natick, MA, USA) to calculate the total distance
moved (in mm) and number of movement periods. We also
evaluated the time (s) the animals spent under the shelter dur-
ing the observation period to get another measure of activity.
As Spearman’s rank correlation tests indicated high positive
correlations between these three measures (all |y > 0.49, all
P < 0.001), we ran a principal component (PC) analysis on
them resulting two PCs. The first PC strongly correlated with
all three original variables (proportion of variation ex-
plained = 75 %; factor loadings: distance moved = 0.93, num-
ber of movements = 0.93; shelter use = —0.73), while the
second PC described shelter use independent from movement
activity (proportion of variation explained = 20 %; factor load-
ings: distance moved = 0.28, number of movements = 0.26;
shelter use = 0.69). Therefore, the first PC described general
activity (hereafter activity) while PC2 described shelter use
independent from movement activity (hereafter, shelter use).

Risk taking was also tested in the lizards’ home cages,
since this approach resembles how animals react in their nat-
ural home ranges more than tests done in a new unfamiliar
environment (Beckmann and Biro 2013). Tests were done
right after the video recording of movement activity. The ex-
perimenter (GeH) caught the lizard, briefly removed it from
the home cage and then put it back under the lizard’s own
shelter. Males that were resting under their shelters at the be-
ginning of the assay were also caught, briefly removed and put
back under their shelter. Whether a male was under shelter or
not at the beginning of the trial was used as a correction factor
in the later analyses (see below). Time till the lizards left their
refuges (when the lizards’ midbody [from head to the cloaca
region] emerged from the shelter) after the procedure was used
as a proxy for risk taking with individuals emerging quickly
seen as risk takers. This was measured from 25-min video
records. The test order of the animals was randomized in every
assay. Out of the 240 assays, lizards emerged in 107 cases
during the 25-min observation period. Excluding the observa-
tions where lizards did not emerge from the analyses would
lead to considerable loss of information, while giving them
maximal score (1500 s) or applying random-rank transforma-
tion (see Bajer et al. 2015; Horvath et al. 2016) would mislead
us in calculating within-individual variation in risk taking.
Hence, we treated risk taking as a binomial variable, giving
score 1 to individuals that emerged within 25 min and score 0
to those who stayed under the shelter for longer.

We note that the video evaluation was not blind regarding
the test animals’ identity, because the identification number of
the animals was visible in the video recordings. However, it
does not pose a problem since the subjectivity in our methods
was minimal. Environmental variation between cages was
considered minimal and random; however, we could not affect
climatic variation among days in our semi-natural setup. In
reptiles, behaviour is highly dependent from body tempera-
ture; moreover, there is evidence that individual thermal
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preferences may correlate with behavioural consistency
(Stapley 2006; Stahlschmidt et al. 2016). Hence, to control
for body temperature-induced differences, we measured the
lizards’ body temperature after the behavioural assays every
afternoon (ca. 1:00 p.m. (UTC + 02.00), right after the behav-
ioural tests) using a handheld non-contact infrared thermom-
eter (ST80 ProPlus™, Raynger®ST™, Raytek, Santa Cruz,
CA, USA). This approach provides body temperature esti-
mates for small lacertids that are highly correlated with cloacal
body temperature estimates without the disturbance connected
to the latter (Herczeg et al. 2006, 2008). Body temperature
measures were made from 20 to 30 cm distance to minimize
the disturbance of the focal individuals. Since the assays were
done on optimal days for lizards (sunny, low wind) we as-
sumed that lizards could maintain their preferred body tem-
perature during the assays and at the time of the temperature
measurement.

Statistical analyses

Analyses were performed using the R statistical environment
(R Developmental Core Team 2016). To estimate repeatability
in the pooled sample and treatment groups for activity and
shelter use, we ran linear mixed models (LMM) separately
with behavioural variable of interest as the dependent variable
and individual as the random factor. Confidence intervals
were calculated by nonparametric bootstrapping, while signif-
icance is provided by random permutation, both sampled at
each 1000th iteration. We applied a generalized linear mixed
model (GLMM) to calculate repeatability for the binomial
risk-taking data provided by the rptR add-on package follow-
ing the methods of Nakagawa and Schielzeth (2010). This
method utilizes a multiplicative overdispersion GLMM with
a logit-link and using penalized quasi likelihood (PQL) esti-
mation for repeatability on the original scale. Significance was
estimated by randomization tests. However, we report repeat-
abilities estimated on the underlying latent (link) scale as most
original-scale repeatabilities are conditional for non-Gaussian
data (Nakagawa and Schielzeth 2010).

Non-parametric Spearman rank order correlations were
used on individual mean behaviours to explore behaviour-
al syndromes. We note that a test for ‘true’ behavioural
syndromes should be based on decomposing within- and
between-individual correlations (Dingemanse and
Dochtermann 2013). However, since our risk-taking data
was binary, decomposition was not possible. Therefore,
we could only test for phenotypic behavioural correlation.

To test whether the treatments affected the mean behaviour
expressed in the different groups, we ran LMMs on activity
and shelter use and binomial GLMM with logit link on risk
taking. In our mixed-effect models the behaviours were the
response variables, the treatments, their interaction and body
temperature as fixed effects. Random effects were estimated

using likelihood ratio tests. Models were run with the Ime4
and ImerTest packages (Bates et al. 2015; Kuznetsova et al.
2016). In a pilot GLMM, we introduced position (under shel-
ter or not) at the beginning of the assay as a correction variable
to test its effect on risk taking, but since it did not have an
effect (z = 0.82, P = 0.41) we excluded this variable from our
final model. We tested potential habituation effects by includ-
ing the z-transformed order of trials both as a single fixed
effect and random slopes (i.e. the interaction with individual)
to our mixed-effect models. Random-intercept (random effect:
individual) and random-slope (random effects: individual, in-
dividual X order of trials) models were compared using
chi-squared tests. We report marginal and conditional R* esti-
mations for our models available in MuMIn package (Barton
2016) based on the method of Nakagawa and Schielzeth
(2013).

Results
Animal personality and behavioural syndrome

All behaviours were repeatable in the pooled sample; howev-
er, repeatability of shelter use was rather low (Table 1).
Repeatability estimates for all treatment groups revealed sta-
tistically significant, low to moderate repeatabilities
(0.21 < R < 0.34) for activity (Table 1). Repeatabilities of
shelter use proved to be significant only in males from the
high food X vitamin D5 supplemented treatment (R = 0.28)
(Table 1). In risk taking, repeatabilities can be considered as
low to moderate again (0.23 < R < 0.36), with randomization
tests indicating significant risk-taking repeatabilities in all
groups except in low food x placebo males (Table 1).
Confidence intervals for the repeatability estimates between
the groups and the pooled sample highly overlapped in all
behavioural variables (Table 1). According to Spearman’s
rho, there was a weak, but significant phenotypic correlation
between activity and risk taking in the pooled sample; how-
ever, there were no significant correlations between these be-
haviours in any of the treatment groups separately (Table 2).
Between shelter use and risk-taking, there were no phenotypic
correlations neither in the pooled sample nor in any of the
treatment groups (Table 2).

Behavioural types

Our LMM revealed significant habituation in activity
(F1.177.45 = 79.93, P < 0.001), lizards getting less active with
time. However, individual trends did not differ (X2 < 0.001,
df =1, P> 0.99). LMM showed that food treatment had a
significant effect on activity (Food: F 55 = 4.8, P = 0.03;
vitamin D3: F 57, = 0.28, P = 0.59; food X vitamin Dj:
Fi 5614 = 0.04, P = 0.84; body temperature: F 5, = 2.04,
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Table1 Repeatability estimates for activity, shelter use and risk-taking
of adult male Iberolacerta cyreni in the pooled sample (all) and in the
different treatment groups (HF high-food treatment, LF low-food
treatment, P vitamin D3 placebo treatment, V = vitamin D5 supplement
treatment). Estimates are based on Linear Mixed Models (LMMs) for

activity and shelter use, while on generalized linear mixed models
(GLMMs) using penalized quasi likelihood (PQL) for risk-taking.
Repeatabilities (R) and 95 % confidence intervals (CI) are shown.
Significance (P) estimates are based on randomization tests

Behaviour All (N = 60) HF/P (N = 15) LF/P (N = 15) HF/V (N = 15) LE/V (N = 15)
Activity R =025 R=034 R =0.246 R=021 R=021
P <0.001 P =0.005 P=0.024 P =0.026 P=0.026
CI=0.11-0.39 CI=0.04-0.57 CI=0-0.5 CI = 0-0.46 CI=0-047
Shelter use R=0.1 R <0.001 R <0.001 R=0.28 R=0.1
P=0.037 P=099 P=0.98 P =0.009 P=0.16
CI=0-0.22 CI=0-0.22 CI=0-025 CI = 0-0.54 CI=0-0.32
Risk taking R=034 R=036 R=023 R=027 R=026
P =0.001 P =0.006 P=0.1 P=0.02 P=0.03
CI=0.12-0.45 CI=0-0.62 CI = 0-0.56 CI = 0-0.54 CI=0-0.54

P =0.16): lizards being less active in the high food treatment
(Fig. 1). R* estimates revealed that fixed effects explained
22 %, while the entire model explained 49 % of the total
variation in activity.

We found significant habituation in shelter use as well
(F1.17825 = 12.63, P < 0.001), lizards using shelter less with
time. But again, individual trends did not differ (X2 =04,
df =1, P =0.5). LMM revealed that males with vitamin D5
treatment spent significantly more time under their shelters
than males in other groups (Food: F 5754 = 0.002, P = 0.9;
vitamin D;: F 5353 = 4.9, P = 0.03; food x vitamin Dj:
F1 5673 =0.02, P = 0.88; body temperature: Fj 53563 = 0.12,
P = 0.74; Fig. 2). R? estimates revealed that fixed effects
explained 7 %, while the entire model explained 16 % of the
total variation in shelter use.

Our GLMM revealed significant habituation in risk-taking
(z=241, P =0.02), lizards taking more risk with time; how-
ever, individual trends did not differ (X2 < 0.001, df =1,
P > 0.99). The GLMM revealed a significant interaction be-
tween the treatments (food: z = —1.6, P = 0.1; vitamin Dj:
z=0.66, P=0.51; food x vitamin D5: z=2.2, P = 0.03; body
temperature: z = 1.44, P = 0.15); individuals receiving low

Table 2 Spearman rank correlations between individual mean
behaviours (ACT activity, SHU shelter use, RT risk-taking) of adult
male Iberolacerta cyreni in the pooled sample (all) and in the different
treatment groups (HF high-food treatment, LF low-food treatment, P
vitamin Dj placebo treatment, V vitamin D3 supplement treatment).

amount of food but supplemented with vitamin D3 took higher
risk than their conspecifics (Fig. 3).

Discussion

We examined the effects of quantity and quality of the diet, as
two different ecologically relevant factors, on behavioural
consistency and behavioural type of adult male 1. cyreni dur-
ing their short mating season. Numerous studies claimed re-
cently that various, labile state-dependent traits are linked to
different components of behavioural consistency (see Careau
and Garland 2012; Hammond-Tooke et al. 2012; Bajer et al.
2015; Horvath et al. 2016; Mell et al. 2016). Further, social
and environmental conditions during early life seem to have a
fundamental role in the emergence of behavioural consistency
during early stages of ontogeny (Dingemanse et al. 2007;
DiRienzo et al. 2012, 2015, 2016; Urszan et al. 2015a, b).
Howeyver, effects of short-term differences in internal state or
environmental conditions on behavioural consistency during
late ontogeny are not obvious (Garamszegi et al. 2012b;
Dosmann et al. 2014; McEvoy et al. 2015; Seaman and

Spearman correlation coefficients (r;) and 95 % confidence intervals
(CI) are shown. Since ACT and SHU are represented by principal
components from the same principal component analysis, there is zero
correlation between them by definition

Behaviours All (N = 60) HF/P (N = 15) LE/P (N = 15) HF/V (N = 15) LF/V (N = 15)
ACT-RT re=0.16 re=0.18 7= 0.05 re=022 ro=0.16
CI =0.03-0.28 CI=-0.62-0.41 CI=-0.19-0.3 CI=-0.03-0.5 CI=-0.1-0.38
P=001 P=0.18 P=0.71 P=0.1 P=024
SHU-RT re=—0.1 re=-0.13 re=—0.17 re=—0.18 re=—-0.1
CI=-0.23-0.03 Cl=-0.4-0.1 CI=-0.42-0.1 CI = —0.5-0.06 Cl=-031-0.18
P=0.14 P=032 P=02 P=0.18 P =046
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0.4

0.2

Activity

High Food Low Food

Fig. 1 Differences in activity induced by the food treatment in adult male
Carpetan rock lizards (Iberolacerta cyreni). Activity is represented by a
principal component positively correlated to ‘distance moved’,
‘movement frequency’ and negatively to ‘shelter use’, describing
activity in general. In our model (see text) analysing activity, only the
food effect was significant. Means and standard errors are shown

Briffa 2015). Whether state-dependence of behavioural con-
sistency exists during adulthood and the strength of behav-
ioural consistency could change during short time periods

0.4

0.2

Shelter use

-0.2

Plaol::ebo Suppiemented

Fig. 2 Differences in shelter use induced by vitamin D3 supplementation
in adult male Carpetan rock lizards (Iberolacerta cyreni). Shelter use is
represented by a principal component correlated positively to ‘shelter use’
only, describing shelter use independent of ‘distance moved’ and
‘movement frequency’. In our model (see text) analysing shelter use,
only the vitamin Ds effect was significant. Means and standard errors
are shown

0.8 -|

0.6

Risk-taking

0.4

0.2

LowF/ NoVit LowF/Vit HighF/ NoVit HighF/ Vit

Fig. 3 Differences in risk-taking induced by the food and vitamin D5
treatments in adult male Carpetan rock lizards (/berolacerta cyreni). Risk-
taking is estimated by the binary variable of emerging (= 1) or not (= 0)
from the shelter after a simulated predator attack. In our model (see text)
analysing risk-taking only the food treatment x vitamin D; treatment
interaction was significant. Means and standard errors are shown.
HighF high-food treatment, LowF low-food treatment, NoVit only
placebo supplemented, Vit vitamin D5 supplemented

are still among the unresolved questions of personality studies
(Sinn and Moltschaniwskyj 2005; David et al. 2012; Dosmann
et al. 2014; Sih et al. 2015). In our study, by manipulating the
quantity and quality of diet for more than 2 weeks during the
short and highly synchronized mating season of . cyreni (Martin
and Salvador 1992), we could not affect the consistency of ac-
tivity, but the presence/absence of animal personality in shelter
use and risk taking was environment-dependent. Behavioural
types of all studied behaviours responded to the treatments.
Although we found significant habituation in all behaviours (an-
imals got less active, spent less time under their shelter and took
more risk by time), consistent between-individual differences
were detected irrespective of general trends of habituation.
Thus, we believe that our assays give a good estimate of individ-
ual behavioural differences (Biro 2012). We discuss our findings
in two steps. First, we consider what the short-term environmen-
tal effects on animal personality could add to our knowledge
about the development of behavioural consistency, and second,
we discuss how do the different treatment effects on behavioural
types fit to the existing theories.

Behavioural consistency

In both the pooled sample and the different treatment groups,
activity proved to be low to moderately repeatable (Table 1),
as our values overlap with the mean estimate for repeatability
(0.37) reported in the meta-analysis of Bell et al. (2009).

@ Springer
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Group-specific confidence intervals widely overlapped with
that of the pooled sample; thus, repeatability estimates did not
differ between treatment groups and the whole sample.
Therefore, in the case of activity, we could not support either
of our hypotheses regarding short-term environmental effects
on behavioural consistency.

On the other hand, repeatability of shelter use was negligible,
except in the high food x vitamin D53 group where it was mod-
erately repeatable and in the pooled sample where it was weak
(see Bell et al. 2009) (Table 1). This suggests that the emergence
of ‘shelter use personality’ is environment-dependent as
between-individual variation increased under the best conditions
offered by our treatments. Basically, shelter use can be seen as
describing general activity (see Koolhaas et al. 1999; Réale et al.
2007), individuals spending more time under their shelter
regarded inactive. We can only speculate about the biology be-
hind the emergence of animal personality in the optimal treat-
ment group (or the absence in others). For instance, it is plausible
that individuals under favourable environmental conditions can
allow ‘extreme’ behavioural strategies, which increases the
between-individual component of variance. This assumption is
supported by a recent experimental study (Lichtenstein et al.
2016). Environmental effects on yearly variation in presence/
absence/strength of behavioural consistency have been also sup-
ported in different wild bird populations (Dingemanse et al.
2004; Garamszegi et al. 2015). There was no indication of higher
repeatability in the pooled sample compared to the treatment
groups; therefore, we reject the hypothesis about lowered envi-
ronmental variation weakening shelter use personality.

For risk taking, randomization tests showed highly signif-
icant low to moderate repeatabilities (see Bell et al. 2009) in
all groups except in the low food X placebo males. As ran-
domization test gives robust measures of statistical signifi-
cance in the case of non-Gaussian data (Nakagawa and
Schielzeth 2010), we consider risk-taking personality being
present in three out of the four treatment groups and also in
the pooled sample. Such pattern could be explained similarly
to the pattern seen in shelter use: individuals under
unfavourable environmental conditions tend to shift their be-
haviour towards a general strategy, resulting in decreased
between-individual variation (Lichtenstein et al. 2016).
However, since the actual risk taking repeatability estimates
were quite close to each other in the four treatment groups, this
pattern should be regarded rather as a trend than a pattern.
Again, there was no indication of higher repeatability in the
pooled sample compared to the treatment groups; therefore,
we reject the hypothesis about lowered environmental varia-
tion weakening risk-taking personality.

Non-parametric correlation coefficients indicated a weak,
but significant phenotypic correlation between activity and
risk taking in the pooled sample, but phenotypic correlations

@ Springer

between these two behaviours within treatment groups were
all nonsignificant (Table 2). This pattern is congruent with our
hypothesis at first sight: behavioural consistency across two
behaviours was only observed in a sample of individuals
covering maximum environmental variation. However, we
note that phenotypic behavioural correlations cannot be
seen as true behavioural syndromes, because behavioural
syndrome is the between-individual correlation by defini-
tion (Dingemanse et al. 2010, 2012), while we were not
able to separate the within- and between-individual compo-
nents of the phenotypic behavioural correlation. It has been
shown recently that even strong phenotypic correlations
can be based on within-individual correlations alone
(Brommer et al. 2014; Urszan et al. 2015a). Further, the
significant correlation in the pooled sample had similar cor-
relation coefficient to coefficients from non-significant cor-
relations in three out of the four groups; hence, the
presence/absence patterns are likely resulted from sample
size variation (i.e. statistical power) and not biological var-
iation. There were no significant correlations between shel-
ter use and risk-taking.

These results indicate that our treatments had influence
on the strength of animal personality in adult male
L cyreni, supporting our hypothesis about the importance
of short-term environmental conditions in maintaining be-
havioural consistency. Our study species is known to have
a short and highly synchronized mating season starting
right after the emergence from hibernation; hence, males
do not have much time to spend on foraging before re-
production (Martin and Salvador 1993; Salvador et al.
2008). Consequently, short-term shifts in environmental
conditions and individual state are expected to strongly
affect fitness, and eventually, behaviour. The role of en-
ergetic constraint is evident, simply because all behav-
iours have energetic needs (Mathot et al. 2014; Mathot
and Dingemanse, 2015). Further, as the amount of supple-
mentary vitamin D; might affect reproductive success
during mating season, quality of diet is also expected to
shape behaviour. We suggest that behavioural consistency
is—on some level—affected by short-term ecological
conditions in the studied population of adult male
L cyreni during the mating season. Hence, environmental
conditions are likely responsible not only for the long-
term development, but also for the short-term mainte-
nance of individual behavioural variation. Within our
treatments, important environmental variables were not
only modified but also standardised compared to the nat-
ural variation. Still, we found no support for the hypoth-
esis that the level environmental variation per se is impor-
tant in the short-term maintenance of behavioural
consistency.
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Behavioural types

Our treatments did not only affect behavioural consistency,
but also affected activity, shelter use and risk-taking behav-
ioural types. Males under food shortage were more active than
their conspecifics, which is in line with starvation avoidance
and could be seen as an aspect of asset protection principle
(Clark 1994; McElreath et al. 2007; Luttbeg and Sih 2010;
Dosmann et al. 2014; DiRienzo and Montiglio 2016). By
being more active, individuals with low energy reserves po-
tentially obtain more food and thus increase their state, while
well-fed individuals can protect their reproductive asset by
decreasing activity. Males treated with supplementary vitamin
D3 spent more time under their shelter, which can also be
linked to the asset protection principle (Clark 1994). It is
known that provitamin Dj is the main chemical signal in male
L cyreni femoral secretion, correlating positively with individ-
ual quality (Allen et al. 1994; Laing and Fraser 1999; Griffin
etal. 2003; Hayes et al. 2003) and being under positive female
choice (Martin and Lopez 2006a). Further, males with more
vitamin D in their secretions have increased immune response
(Lopez et al. 2006). Therefore, vitamin-supplemented males
are attractive with high potential reproductive success, and in
the sense of asset protection principle, they have to secure
their reproductive asset. It was also shown recently that
L cyreni females prefer places with scent marks from vitamin
Ds;-supplemented males (Martin and Lopez, 2006b). Hence,
one would expect males with low-scent quality to be more
active and take higher risk to find mates, while attractive
males should become more risk-averse. By spending less time
outside their shelters, chemically attractive males can reduce
predation threat directly by (i) avoiding predators and also
indirectly by (ii) avoiding aggressive conspecifics as conspic-
uous agonistic interactions between them would again in-
crease predation risk (Engqvist et al. 2015), while still suc-
cessfully attracting females to their territory.

Males with supplementary vitamin D3 but under food restric-
tion took more risk than their conspecifics. The type of interac-
tion between the two treatments on risk taking contradicts both
asset protection and state-dependent safety principles (Clark
1994; Luttbeg and Sih 2010, respectively), since maximum risk
taking was observed in lizards with high state in one but low state
in the other aspect. Basically, vitamin-supplemented but food-
deprived males can be seen as attractive, high-quality males with
lowered survival possibilities. The pattern that attractive males
took more risk than others only under energy-poor condi-
tions can be explained as a special case of terminal invest-
ment principle (e.g. Clutton-Brock 1984; Massot et al.
2011; Nielsen and Holman 2012; Gonzalez-Tokman et al.
2013; Lee et al. 2014). If low food availability translates to
low future reproductive success (note that lizards in our

population reproduce once a year), it makes sense to other-
wise attractive males to take more risk for the immediate
reproductive benefits. On the other hand, males facing food
shortage without increased attractiveness were the most
risk-averse, probably because they might not realize the
benefits of increased risk- aking, and thus they only in-
creased their general activity for foraging without taking
more risk under actual threat. However, there is an alterna-
tive explanation. If vitamin D5 supplementation has a pos-
itive effect on antipredator success (e.g. better sprint speed
due to increased bone health; Laing and Fraser 1999;
Griffin et al. 2003), it is plausible that food-deprived lizards
accept the higher predatory risk to increase their foraging
time. This can be seen as a combination of the starvation
avoidance and state-dependent safety principles, where
high state in one aspect allows lizards to face higher risk
to increase another aspect of their state.

Conclusions

Taken together, our ecologically relevant short-term treatments
affected both the level of behavioural consistency and the behav-
ioural types of adult . cyreni males during the reproductive season.
Studies show that behavioural carryovers over a short period have
ecological significance (Sih et al. 2003; Luttbeg and Sih 2010). As
our behavioural assays covered an 8-day interval, we cannot claim
that we report ‘true’ personalities that are consistent over long
periods. However, considering the ecological context (the short
and synchronized mating season), we think that the phenomenon
is biologically significant. By showing that differences in environ-
mental conditions cannot only shift the mean behaviour in animal
groups during a short timeframe, but it might affect the level of
between-individual variation too, we demonstrated the liability of
behavioural consistency. This is not only relevant from a method-
ological aspect for researchers studying animal personality in the
wild or under laboratory settings, but also demonstrates how a
certain behavioural trait can be or be not under selection (note that
selection operates on between-individual phenotypic variation) de-
pending on some simple environmental factors.

Acknowledgements We are highly grateful for two anonymous reviewers
whose comments and advice helped us to improve our manuscript. Our
sincere thank goes to Roberto Garcia-Roa for his assistance in noosing lizards.
We thank ‘El Ventorrillo” Field Station of Museo Nacional de Ciencias
Naturales for use of their facilities. Our work was funded by the Hungarian
Scientific Research Fund (# OTKA-K 105517 for GH). LZG was supported
by funds from The Ministry of Economy and Competitiveness (Spain)
(CGL2015-70639-P) and The National Research, Development and
Innovation Office (Hungary) (K-115970). PL and JM were supported by
the Ministerio de Economia y Competitividad project MINECO CGL2014-
53523-P. The research also received support from the SYNTHESYS Project
http://www.synthesys.info/, which is financed by European Community
Research Infrastructure Action under the FP7 “Capacitie” Program.

@ Springer


http://www.synthesys.info

27 Page 10 of 12

Behav Ecol Sociobiol (2017) 71:27

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All applicable international, national, and/or institu-
tional guidelines for the care and use of animals were followed. The
experiment was performed under licence (permit number: 10/024398.9/
13) from the Environmental Agency of Madrid Government (“Consejeria
de Medio Ambiente de la Comunidad de Madrid”, Spain).

Reference

Allen ME, Bush M, Oftedal OT, Rosscoe R, Walsh T, Holick MF (1994)
Update on vitamin D and ultraviolet light in basking lizards. Proc
Am Assoc Zoo Vet 25:314-316

Aragon P, Lopez P, Martin J (2001) Discrimination of femoral gland
secretions from familiar and unfamiliar conspecifics by male
Iberian rock-lizards, Lacerta monticola. J Herpetol 35:346-350

Bajer K, Horvath G, Molnar O, Toérok J, Garamszegi LZ, Herczeg G
(2015) European green lizard (Lacerta viridis) personalities: linking
behavioural types to ecologically relevant traits at different ontoge-
netic stages. Behav Process 111:67-74

Bajer K, Molnar O, Torok J, Herczeg G (2012) Temperature, but not available
energy, affects the expression of a sexually selected ultraviolet (UV)
colour trait in male European green lizards. PLoS One 7:¢34359

Barton K (2016) MuMIn: multi-model inference, R package version
1.15.6, https://CRAN.R-project.org/package=MuMIn

Bates D, Maechler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using Ime4. J Stat Softw 67:1-48

Beckmann C, Biro PA (2013) On the validity of a single (boldness) assay
in personality research. Ethology 119:937-9477

Bell AM, Hankison SJ, Laskowski KL (2009) The repeatability of be-
haviour: a meta-analysis. Anim Behav 77:771-783

Bell AM, Sih A (2007) Exposure to predation generates personality in
threespined sticklebacks (Gasterosteus aculeatus). Ecol Lett 10:828-834

Biro PA (2012) Do rapid assays predict repeatability in labile
(behavioural) traits? Anim Behav 83:1295-1300

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

Brommer JE, Karell P, Ahola K, Karstinen T (2014) Residual correla-
tions, and not individual properties, determine a nest defense bold-
ness syndrome. Behav Ecol 25:802-812

Candolin U (2000) Increased signalling effort when survival prospects
decrease: male-male competition ensures honesty. Anim Behav 60:
417-422

Careau V, Garland T (2012) Performance, personality, and energetics:
correlation, causation, and mechanism. Physiol Biochem Zool 85:
543-571

Carere C, Maestripieri D (2013) Animal personalities: who cares and
why? In: Carere C, Masterpieri D (eds) Animal personalities.
Behaviour, physiology and evolution. The University of Chicago
Press, Chicago, pp 1-25

Clark CW (1994) Antipredator behavior and the asset-protection princi-
ple. Behav Ecol 5:159-170

Clutton-Brock TH (1984) Reproductive effort and terminal investment in
iteroparous animals. Am Nat 123:212-229

Dall SRX, Houston Al, McNamara JM (2004) The behavioural ecology
of personality: consistent individual differences from an adaptive
perspective. Ecol Lett 7:734-739

@ Springer

David M, Auclair Y, Giraldeau LA, Cézilly F (2012) Personality and
body condition have additive effects on motivation to feed in zebra
finches Taeniopygia guttata. Ibis 154:372-378

Dingemanse NJ, Both C, Drent PJ, Tinbergen JM (2004) Fitness conse-
quences of avian personalities in a fluctuating environment. Proc R
Soc Lond B 278:847-852

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

Dingemanse NJ, Dochtermann NA, Nakagawa S (2012) Defining behav-
ioural syndromes and the role of “syndrome deviation” in under-
standing their evolution. Behav Ecol Sociobiol 66:1543—-1548

Dingemanse NJ, Kazem AJN, Réale D, Wright J (2010) Behavioural
reaction norms: animal personality meets individual plasticity.
Trends Ecol Evol 25:81-89

Dingemanse NJ, Wolf M (2010) Recent models for adaptive personality
differences: a review. Philos T Roy Soc B 365:3947-3958

Dingemanse NJ, Wright J, Kazem AJN, Thomas DK, Hickling R, Dawnay N
(2007) Behavioural syndromes differ predictably between 12 popula-
tions of three-spined stickleback. J Anim Ecol 76:1128-1138

DiRienzo N, Montiglio PO (2016) The contribution of developmental
experience vs. condition to life history, trait variation and individual
differences. J Anim Ecol 85:915-926

Di Rienzo N, Niemeld PT, Hedrick AV, Kortet R (2016) Adult bac-
terial exposure increases behavioral variation and drives higher
repeatability in field crickets. Behav Ecol Sociobiol.
doi:10.1007/s00265-016-2200-5

DiRienzo N, Niemeld PT, Skog A, Vainikka A, Kortet R (2015) Juvenile
pathogen exposure affects the presence of personality in adult field
crickets. Front Ecol Evol 3:36

DiRienzo N, Pruitt JN, Hedrick AV (2012) Juvenile exposure to acoustic
sexual signals from conspecifics alters growth trajectory and an
adult personality trait. Anim Behav 84:861-868

Dochtermann NA, Dingemanse NJ (2013) Behavioral syndromes as evo-
lutionary constraints. Behav Ecol 24:806-811

Dosmann AJ, Brooks KC, Mateo JM (2014) Within-individual correlations
reveal link between a behavioral syndrome, condition, and cortisol in
free-ranging Belding’s ground squirrels. Ethology 120:1-10

Engqvist L, Cordes N, Reinhold K (2015) Evolution of risk-taking during
conspicuous mating displays. Evolution 69:395-406

Garamszegi LZ, Markd G, Herczeg G (2012a) A meta-analysis of corre-
lated behaviours with implications for behavioural syndromes: mean
effect size, publication bias, phylogenetic effects and the role of
mediator variables. Evol Ecol 26:1213-1235

Garamszegi LZ, Rosivall B, Rettenbacher S, Marké G, Zsebok S,
Szoll6si E, Eens M, Potti J, Torok J (2012b) Corticosterone, avoid-
ance of novelty, risk-taking and aggression in a wild bird: no evi-
dence for pleiotropic effects. Ethology 118:621-635

Garamszegi LZ, Marké G, Szasz E, Zsebdk S, Azcarate M, Herczeg G,
Torok J (2015) Among-year variation in the repeatability, within-
and between-individual, and phenotypic correlations of behaviors in
a natural population. Behav Ecol Sociobiol 69:2005-2017

Gonzalez-Tokman D, Gonzélez-Santoyo I, Munguia-Steyer R, Cérdoba-
Aguilar A (2013) Effect of juvenile hormone on senescence in males
with terminal investment. J Evol Biol 26:2458-2466

Griffin MD, Xing N, Kumar R (2003) Vitamin D and its analogs as
regulators of immune activation and antigen presentation. Annu
Rev Nutr 23:117-145

Hammond-Tooke C, Nakagawa S, Poulin R (2012) Parasitism and be-
havioural syndromes in the fish Gobiomorphus cotidianus.
Behaviour 149:601-622

Harcourt JL, Ang TZ, Sweetman G, Johnstone RA, Manica A (2009)
Social feedback and the emergence of leaders and followers. Curr
Biol 19:248-252


https://CRAN.R-project.org/package=MuMIn
http://dx.doi.org/10.1007/s00265-016-2200-5

Behav Ecol Sociobiol (2017) 71:27

Page 11 of 12 27

Hayes CE, Nashold FE, Spach KM, Pedersen LB (2003) The immuno-
logical functions of the vitamin D endocrine system. Cell Mol Biol
49:277-300

Herczeg G, Gonda A, Saarikivi J, Merild J (2006) Experimental support
for the cost-benefit model of lizard thermoregulation. Behav Ecol
Sociobiol 60:405-414

Herczeg G, Herrero A, Saarikivi J, Gonda A, Jantti M, Merild J (2008)
Experimental support for the cost-benefit model of lizard thermoregu-
lation: the effects of predation risk and food supply. Oecologia 155:1-10

Horvath G, Martin J, Lopez P, Garamszegi LZ, Bertok P, Herczeg G
(2016) Blood parasite infection intensity covaries with risk-taking
personality in male Carpetan rock lizards (Iberolacerta cyreni).
Ethology. doi:10.1111/eth.12475

Houston AI, McNamara JM (1999) Models of adaptive behaviour: an
approach based on state. Cambridge University Press, Cambridge

Kekildinen J, Lai Y T, Vainikka A, Sirkka I, Kortet R (2014) Do brain
parasites alter host personality?—experimental study in minnows.
Behav Ecol Sociobiol 68:197-204

Komers PE (1997) Behavioural plasticity in variable environments. Can J
Zool 75:161-169

Koolhaas JM, Korte SM, de Boer SF, van der Vegt BJ, van Reenen CG,
Hopster H, de Jong IC, Ruis MAW, Blokhuis HJ (1999) Coping
styles in animals: current status in behavior and stress—physiology.
Neurosci Biobehav Rev 23:925-935

Kuznetsova A, Brockhoff PB, Christensen RHB (2016) ImerTest: tests in
linear mixed effcts models, R package version 2.0-33,
https://CRAN.R-project.org/package=ImerTest

Laing CJ, Fraser DR (1999) The vitamin D system in iguanian lizards.
Comp Biochem Physiol B 123:373-379

Lee VE, Head ML, Carter MJ, Royle NJ (2014) Effects of age and expe-
rience on contest behavior in the burying beetle, Nicrophorus
vespilloides. Behav Ecol 25:172-179

Lichtenstein JLL, DiRienzo N, Knutson K et al (2016) Prolonged food
restriction decreases body condition and reduces repeatability in
personality traits in web-building spiders. Behav Ecol Sociobiol.
doi:10.1007/500265-016-2184-1

Lopez P, Amo L, Martin J (2006) Reliable signaling by chemical cues of
male traits and health state in male lizards, Lacerta monticola. J
Chem Ecol 32:473-488

Lopez P, Aragon P, Martin J (2003) Responses of female lizards, Lacerta
monticola, to males’ chemical cues reflect their mating preference
for older males. Behav Ecol Sociobiol 55:73—79

Loépez P, Martin J (2002) Chemical rival recognition decreases aggression
levels in male Iberian wall lizards, Podarcis hispanica. Behav Ecol
Sociobiol 51:461-465

Lopez P, Martin J (2005) Chemical compounds from femoral gland se-
cretions of male Iberian rock lizards, Lacerta monticola cyreni. Z
Naturforsch C 60:632—-636

Loépez P, Martin J (2011) Male Iberian rock lizards may reduce the costs
of fighting by scent matching of the resource holders. Behav Ecol
Sociobiol 65:1891-1898

Luttbeg B, Sih A (2010) Risk, resources and state-dependent adaptive
behavioural syndromes. Philos T Roy Soc B 365:3977-3990

Martin J, Lopez P (2006a) Links between male quality, male chemical
signals, and female mate choice in Iberian rock lizards. Funct Ecol
20:1087-1096

Martin J, Lopez P (2006b) Vitamin D supplementation increases the
attractiveness of males’ scent for female Iberian rock lizards. Proc
R Soc Lond B 273:2619-2624

Martin J, Lopez P (2008) Female sensory bias may allow honest chemical
signaling by male Iberian rock lizards. Behav Ecol Sociobiol 62:
1927-1934

Martin J, Lopez P (2010) Pheromones and reproduction in reptiles. In:
Norris DO, Lopez KH (eds) Hormones and reproduction of verte-
brates, Vol. 3—reptiles. Academic Press, San Diego, pp 141-167

Martin J, Lopez P (2012) Supplementation of male pheromone on rock
substrates attracts female rock lizards to the territories of males: a
field experiment. PLoS One 7:¢30108

Martin J, Lopez P (2013) Responses of female rock lizards to multiple
scent marks of males: effects of male age, male density and scent
over-marking. Behav Process 94:109-114

Martin J, Salvador A (1992) Tail loss consequences on habitat use by the
Iberian rock lizard, Lacerta monticola. Oikos 65:328-333

Martin J, Salvador A (1993) Tail loss and foraging tactics of Iberian rock-
lizards, Lacerta monticola. Oikos 66:318-324

Mason RT, Parker MR (2010) Social behavior and pheromonal commu-
nication in reptiles. J Comp Physiol A 196:729-749

Massot M, Clobert J, Montes-Poloni L, Haussy C, Cubo J, Meylan S
(2011) An integrative study of ageing in a wild population of com-
mon lizards. Funct Ecol 25:848-858

Mather JA, Logue DM (2013) The bold and the spineless: invertebrate
personalities. In: Carere C, Maestripieri D (eds) Animal
Personalities Behavior, Physiology, and Evolution, The University
of Chicago Press, Chicago, pp 13-35

Mathot KJ, Dingemanse NJ (2015) Energetics and behavior: unrequited
needs and new directions. Trends Ecol Evol 30:99-106

Mathot KJ, Nicolaus M, Araya-Ajoy YG, Dingemanse NJ, Kampenaers
B (2014) Does metabolic rate predict risk-taking behaviour? A field
experiment in a wild passerine bird. Funct Ecol 29:239-249

Mathot KJ, Wright J, Kempenaers B, Dingemanse NJ (2012) Adaptive
strategies for managing uncertainty may explain personality-related
differences in behavioural plasticity. Oikos 121:1009-1020

McElreath R, Luttbeg B, Fogarty SP, Brodin T, Sih A (2007) Evolution of
animal personalities. Nature 450:E5 discussion E5—E6

McEvoy J, While GM, Sinn DL, Carver S, Wapstra E (2015) Behavioural
syndromes and structural and temporal consistency of behavioural
traits in a social lizard. J Zool 296:58-66

Mell H, Josserand R, Decenciére B, Artacho P, Meylan S, Le Galliard JF
(2016) Do personalities co-vary with metabolic expenditure and
glucocorticoid stress response in adult lizards? Behav Ecol
Sociobiol. doi:10.1007/s00265-016-2117-z

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

Nakagawa S, Schielzeth H (2013) A general and simple method for
obtaining R2 from generalized linear mixed-effects models.
Methods Ecol Evol 4:133-142

Nielsen ML, Holman L (2012) Terminal investment in multiple sexual
signals: immune-challenged males produce more attractive phero-
mones. Funct Ecol 26:20-28

Qverli @, Serensen C, Pulman KGT, Pottinger TG, Korzan W, Summers
CH, Nilsson GE (2007) Evolutionary background for stress-coping
styles: relationships between physiological, behavioral, and cogni-
tive traits in non-mammalian vertebrates. Neurosci Biobehav Rev
31:396-412

R Developmental Core Team (2016) R: a language and environment for
statistical computing. R Foundation for Statistical Computing,
Vienna http://www.R-project.org/

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

Salvador A, Diaz JA, Veiga JP, Bloor P, Brown RP (2008) Correlates of
reproductive success in male lizards of the alpine species
Iberolacerta cyreni. Behav Ecol 19:169—-176

Seaman B, Briffa M (2015) Parasites and personality in periwinkles
(Littorina littorea): infection status is associated with mean-level
boldness but not repeatability. Behav Process 115:132—134

Sih A, Bell A, Johnson JC (2004a) Behavioral syndromes: an ecological
and evolutionary overview. Trends Ecol Evol 19:372-378

Sih A, Bell AM, Johnson JC, Ziemba RE (2004b) Behavioural syn-
dromes: an integrative overview. Q Rev Biol 79:241-277

@ Springer


http://dx.doi.org/10.1111/eth.12475
https://CRAN.R-project.org/package=lmerTest
http://dx.doi.org/10.1007/s00265-016-2184-1
http://dx.doi.org/10.1007/s00265-016-2117-z

27 Page 12 of 12

Behav Ecol Sociobiol (2017) 71:27

Sih A, Cote J, Evans M, Fogarty S, Pruitt J (2012) Ecological implica-
tions of behavioural syndromes. Ecol Lett 15:278-289

Sih A, Kats LB, Maurer EF (2003) Behavioural correlations across situ-
ations and the evolution of antipredator behaviour in a sunfish—sal-
amander system. Anim Behav 65:29-44

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

Sinn DL, Moltschaniwskyj NA (2005) Personality traits in dumpling
squid (Euprymna tasmanica): context-specific traits and their corre-
lation with biological characteristics. J Comp Psychol 119:99—-110

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

Stahlschmidt ZR, Holcomb LM, Luoma RL (2016) Context-dependent
effects of complex environments on behavioral plasticity. Behav
Ecol 27:237-244

Stapley J (2006) Individual variation in preferred body temperature
covaries with social behaviours and colour in male lizards. J
Therm Biol 31:362-369

@ Springer

Urszan TJ, Garamszegi LZ, Nagy G, Hettyey A, Torok J, Herczeg G
(2015a) No personality without experience? A test on Rana
dalmatina tadpoles. Ecol Evol 5:5847-5856

Urszan TJ, Torok J, Hettyey A, Garamszegi LZ, Herczeg G (2015b)
Behavioural consistency and life history of Rana dalmatina tad-
poles. Oecologia 178:129-140

van Oers K, de Jong G, van Noordwijk AJ, Kempenaers B, Drent PJ
(2005) Contribution of genetics to the study of animal personalities:
a review of case studies. Behaviour 142:1185-1206

West-Eberhard MJ (2003) Developmental plasticity and evolution.
Oxford University Press, New York

Wilson DS (1998) Adaptive individual differences within single popula-
tions. Philos T Roy Soc B 353:199-205

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

Wolf M, Weissing FJ (2010) An explanatory framework for adaptive
personality differences. Philos T Roy Soc B 365:3959-3968



	Food and vitamin D3 availability affects lizard personalities: an experiment
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Study animals
	Treatments
	Behavioural assays
	Statistical analyses

	Results
	Animal personality and behavioural syndrome
	Behavioural types

	Discussion
	Behavioural consistency
	Behavioural types
	Conclusions

	Reference


