bioRxiv preprint doi: https://doi.org/10.1101/2021.09.13.460027; this version posted September 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1  Size-selective mortality foster sontogenetic changesin collective risk-taking behaviour in
2  zebrafish, Daniorerio

3 Tamal Roy™ and Robert Arlinghaus*?

7  'Department of Biology and Ecology of Fishes, Leibniz Institute of Freshwater Ecology and Inland
8  Fisheries, Muggel seedamm 310, 12587 Berlin, Germany

10  “Division of Integrative Fisheries Management, Department of Crop and Animal Sciences, Faculty of
11  Life Sciences, Humboldt-Universitat zu Berlin, Germany

12
13

14  "Correspondence author; email: roy@igb-berlin.de, telephone: +49 1520 7849375, ORCID
15  https://orcid.org/0000-0001-6681-6051

16  Robert Arlinghaus; https.//orcid.org/0000-0003-2861-527X

17


https://doi.org/10.1101/2021.09.13.460027
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.13.460027; this version posted September 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

18  Absract

19  Size-selective mortality is common in fish populations and can operate either in a positive size-
20  selective fashion or be negatively size-selective. Through various mechanisms (like genetic
21 correlations among behaviour and life-history traits or direct selection on behaviour co-varying with
22 growth rate or size-at-maturation), both postive- and negative size-selection can result in evolutionary
23 changes in behavioural traits. Theory suggests that size-selection alone favours boldness, but little
24 experimental evidence exists about whether and to what extent size-selection can trigger its evolution.
25  Here we investigated the impact of size-selective mortality on boldness across ontogeny using three
26  experimental lines of zebrafish (Danio rerio) generated through positive (large-harvested), negative
27  (smal-harvested) and random (control line) size-selective mortality for five generations. We measured
28  risk-taking during feeding (boldness) under simulated aerial predation threat and in presence of alive
29  cichlid. We found that boldness decreased with ontogenetic age under aerial predation threat, and the
30 small-harvested line was consistently bolder than controls. Collective personality emerged post larval
31  stages among the selection lines. In presence of a cichlid, the large-harvested line was bolder at the
32 highest risk of predation. The large-harvested line showed higher variability and plasticity in boldness
33  across life stages and predation risks. Collectively, our results demonstrate that size-selective
34  harvesting may evolutionarily alter risk-taking tendency. Size-selection alone favours boldness when
35  sdlection acts on small fish. Selection typical of fisheries operating on large fish favours boldness at
36  the highest risk of predation and increases behavioural variability and plagticity. There was no
37  evidence for positive size-selection favouring evolution of shyness.
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42 I ntroduction

43  Intensive harvesting of wildlife can evolutionarily alter the behaviour of animal populations (Andersen
44  etal. 2018; Leclerc et a. 2017), which can have repercussions for ecological processes, and ecosystem
45  sarvices, such as capture fisheries (Allendorf and Hard 2009; Jorgensen et a. 2007). Fisheries is an
46  example of intensive harvesting which not only elevates adult mortality over natural levels, but is
47  often selective of body-size and behavioural traits, like activity and boldness (Arlinghaus et al. 2017;
48  Heino et al. 2015). While selection acting on large-sized fish (positive size-selection) is common in
49  most commercial and recreational fisheries due to the selective properties of the gear or in response to
50 harvest regulations (Heino et a. 2015; Monk et al. 2021), small-sized fish may aso be preferentially
51  caught due to regulations limiting the body-size in the landings (Ahrens et al. 2020) or be predated
52  upon selectively by natural predators (negative size-selection) (Sogard 1997; Urban 2007). Both
53  positive and negative size-selective mortality induced by fisheries or through natural predation may
54  lead to the evolution of altered life-history and may also alter behavioural and physiological traits in
55  exploited fish populations (Hollins et al. 2018; Matsumura et al. 2011; Renneville et a. 2020; Uusi-
56  Heikkila et al. 2008). While empirical evidence exists for the evolution of a fast life-history due to
57  intensive size-selective mortality (Jorgensen et al. 2007; Uus TTHeikkila et al. 2015; van Wijk et al.
58  2013), the evolutionary direction in which behavioural traits like boldness change in response to either
59  elevated and unselective, or elevated and size-selective mortality has so far been studied only in afew
60 models (Andersen et al. 2018; Claireaux et al. 2018; Jargensen and Holt 2013). Animal personality
61  expression typically changes through development (Bengston and Jandt 2014; Cabreraet al. 2021) and
62 the question of how elevated and size-selective mortality may affect change in behaviour through
63  ontogeny has no empirical answer. In this study, we aim to investigate the impact of size-selective
64  mortality on boldness through ontogeny using experimental evolution in zebrafish (Danio rerio), a
65 laboratory model.

66 Intensive fishing as well as natural mortality is typically size-selective in nature, meaning that
67  fish of certain size-classes are preferentially harvested from populations (Hamilton et al. 2007; Heino
68 et a. 2015; Jargensen and Holt 2013). Most fishing gears preferentially capture the large and fast
69  growing fish in populations (Law 2007), while most natural predators target smaller size classes (Stige
70 et a. 2019; Urban 2007). For example, larger fish are typically harvested by trawls (Diaz Pauli et al.
71 2015; Kuparinen et a. 2009) or hook-and-line (Lewin et al. 2006). Elevated mortality of adults alone,
72 even if unselective for size, is known to generally select for a fast life-history characterized by rapid
73  maturation, rapid juvenile growth, elevated reproductive investment, reduced adult growth and
74  reduced longevity (Hamilton et a. 2007; Heino et al. 2015; Jargensen and Holt 2013; Laugen et al.
75  2014; Uusil Heikkila et al. 2015). Positive size-selection reinforces such life-history adaptations and
76  adds pressures to mature early and at small sizes a the expense of post-maturation growth rate
77  (Andersen et a. 2018; Jorgensen et al. 2007). Following the pace-of-life hypothesis, life-history
78  adaptations towards a fast life-history should be related with increased boldness (Biro and Stamps
79 2008; Réae et a. 2010) to accumulate resources for rapid growth and fast sexual maturation
80  (Jergensen and Holt 2013; Montiglio et al. 2018). Indeed, population models that integrate behavioural
81  processes have suggested that unselective (Claireaux et a. 2018; Jargensen and Holt 2013) and size-
82  selective harvesting would bring about increased boldness in exploited fish across a large gradient of
83  size-selectivity (Andersen et al. 2018). However, Andersen et al. (2018) have also predicted that if
84  size-selection is directed towards adult fish much larger than size-at-maturation, then this could lead to
85  the evolution of shy behavioural phenotypes even under purely size-selected fisheries without any
86  additional direct selection on behaviour. Since fishing gears are not just selective of body-size but also
87  selective for behavioural traits such as boldness, trait-selective harvesting can favour shy behavioural
88  phenotypes (timidity syndrome: Arlinghaus et al. 2017). While theory predicts the evolution of both
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89  elevated or reduced boldness with the evolution of fast life-history (Andersen et al. 2018), there is no
90 experimental evidence to support either. Laboratory (Polverino et a. 2018) and field studies
91 (Dhellemmes et al. 2021) have shown that a positive association between boldness and life-history
92  based on POLS hypothesis (Réale et al. 2010) might break if populations are exposed to high adult
93  mortality. Thus, divergent selection for life-history and behavioural traits are possible (Laskowski et
94  al. 2021), and a posditive correlation between life-history and boldness in fish populations adapted to
95  positive size-selective harvesting may no longer be detectable.

96 A fast life-history evolves to cope with high adult mortality, thereby allowing fish reproducing

97 ealy in life. Fish genetically predisposed to exert a fast-life history are expected to be bolder as

98  juveniles because they must acquire the resources necessary for development of gonads early in life

99  and therefore take risks during foraging (Claireaux et al. 2018; Jergensen and Holt 2013). But fish
100  with fast life-history are smaller post-maturation as a trade-off with elevated reproductive investment
101  compared to the fish with slow life-history (Dunlop et al. 2009; Uusi CHeikkila et al. 2015). Natural
102 mortality due to predation is much higher for small sized juvenile fish than for large sized adults
103  (Gidason et al. 2010; Lorenzen 2000). Thus, fish genetically programmed to exert a fast-life history
104 may be expected to be more risk-averse as juveniles than as adults (Ballew et al. 2017). Hence
105  boldness may change with transition through life-history stages among size-selected fish. Indeed,
106  animal personality traits are associated with maturation and tend to be stable within, but not acrosslife
107  stages (Cabrera et al. 2021; Groothuis and Trillmich 2011). Studies across different fish species have
108 revedled change in personality across developmental stages. For instance in mosquitofish Gambusia
109  holbrooki, no evidence of personality was found in juveniles but personality emerged in subadult stage
110  (Polverino et al. 2016a). Consistent differences in boldness and exploration increased during early
111  ontogeny and reached an asymptote near sexual maturity in mangrove Killifish Kryptolebias
112 marmoratus (Edenbrow and Croft 2011). Behaviour tends to be repeatable within life stages. For
113 examplein tropical reef fish Pomacentrus amboinensis, juvenilesimmediately after transition from the
114  larval stage were consistently bold across different time scales and contexts (White et al. 2015). In
115  wild zebrafish, risk-taking tendency to feed was found to be consistent in adults over time (Roy and
116  Bhat 2018) and across contexts (Roy et a. 2017). What is less known is whether exposure to multiple
117  generations of intensive size-selection aters ontogenetic trajectories of fish behaviour. Previous
118  studies have shown that size-selective mortality evolutionarily alters group risk-taking (Sbragaglia et
119 a. 2020) and schooling (Sbragaglia et a. 2021) behaviour in adult zebrafish with experiments
120  conducted at two time points, and only a recent study investigated the impact of size-selective
121 mortality on change in shoaling behaviour through ontogeny (Shragaglia et a. 2021, unpublished).
122 Here we investigate if size-selective mortality affects change in group risk-taking behaviour across
123 life-history stagesin zebrafish. We measure group rather than individual phenotypes because zebrafish
124 is a gregarious species (Suriyampola et al. 2016) and considering group behaviours are more
125  ecologically relevant than studying zebrafish in isolation.

126 We use three experimental lines of zebrafish generated through positive (large-harvested),
127  negative (small-harvested) and random (control) size-selective mortality for five successive
128  generations to investigate the impact of size-selection on boldness through ontogeny. The
129  experimental lines differ in life-history (Uusi T1Heikkila et al. 2015) and behavioura traits (Roy et al.
130 2021; Sbragaglia et al. 2019a; Sbragaglia et a. 2021; Sbragaglia et a. 2020; UusiTHeikkila et al.
131 2015) and these adaptations have genetic underpinnings, i.e., are truly genetic and not only adaptations
132 within the realm of phenotypic plasticity (Sbragaglia et a. 2020; Uusil Heikkila et al. 2017,
133 UusiTTHeikkila et a. 2015). The large-harvested line mimics populations in most exploited fisheries
134  where large-sized individuals are predominantly harvested. This line evolved a fast life-history
135  characterized by smaller terminal body size and weight, early maturation and higher relative fecundity
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136  relative to the control line fish (Uusi JHeikkila et al. 2015). The small-harvested line resembles
137  fisheries where maximum-size limits exist or natural predation where mainly the smallest size classes
138  are eaten. This line demonstrated reduced reproductive allocation but reached a similar terminal body-
139  size compared to the control line, suggesting evolution towards a slow life-history (Uusi DJHeikkil& et
140  a. 2015). Both selection lines evolved atered maturation schedules by maturing at smaller size and
141 younger age compared to the control line fish (UusifIHeikkila et al. 2015). Large-harvested line
142  showed increased variation in body-size under different feeding environments (Uusi-Heikkila et al.
143 2016). With respect to behaviour, juveniles (30 day old) of the small-harvested line were more
144  explorative and bolder in an open field test than juveniles of large-harvested and control lines
145  (UusiOHeikkila et al. 2015). Adult females of the small-harvested line showed decreased activity and
146  boldness in an open field test and were less sociable than controls while large-harvested line females
147  did not show differences with respect to the controls (Sbragaglia et a. 2019a). But there is critique of
148  the open field test as a measure of boldness, and aternative tests have shown different results (Perals
149  etd. 2017; Yuen et al. 2017). Groups of adults (230 and 240 day old) of the small-harvested line were
150 found to take significantly more risk to feed under simulated predation threat while groups of the
151  large-harvested line did again not differ in boldness from the control line (Sbragaglia et al. 2020).
152 Adults (150 and 190 day old) of the large- and small-harvested line aso formed more and less
153  cohesive shoals compared to the control line fish (Sbragaglia et al. 2021). These studies were focused
154  onone development stage and did not look at ontogenetic development. Here we measured group risk-
155  taking behaviour (boldness) in the zebrafish lines in two different experiments across development to
156  provide a complete picture on the evolution of boldness in response to size-selection.

157 Group risk-taking behaviour is a collective personality trait, and a shift in collective behaviour
158 s expected through development since the needs of the group change with maturation (Bengston and
159  Jandt 2014). Wefirg investigated how collective risk-taking to feed (boldness) under simulated aerial
160  predation threat (Shragaglia et al. 2020; Ward et al. 2004) changed through ontogeny (i.e. from larval
161  to adult stages) by measuring cumulative time spent by groups of fish feeding on the surface (defined
162  asarisk zone) after releasing a model of a bird overhead (Sbragaglia et al. 2020). Fish may respond
163  differently to aerial and aquatic predators as shown in different species because different species of
164  predators exert conflicting selection pressures (Godin and Clark 1997; Templeton and Shriner 2004;
165 Wund et al. 2015). Exposing fish to predation threat is important to unravel boldness and acquire
166  reliable results (Klefoth et al. 2012). Therefore, we also tested boldness in presence of a predatory fish,
167  a convict cichlid (Amatitlania nirgrofasciata) (Sailer et al. 2012; Toms and Echevarria 2014). We
168  employed a contextual reaction norm approach (Dingemanse et al. 2010; Stamps and Groothuis 2010)
169 by testing zebrafish in three contexts that differed in the kind of risk cues (visual and/or olfactory)
170  perceived by the focal fish from the cichlid, and in a control context without the cichlid. Previous
171 studies have explored behavioural reaction norms among fish by measuring behaviour across different
172 time points or contexts (Killen et al. 2016). For example, three-spined sticklebacks (Gasterosteus
173 aculeatus) showed consistent tendency to be bold or shy over a period of five weeks, and were less
174  active and shyer when predation risk was higher (Firtbauer et al. 2015). Wild zebrafish from high-
175  predation habitats were consistently bold while fish from low-predation habitats were consistently shy
176  across four contexts that needed fish to feed under varied risks of predation (Roy et a. 2017). In this
177  study we measured the behaviour of groups of zebrafish across four contexts that differed in the risk of
178  predation, and across ages >3 and >4 month.

179 Given that the large-harvested line is of afast life-history and the small-harvested line is of a
180  slow fadt-life history (UusilTHeikkila et al. 2015), and considering that Andersen et a. (2018) showed
181  that size-selection tends to generate bold fish unless only the largest fish are selected, we hypothesized
182  that both positive and negative size-selection would lead to elevated boldness compared to the controls
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183  and that this effect would be more pronounced for the negatively size-selected line. We would expect
184  that maturation will change boldness, with fish among the large-harvested line being particularly bold
185 inthe juvenile stage and be less bold after transition to the mature stage to adjust behavior to the now
186  smaller body-size. We further expected that the two size-selected lines would adjust their boldness
187  behavior in response to the degree of apparent predation risk thereby showing different levels of
188  behavioural variability and plasticity. Disruptive selection due to harvesting may alter trait variability
189  (Landi et al. 2015). For example in pike (Esox lucius), fishery increases variability in somatic growth
190 rate and size at age (Edeline et al. 2009) while positive size-selective mortality leads to increased
191  variation in body-size in experimentally harvested populations of zebrafish (Uusi-Heikkila et al.
192  2016). Here we expect that the plastic behavioural adaptation would be more pronounced in the large-
193  harvested line because of their internal conflict between reaping resources through foraging and
194  avoiding being predated upon due to their smaller body-size. By contrast, we expected the small-
195  harvested line to be consistently bolder than controls and show less behavioural plasticity against the
196  gradient of predation risk asthis line has been found to be bold (Sbragaglia et al. 2020) and is larger in
197  size meaning that the predation risk is generally lower.

198
199 Material and M ethods
200 Selection lines

201  Weused Fy6 of the selection lines of zebrafish (large-, random- and small-harvested lines, each with a
202  replicate, i.e. six lines in total), described in (UusiOHeikkilé et a. 2015). These lines were produced
203 by subjecting a wild-population of zebrafish to intensve selection (i.e. 75% harvest rate per
204  generation) for five successive generations (F; to Fs), and thereafter stopping selection for the
205  subsequent generations to remove maternal effects (Moore et a. 2019). 25% of the smallest and
206  largest individuals were used as parents in successive generations in the large- and small-harvested
207  line. Simultaneously, 25% of random individuals were selected for reproduction every generation to
208  produce the control group. Fish were harvested in the subsequent generations based on when 50% of
209 the control line fish became mature. The selection lines differed in body-size and life-history
210  (UusiDHeikkiléa et a. 2015) and the evolved differences in body-size were maintained in F;3 (Roy et
211  al. 2021; Sbragaglia et al. 2019b) and Fis (ESM, Fig. S1). The selection lines aso differed in broad
212 scale gene expression (Shragaglia et al. 2020; UusiT” Heikkila et al. 2017) thereby confirming that the
213 phenotypic differences had genetic underpinnings (Sbragaglia et al. 2020; Uusil” Heikkila et al. 2015).

214 We housed the Fs fish of selection lines in laboratory in six round holding tanks (diameter: 79
215  cm, height: 135 cm, volume: 320I) at a density of approximately 1000 per tank under 12:12 Light:
216  Dark cycle. The water temperature was maintained at 27°C by a circulation system, and fish were fed
217  twice daily with commercial flake food (TetraMin Tropical). For producing the Fis fish, we stocked
218 six 2 | spawning boxes (total 36) each with four males and two females (Roy et al. 2021;
219  Uusi JHeikkila et al. 2010) selected randomly from the Fys population, and allowed them to breed. We
220  pooled the embryos produced from each line and transferred 80 embryos into 10 1.5 | boxes (eight per
221 box). We used 480 fish (i.e. 8 x 60 groups; 10 groups per replicate line, 20 per treatment) in total and
222 tracked the behaviour of fish through ontogeny. The fish were fed twice a day with powdered flake
223 food inthe larval and juvenile stages, and like F;5 fish when adult.

224  Risk-taking under simulated aerial predation

225  We tested risk-taking to feed under simulated aerial predation threat among groups of fish across
226  selection lines using a tank diving paradigm employed previoudy by Sbragaglia et al. (2020).
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227  Collective risk-taking behaviour is a repeatable trait in zebrafish (Sbragaglia et al. 2019b; Shragaglia
228 et d. 2019c) and is a group level personality trait (Bengston and Jandt 2014; Jolles et al. 2018). We
229  tested 60 groups (10 from each replicate line, 20 per treatment) or 480 fish in total. We conducted the
230  assay every week from 8 to 22 dpf (larval stages), at 45 dpf (juvenile), 61 and 85 dpf (subadult stages),
231  and then every three weeks till 148 dpf and after six weeks at 190 dpf (adult stages) (Alfonso et al.
232 2020). Behavioural changes in laboratory reared zebrafish is associated with morphological and
233  physiological changes during larval (8 - 21 dpf), juvenile (21 — 60 dpf including metamorphosis
234 around 45 dpf), subadult (60 — 90 dpf) and adult (90 — 190 dpf) stages (Alfonso et al. 2020; Stednitz
235  and Washbourne 2020). Though the maturation schedules of our size-selected lines are different
236  (UusiOHeikkila et al. 2015), we tested them at the abovementioned stages to have an uniform
237  experimenta timeline (Fig. 1).

238 We used a rectangular glass tank (30 x 10 x 25 cm) as the experimental setup with white
239  opaqgue walls on three sides and placed the setup behind a white curtain to avoid external disturbances
240  affecting fish behaviour (Fig. 28). The tank wasfilled with system water up to a level of 20 cm and we
241  demarcated 4 cm from the top as the ‘surface zone'. We gently transferred a group of eight fish from
242 their holding into the arena and started recording their behaviour with a webcam (LogitechB910)
243  ingalled 20 cm from the transparent side of the setup. After 2 min, we added food to the surface of
244  water and allowed the fish to feed for 30 sec. We released a paper cutout of bird (simulated predator)
245  at aheight of 10 cm from the water surface for 15 sec (Fig. 2a) and after retrieving it back, we allowed
246 thefish to resume feeding for 5 min. From the video recordings, we scored the cumulative time spent
247 by fish at the surface (Egan et al. 2009; Kalue 2017) while feeding after we retrieved the predator
248  model asa measure of boldness.

249  Risk-taking in presence of a live predator

250  We tested contextual norms (Stamps and Groothuis 2010) for risk-taking to feed in presence of an
251  aguatic predator, a convict cichlid (Amatitlania nirgrofasciata), twice (at > 3 and > 4 month age)
252  among adult zebrafish groups. Previous studies testing risk-taking behaviour in zebrafish have used
253  convict cichlids (Sailer et al. 2012; Toms and Echevarria 2014). We tested 42 groups (7 from each
254  replicate line, 14 per treatment) or 336 fish in total. We used a similar setup like previous with a
255  rectangular glasstank (30 x 20 x 25 cm) having three opaque walls (Fig. 2b) and a demarcated surface
256  zone. We tegted fish across three contexts (contextual norms) where the zebrafish could only see, only
257  smell, and both see and smell the live predator. For this, we introduced a cichlid fish into a cylindrical
258  container that was transparent (for visual cue) and permeable (for both visual and chemical cues) or
259  opaque and permeable (for chemical cue), and placed the container in the experimental arena (Fig. 2b).
260  We also tested fish in a controlled setting without the predator. During the experiment, we transferred
261  agroup of eight fish into the arena and started recording their behaviour. After 2 min, we added food
262  on the water surface and alowed the fish to feed for 5 min. From the video recordings, we scored the
263  cumulative time spent by zebrafish at the surface.

264
265  Statistical analysis

266  We constructed linear mixed-effects regression models (Imer) to test for difference in boldness among
267  selection lines through ontogeny under aerial predation threat, and across different degrees of risk
268  (contexts) in presence of live predator. In tests for risk-taking under simulated aerial predation, we first
269 transformed the response variable (cumulative time spent a the surface) using cube-root
270  transformation. We fitted mixed effects models using the transformed measure as a dependent
271  variable, interaction of ‘Selection line' (large-harvested, control and small-harvested) and ‘Age’
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272 (ontogenetic stage) as the fixed effect and ‘Group ID’ nested within ‘Replicate’ (two per line) as the
273 random effect. To test for consistency in boldness across life-history stages, we estimated the adjusted
274  repeatability (Nakagawa and Schielzeth 2010) for each selection line over three stages;, larval (8 to 22
275  dpf), juvenile and subadult (46 to 85 dpf) and adult (105 to 190 dpf) using the ‘rpt’ function. We
276  considered the cube-root transformed measure as dependent variable, ‘Age’ as fixed effect, and
277  ‘Group ID’ as random effect. We used 95% confidence intervals with a significance level of 5% as
278  edimates of uncertainty. To edimate variability and plasticity in boldness in each line, we used
279  between-group and within-group variances (Polverino et al. 2016a; Roy et a. 2017) obtained by
280  running separate mixed-effects regression models at each stage.

281 To investigate differences in boldness across contexts in presence of a live predator, we firgt
282  transformed the response variable (cumulative time spent at the surface) using Tukey’'s Ladders of
283  Powers transformation. We then fitted mixed effects models using the Tukey-transformed measure as
284  the dependent variable, interaction of ‘Selection line’ and ‘Context’ (control, visual, chemica and
285  visual+chemical) asthe fixed effect, ‘Group ID’ nested within *Replicate’ as the random intercept and
286  ‘Age asthe random slope. To test for consistency in boldness across four contexts, we estimated the
287  adjusted repeatability (with 95% CI) like previous for each selection line by considering the Tukey-
288  transformed measure as dependent variable, interaction of ‘Context’ and ‘Age’ as fixed effect, and
289  ‘Group ID’ as random effect. To estimate behavioural variability and plasticity in each line, we
290  similarly obtained between- and within-group variances by running separate mixed-effects regression
291  models.

292 All analyses were conducted in R version 3.6.1 (R Development Core Team 2019). Data were
293  transformed using the ‘rcompanion’ package (Mangiafico and Mangiafico 2017), mixed effects
294  models were congtructed using ‘ImerTest’ package (Kuznetsova et al. 2017) and behavioural
295  repeatability was estimated using ‘rptR’ package (Stoffel et a. 2017). Box-whisker plots were made
296  using ‘ggplot2’ (Wickham 2011) and ‘ggpubr’ (Kassambara and Kassambara 2020) packagesin R.

297
298 Results

299  Wefound asignificant and line-specific ontogenetic effect on boldness (selection line x age; Fig, 513 =
300 5.32, p<0.01) (Table 1a) meaning that boldness (risk-taking behaviour) changed significantly through
301 ontogeny across selection lines (Fig. 38). The cumulative time spent by fish at the surface decreased
302  significantly as the fish matured and devel oped through ontogeny, i.e., bigger and older fish generally
303  took less risk to feed than smaller and younger individuals (Fig. 3a-d, 4). The small-harvested (SH)
304 linefish were significantly bolder than the control (random-harvested) line fish at larval stage 22 dpf
305 (t=2.21, p=0.03) (Fig. 3b), subadult stages 61 dpf (t=1.77, p=0.08) and 85 dpf (t=3.05, p<0.01) (Fig.
306  3c), and adults stages 105 dpf (t=4.08, p<0.01), 127 dpf (t=6.82, p<0.01), 148 dpf (t=2.47, p=0.01) and
307 190 dpf (t=3.06, p<0.01) (Fig. 3d). The large-harvested line fish did not differ in boldness from the
308  control line fish at any stage (Fig. 3a-d, Table 1b). Hence, while al lines decreased their boldness
309 levelsasthe fish aged (Fig. 3a), the decrease in boldness after maturation was less pronounced in the
310 small-harvested line (Fig. 3a, d). Boldness levels decreased more in the control and large-harvested
311  linefish and they became particularly shy after maturation compared to the juvenile and larval stages
312  (Fig. 3a-d).

313 In tests for behavioural consistency among life-history stages, we found that the selection lines
314  showed no significant repeatability in boldness across larval stagesi.e. from 8 to 22 dpf (Table 2a). All
315  lines showed low between-group and within-group variances indicating low behavioural variability

316  and plasticity among groups (Table 2a). Significant repeatability was observed in large-harvested
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317 (R=0.48, p<0.001) and small-harvested (R=0.43, p<0.001) lines while the control line fish showed no
318  significant repeatability in boldness from juvenile (46 dpf) to subadult (85 dpf) stages (Table 2b).
319  Large-harvested line showed higher between-group variance while small-harvested line showed lower
320  between between-group variance compared to the controls (Table 2b). Large-harvested and control
321  line fish showed high within-group variances i.e. high behavioural plasticity compared to the small-
322  harvested line fish (Table 2b). In adults from 105 to 190 dpf, significant repeatability in boldness was
323  observed in large-harvested (R=0.61, p<0.001), control (R=0.48, p<0.001) and small-harvested
324  (R=0.57, p<0.001) lines (Table 2c¢). The large-harvested line showed high between-group and within-
325  group variances indicating high behavioural variability and plasticity compared to small-harvested and
326 control line fish (Table 2c).

327 In the test for boldness in presence of a live predatory fish, we found an overall significant
328  effect of context (Fs243 =2.64, p=0.05) (Table 2a) and a marginally significant interaction effect of LH
329 lineand *Visua & Olfactory’ context (t=1.88, p=0.06) (Table 2b). This meant that the large-harvested
330 line fish spent more time at the surface and were bolder when the risk of predation was highest i.e.
331  when zebrafish perceived both visual and olfactory cues from the cichlid (Fig. 5). Though not
332  significant, the small-harvested line fish spent more time at the surface and were generally bolder
333  acrossall contextsi.e. under all risks of predation compared to the controls (Fig. 5).

334 In tests for behavioural consistency, we found significantly high repeatability in boldness
335  across four contexts and across age among large-harvested (R=0.86, p<0.001), control (R=0.56,
336  p<0.001) and small-harvested (R=0.54, p<0.001) line fish (Table 4). Large-harvested line fish showed
337  high between-group variance indicating high behavioural variability and low within-group variance
338 i.e. low plasticity, compared to control and small-harvested linefish (Table 4).

339
340 Discussion

341 Wefound that five generations of size-selective harvesting left an evolutionary legacy on collective
342  risk-taking behaviour (boldness) in zebrafish at different levels of predation risk. Boldness levels
343  decreased with ontogenetic age under aerial predation threat and fish became shyer after maturation
344  compared to the juvenile and larval stages. This effect was less pronounced in the small-harvested line
345  compared to the control and large-harvested line fish as the small-harvested line fish were consistently
346  bolder than the controls post the larval stages (8-22 dpf). Large- and small-harvested lines, but not
347  control line, showed consistency in boldness through juvenile and subadult stages (46-85 dpf). Thus,
348  both positive and negative size-selection fosters early emergence of collective personality with respect
349  to the control line. All selection lines showed consistency in boldness in adult stages (105-190 dpf)
350 and large-harvested line showed higher variability and plasticity in boldness compared to the other two
351 lines. In presence of a live predator, the small-harvested line fish tend to be bolder and the large-
352  harvested line fish where bolder at the highest risk of predation. Fish across all lines showed
353  consisency in boldness, and the large-harvested line fish showed higher variability and lower
354  plasticity in boldness compared to the other two lines.

355 We firg found that boldness levels decreased significantly with increase in ontogenetic age
356  across al selection lines. This meant that as fish matured from larval to the adult stages, they took
357  significantly less risk to feed on the water surface following the unprecedented disturbance overhead
358  due to sudden release and retrieval of the predator model. We expected this pattern only in the large
359  harvested line where we predicted that fish would become shyer as adults but we found this across
360 lines. The reason for decline in boldness with maturity is potentially based on the asset protection
361 hypothesis according to which adults will be less prone to take risks for safeguarding possibilities for
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362  future mating while larval fish will take more risks since they have least investment in reproductive
363  assats like gonads (Wolf et a. 2007). There could be other reasons behind these results. Firstly, the
364  motivation for feeding increases in larval zebrafish after the absorption of yolk resulting in larvae to
365  become voracious feeders. Adults with greater energy reserves and gut capacity may not require
366  foraging as intensively as larval or juvenile fish (Fuiman and Webb 1988). Larval and juvenile fish
367 have faster metabolic rates, lower body fat reserves and higher drag coefficients and therefore may be
368 more inclined to take risks to feed than adults (Krause et al. 1998; Wootton 1994). Secondly, larval
369  fish may perceive a looming stimulus like a predator model approaching overhead differently than
370  adults (Fero et al. 2011). This could be possibly due to underdeveloped sensory and motor systems
371  compared to adults. Larval fish may not show a significant Startle response after the simulated threat
372 and continue to swim on the surface unlike adults. Adults with developed visual and sensory systems
373  are more vigilant, have a better knowledge of the risk-zone (surface) and may swim up to the surface
374  only when hungry. Thirdly, adult zebrafish show more shoding behaviour than larval or juvenile
375  zebrafish (Fuiman and Webb 1988; Miller and Gerlai 2011). Since we tested fish in groups, larval and
376  juvenile fish due to their low shoaling tendency had higher probabilities of leaving the association of
377  groups for foraging. Contrarily, adults due to their increased shoaling tendency might have been more
378  reluctant to leave the association of group for foraging. Our results contradict previous studies on
379  mosquitofish that showed that juveniles showed decreased boldness compared to adults (Polverino et
380 al. 2016a; Polverino et a. 2016b), and partially agree with a study on mangrove killifish (Kryptolebias
381  marmoratus) where fish became bolder during early development followed by a reduction in boldness
382  post sexual maturity (Edenbrow and Croft 2011). The reasons for this difference could be that these
383  studies were conducted on individuals and did not measure boldness in the context of foraging. Also,
384  species-specific differences and other methodol ogical variationsin the assay may be responsible.

385 We found that beyond the larval stages (8-22 dpf), the small-harvested line fish were
386  significantly bolder than the control line fish while the large-harvested line fish did not differ in
387  boldness compared to the controls. This supports our hypothesis that negative size-selection will lead
388 to elevated boldness in zebrafish and that the increase in boldness will be more pronounced in the
389  small-harvested line fish. The fact that the large-harvested line fish did not differ in boldness but the
390 small-harvested line showed elevated boldness than the control line is in partial agreement with
391  Andersen et a. (2018) which predicted that unless very large-sized fish are harvested, any kind of
392  selective harvesting would foster boldness. Juveniles (46 dpf) of the small-harvested line were
393  significantly bolder while the juveniles of the large-harvested line did not differ in boldness than the
394  control line fish. These results are supported by previous findings of Uusi TTHeikkila et al. (2015)
395  wherejuvenile individuals (30 day old) of the small-harvested line were bolder than juveniles of large-
396  harvested and control lines though the study implemented an open-field assay to test risk-taking
397  behaviour. Higher risk-taking to feed in juveniles in the small-harvested line could be justified by the
398 need to develop energy reserves for investment in growth following the energy acquisition pathway
399  (Enberg et al. 2012). On the other hand, no difference in boldness between large-harvested and control
400 linefish would mean that though the large-harvested line evolved afast life-history (Uusi THeikkil& et
401  al. 2015), this does not lead to higher foraging tendency to build energy reserves necessary for early
402  gonada investment. Further, we found that sub-adults (61-85 dpf) and adults (105-190 dpf) of the
403  small-harvested line were significantly bolder while the large-harvested line did not differ in boldness
404  compared to the controls. This agrees partially with our expectations that both lines would show
405  elevated boldness. We saw that small-harvested line fish were bolder and that fish among all lines
406  became shy as adults, as discussed before. The results are in agreement with a previous study by
407  Sbragaglia et al. (2020) which implemented a similar assay to test group risk-taking among selection
408 lines and found that boldness was higher among adults of the small-harvested line while the large-
409  harvested line fish did not consistently differ in boldness compared to the control line fish. Our results
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410 arein contrast with the findings of Sbragaglia et al. (20198) where individual adult females of the
411  small-harvested line showed lower risk-taking tendency in an open-field test compared to the control
412  line fish. An open field test measures exploratory behaviour rather than boldness (Réale et al. 2010)
413  and the assay does not consider the vertical dimension of fish movement. Considering this dimension
414  isimportant since zebrafish in holding are fed at the surface. The results with subadults and adults,
415  like juveniles in the small-harvested line fish could be reasoned out based on energy acquisition
416  mechanism (Enberg et al. 2012). Within the large-harvested line, we expected that fish would become
417  shy asadults and our results support that. Though we see this pattern of change in boldness, thisis not
418  significantly different from the control line (Fig. 4a). Thus, our work does not support that size-
419  selection alone leads to shyness. Life-history adaptations are stronger in the large-harvested than the
420  small-harvested line fish (UusiJHeikkilé et al. 2015) and therefore the large-harvested could be
421  expected to differ significantly from the controls in behavioural traits. The fact that we do not see this
422  despite a strong life-history evolution may be because of evolutionary resistance to change in
423  behaviour. A study on medaka (Oryzas latipes) by Renneville et al. (2018) showed that life-history
424  traits did not respond to anthropogenic (fishing like) selection at maturity even though the inverse
425  anthropogenic selection had a strong impact on life higtory traits. Thus, selection may not always
426  manifest changesin functional traits.

427 We did not find consistency in collective risk-taking to feed in larval stages (8-22 dpf) while
428  we found significant behavioural consistency across juveniles (46 dpf) and sub-adults (61-85 dpf), and
429  high consigency among adults (105-190 dpf). Consistency in boldness beyond juvenile stages (i.e.
430  post 46 dpf age) was limited to the large- and small-harvested line fish which meant that size-selection
431  fosters early emergence of collective personality. These results show that group risk-taking behaviour
432  emerges as a collective personality trait in zebrafish only beyond the juvenile stage. Behavioural
433  consistencies might change with increase in ontogenetic age because of development of motor and
434  sensory capabilities (Fuiman and Webb 1988). Our results are similar to studies in eastern
435  mosguitofish where personality differences emerged only in later stages (Polverino et a. 2016a;
436  Polverino et a. 2016b), and compliment with studies in zebrafish that showed the development of
437  shoaling behaviour with ontogenetic age (Buske and Gerlai 2011; Mahabir et a. 2013). In larval
438  stages, fish do not rely on social information and have higher tendency to move away from groups and
439  find resources on their own. This pattern changes with maturation when fish start shoaling resulting in
440  more consistent behaviour. A study in killifish has shown that risk-perception is necessary for the
441  development of personality (Edenbrow and Croft 2013), and reduced risk-perception among zebrafish
442  from 8 to 22 dpf age could be another reason for the lack of behavioural consistency. Increase in
443  behavioural consistency with ontogenetic age could be because of decrease in behavioural plasticity as
444  predicted by theoretical models (Fawcett and Frankenhuis 2015; Fischer et al. 2014) and demonstrated
445  inindividual mosquitofish (Polverino et al. 2016a). We do not see thistrend here probably because our
446  study deals with groups, not individuals of zebrafish.

447 We see that behavioural variability increased from larval (8-22 dpf) to adult stages (105-190
448  dpf) among all selection lines. Behavioural plasticity increased for the small-harvested line, while
449  increased and then decreased for large-harvested and control lines from larval (8-22 dpf) to adult
450  stages (105-190 dpf). In the larval stages (8-22 dpf), the selection lines showed negligible among-
451  group variability in boldness meaning that groups behaved similarly. We aso found very low within-
452  group variance among large- and small-harvested lines (but higher than control line) and this indicated
453  low plasticity in behaviour. Therefore, larval fish groups across all lines generally took high risks to
454  feed under smulated predation threat and were highly consistent in behaviour across time points. Our
455  results on change in behavioural plasticity through ontogeny are in sharp contrast with previous
456  studieson Atlantic molly Poecilia formosa (Bierbach et al. 2017) and eastern mosquitofish (Polverino
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457 et al. 2016a). These studies reported high behavioural plasticity among juvenile and low plasticity
458  among adult individuals but we do not see this trend among groups of zebrafish. Through juvenile and
459  subadult stages (46-85 dpf), the large-harvested line showed higher behavioural variability than small-
460 harvested and control lines, and high behavioural plasticity. As adults (105-190 dpf), the large-
461  harvested line showed higher behavioural variability and platicity than small-harvested and control
462  lines. These are in line with our expectations that positive size-selective mortality will foster higher
463  behavioural variability and plasticity. This could be because of the internal conflict between reaping
464  resources through foraging and avoiding being predated upon due to the smaller body-size. Our results
465  aign well with studies where fishery induced selection in pike (Edeline et a. 2009) and positive size-
466  selective mortality in zebrafish (Uusi-Heikkila et al. 2016) leads to higher trait variability. However,
467  these studies dealt with morphological traits while our study demonstrates variability and plasticity in
468  behaviour as aresult of size-selection.

469 Under higher risks of predation, i.e. when zebrafish perceived visual and olfactory cues from a
470  live fish predator, the small-harvested line showed higher risk-taking tendency (though not
471  significantly) across all situations. This observation isin line with the results above and indicates that
472  the small-harvested line always takes more risks to feed under any degree of predation threat. The
473  large-harvested line fish were bolder at the highest predation risk i.e. when fish perceived both visual
474  and olfactory cues from the cichlid fish. Thus, the large-harvested line fish demonstrated plastic
475  adjustments of behaviour with respect to predation threat as expected. All selection lines showed
476  significant behavioural repeatability, and the large-harvested line showed very high repesatability,
477  indicating high consistency in behaviour across contexts and time points. This is similar to findings
478  from previous studies where wild populations of zebrafish showed high consistency in risk-taking
479  behaviour across contexts that differed in predation threat (Roy et al. 2017), and across time points
480 (Roy and Bhat 2018), though the studies dealt with individuals. The large-harvested line showed
481  higher behavioural variability and lower behavioural plasticity than the control line. This partly
482  contrasts with previous results where we found lower behavioural plasticity in adults of large-
483  harvested line. The high behavioural consistency in large-harvested line could be explained by low
484  behavioural plasticity, as in eastern mosquitofish (Polverino et al. 2016a). Thus, positive size-selective
485  mortality fosters higher variability in collective risk-taking similar to higher variation in body-size
486  under different feeding environments seen previousy (Uusi-Heikkila et al. 2016), but low behavioural
487  pladticity under high risks of predation. The small-harvested line showed lower behavioural variability
488 and pladticity than the control line which means that negative size-selective mortality reduces
489  variability and plasticity in boldness under high risks of predation. This partially agrees with previous
490  results where adults of small-harvested line showed marginally higher behavioural variability than
491  control line. Overall, the selection lines showed higher variability and plagticity in collective risk-
492  taking in presence of live (aguatic) than simulated (aerial) predator.

493
494 Conclusions

495  Our results demongtrated that five generations of intensive size-selective harvesting cause substantial
496  changes in the emergence of collective personality. Collective personality emerges with increase in
497  ontogenetic age among the selection lines of zebrafish supporting theoretical predictions (Fawcett and
498  Frankenhuis 2015; Fischer et al. 2014) and empirical evidence from other species testing individuals
499  (Edenbrow and Croft 2013; Polverino et al. 2016a). Personality is aso stable within life-stages and
500 across contexts as in other species (Cabrera et al. 2021). Negative size-selective mortality fosters
501 increased boldness compared to other forms of selection under any kind of predation threat, be it aerial
502 (simulated) or aquatic, but this difference is only evident beyond the larval stages. This elevated


https://doi.org/10.1101/2021.09.13.460027
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.13.460027; this version posted September 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

503  boldness can lead to increased natural mortality and be detrimental for populations, as predicted
504  theoretically by Jargensen and Holt (2013). Future research must experimentally test if this happens
505 truly. Positive size-selection representing harvesting patterns commonly observed in most commercial
506  and recreational fisheries does not foster change in collective risk-taking behaviour. However, positive
507  size-selection fosters most plastic changes in boldness resulting in higher behavioural variability and
508 varied levels of pladticity across different levels of predation risk. Despite these, a higher consistency
509 in collective behaviour is observed in the large-harvested line. Negative size-selection results in
510 decreased behavioural variability and plasticity than random size-selection. Our study not only
511  provides empirical evidence for theoretical studiesthat predicted the direction of evolution of boldness
512 with respect to size-selective harvesting (Andersen et al. 2018; Claireaux et al. 2018), but also shows
513  whether and how selection patterns influence the ontogenetic development of boldness. Overall, size-
514  selection alone favours boldness or no change in boldness, but does not promote shyness, in contrast to
515  expectations of the timidity syndrome hypothesis (Arlinghaus et al. 2017). Thus, for shyness to evolve
516  inresponse to fishing, selection must operate directly on behaviour. Future studies (like on learning,
517  memory and cognition) are required to understand the adaptive significance of risk-taking behaviour
518  among the selection lines.
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751  Tables
752

753  Table 1: Results of (a) main effects and (b) fixed effects terms obtained from linear mixed effects
754  model comparing boldness in fish from selection lines LH (large-harvested) and SH (small-harvested)
755  with the control line across ontogenic stages A (8 dpf) to J (190 dpf). Significance of the fixed effects
756  and their interactions are in bold (marginal: ‘™).

(a) Main effects Sum Sq Mean Sq NumDF DenDF Fvalue Pr(>F)
Selection line 7.56 3.780 2 3.00 4.65 0.12
Age 1399.40 155.49 9 513.16 191.42 <0.001
Selection line x Age 77.73 4.32 18 513.16 5.317 <0.001
757

(b) Fixed effects Estimate Std. Error df t value Pr(>t])
Intercept 6.60 0.34 6.55 19.63 <0.001
Selection line: LH -0.004 0.47 6.55 -0.01 0.99
Selection line: SH 0.05 0.47 6.55 0.11 0.91
Stage B (15 dpf) -0.71 0.28 512.34 -2.49 0.01
Stage C (22 dpf) -1.10 0.28 512.34 -3.88 <0.001
Stage D (46 dpf) -0.95 0.29 518.59 -3.32 <0.001
Stage E (61 dpf) -1.57 0.28 512.34 -5.50 <0.001
Stage F(85 dpf) -2.76 0.28 512.34 -9.70 <0.001
Stage G (105 dpf) -4.39 0.28 512.34 -15.40 <0.001
Stage H (127 dpf) -4.90 0.28 512.34 -17.20 <0.001
Stage | (148 dpf) -4.06 0.28 512.34 -14.26 <0.001
Stage J (190 dpf) -4.14 0.28 512.34 -14.51 <0.001
LH x Stage B 0.59 0.40 512.34 1.46 0.14
SH x Stage B 0.27 0.40 512.34 0.66 0.51
LH x Stage C 0.45 0.40 512.34 111 0.27
SH x Stage C 0.89 0.40 512.34 221 0.03
LH x Stage D -0.02 0.40 512.34 -0.05 0.96
SH x Stage D 0.56 0.40 512.34 1.40 0.16
LH x Stage E -0.15 0.40 512.34 -0.38 0.71
SH x Stage E 0.71 0.40 512.34 1.77 0.08"
LH x Stage F 0.10 0.40 512.34 0.24 0.81
SH x Stage F 1.23 0.40 512.34 3.05 <0.01
LH x Stage G -0.15 0.40 512.34 -0.36 0.71
SH x Stage G 1.65 0.40 512.34 4.08 <0.001
LH x Stage H 0.65 0.40 512.34 1.62 0.10
SH x Stage H 2.75 0.40 512.34 6.82 <0.001
LH x Stage | -0.36 0.40 512.34 -0.91 0.36
SH x Stage | 0.99 0.40 512.34 247 0.01
LH x Stage J 0.00 0.40 512.34 0.01 0.99

SH x Stage J 1.23 0.40 512.34 3.06 <0.01
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758  Table 2: Between- and within-group variances and repeatability in boldness among selection lines
759  across(a) larval (8 to 22 dpf), (b) juvenile and subadult (46 to 85 dpf), and (¢) adult stages (105 to 190
760  dpf): edtimates of repeatability with 95% confidence interval and significance level of 5%. Significant
761  resultsarein bold.

Selection line Between- Within- R SE 95% ClI p
group group
variance variance
(a) Larval stages
Large-harvested 0.05 0.24 0.16 0.13 0,0.45 0.12
Random-harvested ~ 4.22¢*° 7.64¢" 0.00 0.00 0,0 0.5
Small-harvested 0.00 0.31 0.00 0.08 0,0.28 1
(b) Juvenile and sub-
adult stages
Large-harvested 0.77 0.83 0.48 0.14 0.19,0.71 <0.001
Random-harvested 0.00 0.90 <0.01 0.08 0,0.28 1
Small-harvested 0.28 0.37 0.43 0.14 0.13, 0.66 <0.001
(c) Adult stages
Large-harvested 1.19 0.76 0.61 0.11 0.37,0.78 <0.001
Random-harvested 0.55 0.59 0.48 0.12 0.24,0.68 <0.001
Small-harvested 0.62 0.47 0.57 0.10 0.35,0.75 <0.001
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763  Table 3: Results of (a) main effects and (b) fixed effects terms obtained from linear mixed effects
764  model comparing boldness in fish from selection lines LH (large-harvested) and SH (small-harvested)
765  with the control line across four contexts (‘Control’, *Visua’, ‘Olfactory’ and ‘Visual & Olfactory’).
766  Significant result isin bold and marginal significance are indicated with ‘™.

(a) Main effects Sum Sq Mean Sq NumDF DenDF F value Pr(>F)
Selection line 2.17 1.09 2 3 1.03 0.46
Context 8.35 2.78 3 243 2.64 0.05
Selection line x Context  11.15 1.86 6 243 1.76 0.11
(b) Fixed effects Estimate Std. Error df t value Pr(>[t])
I ntercept 2.30 0.85 3.25 2.71 0.07"
Selection line: LH 0.22 1.20 3.25 0.18 0.87
Selection line: SH 1.97 1.20 3.25 1.63 0.19
Context: Visual 0.08 0.27 243 0.30 0.76
Context: Olfactory -0.33 0.27 243 -1.20 0.23
Context: Visua & Olfactory -0.26 0.27 243 -0.95 0.34
LH x Visual 0.33 0.39 243 0.85 0.39
SH x Visua -0.34 0.39 243 -0.87 0.39
LH x Olfactory 0.53 0.39 243 1.38 0.17
SH x Olfactory -0.56 0.39 243 -1.45 0.15
LH x Visual & Olfactory 0.73 0.39 243 1.88 0.06"
SH x Visual & Olfactory -0.27 0.39 243 -0.71 0.48
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768  Table 4: Between- and within-group variances and repeatability in boldness across contexts among
769  selection lines: estimates of repeatability are with 95% confidence interval and significance level of
770  5%. Significant resultsare in bold.

Selection line Between-group  Within-group R SE 95% ClI p
variance variance

Large- 441 0.71 0.86 0.06 0.71,0.93 <0.001
harvested

Random- 171 134 0.56 0.11 0.28,0.74 <0.001
harvested

Small- 1.39 1.18 0.54 0.11 0.27,0.73 <0.001
harvested
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772  Figurelegends
773

774  Fig. 1. Experimental timeline. Fish across selection lines were tested for risk-taking behaviour in
775  presence of an aerial predation threat from age 8 to 190 dpf, and in presence of a cichlid fish at > 3-
776  and > 4-month age.

777

778  Fig. 2: Experimental setups for testing risk-taking to feed in presence of (a) simulated aerial predator
779  (intheform of a paper cutout of bird), and (b) alive convict cichlid fish. The image of zebrafish have
780  been taken from Guerreiro (2008).

781

782  Fig. 3: Change in boldness (measured as cumulative time spent at the surface) through ontogeny
783  among large-harvested (LH: red), control (RH: grey) and small-harvested (SH: blue) selection lines.
784  The first panel (a) shows change in mean cumulative time (+xSE) spent a the surface across all
785  ontogenetic stages (8 to 190 dpf). The second panel (b) shows behavioural change across larval stages
786  from 8 to 22 dpf. The third panel (c) shows behavioural change across juvenile (~ 46 dpf when
787  metamorphosis is complete) and subadult stages at 61 and 85 dpf. The fourth panel (d) shows
788  behavioural change across adult stages from 105 to 190 dpf. Significant differences are indicated with
789  barsand codes *** (p<0.001), ** (p<0.01), * (p<0.05), and * (p<0.1).

790

791  Fig. 4: Estimates of the interaction of fixed effects ‘selection line’ (LH and SH) and ‘ontogenetic age’
792 (15 to 190 dpf) obtained from the results of linear mixed effects model.

793

794  Fig. 5: Combined plot (for > 3- and > 4-month age) of cumulative time spent at the surface (boldness)
795 by fish among three selection lines (large-harvested, control and small-harvested) across three contexts
796  where zebrafish perceived visual, olfactory and both visual and olfactory cues from the predator, and
797  inacontrol setting without the predator.
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