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Abstract

Individual variation in the response to environmental challenges depends partly on innate reaction norms, partly on
experience-based cognitive/emotional evaluations that individuals make of the situation. The goal of this study was to
investigate whether pre-existing differences in behaviour predict the outcome of such assessment of environmental cues,
using a conditioned place preference/avoidance (CPP/CPA) paradigm. A comparative vertebrate model (European sea bass,
Dicentrarchus labrax) was used, and ninety juvenile individuals were initially screened for behavioural reactivity using a net
restraining test. Thereafter each individual was tested in a choice tank using net chasing as aversive stimulus or exposure to
familiar conspecifics as appetitive stimulus in the preferred or non preferred side respectively (called hereafter stimulation
side). Locomotor behaviour (i.e. time spent, distance travelled and swimming speed in each tank side) of each individual was
recorded and analysed with video software. The results showed that fish which were previously exposed to appetitive
stimulus increased significantly the time spent on the stimulation side, while aversive stimulus led to a strong decrease in
time spent on the stimulation side. Moreover, this study showed clearly that proactive fish were characterised by a stronger
preference for the social stimulus and when placed in a putative aversive environment showed a lower physiological stress
responses than reactive fish. In conclusion, this study showed for the first time in sea bass, that the CPP/CPA paradigm can
be used to assess the valence (positive vs. negative) that fish attribute to different stimuli and that individual behavioural
traits is predictive of how stimuli are perceived and thus of the magnitude of preference or avoidance behaviour.
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Introduction

How and for what reasons individuals differ in the way they

react to potential risks, handle novelty, or interact with conspe-

cifics remain fascinating questions. Scherer [1] suggested that the

individual evaluates the significance of an event according to a set

of stimulus evaluation checks. These evaluate the relevance of the

event according to various dimensions (e.g. novelty, pleasantness,

and importance of the event for the individual), its implication in

terms of the individual’s needs, the possibility for the individual to

cope with the event and the compatibility of the event with social

or individual standards. A variety of related concepts have been

used to describe individual differences in behaviour that are

consistent over time and across situations (see Budaev and Brown

[2]). Wilson et al. [3] proposed that the shy-bold continuum

(propensity to take risk) is a fundamental axis of behavioural

variation in many species. Another concept frequently used in the

study of animal personality is behavioural syndrome: a suite of

correlated behaviours that are expressed either within a given

context or across context [4]. A third concept frequently used to

investigate individual differences in behaviour is coping styles or

strategies. Two alternative coping styles are frequently distin-

guished: proactive and reactive [5–7]. Proactive individuals are

more active, aggressive, bold, tend to form inflexible routines and

learn more slowly about small changes in the environment.

Reactive individuals, in contrast, are shyer, non-aggressive and

more sensitive to environmental changes. The existence such

contrasting phenotypes seems to be a widespread phenomenon,

with some aspects of this individual variation being reported in

invertebrates (e.g. squids, Euprymna tasmanica [8]), lizards (Anolis
carolinensis [9]) and in various species of fish (sticklebacks,

Gasterosteus aculeatus [10–12], rainbow trout, Oncorhynchus
mykiss, [13–15]; Nile tilapia, Oreochromis niloticus, [16,17];

Gilthead sea bream, Sparus aurata, [18,19]). Far from being

stereotyped and invariant, differences in the behavioural reper-

toires, learning and memory abilities observed in both phenotypes

suggest that fish are curiously plastic [20].
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Recent reviews of fish cognition suggest fish show a rich array of

sophisticated behaviours. For example they have functional long-

term memories, develop complex traditions, show signs of

Machiavellian intelligence, cooperate with and recognise one

another and are even capable of tool use [21–23]. Emerging

evidences also suggest that, despite appearances, the fish brain is

also more similar to higher vertebrate one than previously thought

[24–26]. Although this amount of knowledge, the way fish

perceive stimuli and the affective value they attribute to them

are still poorly known phenomena.

For most people, this is either linked to animal sentience or

consciousness. Sentience is quite difficult to define or measure, and

the meaning is constantly debated by scientists and philosophers

alike, but it might be summed up in an ethical context as the

ability to experience pleasure and pain (i.e. subjective perceptual

experiences [27,28]). Being increasingly used in animal welfare

evaluations and recognised as adaptive products of natural

selection [29], affective states are not directly observable, and

behavioural and physiological proxies have to be used in order to

probe animal affective states. Preference/avoidance and motiva-

tion tests have been used for this purpose, based on the assumption

that affective states are linked to motivation/preference and

ultimately drive behaviour [30]. In these tests the animal is given

some control over its environment, so that we can observe their

choices in preference tests, or how much they are willing to work

to access or avoid given resources or threats in operant motivation

tests [30–33]. Thus, the ability of fish to express choice according

to their preference or avoidance is a well established phenomenon;

however, the extent of intraspecific variation and whether coping

style influences this type of behaviour are still unknown.

In this study we investigated how European sea bass (Dicen-
trarchus labrax), one of the most important commercial species in

Europe, evaluated putative appetitive (presence of social partners)

or putative aversive (net chasing) stimuli in a conditioned place

preference/avoidance test (CPP/CPA [34,35]). CPP/CPA is a

behavioural paradigm in which a reward or a punishment is

paired repeatedly with environmental cues so that the animal

associates the cues with the appetitive or aversive stimulus and

eventually develops preference or avoidance for the marked

location even in the absence of the stimulus [36]. In order to

validate this paradigm as a gauge of valence attributed by the fish

to the putative appetitive/aversive stimuli, we used physiological

(cortisol and glucose) and behavioural (distance travelled and

swimming speed) measures. In addition, we investigated whether

pre-existing differences in the behavioural response to acute stress

(a putative indicator of stress coping style or animal personality in

fish [18,37]) would predict individual variation in the response to

putative appetitive and aversive stimuli.

Materials and Methods

The experiment described was conducted in accordance with

the Guidelines of the European Union Council (86/609/EU) and

Portuguese legislation for the use of laboratory animals, and

approved by the ethics committee from the Veterinary Medicines

Directorate, the Portuguese competent authority for the protection

of animals, Ministry of Agriculture, Rural Development and

Fisheries, Portugal. Permit number 0420/000/000-n.99-09/11/

2009. The rules and regulations which protect experimental

animals from unnecessary pain and suffering have been strictly

followed during the experiment. In preparing the experiment, we

have carefully considered the application of the 3R (Replacement,

Reduction and Refinement, 2010/63/UE).

1. Experimental fish, housing and feeding
Fish were hatched and reared at the experimental research

station of Ifremer in Palavas-les- Flots (France) until they weighted

0.1 g and then transported to Ramalhete Research Station (Faro,

Portugal). Fish were housed in stock tanks (500 L) under sea bass

standard rearing conditions [38] during 8 months before the start

of the experimental procedures (rearing density from 0.3 kg m23

(mean fish weight = 0.1 g) to 10 kg m23 (mean fish weight = 45 g)

which are considered as low rearing densities and reach all welfare

demand). Fish were fed a commercial diet (Aquagold 3 mm,

Aquasoja, Sorgal SA, Portugal; 44% crude protein, 14% crude fat,

8% ash, 2.5% crude fibres, 1.0% phosphorus) using automatic

feeders (1.5% BW day21). Fish were reared in open water circuit

tanks, with a temperature of 2067uc, salinity of 3562% and

dissolved oxygen above 95%, and a 12L:12D photoperiod was

employed with light on at 08:00. One month before the start of

experimental procedures, 90 fish were randomly selected, anaes-

thetised with 2-phenoxyethanol (0.3%, Sigma-Aldrich) and

individually identified with a PIT-tag (Micro BE, France) injected

in the flesh under the dorsal fin and with a visible implant

elastomer tag (VIE; Northwest Marine Technology, USA) in the

caudal fin. At the start of the experiment the body mass of the fish

was 4561.3 g (mean 6 SE).

2. Set up and experimental procedures
2.1. Restraining test. Escape behaviour during restraining

or confinement has been used to discriminate personality traits as

well as physiological correlates of coping style in different fish

species [16,37,39,40]. More recently, Castanheira et al. [18]

showed in sea bream that escape behaviour during restraining was

consistent over time and across contexts. Moreover, Ferrari S.,

Millot S., Leguay D., Chatain B., Bégout ML (unpubl. data)

demonstrated in sea bass that escape attempts during restraining

test were negatively correlated to plasma cortisol concentration.

For these reasons, the net restraining test was performed only one

time 15 days before the conditioned place preference/avoidance

(CPP/CPA) tests. The restraining test consisted of holding each

fish individually in an emerged net for three minutes [16–

19,39,41]. The following behaviours were measured: latency to

escape (time in seconds taken by each fish to show an escape

attempt; escape attempt was defined as a elevation of the body

from the net); number of escape attempts and total time spent on

escape attempts (total time in seconds taken by each fish escaping

since the first to the last escape attempts). Behaviours measured

were collapsed into first principal component scores using

Principal Components Analysis (PCA) in order to obtain a score

allowing the characterisation of coping styles. PC1 explained 86%

of the variation and the number of escapes was the variable that

contributed the most for PC1 (Table 1).

Fish presenting a high latency to escape, small number of escape

attempts and shorter total time to escape were characterised by a

low score and identified as reactive fish. On contrary, fish

presenting a lower latency to escape, high number of escape

attempts and longer total time to escape were characterised by a

high score and identified as proactive (based on Silva et al. [39];

Martins et al. [16,17] and Castanheira et al. [18,19]). No threshold

was applied to separate subjectively the fish in two categories i.e.
proactive and reactive. Instead these data (Coping Style, CS,

score) were used as a continuous variable.

2.2. Conditioned place preference/avoidance test. Four

days before the start of the CPP/CPA test, 3 groups of 12 fish each

(6 focal fish with distinct VIE (Visible Implant Elastomer tag) and

6 familiar conspecifics, i.e. all fish coming from the same rearing

tank) were placed in 3 different 100 L home tanks located in the

Behavioural Stress Responses Predict Perception in Fish
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experimental room. This was done to acclimatize fish to their new

environment. The photoperiod and the water temperature, salinity

and oxygenation were the same as in rearing tanks. The fish were

fed ad libitum each morning. This procedure was repeated 5

consecutive times in order to test 30 fish per treatment: appetitive

(APP), aversive (AVER) and control (CONT).

The CPP/CPA test was performed in 6 glass aquaria of 80 L

(70 cm length640 cm width and 30 cm depth). Each aquarium

was divided into two halves by a 10 cm wide grey central alley:

one half marked by white walls without dots and the other half

marked by white walls with black dots used as visual cues for fish

(Figure 1). One infrared LED projector (IR-294S/60, Monacor)

was placed beneath each aquarium.

The CPP/CPA test consisted of three experimental phases

conducted over a 3 days period. An initial habituation phase was

performed on the first day. During this phase, each fish was placed

individually in the tank and allowed to swim freely throughout the

whole tank for 40 min (this period was determined based on

preliminary observations). For each individual the preference for

white or dotted side (.50% time spent) was assessed through a

20 min additional recording. Then the fish was put back in the

home tank. Animals that showed a very strong initial preference

(.90% time spent) in either side or strong freezing behaviour

(,500 cm distance moved) were excluded from the study because

their initial position during the habituation phase could not be

representative of their real preference for that side. Therefore,

animals that showed an initial preference between 50.1% and

89.9% for either side and which had moved more than 500 cm

were used for data analyses. The habituation phase was followed

by a conditioning phase, during which treatments differed between

the appetitive and aversive stimulus groups. For the aversive

stimulus (AVER), fish was placed in the same aquarium as during

the habituation phase but had only access to the initial preferred

side for 20 min, hereafter termed the stimulation side (SS).

Afterwards, the fish was chased with a net during 10 s each 4 min

for a period of 20 min. For the appetitive stimulus (APP), fish was

placed in the non initial preferred side (new SS) for 20 min and

then 2 familiar conspecifics were added in the tank for a period of

20 min. The control fish (CONT) were handled exactly the same

way as the tested animals (maintained in the preferred side or in

the non preferred side) except that the stimulus was omitted during

the training phase. After each treatment, fish was placed back in

the home tank.

The test phase was performed on the last day of the experiment

(the third day) and consisted exactly of the same procedure as the

habituation phase in order to record any behavioural changes.

After this last phase, fish were immediately caught and

euthanized with an overdose of 2-phenoxyethanol (1%, Sigma-

Aldrich). Blood was thus sampled one hour after fish were

transferred to the experimental aquarium (based on Fanouraki et

al. [42]). Blood was withdrawn within 3 min from the caudal vein

using heparinised syringes and centrifuges at 20006 g for

25 minutes at room temperature. After centrifugation plasma

was frozen in dry ice and stored at 280uc for glucose (QCA,

Spain) kit analysis. Plasma cortisol levels were measured by means

of a commercial ELISA kit RE52061 (IBL Hamburg, Germany),

Table 1. Mean 6 SEM, minimum (Min.) and maximum (Max.) values of behavioural variables obtained for the restraining test
(N = 90) and PCA loading used to generate a principal component scores (PC1).

Behavioural variables Mean ± SEM Min. Max. Loadings for PC1 Eigenvalues % variation explained

Latency escape (s) 90.960.75 2 180 20.855 85.991 85.991

Number escape 5.360.06 0 18 0.962 12.481

Total escape time (s) 1.660.02 0 6.8 0.96 1.528

doi:10.1371/journal.pone.0108800.t001

Figure 1. Experimental tank. CPP/CPA test glass aquarium (80L) divided into three compartments: one central alley with grey walls and two lateral
compartments with white walls and with or without visual cues (black dots).
doi:10.1371/journal.pone.0108800.g001
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with a sensitivity of 2.5 ng/ml, and intra and inter-assay

coefficients of variation (CV) of 2.9 and 3.5%, respectively. After

blood sampling, fish were identified and measured for standard

length (cm).

During each phase, individual behaviour was recorded by

infrared sensitive video camera (TVCCD-623-COL, Monacor,

Denmark) equipped with infrared filter (dark red, Schneider

Optics, USA) and positioned 1 m above the tank. The videos were

stored in AVI files on a hard drive and analysed afterwards with

the Lolitrack 2.0 software (Loligo Systems, Denmark). Before each

video analyses, the background image of each tank was divided

into three arenas (Arena 1 = white side, Arena 2 = grey middle

alley, Arena 3 = dotted side). For each tank the background was

calibrated by marking the length of the Arena 2 in the image and

entering its actual value (10 cm). The Lolitrack 2.0 software tracks

the fish as a dark object on a light background. By using infrared

light underneath the tank we avoid light reflexion on the water

surface and optimise the fish tracking by the software. The

following parameters were quantified by the software: time spent

in each arena (min), distance travelled in each arena (m) and the

swimming speed in each arena (cms21). In order to remove the

influence of fish size in swimming speed data, these values were

transformed in body length per second (BLs21). To evaluate the

fish behavioural changes between the habituation and the test

phase, percent change of time spent, distance travelled and

swimming speed were calculated as: [(Test phase value –

Habituation phase value)/Habituation phase value]6100.

3. Statistics
Behaviours measured in restraining test were collapsed into first

principal component scores (PC1) with orthogonal rotation

(varimax) using Principal Components Analysis (PCA). The

correlation matrix was used to check for multicollinearity (i.e. to

identify variables that did not correlate with any other variable, or

correlate very highly, r = 0.9, with one or more variables). Kaiser–

Meyer–Olkin (KMO) test for sample adequacy was always greater

than 0.5 and the Bartlett’s test of sphericity was significant for all

tests, indicated that correlations between items were sufficiently

large for PCA. PCA analyses were performed using SPSS 18.0 for

windows. The results are expressed as mean 6 standard error of

the mean (SEM).

All other statistical analyses were performed using Statistica 7

software (Statsoft, USA). The results were expressed as mean 6

standard error of the mean (SEM).

A null model of side preference was tested by comparing the

observed fish distribution to the theoretical homogeneous distri-

bution in the side with or without dots (50% in each side) by a

Kolmogorov–Smirnov test. Fish did not show a systematic initial

preference for one side or the other one. Consequently, the

stimulation was performed 36 times in the side without dots vs 42

times in the side with dots (d = 0.28; p.0.05).

One way ANOVA was used to analyse the differences in

percent change of time spent on SS (after arcsine(sqrt (x/100))

transformation) by the experimental (APP or AVER) vs. control

fish. Repeated-measures ANOVA’s were used to analyse the

differences in distance travelled (m) and swimming speed (BLs21)

between experimental and control fish, experimental phases (i.e.
before and after conditioning phase) and tank sides (4-levels

repeated factor: before SS vs. before non-stimulation side (nSS) vs.
after SS vs. after nSS; categorical variables: experimental vs.
control fish). Newman & Keuls tests were subsequently used to test

differences between the habituation and the test phase of each

treatment and between the control and the experimental groups

both at the habituation and at the test phase of each treatment.

One way ANOVA followed by Newman & Keuls tests were

used to analyse the differences in plasma concentrations of cortisol

(ngml21) and glucose (mmol21) between experimental and control

fish.

For both APP and AVER treatments, Pearson correlations

matrices between time spent on SS, distance moved in SS and

nSS, percent change of time spent on SS, percent change of

distance moved in SS and nSS, plasma concentration of glucose

and cortisol with Coping Style (CS) score were calculated. The

significance level of each correlation matrice was defined

according to the table of critical values of Pearson correlation

coefficient corrected by the individual number (n) in Scherrer

p792 [43].

Results

From the 90 fish tested in this study, 12 fish did not comply with

our CPP acceptance criteria and were thus removed from the

analysis. This resulted in the following sample sizes: n = 28 for

APP, n = 23 for AVER and n = 27 for CONT.

1. Restraining test
During the restraining test, fish waited on average 91 s before

the first escape attempt and they performed a mean of 5 escape

attempts for a total escape time of around 2 s (Table 1).

2. Time spent on the stimulation side
On average fish subjected to the appetitive stimulus showed a

high increase (+163%) in the time spent on the SS during the test

phase, whereas fish exposed to the aversive stimulus showed a

significant decrease (242%) in the time spent on the SS during the

test phase (Fig. 2; One way ANOVA F2,75 = 6.60, p,0.01).

3. Distance travelled
The main effect of treatment (i.e. APP vs. AVER vs. CONT

groups) on the distance travelled was not significant (F2,75 = 0.54,

p = 0.58), but there were a significant main effect of the repeated

measure (i.e. before SS vs. before nSS vs. after SS vs. after nSS;

F3,225 = 103.11, p,0.001) and a significant interaction between

treatment and the repeated measure (F3,225 = 7.32, p,0.001).

Thus, regardless of treatment or tank side, fish significantly

decreased the distance travelled between the habituation and the

test phase (Fig. 3).

Figure 2. Time spent on the stimulation side. Percent change of
time spent (Mean 6 SEM; in %) by the fish on the stimulation side
between the habituation and test phases for each treatment. One way
ANOVA, * ,0.05; ** ,0.01; *** ,0.001.
doi:10.1371/journal.pone.0108800.g002
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4. Swimming speed
The main effect of treatment (i.e. APP vs. AVER vs. CONT

groups) on swimming speed was not significant (F2,75 = 0.10,

p = 0.90), but there were a significant main effect of the repeated

measure (i.e. before SS vs. before nSS vs. after SS vs. after nSS;

F3,225 = 50.47, p,0.001) and a significant interaction between

treatment and the repeated measure (F3,225 = 2.94, p,0.01).

Whatever the treatment and the tank side, fish significantly

decrease the swimming speed during the test phase (data not

shown).

5. Blood plasma analysis
There was no significant difference between APP, AVER and

CONT in plasma concentration of cortisol (237624; 212625;

270620 ng ml21 respectively; F2,71 = 1.11, p = 0.33) and glucose

(4.3260.1; 4.3360.1; 4.2660.1 mmol l21 respectively;

F2,67 = 0.14, p = 0.86).

6. Correlations between coping style, behaviour and
physiology parameters

The correlations matrice for the APP treatment showed that fish

that spent the most time on SS during the test phase also had a

higher CS score (Table 2, Fig. 4).

The correlations matrice for the AVER treatment showed that

fish characterised by a low CS score increased the distance moved

in SS and had higher plasma cortisol concentrations (Table 2,

Fig. 4).

Discussion

This study demonstrated that a single exposure to an appetitive

or an aversive stimulus significantly increased or decreased

respectively, the time spent by sea bass on the stimulation side

of a CPP/CPA setup. This behavioural change clearly suggests

that the experimental fish attributed a positive valence to the

presence of social partners, and a negative valence to net chasing.

Further, it would appear that altered place preference observed

during the final test phase (in the absence of stimulus) is due to

associative learning of visual cues (black dots) coupled to expected

appetitive or aversive stimulus.

Notably, both experimental and control fish showed a strong

decrease in swimming activity (distance travelled and swimming

speed) in both sides of the tank. This result could be explained

either by the fact that fish became habituated to the aquarium and

thus reduced exploration or by the experimental procedure which

consisted of handling fish each day to transfer them from their

home tank to the experimental tank and which could have induced

stress (i.e. freezing behaviour). Thus, even if fish showed

preference or avoidance for the tank zone associated with

appetitive or aversive stimulus respectively, they did not express

a swimming activity comparable to that observed during the

habituation phase. This last interpretation is supported by the

similar high plasma concentrations of cortisol and glucose

observed across treatments. Thus, the stimulus effect on fish

physiology was probably masked by the stress due to the handling

procedure. To summarise, even if the experimental set up to assess

the affective value that sea bass attribute to a stimulus was not

Figure 3. Distance travelled. Distance travelled (Mean 6 SEM; in m)
by the fish on the stimulation side and on the non stimulation side
during the habituation and test phases for each treatment. Repeated
ANOVA, ** ,0.01; *** ,0.001.
doi:10.1371/journal.pone.0108800.g003

Figure 4. Correlations between coping style, behaviour and physiology parameters. Correlations between coping style score and time
spent on SS (min) for appetitive treatment and coping style score and plasma cortisol concentration (ng ml21) for aversive treatment. The full black
lines represent the linear regressions.
doi:10.1371/journal.pone.0108800.g004
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optimal due to the handling procedure which has masked part of

the behavioural and physiological responses, the results showed

nevertheless that fish can learn, remember and make decisions to

avoid being exposed to aversive stimulus (net chase) or in contrary

to seek for appetitive stimulus (familiar conspecifics).

The consistency of behaviours has not been tested in this study

and should be done in the future in order to clearly define if the

behavioural stress response measured during the restraining test

could be considered as coping style, behavioural trait or

personality. However, restraining test has been shown to be

repeatable in sea bream [18] and correlated with physiological

stress in sea bass (see method section) and thus the observed

behaviour is likely to be a coping style. More interestingly, this

study showed that behavioural stress response or coping style

modulates the response (i.e. appraisal) of appetitive and aversive

stimuli. When fish were subjected to an appetitive stimulus,

proactive individuals expressed a higher preference (e.g. time

spent) for the stimulation side than reactive fish. But when fish

were submitted to an aversive treatment, reactive fish exhibited an

increase of distance moved in the stimulation side (anxiety) and a

higher plasma cortisol concentration than proactive fish. These

behavioural and physiological changes showed that fish exhibiting

proactive behaviour were more responsive to the appetitive

stimulus while reactive phenotypes responded to the aversive

one. These results suggested also that the proactive phenotype is

less fearful when presented with a signal previously associated with

an aversive stimulus, as compared to individuals of the reactive

type. Previous studies have demonstrated in fish relationship

between anxiety or fear behaviour and corticosterone response

[44] and limbic neural systems [7,29] and also between fearfulness

and coping style [16], but it is the first time that a study highlights

the link between behavioural stress and fear responses and

physiological patterns simultaneously.

Even if correspondence between boldness and sociability is not

clearly established (Cote et al., 2010; Trompf and Brown, 2014), in

our study, proactive fish seemed more responsive to social stimulus

than the reactive ones. Pike et al. [45] showed in three-spined

stickleback (Gasterosteus aculeatus) that bolder individuals had

fewer overall interactions than shy fish, but tended to distribute

their interactions more evenly across all group members. Thus, the

fact that proactive fish were more attracted by the side where

congeners were present did not necessarily means that they are

more social but simply that they attribute a higher positive value to

this stimulus than reactive fish.

In conclusion, this study showed for the first time in sea bass,

that the CPP/CPA paradigm can be used (with some set up

improvements in order to reduce the fish freeze behaviour due to

the handling procedure) to assess the valence (positive vs. negative)

that fish attribute to environmental stimuli and that the

individual’s behaviour under stress predicts how stimuli are

perceived and thus the subsequent preference or avoidance

behaviour.

Supporting Information

File S1 Supporting information file shows data of restraining

test, CPP-CPA test and blood analysis.

(XLSX)
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provide the sea bass and to Marie-Laure Bégout for device loan. We thank

the editor and two referees for their helpful suggestions and advice.

Author Contributions

Conceived and designed the experiments: SM RFO CIMM. Performed the

experiments: SM MC. Analyzed the data: SM. Contributed reagents/

materials/analysis tools: SM MC M-FC. Wrote the paper: SM MC M-FC

ØØ RFO CIMM.

References

1. Scherer KR (1987) Toward a dynamic theory of emotion: the component

process model of affective states. Geneva Studies in Emotion and Communi-

cation 1: 1–98.

2. Budaev S, Brown C (2011) Personality traits and behaviour. In: Brown C,

Laland K, Krause J, editors. Fish Cognition and Behaviour. Second Edition ed:

Blackwell Publishing Ltd. pp. 135–165.

3. Wilson DS, Clark AB, Coleman K, Dearstyne T (1994) Shyness and boldness in

humans and other animals. Trends in Ecology & Evolution 9: 442–446.

Table 2. Pearson correlations matrice and p value for appetitive (APP) and aversive (AVER) treatments between time spent on
stimulation side (SS), distance moved in SS and on non stimulation side (nSS), percent change of time spent on SS, percent change
of distance moved on SS and nSS and plasma concentration of cortisol and glucose with Coping Style score.

APP AVER

Coping style score Coping style score

Time spent SS (min) 0.470 P = 0.019 20.225 P = 0.340

Distance moved SS (m) 20.050 P = 0.796 20.379 P = 0.099

Distance moved nSS (m) 20.180 P = 0.384 20.178 P = 0.452

Percent change time spent SS (%) 0.210 P = 0.030 20.161 P = 0.498

Percent change distance moved SS (%) 20.130 P = 0.539 20.441 P = 0.052

Percent change distance moved nSS (%) 20.240 P = 0.259 20.169 P = 0.476

Cortisol (ng ml21) 0.043 P = 0.841 20.495 P = 0.027

Glucose (mmol l21) 0.121 P = 0.573 0.009 P = 0.969

The significance level of each correlation matrice was defined according to the table of critical values of Pearson correlation coefficient corrected by the individual
number (n) in Scherrer p792 [43] (APP: n = 28, |R|.0.374; AVER: n = 23, |R|.0.413). The significant results are in bold.
doi:10.1371/journal.pone.0108800.t002

Behavioural Stress Responses Predict Perception in Fish

PLOS ONE | www.plosone.org 6 September 2014 | Volume 9 | Issue 9 | e108800



4. Sih A, Bell A, Johnson JC (2004) Behavioral syndromes: an ecological and

evolutionary overview. Trends in Ecology & Evolution 19: 372–378.
5. Benus RF, Bohus B, Koolhaas JM, Vanoortmerssen GA (1991) Heritable

variation for aggression as a reflection of individual coping strategies.

Experientia 47: 1008–1019.
6. Koolhaas JM, Korte SM, De Boer SF, Van Der Vegt BJ, Van Reenen CG, et al.

(1999) Coping styles in animals: current status in behavior and stress-physiology.
Neuroscience & Biobehavioral Reviews 23: 925–935.

7. Øverli Ø, Sorensen C, Pulman KGT, Pottinger TG, Korzan W, et al. (2007)

Evolutionary background for stress-coping styles: relationships between
physiological, behavioral, and cognitive traits in non-mammalian vertebrates.

Neuroscience and Biobehavioral Reviews 31: 396–412.
8. Sinn DL, Gosling SD, Moltschaniwskyj NA (2008) Development of shy/bold

behaviour in squid: context-specific phenotypes associated with developmental
plasticity. Animal Behaviour 75: 433–442.

9. Korzan W, Øverli Ø, Summers C (2006) Future social rank: forecasting status in

the green anole (Anolis carolinensis). acta ethologica 9: 48–57.
10. Bell AM (2005) Behavioural differences between individuals and two populations

of stickleback (Gasterosteus aculeatus). Journal of Evolutionary Biology 18: 464–
473.

11. Huntingford F (1976) The relationship between anti-predator behaviour and

aggression among conspecifics in the three-spined stickleback, Gasterosteus
aculeatus. Animal Behaviour 24: 245–260.

12. Bell AM, Sih A (2007) Exposure to predation generates personality in
threespined sticklebacks (Gasterosteus aculeatus). Ecology Letters 10: 828–834.

13. Sneddon LU (2003) The bold and the shy: individual differences in rainbow
trout. Journal of Fish Biology 62: 971–975.

14. Øverli Ø, Winberg S, Pottinger TG (2005) Behavioral and neuroendocrine

correlates of selection for stress responsiveness in rainbow trout—a review.
Integrative and Comparative Biology 45: 463–474.

15. Winberg S, Schjolden J, Øverli Ø, Pottinger T (2007) Stress and stress coping in
fish, behavioural correlates and neuroendocrine mechanisms. Comparaive

Biochemistry and Physiology 146: S77.

16. Martins CIM, Silva PIM, Conceicao LEC, Costas B, Hoglund E, et al. (2011)
Linking fearfulness and coping styles in fish. PloS ONE 6: e28084.

17. Martins CIM, Castanheira MF, Engrola S, Costa B, Conceição LEC (2011)
Individual differences in metabolism predict coping styles in fish. Applied

Animal Behaviour Science 130: 135–143.
18. Castanheira MF, Herrera M, Costas B, Conceição LEC, Martins CIM (2013)

Can we predict personality in fish? Searching for consistency over time and

across contexts. PloS ONE 8: e62037.
19. Castanheira MF, Herrera M, Costas B, Conceição LEC, Martins CIM (2013)

Linking cortisol responsiveness and aggressive behaviour in gilthead seabream
Sparus aurata: Indication of divergent coping styles. Applied Animal Behaviour

Science 143: 75–81.

20. Laland KN, Brown C, Krause J (2003) Learning in fishes: from three-second
memory to culture. Fish and Fisheries 4: 199–202.

21. Bshary R, Wickler W, Fricke H (2002) Fish cognition: a primate’s eye view.
Animal Cognition 5: 1–13.

22. Brown C, Laland KN, Krause J (2011) Fish cognition and behaviour 2e.
Cambridge: Wiley-Blackwell.

23. Brown C (2014) Fish intelligence, sentience and ethics. Animal Cognition. DOI

10.1007/s10071-014-0761-0.
24. Broglio C, Gomez A, Duran E, Salas C, Rodriguez F (2011) Brain and cognition

in teleost fish. In: Brown C, Krause J, Laland K, editors. Fish cognition and
behavior. Oxford: Wiley. pp. 325–358.

25. Demski LS (2013) The pallium and mind/behavior relationships in teleost fishes.

Brain, Behavior and Evolution 82: 31–44.
26. Rink E, Wullimann MF (2004) Connections of the ventral telencephalon

(subpallium) in the zebrafish (Danio rerio). Brain Research 1011: 206–220.

27. Appleby MC, Sandøe PT (2002) Philosophical debate on the nature of well-
being: implications for animal welfare. Animal Welfare 11: 283–294.

28. Dawkins MS (1998) Evolution and animal welfare. The Quarterly Review of
Biology 73: 305–328.

29. Chandroo KP, Duncan IJH, Moccia RD (2004) Can fish suffer?: perspectives on

sentience, pain, fear and stress. Applied Animal Behaviour Science 86: 225–250.
30. Kirkden RD, Pajor EA (2006) Using preference, motivation and aversion tests to

ask scientific questions about animals’ feelings. Applied Animal Behaviour
Science 100: 29–47.

31. Yue S, Duncan IJH, Moccia RD (2008) Investigating fear in rainbow trout
(Oncorhynchus mykiss) using the conditioned-suppression paradigm. Journal of

Applied Animal Welfare Science 11: 14–27.

32. Endo M, Kumahara C, Yoshida T, Tabata M (2002) Reduced stress and
increased immune responses in Nile tilapia kept under self-feeding conditions.

Fisheries Science 68: 253–257.
33. Herrero MJ, Martinez FJ, Miguez JM, Madrid JA (2007) Response of plasma

and gastrointestinal melatonin, plasma cortisol and activity rhytms of european

sea bass (Dicentrarchus labrax) to dietary supplementation with tryptophan and
melatonin. Journal of Comparative Physiology B 177: 319–326.

34. Tzschentke TM (2007) Measuring reward with the conditioned place preference
(CPP) paradigm: update of the last decade. Addiction Biology 12: 227–462.

35. Prus AJ, James JR, Rosecras JA (2009) Conditioned place preference. In:
Buccafusco JJe, editor. Methods of behavior analysis in neuroscience boca raton

(FL): CRC Press. pp. Chapter 4.

36. Mathur P, Berberoglu MA, Guo S (2011) Preference for ethanol in zebrafish
following a single exposure. Behavioural Brain Research 217: 128–133.

37. Backström T, Brännäs E, Nilsson J, Magnhagen C (2014) Behaviour, physiology
and carotenoid pigmentation in Arctic charr Salvelinus alpinus. Journal of Fish

Biology 84: 1–9.

38. Chatain B (1994) Abnormal swimbladder development and lordosis in sea bass
(Dicentrarchus labrax) and sea bream (Sparus auratus). Aquaculture 119: 371–

379.
39. Silva PIM, Martins CIM, Engrola S, Marino G, Øverli Ø, et al. (2010)

Individual differences in cortisol levels and behaviour of Senegalese sole (Solea
senegalensis) juveniles: evidence for coping styles. Applied Animal Behaviour

Science 124: 75–81.

40. Øverli Ø, Sørensen C, Nilsson GE (2006) Behavioral indicators of stress-coping
style in rainbow trout: do males and females react differently to novelty?

Physiology & Behavior 87: 506–512.
41. Arends RJ, Mancera JM, Munoz JL, Wendelaar Bonga SE, Flik G (1999) The

stress response of the gilthead sea bream (Sparus aurata L.) to air exposure and

confinement. Journal of Endocrinology 163: 149–157.
42. Fanouraki E, Papandroulakis N, Ellis T, Mylonas CC, Scott AP, et al. (2008)

Water cortisol is a reliable indicator of stress in European sea bass, Dicentrarchus
labrax. Behaviour 145: 1267–1281.

43. Scherrer B (1984) Biostatistique. Chicoutimi, Canada: Gaëtan morin.
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