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Abstract

High phenotypic diversity should provide populations with resilience to environmental
change by increasing their capacity to respond to changing conditions. The aim of this study
was to identify whether there is consistency in individual behaviours on a reactive-proactive
axis in European barbel Barbus barbus ("barbel"), a riverine and aggregatory fish that
expresses individual differences in its behaviours in nature. This was tested using three
sequential experiments in ex-situ conditions that required individuals to leave a shelter and
then explore new habitats (‘open-field test’), respond to social stimuli (‘mirror-image stimula-
tion test’) and forage (‘foraging behaviour test’; assessing exploratory traits). Each suite of
experiments was replicated three times per individual (46 hours minimum time between rep-
licates). There was high variability in behaviours both within and among individuals. The
most repeatable behaviours were latency to exit the shelter, active time in the shelter, and
the number of food items consumed. Principal component scores did, however, indicate a
range of consistent behavioural phenotypes across the individuals, distributing them along a
reactive-proactive axis in which most of individuals were more reactive phenotypes (shyer,
less exploratory, less social). These results suggest that within controlled conditions, there
is considerable phenotypic diversity among individuals in their behaviours, suggesting their
populations will have some adaptive capacity to environmental change.

Introduction

Intra-specific phenotypic variability can strongly affect community structure and ecosystem
functioning [1]. This phenotypic variability also extends to animal behaviours, a field of organ-
ismal biology which has been increasing in popularity since the 2000s [2]. Work in this field
has increasingly identified among-individual behavioural differences (e.g. in sociability, explo-
ration and activity) that are consistent over time and in different situations. This existence of
consistent individual behavioural variation within populations has also been apparent over a
wide range of species and taxa (e.g. [3]). This behavioural variation can be both among-indi-
viduals, where the behaviours of individuals differ from one another, and within-individuals,
which describes how consistent those behaviours are within the same individual [2]. In
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addition, different behaviours have been observed that covary and are consistent among indi-
viduals of the same population where, for example, more aggressive individuals tend to also
express more exploratory behaviours. Where behaviours are correlated and consistent, they
are referred to as behavioural syndromes [4, 5], but with this recently also being referred to as
‘among-individual correlation” [2]. Similarly, animal personality refers to this consistent varia-
tion in behaviour among individuals and, when correlated across individuals at the population
level, can be referred to as behavioural syndromes [5].

Descriptions of behavioural variability among individuals include the bold-shy continuum,
where individuals demonstrate consistency in their differences in risk-prone behaviours
according to trade-offs between, for example, foraging benefits and predation risks [6-8].
Indeed, this behavioural syndrome is often seen in predator presence, but it can also vary
under different social contexts [9, 10]. Differences in among-individual behaviours are impor-
tant as they can influence individual survival and fitness [11], so have important ecological and
evolutionary implications [2, 5, 12, 13]. The proactive-reactive axis is observed in many verte-
brate species and whilst it frequently involves the bold-shy continuum, other behaviours (e.g.,
exploratory and aggressive behaviours) also help to describe this behavioural syndrome. Proac-
tive individuals are usually bolder, more exploratory and aggressive, and are more likely to
maintain their behaviours as conditions change [14]. These individuals also generally have
more resilient stress coping mechanisms than reactive individuals [15].

Methods to measure the consistency of individual behaviours include assessments of the
within-individual repeatability of behaviours over time and across contexts [16]. Several stud-
ies have shown that many physiological and behavioural traits have some degree of repeatabil-
ity within individuals, but that this repeatability can be influenced by different factors such as
life stage, sex, populations and environmental conditions [3, 16, 17]. In addition, there is
within-individual ’behavioural plasticity’, which suggests that the same individual can have a
range of responses to a given situation. This within-individual behavioural plasticity can also
be influenced by various factors, such as environmental changes, changes in physiological
traits, and/ or by learning processes [18, 19].

Studies on among-individual behavioural correlations (i.e. personality axes) have focused
mainly on species with social traits, such as parental care or dominance structures (e.g. [5,
20]), with fewer studies on aggregative species (‘social species’) that show little or no domi-
nance. In social species, selection acts at both individual and group levels, and where bold and
social individuals interact, foraging benefits can be apparent [21]. Moreover, the position of
individuals on personality continuums and within behavioural syndromes can also potentially
explain differences in the spatial behavioural traits of populations [22], with proactive individ-
uals expected to explore and disperse further than reactive ones [23].

The European barbel Barbus barbus (L. 1758) (‘barbel’) is a riverine fish that is both aggre-
gative and relatively vagile [24, 25]. The probability of an individual moving from one locality
to another between consecutive days can be over 50% during spawning periods [26, 27],
although the fidelity of individuals to specific activity areas increases post-spawning [26]. Bar-
bus barbus populations also demonstrate considerable among-individual differences in vagil-
ity, with populations comprising of ‘resident’ and ‘mobile’ fish [25, 28]. For example, in the
River Severn, Western England, an initial study indicated that 86% of 531 tagged fish remained
within 5 km of their release point, with some barely moving at all, while the remaining fish
were recorded up to 34 km away [29]. A later study in the same river indicated that 83% had
home ranges below 5.5 km, but with some individuals having home ranges over 12 km [28].
Whether these differences in individual movements and home ranges are associated with
behavioural syndromes is currently unclear, with an absence of information on the extent of
the variability between personality traits and behaviours of individual B. barbus.
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The aim here was to test the extent to which B. barbus exhibit strong and consistent individ-
ual differences in behaviours, using the proactive-reactive axis as the basis for testing and, if
this axis is apparent, determine which of the measured behaviours is most influential in defin-
ing it. Experiments were completed in ex-situ conditions across a range of behavioural con-
texts that describe important aspects of fish behaviour [30]: exploration of new habitats
(‘open-field test’); sociability of individuals (‘mirror-image stimulation test’); and risk-taking
of individuals (‘foraging behaviour test’). We predict that across the three contexts, individual
behaviours are correlated and structured into a proactive-reactive syndrome, where proactive
B. barbus are more exploratory, social and bolder, with these behavioural correlates being
highly repeatable within individuals. This prediction was developed through previous studies
in cyprinid fishes (including barbel species) that have detected individual behaviours being on
a proactive-reactive axis [22] and where the strongest determining behaviours in the develop-
ment of this axis are highly repeatable [14]. Throughout the paper, we refer mainly to the pro-
active/ reactive axis, on which boldness/ shyness is a specific expressed behaviour, but that also
includes exploratory behaviours and activity. Our prediction is based on identifying the extent
of phenotypic diversity across individuals, where highly repeatable behaviours within-individ-
uals and high behavioural variation among individuals would indicate high phenotypic diver-
sity in the population. Should the fish show high within-individual behaviour with less
behavioural variation among individuals then this would indicate that the individual fish are
expressing high phenotypic plasticity to the experimental conditions.

Materials and methods
Overview of the experimental protocol

Fish used in the experiments were hatchery-reared, rather than wild fish, as this ensured fish
were size-matched (6 to 8 cm fork length). The hatchery B. barbus were also produced from
the same brood-stock and all experienced very similar rearing conditions (pond rearing on a
mix of natural and formulated food). Once in the laboratory, the fish were acclimated in two
groups (n = 24 per group) for 30 days in 100 L aquaria at 17°C under 16:8 h light-dark regime.
Feeding was on a maintenance diet (approximately 1 to 1.5% body weight of formulated food
per day). At the beginning of the acclimation period, all fish were implanted with a 7 mm pas-
sive integrated transponder (PIT) tag (Loligo Systems, Viborg, Denmark) to enable their sub-
sequent individual identification during experiments, and weighed (to 0.1g, OHAUS
Pioneer® PX323/E). Following immersion in an anaesthetic bath (Tricaine methanesulfonate,
MS222), the PIT tags were inserted into the fish by making a small (<3-mm) incision in the
abdominal cavity, behind the left pelvic fin and the abdominal midline. After recovery, the fish
were acclimated in the holding aquaria at least two months before to start the experiments in
order to ensure the fish were settled in their new environment and that physical recovery had
completed from PIT tag implantation (so not to affect any aspect of individual behaviour). Pre-
vious studies have demonstrated that PIT tagging does not affect the survival, growth or swim-
ming behaviour in barbel species [31, 32]. The behavioural experiments were then carried out
between June and August 2021.

The three context-specific experiments were completed within three 20 L aquaria. Each
aquarium was split into two chambers by an opaque plexiglass partition with a sliding door at
the bottom (50 x 70 mm) (Fig 1). When the partition was lifted with a pulley system, the fish
were able to move between the two compartments. The first chamber (100 x 300 mm) was des-
ignated as the ‘shelter’ area (acclimation chamber), with approximately 100 mm of drain-pipe
(50 mm radius) providing refuge, with the second chamber being the ‘open arena’ (300 x 340
mm). The ‘open arena’ area was marked vertically at 70 mm from the bottom to enable
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Fig 1. Schematic representation of the experimental tank used for behavioural experiments. The diagram shows
the different areas of the tank and their measures. The opaque green plexiglas partition divides the shelter area from
the ‘open arena’ area through a sliding door raised remotely by a pulley.

https://doi.org/10.1371/journal.pone.0312187.9001

assessment of the number of times individuals moved through the water column, and had a
mirror (140 x 195 mm) on the opposite side of the aquarium to the shelter, covered with an
opaque plexiglass sheet so that it could not be seen initially, but could be uncovered using a
pulley system. A line on the bottom of the aquarium 40 mm in front of the mirror allowed
quantification of mirror approaches. Exterior to the aquarium, a small food scoop enabled
food items to be released into the water without disturbing the fish (Fig 1). This design of the
aquaria enabled each experiment to be completed sequentially without having to handle or dis-
turb the fish. To further reduce disturbance of fish during the experiments, the aquariums
were placed on shelves with their sides and back covered with black fabric and fish responses
were recorded with Crosstour cameras (Action Camera CT7000) positioned by one side of the
aquaria. The three experimental aquaria were used concomitantly that were set out on shelving
in ‘R’ (right), ‘M’ (middle), and ‘L’ (left) positions to receive the same amount of light.
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The experimental sequence commenced with three fish being transferred from a holding
aquarium and released individually into one of the three experimental aquaria, where it was
placed in the shelter area and held for 30 minutes of acclimation. The door was then opened to
enable the fish to enter the experimental chamber, with the sequence of experiments being
open-field, mirror stimulation, then foraging behaviour (see below for specific information on
their designs). Each of these individual experiments lasted 20 minutes, based on preliminary
trials where 38 fish were allowed to perform each experiment for 60 minutes, with 84% of the
fish always completing the tests in less than 20 minutes. On completion of the foraging behav-
iour experiment, the fish was removed from the aquarium, weighed and its PIT tag code
recorded. A set of experiments was completed in the morning (8:30 to 10:00) and then a new
set in the late morning (11:00 to 12:30). Between these experiments, all experimental aquaria
had a complete water change. The videos were processed with BORIS software (Behavioral
Observation Research Interactive Software, https://www.boris.unito.it).

To test the repeatability of the behaviours, each fish completed the experimental sequence
on three occasions. To randomise any behavioural influences resulting from aquarium posi-
tion (i.e. ‘aquarium effects’), each of the 3 replicates per fish took place in the ‘R’, ‘M’ and ‘L’
aquaria. To minimise handling stress responses, individuals were pair-housed after the first
experiment (this facilitated the recapture of the individual for the next experiment and reduced
the stress of trying to catch the same individual among a large number of conspecifics) and, to
allow for the expression of natural behaviours, the minimum time between replicates for the
same fish was 46 hours (maximum 50 hours). All fish were starved for 24 hours before the
sequence of experiments started.

Experimental sequence

After the 30 minutes of experimental acclimation, the Open field test started with the opening
of the sliding door, enabling the individual B. barbus to move between the two chambers of the
aquarium (shelter area and open arena, the sliding door kept open during the experiment).
Open field experiments have been used in other fish studies to determine the exploratory
behaviours of individuals (more exploratory individuals have shorter latency times to leave the
shelter area) and their degree of activity (time (s) individuals are actively swimming in the
open arena) [30, 33]. During the acclimation and experimental periods, the following behav-
iours were recorded for each individual fish (with time always recorded in seconds and where
Num = frequency, Totaldur = total time duration of the behaviour and Durmean = mean time
duration of the behaviour): Acclimation time Active in the shelter (AA-Num, AA-Totaldur
and AA-Durmean), Latency to Exit of the shelter area (LE-Totaldur), time Not Active in the
Arena (NAA-Num, NAA-Totaldur and NAA-Durmean), Time in the Shelter (TS-Num,
TS-Totaldur), Active Time in the Shelter (swimming) (TSA-Num, TSA-Totaldur and TSA-
Durmean), Inactive Time in the Shelter (TSI-Num, TSI-Totaldur and TSI-Durmean), and
Time in the Surface Area (TSA-Num, TSA-Totaldur and TSA-Durmean) (see Supporting
Information, S1 Table for full descriptions). Following the open field experiment, the mirror
stimulation test commenced with the lifting of the opaque sheet covering the mirror in the
open arena. The opaque plexiglass partition between both chambers was also removed (as fish
might have ended the previous experiment there). In this test, sociability is measured as the
tendency and time spent by the individual near the mirror [34, 35]. The use of mirror rather
than a conspecific was chosen in order to control for variability in the behaviour exhibited by
vital stimuli and to be able to standardise the responses of the same individual in successive
replicates [35, 36]. This test can also used to determine aggressiveness in individuals (e.g.
attacking the mirror image), however during the development of this test no aggressive
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behaviour was detected. During this test the following behaviours were recorded: Latency to
first approach to the Mirror (LM-Totaldur) and Time Near the Mirror (TNM-Num, TNM-To-
taldur and TNM-Durmean) (S1 Table). After 20 minutes, that experiment concluded and the
foraging behaviour experiment began. Five food items (as pelletised fishmeal of 2 mm diame-
ter) were added to the tank using the external release system (mirror and opaque plexiglass
partition remained exposed and removed). Shorter times to approach the food items and a
higher number of items consumed were considered as more exploratory and bolder behav-
iours. During this test the following behaviours were recorded: Latency to first approach to the
Pellets (LP-Totaldur), number of Approaches to the Pellets (PPA-Num), number of times fish
attempted to eat Pellets (PPE-Num), and number of Pellets Expelled (PPEX-Num). Fish were
observed to occasionally take pellets but then expel rather than ingest them; these attempts
were considered as foraging behaviour and for subsequent analyses a maximum value of 5 was
used for the total number of pellets consumed (PPE-Num?2) (S1 Table). Additional behaviours
such as "Escape Behaviour" (EB-Num) and “Other Behaviours” (OBNum) were recorded
across the whole experimental period (S1 Table).

Data and statistical analyses

Across the experimental period, 48 individuals were tested, but two individuals died, some vid-
eos failed to record properly (9 videos), two individuals were eliminated because human errors
were made during the experimental procedure, and some individuals failed to respond to at
least one of the experimental replicates (10 individuals). Thus, only individuals who completed
at least one of the experiments in each of their three replicates were included in analyses

(n = 25). All statistical analyses were then performed using R version 4.1.2 (R Core Team,
2021) within R Studio version 2021.9.2.382 [37].

Two data sets were used in these analyses; the first contained all of the data from the three
replicates per fish (‘full data set’) and the second contained the mean values of the three repli-
cates per fish (‘mean data set’). To reduce the number of variables and select those of most rele-
vance to the expressed behaviours, preliminary principal component analysis (PCA;
‘FactoMineR’ package; [38]) was performed on the data of each separate experiment (open
field, mirror-image stimulation and foraging behaviour test) for both data sets (‘full data set’
and ‘mean data set’) (S1 Appendix). For each experiment, the two variables with the highest
loadings for each dimension with eigenvalues greater than 1, were selected as the representa-
tive variables. The representative variables extracted from the ‘full data set” preliminary PCAs
were used to calculate the repeatability of behaviours, whereas the variables obtained from the
‘mean data set’ preliminary PCAs were then used to construct a final PCA from which the pro-
active-reactive axis (Dimension 1) was extracted. Finally, the relationships between selected
variables was assessed by Pearson correlation tests when original variables followed a normal
distribution or when a Jhonson transformation resulted in normality of the variables (Sha-
piro-Wilk test, all p > 0.05).

Repeatability of behaviours was calculated using the variance components obtained from
generalised linear mixed-effects models (Imer function; “lme” package, [39]), where the vari-
ables selected from the preliminary PCA (‘full data set’) were standardised (to mean = 0 and
SD = 1) and used as dependent variables. Fish weight (average final weight across the three
replicates, standardised (to mean = 0 and SD = 1)), aquarium position (factor of three levels, as
“R”, “M” and “L”), replicate (factor of three levels, replicate 1, 2 and 3) and hour (factor of two
levels, time period at which the experiment took place) were the fixed effects, and fish identity
was included as a random effect. Repeatability was calculated as the ratio of the among-indi-
vidual variance on the sum of the among- and within-individual variance [40, 41], with values
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described as: low repeatability R < 0.2; moderate repeatability R > 0.2 to < 0.4; and high
repeatability R > 0.4 [3, 42]. When the model including fish identity showed more parsimony
than the model without (lower AIC values), we considered that the analysed behaviour showed
significant repeatability.

Ethical note

The experiment and all regulated procedures were completed under UK Home Office Project
Licence P47216841 and following ethical approval by the Animal Welfare and Ethical Review
Board of Bournemouth University.

Results
Selected behaviours

Across the 25 B. barbus that completed at least one of the experiments (mean final mass (+
SD) 7.74 + 1.38 g, range 5.00-10.80 g), the 16 studied behaviours (29 variables) showed high
variability (S1 Table). Behaviours that were rarely expressed by the fish during experiments,
such as escape behaviour, other behaviours and time not active in the arena (86.67-96% of
unresponsive fish, S1 Table), were excluded from the PCAs. Only two individuals expressed a
high number of escape behaviours, so this was considered a stress symptom behaviour and
these fish were excluded from further analyses. There were also three fish that were in the area
close to the mirror when the mirror stimulation test started, resulting in their latency time to
approaching the mirror being zero, so these individuals were also removed from further analy-
ses. These steps reduced the final data sets to n = 20 individuals.

Reactive-proactive axis

Preliminary PCAs on the ‘mean data set’ were used to reduce the number of variables and
select those of most relevance to the expressed behaviours on the data of each separate experi-
ment (open field, mirror-image stimulation and foraging behaviour test) (S1 Appendix). The
open field experiment had eigenvalues above 1 for two dimensions, whereas the mirror-image
stimulation and foraging behaviour had eigenvalues of more than 1 in one dimension

(S2 Table). A total of seven variables across the experiments had the highest loadings and were
selected to perform the final PCA. These variables were three from the open field experiment:

Table 1. Principal component results of the selected behavioural variables from the final PCA.

Final PCA mean data set Dim 1 Dim2 Dim 3
Behavioural variables Loadings

Active in Acclimatation -0.804 0.276 0.205
Latency to exit of shelter 0.833 -0.304 -0.276
Mean Inactive Time in shelter 0.319 0.694 0.561
Latency to first mirror approach 0.770 -0.224 0.391
Number of mirror approaches -0.827 0.311 -0.418
Latency to first pellet approach 0.809 0.454 -0.215
Number of pellet approaches -0.617 -0.512 0.419
Eigenvalue 3.75 1.27 0.98
Percentage of total variance 53.61% 18.08% 14.02%

Principal component loadings, eigenvalues and percentage of total variance explained for each component. Variables

with higher loadings in dimension 1 are marked in bold.

https://doi.org/10.1371/journal.pone.0312187.t001
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Fig 2. Final principal component analysis of behavioural variables selected from the preliminary PCAs. Individual
distribution can be observed along a bold-shy axis (dimension 1).

https://doi.org/10.1371/journal.pone.0312187.9002

time active in acclimation, and latency to exit (dimension 1; eigenvalue 3.40), and mean time
inactive in the shelter (dimension 2; eigenvalue 1.48); two from the mirror-image simulation
experiment: latency to first mirror approach, and number of mirror approaches (dimension 1,
eigenvalue 2.69); and two from foraging behaviour experiment: latency to first pellet approach,
and number of pellet approaches (dimension 1, eigenvalue 2.31) (S2 Table).

The final PCA used only the seven variables identified in the preliminary PCAs (Table 1).
The first dimension explained 53.6% of the variance and distributed the individuals between
higher latency times (higher values of axis 1, representing reactive individuals) and higher
time active during the acclimatisation period and number of mirror and pellet approaches
(lower values on axis 1, representing proactive individuals) (Fig 2). Individuals that had longer
latency times spent less time active during the acclimation period and made fewer approaches
to the mirror or the pellets. This axis ranged from -4.93 to 2.72, with most individuals showing
a more reactive personality. All variables that had higher loadings in dimension one were sig-
nificantly related (S1 Fig).

Repeatability of behaviours

The “full data set’ (including the values of the three replicates) was used to study the repeatabil-
ity of behaviours. First, the number of variables were reduced using preliminary PCAs on the
data of each separate experiment (open field, mirror-image stimulation and foraging behav-
iour test) (following the steps indicated in S1 Appendix). The open field experiment had eigen-
values above 1 for two dimensions, whilst the mirror-image stimulation and foraging
behaviour had eigenvalues of more than 1 in one dimension (S2 Table). A total of eight
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Table 2. Variance and repeatability values of the variables selected in the preliminary PCAs.

Exploration (open-field test)

Latency to exit

Active Time in shelter

Boldness (pellet test)

Latency to first pellet approach
Number of pellets eaten (PPENum?2)

Sociability (mirror test)

Number of mirror approaches

Among-individual variance Within-individual variance Repeatability
0.39 0.49 0.44
0.35 0.50 0.41
0.30 0.63 0.32
0.39 0.46 0.46
0.26 0.65 0.29

Values of among-individual variance, within-individual variance and repeatability from the random effects of generalised linear mixed-effects models. Behavioural
variables selected had the lower AIC values (S3 Table).

https://doi.org/10.1371/journal.pone.0312187.t1002

variables with the highest loadings across the three experiments were selected (S2 Table).
These were four variables from the open field experiment (latency to exit, active time in the
shelter (dimension 1; eigenvalue 3.25); inactive time in the shelter, and number of times inac-
tive in the shelter (dimension 2; eigenvalue 1.93)); two from the mirror-image stimulation
experiment (latency to first mirror approach, and number of mirror approaches (dimension 1,
eigenvalue 2.49)); and two from the foraging behaviour experiment (latency to first pellets
approach, and number of pellets eaten (dimension 1, eigenvalue 2.17)) (S2 Table).

Repeatability was measured on these eight selected variables. Comparison of the models
revealed that the variables showing significant repeatability were latency to exit of the shelter
area, active time in shelter, number of mirror approaches, latency to first pellet approach and
number of pellets eaten (lower values of AIC, S3 Table). Latency to exit of the shelter area,
active time in shelter and number of pellets eaten showed high repeatability (values above 0.4)
while the remaining variables showed moderate repeatability (values between 0.2 and 0.4)
(Table 2). Within-individual variability in behavioural response among replicates can be
observed (S2 Fig).

Discussion

It was apparent that there was considerable variation in the measured behaviours among indi-
viduals in these B. barbus, but with their within individual behaviours being relatively consis-
tent. The results revealed the fish were thus expressing phenotypic diversity in their
behaviours rather than plasticity at the individual level, with the among-individual behavioural
differences being on a proactive-reactive axis, which was consistent with our prediction.

In our study, the measured latency times (to leave the shelter, first mirror approach and
first pellet approach) had the highest loading on the dimension 1 in the preliminary PCAs for
each experiment (for both the mean and full data sets). These variables have previously been
used in other studies on fish personality (as an indicator of the main behaviour described in
each experiment), and also by distributing individuals along a proactive-reactive axis or shy-
bold continuum [14, 43, 44]. Shorter latency times to leave a shelter to enter a novel environ-
ment or to approach prey are found in more proactive individuals and, in addition, a higher
number of approaches to conspecifics or to a novel object (mirror and pellets) imply a higher
level of pro-activeness [14, 43, 44]. Our results distributed the individuals along the whole axis,
confirming the existence of different personalities. More reactive individuals were clustered at
the right end of the axis, where latency times were longer, while more proactive fish were
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distributed at the left end of the axis which showed longer active time during the acclimatisa-
tion period and higher number of approaches to the mirror or pellets.

Behavioural syndromes influence the spatial movement dynamics of organisms [14, 22].
Proactive individuals have more explorative behaviours, linked with higher dispersal tenden-
cies or home ranges [14, 45]. In our study, most of the individuals showed a majority reactive
personality. Studies on the behaviour and movement of wild B. barbus in rivers in England
and the Czech Republic have indicated approximately 80% of individuals show limited move-
ment (resident component), while the remaining individuals move long distances (mobile
component) [25, 28, 46]. Since in general, reactive individuals tend to take fewer risks, express
lower locomotor activity, and fewer dispersal and migratory tendencies [47, 48], it appears that
these laboratory results might be reflecting to some extent the proportion of personalities in
nature. However, some caution is needed here when making this interpretation, given we are
working with individuals of different origin (wild vs hatchery), and more research on the
behaviour of wild individuals has to be done in order to be able to relate these studies to each
other, such as through telemetry-based studies that enable individual behaviours to be mea-
sured in wild conditions. In addition, this proportion of individuals being more resident is not
always reflected in B. barbus species in the wild, as environmental conditions and habitat alter-
ations can influence individual mobility [49-51]. Indeed, changes in behavioural responses are
influenced and modulated by a range of intrinsic factors, such as genotype, sex and life stage
[22, 52, 53], as well as extrinsic factors including habitat complexity, food availability, predator
pressure and water temperature [14, 52, 54, 55]. These factors can also influence spatial move-
ment dynamics where, for instance, wild Atlantic cod Gadus morhua L. 1758 demonstrated
that while all individuals moved and dispersed equally at cold temperatures, reactive individu-
als tended to reduce their home range as sea temperature increased, while proactive cod
increased their rates of dispersal [14].

Animal personality or consistent individual behavioural variation involves a wide range of
correlated and consistent behaviours which, if some of them are correlated with each other
across individuals at the population level, can be described as related to behavioural syndromes
[4, 5]. Within these behavioural syndromes there is high within- and among-individual vari-
ability, and these differences are critical for species to cope with environmental challenges.
However, for a trait to be a determinant in the survival of an individual or population, it should
be consistent over time, i.e. repeatable and, ultimately, heritable [5, 13, 56]. Although beha-
vioural repeatability has been studied by different methods [3, 16], it can be understood as the
proportion of behavioural variation that is the result of differences among individuals in the
same population [40, 41]. In the present study, latency to exit of the shelter area, active time in
shelter and number of pellets eaten showed higher repeatability than other variables. Repeat-
ability of exploratory behaviour (latency to exit of the shelter area) has been demonstrated in
other teleost species [57-59]. For example, three different strains of zebrafish Danio rerio
(Hamilton 1822) showed a range of 0.29-0.71 of repeatability in their exploratory behaviour
(measured as stationary time in an open field test) [58]. In juveniles of the convict cichlid Ama-
titlania siquia Schmitter-Soto 2007, repeatability estimates for boldness and exploration behav-
iour averaged 0.30 and 0.31 respectively [59]. Three-spined sticklebacks Gasterosteus aculeatus
L. 1758 were also consistent in their foraging behaviour (risk-taking) over time, but this consis-
tency was conditioned by the personalities of the individuals, with bolder fish having a more
variable response in their refuge use between trials than shyer ones [60].

Although there are many studies demonstrating the repeatability of many physiological and
behavioural traits [3, 16], the level of repeatability varies according to the traits, species or envi-
ronment conditions [3, 17]. When repeatability is to be quantified, it is necessary to take into
account that there are several confounding factors which could alter the results or their
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interpretation [16]. For instance, ageing or habituation of individuals to laboratory conditions
may modify the repeatability response, as organisms undergo a series of metabolic changes as
they grow and go through different life stages [16]. Increasing the number of replicates of an
experiment offers more robust repeatability estimates, but it could result in individuals becom-
ing habituated to the experiments or learning from one replication to the next. In addition, the
origin of study animals (wild or hatchery) also may be a source of repeatability bias [16]. Stud-
ies comparing the repeatability degree of behaviours among wild or hatchery individuals
showed that exploratory behaviour of zebrafish wild strain was moderately repeatable while
selected strains had high repeatability values [58]. Also, repeatability of exploration behaviour
within foraging tasks showed that wild brown trout Salmo trutta L. 1758 parr were more con-
sistent in their exploration strategy than hatchery individuals [57]. Furthermore, variability in
the repeatability of behavioural traits is environmental context dependent [3, 16]. This means
that factors such as temperature, oxygen level, water acidification, flow, pollution, parasites or
food availability can affect the repeatability response in organisms [16]. Since our study was
conducted under standardised and controlled laboratory conditions, it was assumed that envi-
ronmental fluctuations were sufficiently minimised so that they did not generate a behavioural
impact on individuals. All individuals were hatchery reared and with similar sizes, so the con-
founding factors as collection origin, and differences in body size and ages, were eliminated.
The sequence of experiments was the following: open field test, mirror-image stimulating test
and foraging test. The order of the experiments could vary the behaviour of individuals, so that
individuals may be modulated in their foraging behaviour according to the social context. For
example, three-spined sticklebacks were shyer when foraging alone, but became relatively
bolder when foraging with more individuals [10]. However, a study on juvenile cod that did
consider the order of the experiments found that it had no clear effect on personality traits
[61].

Social context also has an important influence on personality and behaviour at the individ-
ual level in fish [62]. Some species show a different behavioural response in experiments when
housed in groups or individually, with bold individuals also being less plastic in their beha-
vioural response than shy individuals in this context [63-65]. Furthermore, social context also
affects the repeatability of behaviours and the level of boldness over time [66, 67]. For example,
three-spined stickleback housed solitarily showed greater repeatability in their behaviours and
were bolder during the first experiment than fish housed socially [66]. In our study, to reduce
the stress of handling and isolation that can be generated in a social species, for the first repli-
cate, individuals were taken from the general tank, where all individuals were housed together.
However, for the second and third replicates, individuals were housed in pairs. This was done
to make it easier to repeat the experiment and to avoid the stress of chasing the fish in the
main tank until to get the individual with the correct PIT tag. This difference in social context
could have influenced the variability or repeatability of behaviours. However, this was not
always reflected in the response of the individuals during the experiments, as some of the indi-
viduals showed similar responses across the three repeats of the experiment. Therefore, caution
should be exercised when interpreting the results obtained in personality studies, as we men-
tioned above, the social context in gregarious species is another factor that could induce beha-
vioural variability [63-66].

To conclude, the results obtained in our study confirm the existence of fish personality
along a proactive-reactive axis in B. barbus, with some of these behaviours showing consis-
tency over time. Further experiments could be carried out to determine whether the repeat-
ability of behaviours is maintained in the long term and if there are differences between
proactive and reactive individuals as has been found in other species [58]. In addition, studies
about whether these behaviours are correlated with other metabolic or physiologic traits
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would be important for confirming the existence of pace of life syndromes in the species. It
appears that our laboratory results may be reflecting to some extent the proportion of person-
alities in the field; future research on measuring behavioural traits in the same individuals both
in the laboratory and in the field may help to elucidate whether laboratory behavioural experi-
ments reflect behaviours in nature (such as differences in movement behaviour). Since pheno-
typic diversity in personality is important in how individuals develop in the wild, expanding
knowledge about whether behaviours are consistent over time and how personality influences
the way individuals relate to their immediate environment (e.g. temperature preference, pres-
ence of predators, space movements) could help develop understandings and predictions of
how populations of these species will evolve in the new environmental scenarios expected
from climate change.

Supporting information

S1 Appendix. Procedure and steps of the preliminary principal component analyses
(PCA).
(DOC)

S1 Table. Description of the behavioural variables. Behaviours analysed in individual Euro-
pean barbel during personality experiments (time in seconds), code, description, mean and
range values of the variables and including percentage of fish that did not show the focal
behaviour.

(DOCX)

S2 Table. Results of the preliminary PCAs. Principal component loadings of behavioural var-
iables, eigenvalues and percentage of total variance explained for each component of prelimi-
nary PCAs for the mean data set and full data set. Variables in bold are the highly loaded
variables for each component.

(DOC)

$3 Table. Comparison of mixed models and linear models for the variables selected in the
preliminary PCAs (full data set). Summary and comparison of mixed and linear models and
AIC values. Fixed effect variables: weight (average final weight of the three replicates, scaled),
replicate (factor of three levels, replicate 1, 2 and 3; Day 2 and Day 3), hour (factor of two lev-
els, first or second hour at which the experiment took place; Hour 2) and aquarium position
(factor of three levels, as “R”, “M” and “L”; Aquarium 2 and Aquarium 3).

(DOC)

S1 Fig. Pearson correlation between the variables selected in the final PCA.
(DOCX)

S2 Fig. Graphs showing the individual variation across the replicates. Within-individual
variation across the three replicates of individuals ranked according to their boldness gradient.
Variables shown are those that were found to be most representative in the preliminary PCAs
from the full data set.

(DOCX)

Acknowledgments
We gratefully thank Ben Parker and Vicky Dominguez Almela for statistical support.

PLOS ONE | https://doi.org/10.1371/journal.pone.0312187 November 20, 2024 12/16



PLOS ONE

Phenotypic diversity of a riverine fish

Author Contributions

Conceptualization: Fatima Amat-Trigo, Demetra Andreou, Phillipa K. Gillingham, J. Robert
Britton.

Data curation: Fatima Amat-Trigo.

Formal analysis: Fatima Amat-Trigo, Phillipa K. Gillingham.

Funding acquisition: Fatima Amat-Trigo, Phillipa K. Gillingham, J. Robert Britton.
Investigation: Fatima Amat-Trigo.

Methodology: Fatima Amat-Trigo, Demetra Andreou.

Project administration: Fatima Amat-Trigo, Demetra Andreou, Phillipa K. Gillingham, J.
Robert Britton.

Resources: J. Robert Britton.
Visualization: Fatima Amat-Trigo.
Writing - original draft: Fatima Amat-Trigo, J. Robert Britton.

Writing - review & editing: Fatima Amat-Trigo, Demetra Andreou, Phillipa K. Gillingham, J.
Robert Britton.

References

1. Raffard A, Lecerf A, Cote J, Buoro M, Lassus R, Cucherousset J. The functional syndrome: linking indi-
vidual trait variability to ecosystem functioning. Proc Royal Soc B. 2018; 284(1868):20171893. https://
doi.org/10.1098/rspb.2017.1893 PMID: 29212725

2. Laskowski KL, Chang CC, Sheehy K, Aguifiaga J. Consistent individual behavioral variation: what do
we know and where are we going? Annu. Rev. Ecol. Evol. Syst. 2022; 53(1): 161-182. https://doi.org/
10.1146/annurev-ecolsys-102220-011451

3. Bell AM, Hankison SJ, Laskowski KL. The repeatability of behaviour: a meta-analysis. Anim Behav.
2009; 77(4):771-7883. https://doi.org/10.1016/j.anbehav.2008.12.022 PMID: 24707058

4. MacKay JR, Haskell MJ. Consistent Individual Behavioral Variation: The Difference between Tempera-
ment, Personality and Behavioral Syndromes. Animals. 2015; 5(3), 455—478. https://doi.org/10.3390/
ani5030366 PMID: 26479368

5. Sih A, Bell AM, Johnson JC. Behavioral syndromes: an ecological and evolutionary overview. Trends
Ecol Evol. 2004; 19(7):372-378. https://doi.org/10.1016/j.tree.2004.04.009 PMID: 16701288

6. Nyqvist MJ, Gozlan RE, Cucherousset J, Britton JR. Behavioural syndrome in a solitary predator is
independent of body size and growth rate. PLoS One. 2012; 7(2):p.e31619. https://doi.org/10.1371/
journal.pone.0031619 PMID: 22363687

7. Nyqvist MJ, Gozlan RE, Cucherousset J, Britton JR. Absence of a context-general behavioural syn-
drome in a solitary predator. Ethology. 2013; 119(2):156—166. https://doi.org/10.1111/eth.12049

8. Wilson DS, Clark AB, Coleman K, Dearstyne T. Shyness and boldness in humans and other animals.
Trends Ecol Evol. 1994; 9(11):442—-446. https://doi.org/10.1016/0169-5347(94)90134-1 PMID:
21236920

9. Dingemanse NJ, Wright J, Kazem AJ, Thomas DK, Hickling R, Dawnay N. Behavioural syndromes dif-
fer predictably between 12 populations of three-spined stickleback. J Anim Ecol. 2007; 76(6): 1128—
1138. https://doi.org/10.1111/j.1365-2656.2007.01284.x PMID: 17922709

10.  Olafsddttir GA, & Magellan K. Interactions between boldness, foraging performance and behavioural
plasticity across social contexts. Behav Ecol Sociobiol. 2016; 70(11), 1879-1889. https://doi.org/10.
1007/s00265-016-2193-0 PMID: 27784956

11.  Moiron M, Laskowski KL, Niemela PT. Individual differences in behaviour explain variation in survival: a
meta-analysis. Ecol Lett. 2020 Feb; 23(2):399—408. https://doi.org/10.1111/ele.13438 Epub 2019 Dec
6. Erratum in: Ecol Lett. 2020 Aug;23(8):1310-1311. PMID: 31811699.

12. Bell AM. Behavioural differences between individuals and two populations of stickleback (Gasterosteus
aculeatus). J Evol Biol. 2005; 18:464—473. https://doi.org/10.1111/j.1420-9101.2004.00817.x PMID:
15715852

PLOS ONE | https://doi.org/10.1371/journal.pone.0312187 November 20, 2024 13/16



PLOS ONE

Phenotypic diversity of a riverine fish

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Dochtermann NA, Dingemanse NJ. Behavioral syndromes as evolutionary constraints. Behav Ecol.
2013; 24(4):806-811. https://doi.org/10.1093/beheco/art002

Villegas-Rios D, Réale D, Freitas C, Moland E, Olsen EM. Personalities influence spatial responses to
environmental fluctuations in wild fish. J Anim Ecol. 2018; 87(5):1309—-1319. https://doi.org/10.1111/
1365-2656.12872 PMID: 29888445

Vindas MA, Gorissen M, Hoglund E, Flik G, Tronci V, Damsgard B, et al. How do individuals cope with
stress? Behavioural, physiological and neuronal differences between proactive and reactive coping
styles in fish. J Exp Biol. 2017; 220(8):1524—1532. https://doi.org/10.1242/jeb.153213 PMID: 28167808

Killen SS, Fu C, Wu Q, Wang YX, Fu SJ. The relationship between metabolic rate and sociability is
altered by food deprivation. Funct Ecol. 2016; 30:1358-1365. https://doi.org/10.1111/1365-2435.12634

Nespolo RF, Franco M. Whole-animal metabolic rate is a repeatable trait: a meta-analysis. J Exp Biol.
2007; 210(11):2000—2005. https://doi.org/10.1242/jeb.02780 PMID: 17515425

Dingemanse NJ, Kazem AJN, Reale D, Wright J. Behavioural reaction norms: animal personality meets
individual plasticity. Trends Ecol Evol. 2010; 25(2):81-89. https://doi.org/10.1016/j.tree.2009.07.013
PMID: 19748700

Nussey DH, Wilson AJ, Brommer JE. The evolutionary ecology of individual phenotypic plasticity in wild
populations. J Evol Biol. 2007; 20:831-844. https://doi.org/10.1111/j.1420-9101.2007.01300.x PMID:
17465894

Conrad JL, Weinersmith KL, Brodin T, Saltz JB., Sih A. Behavioural syndromes in fishes: A review with
implications for ecology and fisheries management. J Fish Biol. 2011; 78(2):395—435. https://doi.org/
10.1111/1.1095-8649.2010.02874.x PMID: 21284626

Dyer JR, Croft DP, Morrell LJ, Krause J. Shoal composition determines foraging success in the guppy.
Behav Ecol. 2009; 20(1):165—-171. https://doi.org/10.1093/beheco/arn129

Leite T, Branco P, Ferreira MT, Santos JM. Activity, boldness and schooling in freshwater fish are
affected by river salinization. Sci Tot Environ 2022; 819: 153046. https://doi.org/10.1016/j.scitotenv.
2022.153046 PMID: 35032527

Cote J, Clobert J, Brodin T, Fogarty S, Sih A. Personality- dependent dispersal: Characterization, ontog-
eny and consequences for spatially structured populations. Philos Trans R Soc Lond, B, Biol Sci. 2010;
365:4065—-4076. https://doi.org/10.1098/rstb.2010.0176 PMID: 21078658

Britton JR, Pegg J. Ecology of European Barbel Barbus barbus: implications for river, fishery, and con-
servation management. Rev Fish Sci. 2011; 19(4):321-330. https://doi.org/10.1080/10641262.2011.
599886

Peraz M, Barus V, Prokes M, Homolka M. Movements of barbel, Barbus barbus (Pisces: Cyprinidae).
Folia Zool. 2002; 51:55-66.

Baras E, Cherry BS. Seasonal activities of female barbel Barbus barbus (L.) in the River Ourthe (South-
ern Belgium), as revealed by radio tracking. Aquat Living Resour. 1990; 3:283-294.

Baras E, Lambert H, Philippart J. A comprehensive assessment of the failure of Barbus barbus spawn-
ing migrations through a fish pass in the canalized River Meuse (Belgium). Aquat Living Resour. 1994;
7(3):181-189. https://doi.org/10.1051/alr: 1994020

Gutmann Roberts C, Hindes AM, Britton JR. Factors influencing individual movements and behaviours
of invasive European barbel Barbus barbus in a regulated river. Hydrobiologia. 2019; 830:213-228.
https://doi.org/10.1007/s10750-018-3864-9

Hunt PC, Jones JW. A population study of Barbus barbus (L.) in the River Severn, England: IIl. Move-
ments. J Fish Biol. 1974; 6(3):269-278.

Adriaenssens B, Johnsson J. Natural selection, plasticity and the emergence of a behavioural syn-
drome in the wild. Ecol Lett. 2012; 16:47-55. https://doi.org/10.1111/ele.12011 PMID: 23034098

Nagel C, Droll J, Kroemer K, Pander J, Geist JTesting the effects of passive integrated transponder
(PIT) tags on survival, growth, and tag retention of common nase (Chondrostoma nasus L.) and Euro-
pean barbel (Barbus barbus L.). Anim Biotelemetry. 2023; 11, 33. https://doi.org/10.1186/s40317-023-
00344-z

Nyqvist D, Schiavon A, Candiotto A, Tarena F, Comoglio C. Survival and swimming performance in
small-sized South European Cypriniformes tagged with passive integrated transponders. Journal of
Ecohydraulics. 2024;1-11. https://doi.org/10.1080/24705357.2024.2306419

Binder TR, Wilson ADM, Wilson SM, Suski CD, Godin JGJ, Cooke SJ. Is there a pace-of-life syndrome
linking boldness and metabolic capacity for locomotion in bluegill sunfish? Anim Behav. 2016; 121:175—
183. https://doi.org/10.1016/j.anbehav.2016.09.006

Cattelan S, Lucon-Xiccato T, Pilastro A, Griggio M. (2017). Is the mirror test a valid measure of fish
sociability? Anim Behav. 2021;127, 109—116. https://doi.org/10.1016/j.anbehav.2017.03.009

PLOS ONE | https://doi.org/10.1371/journal.pone.0312187 November 20, 2024 14/16



PLOS ONE

Phenotypic diversity of a riverine fish

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Savasci BB, Lucon-Xiccato T, Bisazza A. Ontogeny and personality affect inhibitory control in guppies,
Poecilia reticulata. Anim Behav. 2021; 180, 111-121. https://doi.org/10.1016/j.anbehav.2021.08.013

Rowland WJ. Studying visual cues in fish behavior: A review of ethological techniques. Environ Biol
Fishes. 1999; 56(3):285-305. https://doi.org/10.1023/A:1007517720723

R Studio Team. R Studio: Integrated Development Environment for R. RStudio, PBC, Boston, MA.
2022. Available from: http://www.rstudio.com/.

Lé S, Josse J, Husson F. FactoMineR: A Package for Multivariate Analysis. J Stat Softw. 2008; 25
(1):1-18. https://doi.org/10.18637/jss.v025.i01

Bates D, Méachler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models Using Ime4. J Stat Softw.
2015; 67(1):1-48. https://doi.org/10.18637/jss.v067.i01

Dingemanse NJ, Dochtermann NA. Quantifying individual variation in behaviour: mixed-effect modelling
approaches. J Anim Ecol. 2013; 82(1):39e54. https://doi.org/10.1111/1365-2656.12013 PMID:
23171297

Nakagawa S, Schielzeth H. Repeatability for Gaussian and non-Gaussian data: a practical guide for
biologists. Biol Rev 2010; 85(4):935-956. https://doi.org/10.1111/j.1469-185X.2010.00141.x PMID:
20569253

Wolak ME, Fairbairn DJ, Paulsen YR. Guidelines for estimating repeatability. Methods Ecol Evol. 2012;
3(1):129-137. https:/doi.org/10.1111/1.2041-210X.2011.00125.x

Reale D, Dingemanse NJ, Kazem AJN, Wright J. Evolutionary and ecological approaches to the study
of personality. Philos Trans R Soc Lond, B, Biol Sci. 2010; 365(1560):3937-3946. https://doi.org/10.
1098/rstb.2010.0222 PMID: 21078646

Islam SS, Wringe BF, Bradbury IR, Fleming IA. Behavioural variation among divergent European and
North American farmed and wild Atlantic Salmon (Salmo salar) populations. Appl Anim Behav Sci.
2020;105029. https://doi.org/10.1016/j.applanim.2020.105029

Zéavorka L, Aldvén D, Naslund J, Hojesjo J, Johnsson JI. Linking lab activity with growth and movement
in the wild: explaining pace-of-life in a trout stream. Behav Ecol. 2015; 26 (3):877-884. https://doi.org/
10.1093/beheco/arv029

Vilizzi L, Copp GH, Carter M, Penaz M. Movement and abundance of barbel, Barbus barbus, in a meso-
trophic chalk stream in England. Folia Zool. 2006; 55:183—-197.

Chapman BB, Hulthén K, Blomqvist DR, Hansson LA, Nilsson JA, Brodersen J, et al. To boldly go: indi-
vidual differences in boldness influence migratory tendency. Ecol Lett. 2011; 14(9):871-876. https://doi.
org/10.1111/j.1461-0248.2011.01648.x PMID: 21718420

Wilson ADM, Godin JGJ. Boldness and behavioral syndromes in the bluegill sunfish, Lepomis macro-
chirus. Behav Ecol. 2009; 20(2):231-237. https://doi.org/10.1093/beheco/arp018

Aparicio E, Sostoa A. Pattern of movements of adult Barbus haasiin a small Mediterranean stream. J
Fish Biol. 1999; 55(5):1086—-1095. https://doi.org/10.1111/j.1095-8649.1999.tb00743.x

Lucas MC, Frear PA. Effects of a flow-gauging weir on the migratory behaviour of adult barbel, a riverine
cyprinid. J Fish Biol. 1997; 50(2):382—-396. https://doi.org/10.1111/j.1095-8649.1997.tb01366.x

Prenda J, Granado-Lorencio C. Estimas del espacio vital y calidad del habitat a lo largo del invierno en
tres especies de peces (Cyprinidae) de un rio de régimen mediterraneo. Dofiana. Acta Vertebrata.
1994; 21:61-77.

Michelangeli M, Payne E, Spiegel O, Sinn DL, Leu ST, Gardner MG, et al. Personality, spatiotemporal
ecological variation and resident/explorer movement syndromes in the sleepy lizard. J Anim Ecol. 2022;
91(1):210-28. https://doi.org/10.1111/1365-2656.13616 PMID: 34679184

Niemela PT, Klemme |, Karvonen A, Hyvarinen P, Debes PV, Erkinaro J, et al. Life-history genotype
explains variation in migration activity in Atlantic salmon (Salmo salar). Proc Royal Soc B. 2022; 289
https://doi.org/10.1098/rspb.2022.0851

Campos-Candela A, Palmer M, Balle S, Alvarez A, Alés J. A mechanistic theory of personality-depen-
dent movement behaviour based on dynamic energy budgets. Ecol Lett. 2018; 22(2):213-232. https://
doi.org/10.1111/ele.13187 PMID: 30467933

Nakayama S, Rapp T, Arlinghaus R. Fast-slow life history is correlated with individual differences in
movements and prey selection in an aquatic predator in the wild. J Anim Ecol. 2017; 86(2):192—-201.
https://doi.org/10.1111/1365-2656.12603 PMID: 27748952

Dochtermann NA, Schwab T, Sih A. The contribution of additive genetic variation to personality varia-
tion: heritability of personality. Proc Biol Sci. 2015; 282(1798):20142201. https://doi.org/10.1098/rspb.
2014.2201 PMID: 25392476

PLOS ONE | https://doi.org/10.1371/journal.pone.0312187 November 20, 2024 15/16



PLOS ONE

Phenotypic diversity of a riverine fish

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Adriaenssens B, Johnsson JI. Learning and context-specific exploration behaviour in hatchery and wild
brown trout. Appl Anim Behav Sci. 2011; 132(1-2):90-99. https://doi.org/10.1016/j.applanim.2011.03.
005

Baker MR, Goodman AC, Santo JB, Wong RY. Repeatability and reliability of exploratory behaviour in
proactive and reactive zebrafish, Danio rerio. Sci Rep. 2018; 8:12114. https://doi.org/10.1038/s41598-
018-30630-3 PMID: 30108258

Mazué GPF, Dechaume-Moncharmont FX, Godin JGJ. Boldness—exploration behavioral syndrome:
interfamily variability and repeatability of personality traits in the young of the convict cichlid (Amatitlania
siquia). Behav Ecol. 2015; 3(26):900-908. https://doi.org/10.1093/beheco/arv030

MacGregor HEA, Cottage A, loannou CC. Suppression of personality variation in boldness during forag-
ing in three-spined sticklebacks. Behav Ecol Sociobiol. 2021; 75(4): 71. https://doi.org/10.1007/s00265-
021-03007-2

Beukeboom R., Phillips JS,Olafsdéttir GA, Benhaim D. Personality in juvenile Atlantic cod ecotypes
and implications for fisheries management. Ecol Evol. 2023; 13:e09952. https://doi.org/10.1002/ece3.
9952 PMID: 37091554

Webster MM, Ward AJW. Personality and social context. Biol Rev. 2011; 86:759-773. https://doi.org/
10.1111/j.1469-185X.2010.00169.x PMID: 21091603

Jolles JW, Fleetwood-Wilson A, Nakayama S, Stumpe MC, Johnstone RA, Manica A. The role of previ-
ous social experience on risk-taking and leadership in three-spined sticklebacks. Behav Ecol. 2014; 25
(6):1395-1401. https://doi.org/10.1093/beheco/aru146

Magnhagen C, Bunnefeld N. Express your personality or go along with the group: what determines the
behaviour of shoaling perch? Proc Royal Soc B. 2009; 276(1671):3369—-3375. https://doi.org/10.1098/
rspb.2009.0851 PMID: 19586948

Magnhagen C, Staffan F. Is boldness affected by group composition in young-of-the-year perch (Perca
fluviatilis)? Behav Ecol Sociobiol. 2005; 57(3):295-303. https://doi.org/10.1007/s00265-004-0834-1

Jolles JW, Aaron Taylor B, Manica A. Recent social conditions affect boldness repeatability in individual
sticklebacks. Anim Behav. 2016; 112:139—-145. https://doi.org/10.1016/j.anbehav.2015.12.010 PMID:
26949265

Laskowski KL, Bell AM. Competition avoidance drives individual differences in response to a changing
food resource in sticklebacks. Ecol Lett. 2013; 16(6):746—753. https://doi.org/10.1111/ele.12105 PMID:
23489482

PLOS ONE | https://doi.org/10.1371/journal.pone.0312187 November 20, 2024 16/16



