acta ethologica
https://doi.org/10.1007/s10211-018-0292-9

SHORT COMMUNICATION

Zebrafish Bpersonality^ influences sensitivity to magnetic fields
Alessandro Cresci 1

& Rosario De Rosa

2,3

4

4

5

& Silvia Fraissinet & Martina Scanu & Nathan F. Putman & Claudio Agnisola

4

Received: 2 February 2018 / Revised: 24 April 2018 / Accepted: 22 May 2018
# Springer-Verlag GmbH Germany, part of Springer Nature and ISPA 2018

Abstract
How animals integrate different sensory information for orientation is a complex process involving interactions between a variety
of internal and external factors. Due to this complexity, each component of a suite of factors is typically studied in isolation. Here,
we examine how an internal factor (personality of fish) influences the response of zebrafish (Danio rerio) to the magnetic field,
while swimming in a flow chamber. Our previous work demonstrated that the orientation to the water current (rheotaxis) of
zebrafish individuals is influenced by variations of the magnetic field only when fish are part of a shoal. In this study, we
evaluated the rheotactic behavior of 20 fish, grouped in shoals of Bproactive^ or Breactive^ individuals, under magnetic fields of
different directions. We found that the magnetic field influenced at which water speed rheotaxis was elicited in zebrafish with
Breactive^ personality, but not in those with Bproactive^ personality. These results suggest that fish personality influences
response to or weighing of sensory inputs and provides some insight on the variation in behavioral responses to environmental
stimuli in both laboratory and natural settings.
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Introduction
Animals’ movement decisions result from their ability to
weight and respond to a wide array of sensory information.
The animal movement process is shaped by four main
interacting factors: the animal’s internal state (e.g., hunger,
maturity), its navigation capacity (e.g., the ability to select
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and maintain a direction), its motion capacity (e.g., locomotion biomechanics), and external factors (e.g., time of day,
proximity of conspecifics) (Nathan et al. 2008). Each movement Bstep^ is a function of these factors, which may be differentially weighted as animals respond in different contexts.
Due to this complexity, the components of movement are
typically studied in isolation (Secor 2015; Westley et al.
2018). In particular, how an animal’s internal state, such as a
behavioral trait, and the external factors experienced interact
to influence navigation capacity are seldom explored
(Holyoak et al. 2008).
Individual behavioral traits that are consistent over time
and across contexts are usually referred to as Bpersonalities^
(Wilson et al. 1994; Sih et al. 2004). Personalities can often
predict how animals move or explore environments (Fraser et
al. 2001; Sasaki et al. 2018). In birds, such as the great tit
(Parus major), individuals which are bold are usually not
sensitive to external stimuli and are rapid explorers, whereas
shy birds are more sensitive to external stimuli and are slower
in exploration (Marchetti and Drent 2000; Van Oers et al.
2004). Bahamian spiny lobsters (Panulirus argus) form
groups and show queuing behavior during their autumnal
mass migration. The most active individuals usually initiate
migration and become queue leaders (Kanciruk and
Herrnkind 1978). In fish schools, leadership appears related
to the proactive (high locomotor activity, bold, and first
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exploring new environments) or reactive (prudent, sensitive to
external stimuli and adjustable to changes in the environment)
personalities of individuals (Sih et al. 2004; Schjolden et al.
2006). As such, fish personalities can influence group coordination (Couzin and Krause 2003; King et al. 2009), and thus
activities like foraging, predator avoidance, teaching and
interacting with competitors (Huntingford 1976; Ward et al.
2004; King et al. 2009; Bode et al. 2010).
Here, we explore whether personality influences the response to environmental cues of shoaling zebrafish (Danio
rerio). Aquatic animals belonging to diverse taxa display an
unconditioned orienting response with respect to water currents, called rheotaxis (Chapman et al. 2011). Rheotaxis is
used for a wide array of activities, ranging from the minimization of energetic expenditure with upstream-oriented station
holding behavior (Baker and Montgomery 1999), to the interception of food flowing with the water (Montgomery et al.
1995). Water flows also transport chemical cues, which can
function as signals or triggers for animal movement behavior.
The involvement of rheotaxis in the detection of odors during
upstream migration is well known in several species, such as
salmon (Thorpe et al. 1981) and juvenile eels (Sola 1995).
Zebrafish is a shoaling species which migrates seasonally
between rivers and floodplains (Spence et al. 2008) and displays a robust rheotactic response (Bak-Coleman et al. 2013).
Furthermore, this species is able to detect and respond to weak
static magnetic fields in the Earth-strength range
(Shcherbakov et al. 2005; Takebe et al. 2012; Osipova et al.
2016; Cresci et al. 2017a). The Earth’s magnetic field is
known to function as a spatial reference system for animal
movement coordination and orientation. Animals may spontaneously align their body along magnetic lines when resting
or carrying on activities such as building nests (e.g., rodents)
or landing (e.g., flying insects) (Begall et al. 2013). Moreover,
the magnetic field can be used for compass orientation and as
a source of positional information from microscopic to global
spatial scales. For example, marine magnetotactic bacteria
have motility directed by the magnetic field (Blakemore
1975), while on the scale of few centimeters, juvenile
Chinook salmon use the magnetic field when emerging upwards from their gravel nests (Putman et al. 2018). At larger
spatial scales, migratory species use the magnetic field both to
maintain a compass course (Wiltschko and Wiltschko 2005;
Bottesch et al. 2016; Cresci et al. 2017b) and derive Bmap^
positional information (Lohmann et al. 2007; Putman 2015;
Naisbett-Jones et al. 2017). In the case of zebrafish, the magnetic field could provide a homogeneous stable reference in
turbulent and low visibility waters, possibly helping individual compass orientation and group alignment.
Shoaling fish display group behavior that appears to be
mediated by social and environmental cues in a complex
way (Berdahl et al. 2013). Based on the growing literature
indicating that Bpersonality^ influences how species respond

to environmental cues, we hypothesized that fish with
Bproactive^ and Breactive^ personality types (Benus et al.
1991; Dahlbom et al. 2012) display a different response to
water flows and magnetic fields. To test this hypothesis, we
first sorted zebrafish using an established methodology to assign and group individuals that were proactive or reactive
(Benus et al. 1991; Koolhaas 2008; Dahlbom et al. 2011;
Rey et al. 2013). The proactive/reactive phenotypes are robust
and consistent over time and context (Castanheira et al. 2013)
and are characterized by a different baseline gene expression
(MacKenzie et al. 2009). Individual zebrafish separated using
this assay maintains the designated personality trait (proactive
or reactive) over a period of at least 10 months (Rey et al.
2013). We then tested fish with the same behavioral trait in a
lab-based assay designed to study the influence of Earthstrength magnetic fields on rheotaxis (orientation to water
flows) in zebrafish shoals (Cresci et al. 2017a).

Methods
Animals
Adult zebrafish of the short-fin wild-type were provided by a
local supply store (CARMAR SAS, S. Giorgio (NA), Italy),
and maintained following Cresci et al. (2017a). Both maintenance and experimental temperature was set at 27 °C. Fish
were separated into groups of proactive or reactive individuals
following the screening protocol described by Rey and coworkers (Rey et al. 2013), which is based on the rate at which
individuals explored an unfamiliar, potentially dangerous environment. All the animals used in this behavioral test came
from the same maintenance tank and were kept under the same
feeding regimes (Tetramin, Tetra, Germany; 47% crude protein content, 6% humidity, 20.1 kJ/g dry mass). No mortality,
diseases, or sign of detrimental nutritional state among individuals was observed during maintenance. Moreover, fish
were fed ad libitum prior to the transfer to the selecting tank,
to limit the possibility that different motivation to search for
food would affect animal behavior (Toms et al. 2010). We
used a 50-l tank divided into a dark area and an illuminated
area, which were separated by a black wall with a circular hole
(5-cm diameter) (Supplementary Fig. S1). Fish were randomly selected and placed in the dark box in groups of nine.
Individuals which were exploring the bright side of the tank
within 10 min were considered proactive and were gently
removed. Fish that moved to the bright side of the tank
between 10 and 15 min were discarded. The fish that remained
in the dark box after 15 min were considered reactive. Similar
to Rey et al. (2013), in each behavioral trial, no more than
three out of nine fish displayed proactive behavior. Overall,
about 20% of animals were proactive, about 70% were reactive, and 10% were discarded. A total number of 72 animals
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were tested. Proactive and reactive fish were maintained in
separate aquaria and tested within 1 week.

with a Gauss/Teslameter (9500 G meter, DC 10 kHz,
FWBell, Orlando, USA) equipped with a MO99-2506 probe
with a 0.01 μT resolution.

Experimental protocol
Data analysis and statistics
Upon designating fish personality, we evaluated the effect of a
magnetic field on the rheotactic response of the animals.
Previous experiments indicate that zebrafish most strongly
respond to magnetic fields during rheotaxis when shoaling
(Cresci et al. 2017a). For this reason, the behavioral tests were
performed on shoaling fish only, and not on individuals.
Animals belonging to the two personality groups were tested
inside a swimming tunnel in a shoal of 5 individuals. We
tested a total of 20 individuals, selecting at random 2 shoals
of 5 proactive fish and 2 shoals of 5 reactive fish for the
orientation assay (Cresci et al. 2017a). Each shoal was tested
once, under a single magnetic field condition (see below)
(Cresci et al. 2017a). Thus, proactive fish were surrounded
only by other proactive fish, and reactive fish were surrounded
only by other reactive fish. This allowed us to observe the
direct effect of the proactive/reactive (leader/subordinate) personality of zebrafish on their sensitivity to environmental
information.

Experimental setup
A schematic view of the swimming tunnel and the magnetic
control apparatus used in the present study is shown in the Fig.
S2 of the supplementary material. The tunnel was a nonreflecting Plexiglas cylinder (7-cm diameter, 15-cm length),
connected to a SMC Flow switch, and the flow was controlled
by a digital feedback system. The whole tunnel was wrapped by
an electric coil, as a solenoid (0.83 turns cm−1). The magnetic
field was manipulated along the water flow direction (defined
as x axis), with the solenoid connected to a power unit to generate static magnetic fields (DC power supply ALR3003D, Elc,
France). The intensity and direction of the horizontal component of the magnetic field measured along the major axis of the
tunnel in the upstream direction (x axis, + 70° of geographic
north), was 11 μT; the field along y axis was − 25 μT and that of
z axis was 55 μT (F = 62 μT; I = 64°; D = 44°). These magnetic
conditions were similar to those in the aquarium room for maintenance of animals, measured along the same axes (x = 22 μT;
y = − 27 μT; z = 43 μT). The manipulated magnetic field was
uniform along the swimming tunnel. In our previous work
(Cresci et al. 2017a), we observed the maximum variation of
behavioral response with fields of − 50 μT (the horizontal component of the magnetic field had the same direction of the water
flow, i.e., downstream) and + 50 μT (the horizontal component
of the magnetic field had opposite direction with respect to the
water flow, i.e., upstream) along the x axis, thus we used these
two conditions in the present study (see Supplementary Fig. S3
and Table S1 for details). The magnetic field was measured

To determine the rheotactic threshold of each individual in the
shoal, water flow rate was increased in a stepwise fashion,
from 0 to 2.8 BL (body lengths) s−1 (7 steps, 0.4 BL s−1 ×
10 min each) (Supplementary Fig. S2; (Cresci et al. 2017a).
The range of water speed was in the lower range of flow rates
that induce continuous oriented swimming in zebrafish (3–
15% of Ucrit) (Plaut 2000). From video-recordings (25
frames s−1) of fish orientation in the tunnel, we performed a
manual tracking analysis (Tracker 4.84 Video Analysis and
Modeling Tool). We tracked the position of the eye of each
fish in the shoal, during a period of 10 min per each flow speed
used in the study. Through the collected tracks, we determined
the individual Rheotactic index (RI), which is the amount of
time that the animals spent oriented upstream, as a proportion
of the total oriented time (Cresci et al. 2017a), at each flow
rate. The RI index varies between 0 and 100%. Values below
50% indicate that the animals spend most of the time swimming downstream (negative rheotactic response); values
higher than 50% indicate that the animal spend most of the
time swimming upstream (positive rheotactic response). An
RI not significantly different from 50% would indicate absence of rheotactic response. Tracking was performed manually at eight-frame intervals (0.32 s). Behavior was blindly
recorded and analyzed by trained observers (intra-rater reliability > 0.90). The whole data set is reported in
Supplementary material (Table S2). The relationship between
RI and flow rate was fit by a logistic-sigmoidal model. As RI
values are percent data, an arcsine transformation was applied.
Significant differences between curves were tested via a sumof-squares F test (p < 0.05) (Cresci et al. 2017a). Two parameters and their variability were derived from the fit curve. One
is the RIplateau, which measures the maximal tendency of the
animals to orient upstream in the flow range utilized. The
other is the rheotactic threshold, i.e., the minimal flow at
which a significant rheotactic response can be elicited
(Baker and Montgomery 1999), that was interpolated from
the sigmoid fitting curves as the flow rate at which the curve
displayed the highest rate of slope variation, identified as the
positive peak of the second derivative of the curve (Cresci et
al. 2017a).

Results
In the present study we changed the direction of the component of the magnetic field aligned with the water flow and
examined for effects on the rheotactic response of individual
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zebrafish when swimming in shoal. In the proactive animals,
there was no significant effect of the direction of the magnetic
field on rheotaxis, as one common curve could be fitted to the
sigmoidal relationship between RI and flow rate (Fig. 1a, left).
In contrast, we observed a pronounced effect of the magnetic
field on the rheotactic behavior of reactive individuals (Fig. 1a
right). When the magnetic field component along the swimming tunnel was aligned downstream, the threshold was very
low (0.72 ± 0.27 cm s−1), and similar to that of proactive fish
(Fig. 1b). The threshold was much higher (2.93 ± 0.59 cm s−1)
when the magnetic field was aligned upstream (Fig. 1b).
Furthermore, the RIplateau value of reactive animals was much
lower when the field was oriented upstream (Fig. 1c). This
indicates that under these conditions, the full positive

Fig. 1 Rheotactic response in zebrafish. a Rheotactic index (RI) vs water
flow rate in shoaling proactive and reactive zebrafish at the two induced
magnetic field conditions (50 μT, headed downstream or upstream of the
water current). RI is the percentage of time that each fish spent oriented
upstream. Each value is the average (± SE) of the RI at each flow rate of
the five individuals composing the shoal. The square-root, arcsinetransformed data were fit to a logistic-sigmoidal model to test for
significance. The dashed curve on the proactive plot indicates that data
were fit to one common curve (no effect of the magnetic field, sum-ofsquares F test, P = 0.476), whereas the two curves in the reactive plot
show a significant effect of magnetic field (sum-of-squares F test, P <
0.001). b Rheotactic threshold values derived from the curves in panel A.

rheotactic response (RI = 100%) of reactive animals could be
obtained only at flow rates higher than the highest flow rate
used in our study (8.50 cm s−1).

Discussion
The results suggest that the personality of zebrafish significantly affects the way these animals respond to magnetic field
direction in relation to water flow. Specifically, the findings
suggest that reactive individuals are more sensitive to the magnetic field than proactive. This work may have implications
for understanding variation in individual responses in orientation in both laboratory and natural settings.

The rheotactic threshold is the flow rate at which the curve displayed the
highest rate of slope variation (Cresci et al. 2017a). A pairwise comparison of thresholds in reactive animals shows a significant difference between the magnetic treatments (t test, P < 0.01), while one common value
is reported for proactive. c Maximal RI (RIplateau) in shoaling proactive
and reactive zebrafish at the two induced magnetic field conditions
(50 μT, headed downstream or upstream of the water current). The asterisk indicates a significant difference from 100% (sum-of-squares F test, P
< 0.01). Shaded bars: indicate threshold and RI when there is no effect of
the magnetic field (one common value for both magnetic conditions);
black bars: fish exposed to a downstream-oriented magnetic field; white
bars: fish exposed to an upstream-oriented magnetic field

acta ethol

A lower rheotactic threshold might be considered advantageous in environments with slow moving water, given that
rheotactic response benefits the interception of downstreamdrifting prey (Gardiner and Atema 2007), and provides directional information for migratory behavior (Thorpe et al. 1981).
The relatively high rheotactic threshold observed in reactive
fish when the horizontal component of the magnetic field was
aligned upstream might be correlated with their more careful
behavior. It is interesting to note that under these conditions
reactive animals not only started to orient upstream at faster
flow speeds, but their level of rheotactic response remained
relatively low throughout the whole range of water flows used
(low RIplateau, Fig. 1c). This suggests that the flow rate necessary to induce a full rheotactic response in reactive animals is
well higher than the highest flow utilized in the present study.
This result implies that the modulation of magnetic field may
affect the response of reactive animals in a wide range of water
flow conditions and is a sign of higher flexibility, which can
be beneficial in complex and less predictable environments
(Koolhaas 2008; MacKenzie et al. 2009). In the natural habitat
of zebrafish, the speed of the flow varies greatly across environments, from more turbulent rivers (Spence et al. 2008) to
paddies, ponds, and floodplains where the water is still or slow
moving (Engeszer et al. 2007). The rheotactic threshold of
proactive fish was independent of the magnetic treatment,
possibly indicating a more consistent and less flexible orientation to water flows than their reactive counterparts. When
sources and direction of food supply are more predictable,
proactive fish might gain advantage by the higher consistency
of their behavior. For example, dominant individuals of
Atlantic salmon (Salmo salar) grow faster and are able to
obtain the best feeding in structurally simple environments
with predictable food supplies (Reid et al. 2012).
Interestingly, aggressive/dominant individuals of brown trout
fry (Salmo trutta) have lower fitness in complex habitats compared to subordinate conspecifics (Höjesjö et al. 2004).
In earlier experiments on shoals with fish that were not
grouped according to personality, the lowest rheotactic threshold was displayed when the horizontal component of the magnetic field had the same direction as the water flow, while the
RIplateau was not affected by the magnetic field, being 92.9 ±
1.1% and 98.9 ± 3.1% for the downstream- and upstreamoriented magnetic field, respectively (see supplementary Fig.
S4) (Cresci et al. 2017a). Compared to this earlier work, our
present results show that by considering fish personality, it is
possible to observe different responses to water flow and magnetic field direction that may be important for movement,
orientation and group cohesion. Thus, taking fish personality
into account we gain more information and possibly a different perspective on fish movement behavior, that otherwise
would be missed. The rheotactic threshold of shoals composed of both proactive and reactive individuals is affected
by magnetic fields (as in the reactive fish), while the RIplateau

is independent of the magnetic field (as in proactive fish)
(Cresci et al. 2017a). This may suggest that a subdivision of
roles between proactive and reactive fish exists during orientation to water flows, and the responses of reactive fish may
shape the shoal response at low water flow rates, while the
response of proactive fish may shape the shoal response at
higher flow rates, possibly assuming a leading role (Couzin
et al. 2005). However, we caution that our study represents a
limited experiment on this topic under laboratory conditions.
Further studies are needed to examine the ecological relevance
of the behavior displayed by zebrafish under different magnetic fields and water flows.
Although these results represent preliminary observations
under laboratory conditions, they imply that fish with different
behavioral traits may respond differently to cues which are
relevant for orientation such as the magnetic field and water
currents. This different sensitivity to the environment could be
important for movement decisions of shoaling fish when
performing activities such as feeding, exploration, or risk taking (Huntingford 1976; Van Oers et al. 2004). Our study
shows that considering fish personality reveals patterns not
captured in previous studies, which underscores the importance of taking this variation into account when studying
movement behavior.
Acknowledgements We thank Dr. Claudia Angelini (Applied Calculus
Inst., CNR, Italy) for the statistical support, and the departmental technicians F. Cassese, G. Passeggio, and R. Rocco for their skillful assistance
in the design and realization of the experimental setup. We thank Dr.
Joseph E. Serafy for critically reviewing the manuscript and providing
helpful suggestions.
Author’s contribution A.C. proposed the original hypothesis of the study
and designed it together with C.A.; he participated to data analysis and
drafted the manuscript. R.DR. participated to the study design and was
responsible of the theoretical and experimental aspects of the magnetic
field manipulation. M.S. and S.F. performed the experiments, collecting,
and analyzing the experimental data. C.A. conceived the study together
with A.C., designed and coordinated the study, and helped draft the manuscript. N.P. participated in results evaluation and helped draft the manuscript. All authors gave final approval for publication.
Funding The study was supported by the Basic Research Founding of the
Physics Department and the Biology Department of the Naples
University Federico II.

Compliance with ethical standards
Competing interests The authors declare that they have no competing
interests.
Ethics All animal procedures and experiments were aimed to minimize
the number of animals used to test the focal hypothesis and were approved by the Institutional Animal Care and Use Committee (CESA) of
the University of Naples Federico II, Naples, Italy.
Data accessibility The data supporting this article are available as part of
the Supplementary Material.

acta ethol

References
Bak-Coleman J, Court A, Paley DA, Coombs S (2013) The spatiotemporal dynamics of rheotactic behavior depends on flow speed and
available sensory information. J Exp Biol 216:4011–4024. https://
doi.org/10.1242/jeb.090480
Baker CF, Montgomery JC (1999) The sensory basis of rheotaxis in the
blind Mexican cave fish, Astyanax fasciatus. J Comp Physiol A
Sensory, Neural, Behav Physiol 184:519–527. https://doi.org/10.
1007/s003590050351
Begall S, Malkemper EP, Červený J, Němec P, Burda H (2013) Magnetic
alignment in mammals and other animals. Mamm Biol - Zeitschrift
für Säugetierkd 78:10–20. https://doi.org/10.1016/J.MAMBIO.
2012.05.005
Benus RF, Bohus B, Koolhaas JM, Van Oortmerssen GA (1991)
Heritable variation for aggression as a reflection of individual coping strategies. Experientia 47(10):1008–1019. https://doi.org/10.
1007/bf01923336:1008–1019
Berdahl A, Torney CJ, Ioannou CC, et al (2013) Emergent sensing of
complex environments by animal groups. Science (80- ) 339:574–
576 . https://doi.org/10.1126/science.1225883
Blakemore R (1975) Magnetotactic bacteria. Science 190:377–379.
https://doi.org/10.1126/SCIENCE.170679
Bode NWF, Faria JJ, Franks DW, Krause J, Wood AJ (2010) How perceived threat increases synchronization in collectively moving animal groups. Proc R Soc B Biol Sci 277:3065–3070. https://doi.org/
10.1098/rspb.2010.0855
Bottesch M, Gerlach G, Halbach M, Bally A, Kingsford MJ, Mouritsen H
(2016) A magnetic compass that might help coral reef fish larvae
return to their natal reef. Curr Biol 26:R1266–R1267. https://doi.
org/10.1016/j.cub.2016.10.051
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. https://doi.org/
10.1371/journal.pone.0062037
Chapman JW, Klaassen RHG, Drake VA, Fossette S, Hays GC, Metcalfe
JD, Reynolds AM, Reynolds DR, Alerstam T (2011) Animal orientation strategies for movement in flows. Curr Biol 21:R861–R870.
https://doi.org/10.1016/j.cub.2011.08.014
Couzin ID, Krause J (2003) Self-organization and collective behavior in
vertebrates. Adv Study Behav 32:1–75. https://doi.org/10.1016/
S0065-3454(03)01001-5
Couzin ID, Krause J, Franks NR, Levin SA (2005) Effective leadership
and decision-making in animal groups on the move. Nature 433:
513–516
Cresci A, De Rosa R, Putman NF, Agnisola C (2017a) Earth-strength
magnetic field affects the rheotactic threshold of zebrafish swimming in shoals. Comp Biochem Physiol -Part A Mol Integr
Physiol 204:169–176. https://doi.org/10.1016/j.cbpa.2016.11.019
Cresci A, Paris CB, Durif CMF, Shema S, Bjelland RM, Skiftesvik AB,
Browman HI (2017b) Glass eels (Anguilla anguilla) have a magnetic compass linked to the tidal cycle. Sci Adv 3:1–9. https://doi.org/
10.1126/sciadv.1602007
Dahlbom SJ, Backstr??m T, Lundstedt-Enkel K, Winberg S (2012)
Aggression and monoamines: effects of sex and social rank in
zebrafish (Danio rerio). Behav Brain Res 228:333–338 .https://doi.
org/10.1016/j.bbr.2011.12.011
Dahlbom SJ, Lagman D, Lundstedt-Enkel K, Sundström LF, Winberg S
(2011) Boldness predicts social status in zebrafish (Danio rerio).
PLoS One 6:2–8. https://doi.org/10.1371/journal.pone.0023565
Engeszer RE, Patterson LB, Rao AA, Parichy DM (2007) Zebrafish in the
wild: a review of natural history and new notes from the field.
Zebrafish 4:21–40. https://doi.org/10.1089/zeb.2006.9997
Fraser DF, Gilliam JF, Daley MJ, le AN, Skalski GT (2001) Explaining
leptokurtic movement distributions: intrapopulation variation in

boldness and exploration. Am Nat 158:124–135. https://doi.org/
10.1086/321307
Gardiner JM, Atema J (2007) Sharks need the lateral line to locate odor
sources: rheotaxis and eddy chemotaxis. J Exp Biol 210:1925–1934.
https://doi.org/10.1242/jeb.000075
Höjesjö J, Johnsson J, Bohlin T (2004) Habitat complexity reduces the
growth of aggressive and dominant brown trout (Salmo trutta) relative to subordinates. Behav Ecol Sociobiol 56:286–289. https://doi.
org/10.1007/s00265-004-0784-7
Holyoak M, Casagrandi R, Nathan R, Revilla E, Spiegel O (2008) Trends
and missing parts in the study of movement ecology. Proc Natl Acad
Sci 105:19060–19065. https://doi.org/10.1073/pnas.0800483105
Huntingford FA (1976) The relationship between anti-predator behaviour
and aggression among conspecifics in the three-spined stickleback,
Gasterosteus Aculeatus. Anim Behav 24:245–260. https://doi.org/
10.1016/S0003-3472(76)80034-6
Kanciruk P, Herrnkind W (1978) Mass migration of spiny lobster,
Panulirus argus (Crustacea: Palinuridae): behavior and environmental correlates. Bull Mar Sci 28:601–623
King AJ, Johnson DDP, Van Vugt M (2009) The origins and evolution of
leadership. Curr Biol 19:R911–R916. https://doi.org/10.1016/j.cub.
2009.07.027
Koolhaas JM (2008) Coping style and immunity in animals: making
sense of individual variation. Brain Behav Immun 22:662–667.
https://doi.org/10.1016/j.bbi.2007.11.006
Lohmann KJ, Lohmann CMF, Putman NF (2007) Magnetic maps in
animals: nature’s GPS. J Exp Biol 210:3697–3705. https://doi.org/
10.1242/jeb.001313
MacKenzie S, Ribas L, Pilarczyk M, Capdevila DM, Kadri S,
Huntingford FA (2009) Screening for coping style increases the
power of gene expression studies. PLoS One 4:2–6. https://doi.
org/10.1371/journal.pone.0005314
Marchetti C, Drent PJ (2000) Individual differences in the use of social
information in foraging by captive great tits. Anim Behav 60:131–
140. https://doi.org/10.1006/anbe.2000.1443
Montgomery J, Sheryl C, Matthew H (1995) Biology of the
mechanosensory lateral line in fishes. Rev Fish Biol Fish 5:399–416
Naisbett-Jones LC, Putman NF, Stephenson JF, Ladak S, Young KA
(2017) A magnetic map leads juvenile European eels to the gulf
stream. Curr Biol 27:1236–1240. https://doi.org/10.1016/j.cub.
2017.03.015
Nathan R, Getz WM, Revilla E, Holyoak M, Kadmon R, Saltz D, Smouse
PE (2008) A movement ecology paradigm for unifying organismal
movement research. Proc Natl Acad Sci 105:19052–19059. https://
doi.org/10.1073/pnas.0800375105
Osipova EA, Pavlova VV, Nepomnyashchikh VA, Krylov VV (2016)
Influence of magnetic field on zebrafish activity and orientation in
a plus maze. Behav Process 122:80–86. https://doi.org/10.1016/j.
beproc.2015.11.009
Plaut I (2000) Effects of fin size on swimming performance, swimming
behaviour and routine activity of zebrafish Danio rerio. J Exp Biol
203:813–820
Putman NF (2015) Inherited magnetic maps in salmon and the role of
geomagnetic change. Integr Comp Biol 55:396–405. https://doi.org/
10.1093/icb/icv020
Putman NF, Scanlan MM, Pollock AM, O'Neil JP, Couture RB, Stoner
JS, Quinn TP, Lohmann KJ, Noakes DLG (2018) Geomagnetic field
influences upward movement of young Chinook salmon emerging
from nests. Biol Lett 14:20170752. https://doi.org/10.1098/rsbl.
2017.0752
Reid D, Armstrong JD, Metcalfe NB (2012) The performance advantage
of a high resting metabolic rate in juvenile salmon is habitat dependent. J Anim Ecol 81:868–875. https://doi.org/10.1111/j.1365-2656.
2012.01969.x
Rey S, Boltana S, Vargas R, Roher N, MacKenzie S (2013) Combining
animal personalities with transcriptomics resolves individual

acta ethol
variation within a wild-type zebrafish population and identifies underpinning molecular differences in brain function. Mol Ecol 22:
6100–6115. https://doi.org/10.1111/mec.12556
Sasaki T, Mann RP, Warren KN, Herbert T, Wilson T, Biro D (2018)
Personality and the collective: bold homing pigeons occupy higher
leadership ranks in flocks. Philos Trans R Soc Lond Ser B Biol Sci
373:20170038. https://doi.org/10.1098/rstb.2017.0038
Schjolden J, Pulman KGT, Pottinger TG, Metcalfe NB, Winberg S (2006)
Divergence in locomotor activity between two strains of rainbow
trout Oncorhynchus mykiss with contrasting stress responsiveness. J
Fish Biol 68:920–924. https://doi.org/10.1111/j.0022-1112.2006.
00935.x
Secor DH (2015) Migration ecology of marine fishes. Johns Hopkins
University Press
Shcherbakov D, Winklhofer M, Petersen N, Steidle J, Hilbig R, Blum M
(2005) Magnetosensation in zebrafish [2]. Curr Biol 15:161–162.
https://doi.org/10.1016/j.cub.2005.02.039
Sih A, Bell A, Johnson JC (2004) Behavioral syndromes: an ecological
and evolutionary overview. Trends Ecol Evol 19:372–378. https://
doi.org/10.1016/j.tree.2004.04.009
Sola C (1995) Chemoattraction of upstream migrating glass eels Anguilla
anguilla to earthy and green odorants. Environ Biol Fish 43:179–
185. https://doi.org/10.1007/BF00002489
Spence R, Gerlach G, Lawrence C, Smith C (2008) The behaviour and
ecology of the zebrafish. Biol Rev 83:13–34. https://doi.org/10.
1111/j.1469-185X.2007.00030.x

Takebe A, Furutani T, Wada T, Koinuma M, Kubo Y, Okano K, Okano T
(2012) Zebrafish respond to the geomagnetic field by bimodal and
group-dependent orientation. Sci Rep 2:727. https://doi.org/10.
1038/srep00727
Thorpe JE, Ross LG, Struthers G, Watts W (1981) Tracking Atlantic
salmon smolts, Salmo salar L., through Loch Voil, Scotland. J Fish
Biol 19:519–537. https://doi.org/10.1111/j.1095-8649.1981.
tb03820.x
Toms CN, Echevarria DJ, Jouandot DJ (2010) A methodological review
of personality-related studies in fish: focus on the shy-bold axis of
behavior. Int J Comp Psychol 23:1–25
Van Oers K, Drent PJ, De Goede P, Van Noordwijk AJ (2004) Realized
heritability and repeatability of risk-taking behaviour in relation to
avian personalities. Proc R Soc London B Biol Sci 271:65–73
Ward AJW, Thomas P, Hart PJB, Krause J (2004) Correlates of boldness
in three-spined sticklebacks ( Gasterosteus aculeatus ). Behav Ecol
Sociobiol 55:561–568. https://doi.org/10.1007/s00265-003-0751-8
Westley PAH, Berdahl AM, Torney CJ, Biro D (2018) Collective movement in ecology: from emerging technologies to conservation and
management. Philos Trans R Soc Lond Ser B Biol Sci 373:
20170004. https://doi.org/10.1098/rstb.2017.0004
Wilson DS, Clark AB, Coleman K, Dearstynee T (1994) Shyness and
boldness in humans and other animals. TREE:442–446
Wiltschko W, Wiltschko R (2005) Magnetic orientation and
magnetoreception in birds and other animals. J Comp Physiol A
Neuroethol Sensory, Neural, Behav Physiol 191:675–693. https://
doi.org/10.1007/s00359-005-0627-7

