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Summary

This is the first study analysing individual differences in shyness—boldness and behavioural
asymmetries in young zebrafish larvae (fry, 7 days post-fertilisation). Individual differences
were more stable in tests with predator model (crude image of a fish face) than with an
arbitrary novel stimulus (vertical black stripe). Principal component analysis revealed a di-
mension of ‘shyness’ that involved the tendency of fry to avoid a predator model and reduced
locomotion in its presence. The fry took longer to enter a novel environment and kept at
greater distance when the stimulus was first seen with the left rather than right eye. Individ-
ual differences in eye use were consistent with either novel stimulus or predator model, but
there was no correlation between these two contexts. Shyness correlated with left eye bias
for viewing novel stimulus but not predator model. Development of eggs and larvae in dark-
ness during the first six days after fertilisation increased shyness and reduced behavioural
asymmetries in response to the predator model.
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Introduction

Individual differences were documented in a wide variety of animal species
and in different contexts (Wilson et al., 1994; Sih et al., 2004). Individual dif-
ferences in responses to novel and potentially dangerous stimuli, which have
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especially important fitness consequences, can be subsumed by such con-
structs as fearfulness, anxiety (Boissy, 1995), alternative coping strategies
(Benus et al., 1991; van QOers et al., 2005; Carere et al., 2005), and shyness—
boldness continuum (Wilson et al., 1994). These constructs have both heri-
table and experiential components (e.g., van Oers et al., 2005; Brown et al.,
2007a; Frost et al., 2007), but their development remains poorly understood.
Previous studies used adults or juveniles. It was unknown whether individual
differences have any degree of consistency across measures and contexts at
very early (larval) stages.

There is a growing interest in the relations between lateralisation, fear,
and shyness—boldness. Both animal (Andrew & Rogers, 2002; Rogers, 2002;
Vallortigara & Rogers, 2005) and human (e.g., Murphy et al., 2003) studies
indicated that the right brain hemisphere is involved in fear. Lateralisation
of the shyness—boldness continuum is, therefore, expected. However, the
current evidence is contradictory, especially for fishes. For example, Dadda
et al. (2007) did not find any relation between boldness and laterality in
strains of a poeciliid fish Girardinus falcatus that were selectively bred for
left, right or no turning bias in a detour test. In contrast, studies of another
poeciliid Brachyraphis episcopi, which compared populations with high and
low predation pressures, revealed a covariation between boldness (Brown et
al., 2005) and laterality (Brown et al., 2007b).

Early exposure to light may represent an important non-genetic factor af-
fecting behavioural and neural development. For example, in birds it causes
the development of behavioural asymmetries (Rogers, 2002). Recently, sim-
ilar effects were documented in larval zebrafish (Andrew et al., 2009): de-
velopment of eggs and larvae until day 6 post-fertilisation reduced eye use
asymmetries while viewing a mirror reflection. It would be interesting to
know how early exposure to light may affect shyness—boldness and behav-
ioural laterality in larval zebrafish.

This is, to our knowledge, the first study linking boldness and lateral
asymmetries in larval zebrafish. The zebrafish is an important model for
the study of brain and behaviour, and especially their development. Adult
zebrafish have consistent individual and population differences in risk-taking
(e.g., Moretz et al., 2007). Several lateral asymmetries were documented in
both adults (Miklési et al., 2001) and larvae (Watkins et al., 2004; Barth
et al., 2005). Here we assessed (1) the consistency of boldness in response
to arbitrary novel stimulus and predator model, (2) lateralised eye use and



Shyness and laterality in zebrafish 1039

response asymmetries, (3) relationships between boldness and laterality, and
(4) possible effects of early light exposure on them.

Methods

Breeding zebrafish came from a pet store (Brighton, UK) and were main-
tained at 28°C on a 14 :10 light/dark cycle. Three hours after fertilization,
eggs were removed from the parental aquarium and transferred to white plas-
tic boxes (140 x 80 x 50 mm). The eggs and larvae (fry) were maintained in
these boxes at 28°C in groups of about 20. Six hours after fertilization eggs
were divided into two experimental groups. The first group (‘Light group’,
N = 14) was maintained under the normal 14:10 h light/dark cycle. The
second group (‘Dark group’, N = 14) developed in darkness (<0.01 lux,
Extech EasyView EA30 digital light meter). The eggs and fry of the Dark
group were taken to light only for a short time (less than 2 min each time)
every second day for maintenance, inspection and cleaning.

Development in the dark for the first 6 days after fertilisation meant that
Dark fry had less sensory experience than Light. We believe that this had
little or no effect on visual abilities. Bilotta (2000) showed that raising ze-
brafish in complete darkness until day 6 post-fertilization (dpf) had no effect
on vision beyond a minor reduction in acuity at days 12—-14 dpf. Constant
dark rearing to 6 dpf has almost no effect on retinal anatomy and only slight
effects on physiology (Saszik & Bilotta, 1999). Finally, in this and other stud-
ies (Andrew et al., 2009), Dark fry responded in different ways to different
visual stimuli as readily as Light.

Experimental procedure

All tests used a white swim-way (320 x 125 mm) with seven compartments
(50 x 40 mm) filled with water to a depth of 25 mm (Figure 1a). All adjacent
compartments were connected by vertical 5 mm slits in the middle of the
connecting walls. Two plastic bars were attached at each side of the slit to
create a 9 mm long corridor (Figure 1b). Each compartment contained two
lamps, which could not be directly seen by the fry. The lighting of each
compartment was controlled by switches and a rheostat. A video camera
could be slid along a glass sheet covering all the compartments and monitor
each in turn. The whole apparatus was covered by black cloth to exclude
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Figure 1. An outline of the experimental swim-way (a); a close-up view of individual

compartments (b), with the position of the stimulus and a scheme of the measurements of

the distances (D) and angles («); (c) the predator model. Black bars in (a) and (b) show the
position of the stimuli. Numbers and arrow in (a) point to the succession of tests.

light from other sources. Behavioural testing was on 7 dpf, when the yolk
sac is fully absorbed. The dark developed fry were tested 4 hours after they
were transferred to the light. The fry were not fed before testing. One fry
was sucked into a large pipette (entrance diameter 6 mm), together with an
adequate amount of water, and released gently into the first compartment of
the swim-way, which was lit by the lamps. This procedure was not stressful
and did not evoke unusual behaviour or elevated mortality.
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At release, all compartments other than start were darkened. The fry was
left undisturbed for two min. It was then video recorded in the compartment
for 2 min. Subsequently the light in the start compartment was dimmed to
darkness over 20 s. The video camera was immediately shifted to monitor the
second compartment. [llumination was then similarly raised in this second
compartment, which the fry entered under positive phototaxis.

After entry, the fry was left to explore for a further 1 min. Thereafter,
the same sequence of changes in lighting was used to attract the fry into
subsequent compartments. The next compartment (first stripe test) had a
vertical black stripe (17 x 42 mm) at the closest end of the entry wall on the
left or right side. The large size, high contrast against the white background
and novelty made it a potentially dangerous object. The stripe was placed so
that it could be seen with one eye before entry (Figure 1b), once the fry had
arrived at the end of the short between-compartment corridor. After entry the
fry was left to explore it for 1 min. A second similar stripe test followed.

The next test (fifth compartment) presented a crude predator model, which
was a black oval with white eyes and mouth (10 x 20 mm, Figure 1c), placed
similarly to the previous tests. Teleost fish respond to key stimuli of eyes
and mouth as to a live fish predator (e.g., Altbicker & Csanyi, 1990). The
model was also highly contrast against the background but had a different
appearance than the black stripe. Its size and key features of a fish made it
a potential predator for small zebrafish fry. However, it was still compara-
ble to the stripe in the overall size, contrast and orientation (although did
not present presumably more efficient cues like naturalistic appearance and
movement). We expected that the fry would respond to this model differently
than to the black stripe but not in a grossly dissimilar way (e.g., with strong
escape or freezing).

The next compartment contained the same predator model, but it was
positioned at the end wall of the compartment, so that the fry could see it
from within the compartment, if appropriately positioned. Viewing before
entry was of necessity more frontal. In the final test, the fry entered the
seventh compartment, which was empty. Each fry was tested only once with
stimuli placed either on left or right side in a random order. The water in the
apparatus was at home tank temperature and was changed after each fry.

Because these tests were administered in a single array, they cannot be
considered completely independent, but it is hardly possible to repeatedly
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test very young and fragile larvae without seriously affecting them (paren-
thetically, individual marking is also hardly possible). The rate of develop-
ment in fry is high and retesting them after several days would involve sig-
nificant morphological and behavioural change. We, therefore, argue that the
correlations across our tests provide reliable assessment of short-term con-
sistency.

Behavioural measures and statistical analysis

We recorded two measures from videos, locomotion score (the number of
1 x 1 cm coordinate grid lines crossed per min), and the latency to emerge
fully in each compartment. In the stripe and predator model tests, two mea-
sures were recorded every 10 s: the distance between the fry and the stimulus
and the angle between the longitudinal body axis and a line joining the mid-
point of the stripe or predator model and the eye viewing the stimulus (Fig-
ure 1). We subsequently used the minimum distance achieved and two differ-
ent laterality indices. LI was given by the formula: LI = (R — L)/(R + L),
where R and L are the number of occurrences of the stimulus on the right and
left side of the fry. Calculation of the LI was limited to cases where the body
axis angle was 15-150° (based on the angular density distribution). LI was
positive when bias was to the right eye and negative for left eye bias. The
absolute index LI,,s was calculated to characterize the strength of the asym-
metries irrespective of the side. In two cases (Light fry), full deciphering of
the videos was impossible because of mist forming on the glass covering the
swim-way, which resulted in a reduced sample size (N = 12).

Most p-values are two-tailed. One-tailed p-values were used in in the
analysis of behavioural consistency to confirm predicted positive relation-
ships in Dark and Light fry (any negative relationship would be equivalent to
no consistency). We used ANOVA (exponentially distributed latencies were
log-transformed) and permutation tests for comparisons between experimen-
tal groups.

Separate ANOVAs were calculated within each test because their interpre-
tation was much simpler than possible repeated measures analysis across all
tests that would involve complex higher-order interactions. This also avoided
more complicated calculation of the error term because individuals were
tested once with random right or left stimulus (incomplete design). Such
an analysis did not account for behavioural changes across tests within the
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same individuals, but this was not the main focus of the study. Also, no ad-
justment for multiple comparisons was made. It was justified because in this
exploratory study we did not test a specific hypothesis. There is currently no
consensus if, when and how Bonferroni adjustments should be performed,
but most statisticians agree that adjustment for multiple tests is impossible
in exploratory analysis with no pre-specified hypothesis (Perenger, 1998).
We, however, used the Truncated Product Method (TPM) to assess the over-
all probability of Type-I error among significant p-values (Neuhaiiser, 2004)
and calculated the effect size (requivaient> Rosenthal & Rubin, 2003).

To assess whether the correlation matrix was suitable for the principal
component analysis we calculated the Kaiser—Meyer—Olkin (KMO) measure
of sampling adequacy (Dziuban & Shirkey, 1974). We used parallel analysis
of random data (involving 100 random samples) for estimation of the number
of principal components (Zwick & Velicer, 1986). In ANOVAs, an approxi-
mate calculation of power with our sample size allows detection of medium
to large effects with the power exceeding 0.8. A correlation equal to 0.5 can
be detected with the power of 0.8. The R software package (http://www.
r-project.org) was applied for the data analysis.

Results
Behavioural asymmetries in Light and Dark fry

Two-way ANOVAs revealed behavioural asymmetries in the fry (Figure 2).
At first encounter with the black stripe, the fry hesitated to enter the novel
compartment more when the stimulus was on the left. They also avoided
the left stripe (higher minimum distance). At second encounter, Dark fry
avoided, whereas Light approached, the stripe on the left, and responded in
the opposite way to the stripe on the right (Figure 2¢). In predator model test
(Figure 2d), Light fry avoided left stimulus (left/right difference in minimum
distance: p = 0.006, permutation test) whereas Dark showed no asymmetry
(p = 0.66, permutation test).

There was no population bias in eye use for viewing any stimulus: LI did
not differ from 0.0 (all p > 0.2, one-sample ¢-tests). The only exception
was a low (average LI = 0.28) but significant (one sample ¢-test: #;3 = 2.2,
p = 0.048) tendency for Dark fry to use the right eye during the first predator
model test.
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Behavioural consistency

Locomotion scores were intercorrelated across the tests (standardised Cron-
bach o = 0.90), which was true of Light (¢« = 0.77) and Dark (o« = 0.82)
fry. Consistency of other measures differed between tests (Table 1): latency
to emerge and minimum distance were significantly correlated only in preda-
tor model tests. LI and LI,,s were correlated within both stripe and predator
model tests.

Shyness in Light and Dark fry

Behavioural measures that significantly correlated across the same tests were
subjected to the principal components analysis. These measures included:
locomotion in the three open field tests, stripe test and predator model test,
minimum distances to the predator model in two predator model tests, and
latencies (log-transformed) to enter the novel compartment in the predator
model tests. Parallel analysis indicated that only one component (accounting
for 44.8% of the total variance) was necessary. We interpreted this factor as
‘Shyness’ (Table 2).

We also conducted two separate principal component analyses limited
to behavioural measures (latency to emerge, locomotion and minimum dis-
tance) either from stripe or predator model tests. Analysis of the correlation
matrix from the stripe tests indicated that no meaningful components analy-
sis could be performed (KMO = 0.39, unacceptably low level according to

Table 1. Correlations between the two stripe and predator tests.

Measure Total Light® Dark?
Stripe tests
Latency to emerge —0.12 0.36 —0.39
Minimum distance -0.02 —-0.21 0.11
LI 0.67*** 0.57** 0.71%**
LIaps 0.41** 0.19 0.48**
Predator tests
Latency to emerge 0.39** 0.24 0.53**
Minimum distance 0.45%* 0.43** 0.46**
LI 0.35* 0.66** 0.28
LI 0.41** 0.45* 0.45**

*p < 0.07; % p < 0.05; ***p < 0.01; one-tailed p-values.
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Table 2. Principal component loadings (KMO = 0.75).

Test, measure Shyness

Empty compartment

Locomotion! —0.42
Locomotion? —0.24
Locomotion? —0.67*

Stripe tests

Locomotion! —0.62*
Locomotion? —-0.77*
Predator model tests
Locomotion! —0.92*
Locomotion? —0.87*
Minimum distance! 0.65*
Minimum distance? 0.66*
Latency to emerge’ 0.74*
Latency to emerge? 0.49*

Superscripts show the test number; *interpretable loadings.

Dziuban & Shirkey, 1974). In contrast, the matrix coming from the predator
model tests had good sampling adequacy (KMO = 0.80). Parallel analy-
sis revealed a single factor (accounted for 58% of variance), with loadings
almost identical to those in the main analysis.

Separate component analyses conducted in Light and Dark fry revealed
almost identical patterns of factor loadings with the same single factor: the
congruence coefficient between the two factor solutions was 0.89. Dark fry
were characterized by significantly higher scores on the Shyness factor than
Light (4 = 3.22, p = 0.003).

Shyness and lateralised eye use

Correlated laterality indices were averaged across stripe and predator model
tests, producing (1) laterality index LI in the stripe tests; (2) LI in the predator
model test; (3) Ll in the stripe test; (4) Ll in the predator model test.
There was no relationship between LI in the stripe and predator model tests;
the same was true for LI, (all correlations ¥ < 0.2, p > 0.1). Thus, whereas
individual lateral asymmetries in eye use were consistent within each of the
two behavioural domains (novel stimulus and predator model), there was no
relation between them.
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Figure 3. Relationships between Shyness factor and laterality index LI in the stripe (a) and
predator model (b) tests. Open circles depict Light, black circles, Dark fry.

Shyness significantly correlated with the averaged LI in stripe (r = —0.51,
N = 26, p = 0.008) but not predator tests (r = 0.07, N = 26, p >
0.5, Figure 3). It also correlated with Ll in both stripe (r = 0.41, N =
26, p = 0.039) and predator (r = 0.41, N = 26, p = 0.040) tests.
The same pattern was characteristic of both Light and Dark fry. However,
such correlations might be caused by higher locomotion and more random
placement of bolder fry. To test this we calculated the principal components
analysis excluding all locomotion scores (the results were virtually identical
to the full analysis) and partial correlation coefficients between the factor
and the laterality indices, adjusting for all locomotion measures and the
effect of the light or dark development. Shyness still significantly correlated

with LI in stripe (partial r,p = —0.42, p = 0.05) but not predator test
(partial 9 = 0.08, p > 0.1). Relationships between LI,,s and Shyness
were nonsignificant (stripe test: partial r,p = —0.04, predator test partial

ryo = 021, both p > 01)

The correlations between Shyness and LI might also be inflated by a car-
ryover effect of the left or right position of the stimulus. Partial correlation
between Shyness and LI in the stripe test, adjusting for the left or right posi-
tion of the stimulus revealed significant relationship (partial r,5 = —0.60,
p = 0.001), whereas partial correlation between Shyness and LI in the
predator model tests adjusting for the left or right positions of the model
was again nonsignificant (partial r,4 = 0.11, p > 0.1). Thus, shyer individ-
uals have a significant tendency to use their left eye when viewing the novel
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black stripe. Bolder fry might use their right eye in this context, although this
is masked by their higher locomotion.

Discussion
Individual differences

Overall, we found moderate correlations between the same measures scored
in similar tests separated by only a few minutes in very young zebrafish
fry. Our results indicated that behavioural consistency in larval zebrafish in-
creases in situations involving predator risk. The results of Bell & Sih (2007)
are interesting: exposure to predatory trout induced the correlation between
boldness and aggression that was previously absent in sticklebacks (Gas-
terosteus aculeatus) from a low predation population. In our study, young
zebrafish fry also responded differently to a black stripe and a comparable
fish-like model: inter-trial correlations were not significant in the stripe but
significant in the predator model test.

To our knowledge, this study is the first to provide evidence for shyness—
boldness continuum in very young larval fish. However, this continuum was
primarily expressed in situations involving predator features. There was no
coherent factor pattern in stripe tests, which is not surprising given their
inconsistency.

Shyness, the opposite of boldness (Wilson et al., 1994), is seen as the
propensity to avoid risk: approaching a large fish-like object is risky, as is lo-
comotion in this context. In our experiments, shy fry were characterized by
lower locomotion, took longer to emerge in a novel compartment with preda-
tor model and did not approach it. However, the overall swimming pattern of
the fry was qualitatively random, no unambiguous inspection behaviour to
the stimuli were observed. Thus, the Shyness factor as found in very young
zebrafish fry seems to involve a varying tendency to avoid rather than to ap-
proach dangerous stimuli. This probably reflects high vulnerability of fish
larvae (with relatively underdeveloped sensory and cognitive apparatus and
limited behavioural repertoire) to predators.

Behavioural asymmetries

This study adds to the growing literature documenting lateral asymmetries
very early in zebrafish development (Watkins et al., 2004; Barth et al., 2005).
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When a large novel stimulus was located on the left, zebrafish fry took longer
to emerge in novel environment and kept at greater distance than when it was
on the right. This pattern is consistent with the involvement of the left eye
system (right hemisphere) in fear responses (see Andrew & Rogers, 2002;
Rogers, 2002; Vallortigara & Rogers, 2005, for reviews). Human studies
show that involvement of the right cerebral hemisphere is more likely to give
intense emotional responses, especially if they are negative (e.g., Murphy et
al., 2003).

A significant link was found between Shyness and the left eye system
asymmetry in viewing of the black stripe. This would be expected if Shyness
(the propensity to avoid risks) is associated with an internal state of fear,
involving the left eye system. A similar correlation was found in horses:
individuals which were more emotional and aroused in presence of novel
objects, tended to preferentially use the left eye for novel object viewing
(Larose et al., 20006). If this relationship is mediated by fear, it should remain
high with predator model. However, we found no significant correlation be-
tween Shyness and left eye viewing of the predator model. One explanation
may be that cognitive and emotional mechanisms of fear responses have not
yet developed fully in very young larvae but the left eye system is still in-
volved in assessment of novelty (Andrew & Rogers, 2002). Assessment of
novelty might, therefore, be a more basic (or even evolutionary more ancient)
function of the left eye system than fear.

There may be a link between consistent eye use asymmetries and coping
strategies. If shyer individuals use passive coping (cf. Benus et al., 1991; also
see Carere et al., 2005), they would be characterised by slow and thorough
exploration involving the left eye system. Bold zebrafish may be fast and
superficial explorers, less interested in novel stimuli (Benus et al., 1991;
Carere et al., 2005). If bold fry tend to use the right eye for viewing, this
could reflect sustaining a readiness to perform a planned response (Mikldsi
et al., 2001).

Effects of development in dark

Our study provides evidence that development in dark until 7 dpf signifi-
cantly affects shyness in young zebrafish fry. The patterns of behavioural
consistency and intercorrelations were almost identical in Light and Dark
fry, but development in dark brought about an increase of Shyness. We found
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some differences in behavioural asymmetries between Light and Dark fry. In
the first stripe test, both Light and Dark fry avoided the left stimulus (al-
though this seems more pronounced in Light). In the second test, Dark fry
avoided the stripe on the left whereas Light, approached. We hypothesise
that after assessment, Light fry may use the stripe as a landmark or refuge,
with left eye dominance (left eye system is involved in spatial processing,
Vallortigara & Rogers, 2005). Dark fry had no significant behavioural asym-
metries in response to the predator model. This is unlikely to be a mere con-
sequence of habituation because reduced behavioural asymmetries have been
documented in Dark fry in the mirror test (Andrew et al., 2009) and in a sin-
gle predator model test (unpublished data). Interestingly, Dark fry, showed a
significant right eye viewing bias, indicating that lateralised eye use may be
unrelated to response asymmetries.

The mechanism of light effects on zebrafish embryos is unknown. How-
ever, it is certainly different from that in chicks, in which embryonic head
posture constrains light entering through the shell to the right eye (Rogers,
2002). Such constraint is impossible in largely transparent zebrafish em-
bryos. We speculate that early epithalamic (especially parapineal) sensitivity
to light is involved, since some behavioural asymmetries are reversed by
epithalamic reversal (Barth et al., 2005). In any event, environmental fac-
tors such as light levels following egg laying that affect shyness and lateral
asymmetries are potentially a source of inter-individual variation. It will be
interesting to learn more about variations in the amount of light reaching eggs
in natural habitats and, hence, possible ecological consequences of these ef-
fects.
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