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Size-selective harvesting common to fisheries is known to evolutionarily alter life history and behavioral traits in exploited fish popu-
lations. Changes in these traits may, in turn, modify learning and decision-making abilities through energetic trade-offs with brain in-
vestment that can vary across development or via correlations with personality traits. We examined the hypothesis of size-selection 
induced alteration of learning performance in three selection lines of zebrafish (Danio rerio) generated through intensive harvesting 
for large, small and random body-size for five generations followed by no further selection for ten generations that allowed examining 
evolutionarily fixed outcomes. We tested associative learning ability throughout ontogeny in fish groups using a color-discrimination 
paradigm with a food reward, and the propensity to make group decisions in an associative task. All selection lines showed significant 
associative abilities that improved across ontogeny. The large-harvested line fish showed a significantly slower associative learning 
speed as subadults and adults than the controls. We found no evidence of memory decay as a function of size-selection. Decision-
making speed did not vary across lines, but the large-harvested line made faster decisions during the probe trial. Collectively, our re-
sults show that large size-selective harvesting evolutionarily alters associative and decision-making abilities in zebrafish, which could 
affect resource acquisition and survival in exploited fish populations.
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INTRODUCTION
Intensive harvesting can cause evolutionary changes in animal 
populations (Allendorf  and Hard 2009; Kuparinen and Festa-
Bianchet 2017; Festa-Bianchet and Mysterud 2018). A prominent 
example of  intensive harvesting is fisheries where fish are often tar-
geted based on their body size (Jørgensen et al. 2009; Matsumura 
et al. 2011; Kendall et al. 2014). While catching large-sized fish 
is prevalent in most commercial and recreational fisheries, some 
fishing gears, or fisheries governed by certain size-based regu-
lations  (e.g., maximum-size limits) may also selectively catch 
the smaller members of  fish populations (Jørgensen et al. 2009; 
Kuparinen et al. 2009; Heino et al. 2015). Harvesting both large- 
and small sized fish generation after generation may evolutionarily 
alter not only the life history and morphology (Jørgensen et al. 
2009; Matsumura et al. 2011; Kendall et al. 2014), but also physi-
ological (Redpath et al. 2010; Hollins et al. 2018; Renneville et al. 
2020) and behavioral traits such as boldness (Leclerc et al. 2017; 

Andersen et al. 2018). Changes in life history and behavioral traits 
due to intensive harvesting may also result in evolutionary changes 
in cognitive abilities (Enberg et al. 2012). Cognition is key for ac-
quiring resources, avoiding dangers and responding to changing 
environments (Shettleworth 2010), such that any fisheries-induced 
changes to cognitive abilities may impact survival, and in turn, 
population dynamics. In this study, we experimentally investigate 
if  intensive size-selective mortality fosters evolutionary changes in 
collective learning and decision-making using zebrafish, Danio rerio, 
as an experimental harvest model.

One of  the most consistent findings of  theoretical and empirical 
studies on fisheries-induced evolution is that elevated and selective 
harvesting of  large-sized fish typical of  most fisheries fosters the ev-
olution of  a fast life history characterized by early maturation, in-
creased reproductive investment, rapid juvenile (but reduced adult) 
growth, and reduced longevity (Rijnsdorp 1993; Hamilton et al. 
2007; Jørgensen et al. 2007). Based on the pace-of-life syndrome 
hypothesis, animals demonstrating a fast life history are expected to 
also express fast behavioral phenotypes (Réale et al. 2010). This is 
expected to result in faster learning and enhanced memory abilities 
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to accelerate resource acquisition for early and elevated investment 
into reproduction. But, an increased investment in reproduction to 
fuel a fast life history can be expected to be traded off with de-
creased investment in other energy expensive tissues like the brain 
(Energy tradeoff hypothesis: Isler and van Schaik 2009) which in 
turn might lower cognitive ability of  fish adapted to elevated and 
positive size-selective mortality. The brain is the seat of  cognition 
and is the most energetically expensive organ in vertebrates (Raichle 
and Gusnard 2002). A higher metabolic expenditure for brain de-
velopment is often evolutionarily traded off with lower metabolic 
investment in other expensive tissues (Navarrete et al. 2011; Tsuboi 
et al. 2015). Thus, increased investment into gonads or reproduc-
tion more generally may result in reduced brain development and 
this in turn would result in reduced learning, memory, and deci-
sion-making abilities (Kotrschal et al. 2015; Buechel et al. 2018; 
Boussard et al. 2021). Previous studies have experimentally demon-
strated the metabolic conflict between brain and other energetically 
expensive tissues. For example, in guppies Poecilia reticulata selected 
for brain size, large-brained females outperformed small brained fe-
males in a numerical learning task but the large brain lines had 
smaller guts and produced fewer offspring, suggesting trade-offs 
with physiological and reproductive performance (Kotrschal et al. 
2013). Yet, the relationship between cognition and life history is not 
clear because fish demonstrating fast life histories might also main-
tain investments into cognition while allocating energy into gonads 
and reproduction, and achieve this by sacrificing investment into 
somatic growth and tissue maintenance (Laskowski et al. 2021). 
Accordingly, fish with fast life histories may also have larger brains 
as shown in 21 species of  killifish (Sowersby et al. 2021), and brain 
size might not correspond with improved cognition in all dimen-
sions (Buechel et al. 2018; Fong et al. 2019). It is an open question 
whether and to what degree size-selective harvesting alters the cog-
nitive ability of  evolving fish populations.

Cognitive abilities of  animals are also correlated with behav-
ioral types and personality traits such as boldness (Sih and Del 
Giudice 2012; Dougherty and Guillette 2018). Bolder, more ex-
ploratory and active fish are often fast learners and decision makers 
because they have a higher probability of  encountering resources 
compared to shyer and less active fish (Shettleworth 2010; Griffin 
et al. 2015). For example, in Panamanian bishop fish Brachyrhaphis 
episcopi, individuals that explored more were faster at learning a 
simple association to access food (DePasquale et al. 2014). In wild-
caught zebrafish, populations that took higher risks to feed in the 
presence of  predators (Roy et al. 2017; Roy and Bhat 2018b) were 
also faster in learning an associative task and had a longer-lasting 
memory (Roy and Bhat 2018a). Size-selective harvesting fosters ev-
olutionary changes in boldness as demonstrated through models 
(Arlinghaus et al. 2017; Andersen et al. 2018; Claireaux et al. 2018) 
and empirical  investigations (Medaka Oryzias latipes: Diaz Pauli et 
al. 2019; zebrafish: Sbragaglia et al. 2021; Roy and Arlinghaus 
2022). Specifically, positive size selection characterized by the re-
moval of  large-sized individuals from fish populations tends to favor 
the evolution of  shyness (Claireaux et al. 2018; Monk et al. 2021). 
Therefore, for energy allocation reasons and correlations with be-
havior, it is possible that the cognitive abilities of  fish are evolution-
arily shifted toward slower learning and reduced memory ability in 
response to large size-selective harvesting common to many fish-
eries globally.

Learning abilities typically change throughout ontogeny because 
of  brain development with increasing age (Spear and Campbell 
2014). Learning and memory abilities increase with ontogenetic 

age as demonstrated in several fish species (guppies: Boussard et 
al. 2021; striped knifejaw Oplegnathus fasciatus: Makino et al. 2006; 
jack mackerel Trachurus japonicus: Takahashi et al. 2010; zebrafish: 
Valente et al. 2012). Yet, as investment in brain development has 
a tradeoff with investment in reproduction (Isler and van Schaik 
2009; Kotrschal et al. 2013), shifts in brain development may be 
associated with the onset of  maturation (Buechel et al. 2019). The 
cognitive abilities change throughout ontogeny because of  a transi-
tion from resource acquisition fueling growth at the juvenile stage 
to resource acquisition fueling reproduction when adult (Buechel 
et al. 2019; Axelrod et al. 2020). Large size-selective harvesting 
often favors early maturation (Hamilton et al. 2007; Kendall et 
al. 2014) and this may cause changes in the pace of  brain devel-
opment, which may reduce cognitive abilities in adults after the 
onset of  maturation. Further, as alluded before, cognitive abil-
ities are often correlated with animal personality (Kareklas et al. 
2018; Bensky and Bell 2020), and animal personality expression is 
often consistent within, but not necessarily across life history stages 
(Groothuis and Trillmich 2011; Cabrera et al. 2021), as shown in 
several fish species (killifish Kryptolebias marmoratus: Edenbrow and 
Croft 2011; Eastern mosquitofish Gambusia affinis: Polverino et al. 
2016; zebrafish: Roy and Arlinghaus 2022; Sbragaglia et al. 2022b). 
Hence, a change in personality over ontogeny may be associated 
with a change in learning ability. Size-selective harvesting caused 
changes in risk-taking behavior through development in experimen-
tally harvested zebrafish lines (Roy and Arlinghaus 2022). Large 
size-selective harvesting resulted in shy tendencies wheLondon, 
UK:n tested collectively while small size-selective harvesting re-
sulted in increased boldness in adults (Sbragaglia et al. 2021; Roy 
and Arlinghaus 2022), but not in < 30-day-old juveniles (Roy and 
Arlinghaus 2022). Whether these ontogenetic differences in harvest-
induced personality expression are associated with ontogenetic 
changes in associative learning is a major focus of  the present work.

We tested associative ability in fish groups because this has 
higher ecological relevance as group living offers adaptive bene-
fits (Krause and Ruxton 2002) in a gregarious species like zebrafish 
(Suriyampola et al. 2016). Also, several exploited fish species, es-
pecially the pelagic ones, are group living in nature (Croft et al. 
2003). We used three experimental lines of  zebrafish generated by 
harvesting for large, small, and random body size for five gener-
ations (Uusi-Heikkila et al. 2015, 2016, 2017) followed by no se-
lection for 10 generations during which fish were reared and 
maintained through random breeding. The large-harvested line 
resembles the scenario in global fisheries where large-sized fish 
are harvested. The small-harvested line resembles fisheries where 
maximum-size limits exist or in case of  natural predation where 
mainly the smallest size classes are targeted by gape-limited pred-
ators. Previous work has shown that these selection lines evolved 
different life histories and showed genetic adaptations, indicative of  
evolutionary change (Uusi-Heikkila et al. 2015, 2017).

We first tested associative learning in groups through ontogeny. 
We predicted that the large size-selective harvesting would result in 
reduced associative learning ability in adults, but not in juveniles. 
We expected this because the large-harvested line showed shy ten-
dencies as adults but not as juveniles (Roy and Arlinghaus 2022) 
and the energy allocation differences should manifest particularly 
strongly after maturation. Second, we examined collective deci-
sion-making in adults using an associative task (Kareklas et al. 2018; 
Hansen et al. 2021). Collective decisions in fish could be affected by 
group cohesion (a measure of  shoaling behavior) and within-group 
variability (Jolles et al. 2017), as fish groups with higher behavioral 
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variability are less cohesive and reach agreement later (Ioannou 
and Dall 2016). As the small- and large-harvested line showed in-
creased and decreased shoal cohesion (Sbragaglia et al. 2022a) re-
spectively, and decreased and increased behavioral variability (Roy 
and Arlinghaus 2022) compared to the controls, we predicted that 
the small-harvested line will make faster collective decisions while 
the large-harvested line will make slower decisions than the control 
populations.

MATERIALS AND METHODS
Selection lines

We used three selection lines (large-, small-, and random-harvested) 
of  zebrafish, each with a replicate. These lines were generated by 
subjecting a wild population of  zebrafish to intensive (>75% per 
generation) size-selective harvest for five consecutive generations 
(Uusi-Heikkila et al. 2015). 25% of  the largest and smallest indi-
viduals were used as parents in successive generations in the small- 
and large-harvested lines while 25% of  random individuals served 
as parents to produce the control line. Fish were harvested every 
generation based on when the 50% of  the control line became ma-
ture (Uusi-Heikkila et al. 2015). The selection lines were assessed 
for evolved differences in key life-history traits from F11. The large-
harvested line evolved a fast life history characterized by elevated 
reproductive investment, smaller terminal body size, early mat-
uration and reduced adult growth while the small-harvested line 
evolved a slow life history characterized by reduced reproductive 
investment and no change in adult body size compared to the con-
trol line (Uusi-Heikkila et al. 2015). The selection lines also differed 
in broad-scale gene expression and allele frequencies showing that 
the phenotypic differences have genetic underpinnings and were 
not merely the result of  phenotypic plasticity (Uusi-Heikkila et 
al. 2015, 2017; Sbragaglia et al. 2021). Size selection was stopped 
beyond F6, which could result in evolutionary rebound of  certain 
life-history traits as shown in other studies (Conover et al. 2009; 
Salinas et al. 2012). But among-generation assays of  growth tra-
jectory conducted at F9, F11, and F13 using Lester biphasic growth 
models clearly demonstrated that the selection lines maintained 
the evolved differences in body size and growth rate (Sbragaglia et 
al. 2019b; Roy et al. 2021; Sbragaglia et al. 2021, Supplementary 
Figure S1). Studies in F13 also showed differences in reproductive 
behavior (Sbragaglia et al. 2019b; Roy et al. 2021), physiological 
traits (Sbragaglia et al. 2021), and genetics (Uusi-Heikkila et al. 
2017; Sbragaglia et al. 2021), and studies conducted in F13 and F16 
showed differences among lines in personality traits (Sbragaglia et 
al. 2019a, 2021; Roy and Arlinghaus 2022). Thus, the phenotypic 
divergences among selection lines persisted at F16 showing evolu-
tionary fixation of  these traits. Here, we measured evolutionary 
outcomes of  size-selection on learning behavior using the F16 fish 
groups that were used in measuring collective risk-taking behavior 
through ontogeny by Roy and Arlinghaus (2022).

We housed the F15 fish of  the selection lines in the laboratory 
in six bare round tanks (diameter: 79 cm, height: 135 cm, volume: 
320-liter) at a density of  approximately 1300 fish per tank. The fish 
were maintained under the following conditions: water temperature 
27 °C, 12:12h light: darkness photoperiod; and were fed twice a 
day with commercial flake food (TetraMin Tropical). Similar to the 
method adopted in previous studies (Roy et al. 2021; Sbragaglia 
et al. 2021), we bred the F15 fish in groups (four males and two fe-
males), pooled the embryos from each replicate line and stocked 

eight embryos per line into 30 3-liter boxes (Supplementary Figure 
S2) without any enrichment (Roy and Arlinghaus 2022). We used a 
total of  240 fish (8 fish × 30 groups; 5 groups per replicate line, 10 
groups per selection treatment) for our experiments. We conducted 
the associative learning assays at four ontogenetic time points (ju-
veniles- 27–38 days post fertilization or dpf, subadults- 69–80 dpf, 
adults- 112–123 and 153–164 dpf) based on Roy and Arlinghaus 
(2022), and collective decision-making assays in adults at 285–297 
dpf  age (Supplementary Figure S3).

Associative learning

We tested collective associative learning and memory ability in 
groups throughout ontogeny using a color discrimination para-
digm (Spence et al. 2011; Roy et al. 2019) in a total of  240 fish. 
We used a plus-maze with arm dimensions 27 × 6 × 12 cm, con-
verted it into a T-maze to test juveniles (27–38 dpf) by blocking one 
of  the arms, and increased the length of  the arms consecutively 
by 6 cm for testing subadults (69–80 dpf) and adults (112–123 dpf) 
(Figure 1). We tested juveniles, subadults, and adults (112–123 dpf) 
in a two-choice (purple-yellow and blue-brown) discrimination par-
adigm, and adults between 153-164 dpf  in a four-color discrimi-
nation paradigm. The plus maze was used for testing adults at 
153–164 dpf  age similar to four-choice discrimination paradigms 
used previously for zebrafish (Roy and Bhat 2017, 2018a). Because 
preferences for primary colors like red and green affect learning 
abilities in zebrafish (Avdesh et al. 2012; Roy et al. 2019), we did 
not use these colors like previous studies with wild and lab-reared 
zebrafish (Spence et al. 2011; Roy and Bhat 2018a). We trained the 
fish in groups for six consecutive days and tested their memory on 
the 12th day (probe trial) without the reward. Removable colored 
doors separated the reward chambers from the rest of  the maze. 
In the beginning, we transferred a group of  eight fish into the start 
chamber and allowed them to acclimate for one minute (Roy et al. 
2019). After this, we released them from the start chamber, and the 
fish explored the arena for 10 min. We rewarded the fish with food 
after the first individual entered the correct door. We recorded the 
trials using an overhead webcam (Logitech B910). After the exper-
iment, we allowed the fish to swim out of  the chambers and gently 
guided them back to the start chamber. We changed the position 
of  the doors randomly during consecutive trials to avoid side bias. 
From the video recordings, we scored the time taken by a random 
individual to enter the correct door and start feeding. This measure 
of  latency is based on previous studies in zebrafish (Spence et al. 
2011; Roy and Bhat 2017, 2018a; Daniel and Bhat 2020) and other 
species (Brachyraphis episcopi: Brown and Braithwaite 2005; three-
spined sticklebacks Gasterosteus aculeatus: Brydges et al. 2008; gup-
pies: Kniel et al. 2020) that used latency to estimate learning. We 
also scored the number of  incorrect choices (mistakes) made by all 
fish before any individual made a correct choice, based on previous 
studies in zebrafish (Kareklas et al. 2018; Roy and Bhat 2018a). We 
confirmed learning only if  we found both the performance time 
and number of  mistakes made by fish to decrease over successive 
trials, following previous studies (Roy and Bhat 2017, 2018a).

Collective decision making

We tested collective decision-making among adult zebrafish groups 
(McAroe et al. 2017; Kareklas et al. 2018) to enter a rewarded (red) 
door following the same protocol and setup (Figure 1) as the as-
sociative learning assay and using the same fish groups (N = 30). 
We transferred a group of  fish into the start chamber and added 
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food to the reward chamber during their acclimation. We released 
the fish and recorded their behavior for 5 min. We guided the fish 
back to the start chamber after the trial and changed the position 
of  the red door. We trained fish for six consecutive days, and tested 
for memory on the 13th day without food reward. From the video 
recordings, we scored the time taken by all fish to enter the re-
warded door and commence feeding as the collective decision time 
(Kareklas et al. 2018; Hansen et al. 2021).

Statistical analysis

We ran linear mixed-effects regression models (lmer) to examine 
changes in associative learning ability throughout ontogeny among 
selection lines. To test for changes in performance across succes-
sive trials during training at different ontogenetic stages, we first 
log transformed the response variable (time to find the food re-
ward) and confirmed the normality and homogeneity of  resid-
uals. We then fitted mixed effects models using the transformed 
measure as the dependent variable, interaction of  “Selection 
line,” “Age” (ontogenetic stage), and “Trial” as the fixed effect and 
“Group ID” nested within “Replicate” as the random effect (for-
mula: logPerformanceTime ~ Selection Line × Trial × Age + (1 | 
Replicate/Group ID). To test for change in the number of  mistakes 
made across successive trials over ontogeny, we fitted a generalized 
linear mixed-effects model (glmer) with a Poisson structure using 
“Mistakes” as dependent variable, interaction of  “Selection line,” 
“Age,” and “Trial” as the fixed effect and “Group ID” nested within 
“Replicate” as the random effect (formula: Mistakes ~ Selection 
Line × Trial × Stage + (1 | Replicate/Group ID). To test for the 
memory of  fish in the selection lines, we compared the time to find 
the food reward on the 6th day (last day of  training) and 12th day 
(probe trial) using paired t-test, and the number of  mistakes made 
on the 6th and 12th day trials using a Wilcoxon paired-sample test.

We compared collective decision-making time among selection 
lines using lmer models. We log transformed “collective decision 

time” and used this as dependent variable, interaction of  “Selection 
line” and “Trial” as the fixed effect and “Group ID” nested within 
“Replicate” as the random effect (formula: logDecisionTime ~ 
Selection Line × Trial + (1 | Replicate/Group ID). To test for col-
lective memory, a similar mixed model was construed and com-
pared decision-making time on 6th and 13th day trials.

All analyses were done in R studio version 3.6.1 (R Development 
Core Team 2019). Logit transformation was conducted using the 
“car” (Fox et al. 2007) package, and “lmer” and “glmer” models 
were constructed using lmerTest (Kuznetsova et al. 2017) and lme4 
(Bates et al. 2012) packages. Line and box-whisker plots were made 
using ggplot2 (Wickham 2011), plyr  (Wickham 2020), and ggpubr 
(Kassambara and Kassambara 2020) packages in R.

RESULTS
We found significant differences in performance in the associative 
task across selection lines over ontogeny. Specifically, the time taken 
to find the food reward changed significantly across trials (F1,669 
= 23, P < 0.01) during training, and over ontogenetic age (F3,669 
= 20.95, P < 0.01) for all selection lines (Figure 2). Fish took sig-
nificantly less time as adults at 112–123 dpf  (Stage C; t = −3.1, 
P < 0.01) and 154–164 dpf  (Stage D; t = −4.19, P < 0.01) age 
compared to juveniles at 27–38 dpf  age (Table 1). Mistakes made 
by fish decreased significantly with training (z = −5.48, P < 0.01), 
and adults made significantly less mistakes at 112–123 dpf  (Trial × 
Stage C; z = −6.92, P < 0.01) but more mistakes at 154–164 dpf  
(Trial × Stage D; z = 4.98, P < 0.01) across trials compared to ju-
veniles (Table 2, Figure 3).

The change in time taken to find the food reward across succes-
sive trials was significantly slower in subadults (69–80 dpf) of  the 
large-harvested line fish (LH × Trial × Stage B; t = 1.99, P < 0.05) 
compared to the control line (Table 1), as indicated by a nearly flat 
slope (Figure 2b). Though the large-harvested line fish took less 
time to locate the food reward initially, the final performance time 
was not different than the initial, and the fish performed poorly 
compared to the control line fish (Figure 2b). Similarly, in adults 
(112–123 dpf), the change in time taken by the large-harvested line 
fish to find the food reward across successive trials was significantly 
slower (LH × Trial × Stage C; t = 2.42, P = 0.01) compared to 
the control line (Table 1, Figure 2c). The large-harvested line adults 
took less time to locate the food reward initially but this increased 
across trials and the final performance was significantly worse com-
pared to the controls, as is evident from the positive slope of  the 
regression line (Figure 2c). The rate of  change in time taken to find 
the food reward by the small-harvested line fish did not differ sig-
nificantly from the controls at any ontogenetic time-point (Table 1, 
Figure 2), though the elevation of  the regression line fitted across 
performance time was always lower than the control (Figure 2b-d).

The change in number of  mistakes made across trials was signif-
icantly slower in subadults (69–80 dpf) of  the large-harvested line 
(LH × Trial × Stage B; z = 2.20, P = 0.03) compared to the con-
trols (Table 2, Figure 3b). The same was found in adults (112–123 
dpf) of  the large-harvested line (LH × Trial × Stage C; z = 9.23, 
P < 0.01; Table 2,  Figure 3c). Though the large-harvested line 
adults made less mistakes initially while locating the food reward, 
the number of  mistakes increased across trials and were higher 
during the last trial compared to the controls, as evident from the 
positive slope of  the regression line (Figure 3c). In adults of  the 
small-harvested line at 112–123 dpf  age, the change in number 
of  mistakes made across trials was significantly slower compared 

Door to block
o� the arm Removable

door

Reward
chamber

Release
chamber

Removable
door

Figure 1
Plus-maze used in associative learning and collective decision-making 
assays. The maze was converted to a T-maze by blocking off the top arm.
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to the control (SH × Trial × Stage C; z = 2.32, P = 0.02), and 
the number of  errors were higher during the last trial compared to 
the control line (Table 2, Figure 3c). As adults at 154–164 dpf  age, 

the change in number of  mistakes made by the small-harvested line 
fish was significantly faster (SH × Trial × Stage D; z = −3.75, P < 
0.01) than the control line (Table 2, Figure 3d).
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Figure 2
Comparison of  regression lines fitted on log(time taken to find food reward) across consecutive trials during training as (a) juveniles (27–38 dpf), (b) subadults 
(69–80 dpf) and adults at (c) 112–123 dpf, and (d) 153–164 dpf.

Table 1
Results of  lmer model comparing performance time of  LH (large-harvested) and SH (small-harvested) lines with the RH (random-
harvested or control line) across trials and across ontogenetic stages A (juvenile) to D (adult)

Fixed effects Estimate SE df t-value Pr(>|t|)

Intercept 5.53 0.31 11.14 17.89 < 0.01
Selection line: LH −0.12 0.44 11.14 −0.27 0.79
Selection line: SH −0.21 0.44 11.14 −0.48 0.64
Trial −0.03 0.06 669.00 −0.52 0.60
Stage B (69–80 dpf) −0.11 0.31 669.00 −0.35 0.73
Stage C (112–123 dpf) −0.96 0.31 669.00 −3.10 < 0.01
Stage D (153–164 dpf) −1.30 0.31 669.00 −4.19 < 0.01
LH × Trial −0.08 0.08 669.00 −1.01 0.31
SH × Trial −0.04 0.08 669.00 −0.48 0.63
LH × Stage B −0.44 0.44 669.00 −1.00 0.32
SH × Stage B −0.51 0.44 669.00 −1.17 0.24
LH × Stage C −0.28 0.44 669.00 −0.64 0.52
SH × Stage C −0.52 0.44 669.00 −1.19 0.23
LH × Stage D 0.38 0.44 669.00 0.86 0.39
SH × Stage D 0.21 0.44 669.00 0.47 0.63
Trial × Stage B −0.14 0.08 669.00 −1.75 0.08+

Trial × Stage C −0.12 0.08 669.00 −1.51 0.13
Trial × Stage D −0.01 0.08 669.00 −0.16 0.87
LH × Trial × Stage B 0.22 0.11 669.00 1.99 < 0.05
SH × Trial × Stage B 0.10 0.11 669.00 0.91 0.36
LH × Trial × Stage C 0.27 0.11 669.00 2.42 0.02
SH × Trial × Stage C 0.10 0.11 669.00 0.90 0.37
LH × Trial × Stage D 0.06 0.11 669.00 0.57 0.57
SH × Trial × Stage D −0.06 0.11 669.00 −0.51 0.61

Significant results are in bold (marginal: “+”).

686

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article/34/4/682/7172770 by Leibniz-Institut fuer G

ew
aesseroekologie und Binnenfischerei im

 Forschungsverbund Berlin e.V., Bibliothek user on 21 July 2023



Roy et al. • Impact of  size selection on cognition in zebrafish

The above-mentioned results from the training phase of  the 
large-harvested line meant that as subadults, the fish showed 
slower associative performance while as adults, the fish showed 

significantly weaker associative abilities than the control line 
fish (Figures 2 and 3). To test if  the performance in a maze 
could be explained by boldness in fish groups, we calculated 

Table 2
Results of  glmer model comparing the number of  mistakes made by large- and small-harvested lines with the random-harvested or 
control line across trials and across stages A (juvenile) to D (adult)

Fixed effects Estimate SE z-value Pr(>|t|)

Intercept 1.97 0.17 11.70 < 0.01
Selection line: LH −0.20 0.25 −0.80 0.42
Selection line: SH −1.23 0.28 −4.33 < 0.01
Trial −0.23 0.04 −5.48 < 0.01
Stage B (69–80 dpf) 0.71 0.17 4.17 < 0.01
Stage C (112–123 dpf) 1.05 0.20 5.27 < 0.01
Stage D (153–164 dpf) −0.70 0.20 −3.48 < 0.01
LH × Trial −0.07 0.07 −1.10 0.27
SH × Trial 0.19 0.07 2.84 <0.01
LH × Stage B −0.14 0.25 −0.56 0.57
SH × Stage B 0.57 0.29 1.97 0.05
LH × Stage C −2.68 0.34 −7.91 < 0.01
SH × Stage C 0.24 0.32 0.73 0.46
LH × Stage D 0.25 0.31 0.83 0.41
SH × Stage D 1.90 0.31 6.08 < 0.01
Trial × Stage B −0.03 0.05 −0.60 0.55
Trial × Stage C −0.56 0.08 −6.92 < 0.01
Trial × Stage D 0.28 0.05 5.00 < 0.01
LH × Trial × Stage B 0.17 0.08 2.20 0.03
SH × Trial × Stage B −0.01 0.08 −0.11 0.91
LH × Trial × Stage C 1.01 0.11 9.23 <0.01
SH × Trial × Stage C 0.25 0.11 2.32 0.02
LH × Trial × Stage D −0.13 0.09 −1.42 0.15
SH × Trial × Stage D −0.32 0.08 −3.75 < 0.01

Significant results are in bold.
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Comparison of  regression lines fitted on number of  mistakes made across consecutive trials during training as (a) juveniles (27–38 dpf), (b) subadults (69–80 
dpf) and adults at (c) 112–123 dpf, and (d) 153–164 dpf.
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correlations between the slope of  change in performance time 
across trials and boldness measured using the same fish groups 
in a previous study (Roy and Arlinghaus 2022). We did not find 
a significant correlation between the slopes of  performance time 
and log(boldness measure) for any of  the selection lines (large-
harvested: r < 0.01, P = 0.98; random-harvested: r = −0.01, P 
= 0.94; small-harvested: r = −0.04, P = 0.82; Supplementary 
Figure S4A). We similarly estimated correlations between the 
slope of  change in number of  mistakes and boldness and did not 
find a significant correlation for any of  the selection lines (large-
harvested: r = −0.15, P = 0.36; random-harvested: r < −0.01, 
P = 0.99; small-harvested: r = 0.25, P = 0.12; Supplementary 
Figure S4B). Thus, the observed differences in performance in 
an associative task, especially in the large-harvested line, could 
not be explained by the variation in collective boldness. In tests 
for memory, we found no significant differences in time to find 
the food reward (Table 3a, Figure 4) and number of  mistakes 
made (Table 3b, Figure 5) between the 6th and probe (12th day) 
trials, indicating similar retention of  memory in all selection lines 
(Table 3a, b,, Figures 4 and 5).

In the tests for collective decision making, zebrafish generally 
made significantly faster decisions to enter the reward chamber 
over successive trials (F1,147 = 26.35, P < 0.01; Figure 6a). The se-
lection lines did not significantly differ in decision-making time 
across trials (Selection line × Trial; F2,147 = 0.94, P = 0.39). Yet, 
during the probe (13th day) trial, we found that the large-harvested 
line fish took significantly less time to make decisions by entering 
the correct door almost immediately after their release (t = −3.96, P 

< 0.01; Figure 6b), and the small-harvested line fish made margin-
ally non-significantly faster decisions (t = −1.96, P = 0.06; Figure 
6b), compared to the sixth trial.

DISCUSSION
Size-selective harvesting can have evolutionary consequences for 
adaptive personality traits (Andersen et al. 2018; Sbragaglia et al. 
2021; Roy and Arlinghaus 2022). Here, we provide evidence that 
size-selective harvesting can also evolutionarily alter associative 
and collective decision-making abilities in fish. We show that per-
formances of  fish across selection lines improved significantly with 
ontogenetic age independent of  size selection. Supporting our ex-
pectations, large size-selective harvesting resulted in slower associ-
ative abilities in subadults and adults, but these fish made speedy 
and accurate collective decisions when tested for memory. The 
slow associative abilities of  the large-harvested line fish can have 
an impact on resource acquisition, but the improved collective de-
cision-making ability might help them cope with certain threats. 
Collectively, our results provided mixed support that large size se-
lection reduced cognitive performance, but were unable to docu-
ment this effect consistently across the tests we employed. It is a 
common finding of  cognitive research that the performance of  
fishes and other animals strongly varies with the cognitive task (van 
Horik and Madden 2016; Guenther and Brust 2017; Wallace et al. 
2020).

We found that associative abilities (indicated by a decrease in the 
time to find a food reward and the number of  mistakes) increased 

Table 3
Evaluating memory performance

(a) Paired t-test results comparing performance time of  fish during 6th- and 12th-day trials among selection lines at four ontogenetic stages A (27–38 dpf), B 
(69–80 dpf), C (112–123 dpf), and D (153–164 dpf). Significant results are in bold (marginal: “+”).

Ontogenetic stage Selection line t df P-value

Stage A Large-harvested 2.10 9 0.06+

Random-harvested (Control) 3.08 9 0.01
Small-harvested 1.61 9 0.14

Stage B Large-harvested 1.29 9 0.23
Random-harvested (Control) 0.56 9 0.59
Small-harvested 1.47 9 0.17

Stage C Large-harvested 1.45 9 0.18
Random-harvested (Control) 0.54 9 0.60
Small-harvested 5.40 9 <0.01

Stage D Large-harvested 0.42 9 0.68
Random-harvested (Control) 2.50 9 0.03
Small-harvested 0.91 9 0.39

(b) Wilcoxon paired-sample test results comparing the mistakes made during 6th- and 12th-day trials among selection lines at stages A 
to D. Marginally significant results are indicated with “+”.

Ontogenetic stage Selection line V P-value

Stage A Large-harvested 15 0.06+

Random-harvested (Control) 20 0.83
Small-harvested 6 0.79

Stage B Large-harvested 16.5 0.51
Random-harvested (Control) 16 0.47
Small-harvested 18.5 0.68

Stage C Large-harvested 17 0.21
Random-harvested (Control) 3 0.07+

Small-harvested 10 1
Stage D Large-harvested 25 0.84

Random-harvested (Control) 15 0.73
Small-harvested 14 0.62
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throughout ontogeny in all selection lines, as would be predicted 
(Spear and Campbell 2014). Older fish were significantly faster in 
locating the food reward even though we increased the size and/or 

complexity of  the maze size at every ontogenetic time point. This 
could be due to two reasons. With the development of  brain, fish 
are typically quicker in learning the location of  the food reward 
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(Spear and Campbell 2014). Alternately, swimming speeds of  fish 
increase with ontogenetic age (Muller et al. 2000; Müller 2020), 
and fish could have reached the rewarded door faster as they grew 
in size. But, this can only be a part of  the explanation because 
the fish also made fewer mistakes across trials as adults, indicating 
better learning.

We also found that the large-harvested line fish showed slower 
associative abilities as subadults and adults in a simple color-
discrimination task. This finding agreed with our expectation that 
the large-harvested fish that exhibit a fast life history and shy beha-
vior would be slower in learning associations due to possibly lower 
brain investment and shy behavioral tendencies. Our results are 
consistent with the energy-tradeoff hypothesis (Isler and Van Schaik 
2006, 2009). Increased reproductive investment may be traded-off 
with decreased investment in expensive body tissues like brain (Isler 
and Van Schaik 2006, 2009). In zebrafish, as in other species, large 
size-selective harvesting fosters the evolution of  a fast life history 
characterized by increased reproductive investment (Arlinghaus 
et al. 2009; Uusi-Heikkila et al. 2015; Renneville et al. 2020) and 
this might lead to decreased energetic investment for the develop-
ment of  neuronal tissues in brain. Reduced brain investment may 

result in decreased learning abilities (Kotrschal et al. 2013, 2015). 
However, the link between brain investment and learning ability 
among the selection lines remains speculative and the quantifica-
tion of  energy allocation pathways is necessary. The fact that the 
large-harvested zebrafish are also shyer (Sbragaglia et al. 2021; Roy 
and Arlinghaus 2022) reinforced the slower associative abilities, 
similar to other studies that revealed that shy fish show reduced as-
sociative learning abilities (Trompf  and Brown 2014; Kareklas et 
al. 2017).

We did not find significant relationships between collective bold-
ness (Sbragaglia et al. 2021; Roy and Arlinghaus 2022) and asso-
ciative performance within the large-harvested line (and the other 
two lines). Thus, collective personality of  the fish groups could not 
explain their associative abilities in the maze. Therefore, our find-
ings imply that evolution of  a fast life history in the large-harvested 
line fish promoted reduced group ability to solve an associative task 
and this could negatively affect resource acquisition by reducing the 
potential to locate and harvest resources (Laskowski et al. 2021). 
In the small-harvested line, the differences in change in error rate 
between the two adult stages (Figure 3c,  d) could be because in 
the latter stage, we used a four-color discrimination paradigm to 
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test associative learning. The relatively higher mistakes during in-
itial trials followed by a decline could be because there were more 
chambers to explore.

We exclude the possibility that our results on the observed dif-
ferences among the selection lines in the associative task was 
confounded by behavioral variability and group cohesiveness, me-
tabolism or swimming performances. In previous work, the large-
harvested line fish showed higher behavioral variability as subadults 
and adults (Roy and Arlinghaus 2022), and these fish formed less 
cohesive shoals than the control line fish (Sbragaglia et al. 2022a, 
2022b) but their shoal cohesion did not change across ontogeny 
(Sbragaglia et al. 2022b). In our study, the large-harvested line 
made fewer number of  mistakes in the initial trials compared to 
the control line fish (Figure 3b, c) suggesting more group cohesion. 
The errors made increased with training in adults suggesting that 
as the maze became familiar, the fish explored more. In tests for 
swim speed, the large-harvested line fish did not differ in swimming 
speed from the control line fish (Sbragaglia et al. 2022a) but in 
our study, the large-harvested line differed significantly in the time 
taken to find the food reward than the controls. Thus, swim speed 
could not be the reason for the observed differences. Uusi-Heikkila 
et al. (2015) also measured standard metabolic rates among the se-
lection lines but did not find any significant difference. Therefore, 
the metabolic rates of  fish are unlikely to have affected their beha-
vior in maze. We also controlled the hunger levels in fish by starving 
them before the tests and never feeding them in their holding tanks 
and so this could also not have affected the observed differences 
in the associative task. Here, we did not measure the body-size of  
fish across ontogeny but the fish likely differed in size-at-age (Uusi-
Heikkila et al. 2015, 2016). Our results across lines could have 
been confounded by body-size differences and this effect cannot be 
separated.

We found that the fish across all selection lines made quicker de-
cisions to enter the reward chamber over successive trials. This is 
similar to a previous study in guppies where groups of  fish made 
faster collective decisions to avoid a predator (Hansen et al. 2021). 
Improvement in decision-making speed over trials could be due to 
social facilitation (Brown and Laland 2003) where one or more in-
dividuals enable others to find the food reward and the facilitation 
process speeds up over successive trials. The fish could also get 
more habituated with the setup over successive trials resulting in a 
decrease in decision-making time. The large-harvested line fish col-
lectively entered the reward chamber significantly faster and almost 
instantaneously post-release during the probe trial compared to the 
sixth-day trial. This does not agree with our expectation that the 
large-harvested line will make slower decisions because they are less 
cohesive and individually more vigilant (Sbragaglia et al. 2022a), 
and demonstrate higher within-group behavioral variability (Roy and 
Arlinghaus 2022). However, Sbragaglia et al. (2021) and  Roy and 
Arlinghaus (2022) also showed that the large-harvested line fish dem-
onstrated shy behavioral tendencies as adults. After the six-day in-
terval period, the low risk-taking tendency could have driven all fish 
to choose the red door compartment together. Red is a preferred and 
attractive color for zebrafish (Avdesh et al. 2012; Roy et al. 2019) and 
all individuals chose to enter this preferred door leading to an instan-
taneous decision that may be an outcome of  shyness.

Though we saw differences in associative and decision-making 
abilities among selection lines, the fact that selection was stopped 
for 10 generations might have caused some trait recovery after 
the initial bout of  selection and evolution. Studies in Atlantic 

silverside Menidia menidia have shown that stopping selection for a 
couple of  generations after size-selective harvesting induced evo-
lutionary changes in life-history traits led to partial trait recovery 
(Conover et al. 2009; Salinas et al. 2012). Yet, the feeding rate 
in silversides did not bounce back to pre-harvesting levels after 
selection was stopped, which indicated that this trait was evolu-
tionary fixed (Salinas et al. 2012). As our study tested learning 
and decision-making while finding food, the studies in silversides 
lend some support by showing that stopping selection might not 
have hampered the feeding behavior of  size-selected fish. The 
differences observed among selection lines in our study could 
be further due to factors like density (Bouffet-Halle et al. 2021; 
Crespel et al. 2021a, 2021b) and genetic drift (Therkildsen et 
al. 2019). A recent study in medaka showed that life-history di-
vergence may not be caused by direct harvest selection but by 
density-dependent selection for a larger body size (Bouffet-Halle 
et al. 2021). Though we held fish at a uniform density of  eight in-
dividuals per box right from the embryonic stage and throughout 
the period of  experiments, there might have been differences in 
density in the holding tanks during rearing and development. 
These differences in population developmental density can de-
termine the evolutionary potential of  size selection (Crespel et al. 
2021a). Genetic drift may cause differences between the selection 
line replicates as shown in Atlantic silversides (Therkildsen et al. 
2019) and this may account for the variations among selection 
lines. Another limitation of  this study is the non-existence of  an 
unharvested control which may better represent a wild or unex-
ploited population.

CONCLUSIONS
Our work extends the evolutionary consequences of  harvesting 
from the much-studied life history and behavioral domains to the 
cognitive domain. Size-selective harvesting typical of  most com-
mercial and recreational fisheries had the most significant impact 
on associative learning and group decision-making in zebrafish 
by reducing learning speed but strengthening collective decision 
memory. These effects could affect growth and survival of  ex-
ploited populations because learning and making timely decisions 
are crucial for finding resources, avoiding dangers and adapting 
to changing environments. Further investigations are warranted 
to understand if  the observed differences across selection lines ex-
tend to other cognitive abilities, whether reduced learning is due 
to reduced brain size and reduced neuronal cell count and den-
sity as a tradeoff with reproduction as supposed (Isler and van 
Schaik 2009; Kotrschal et al. 2013; Marhounová et al. 2019), and 
whether altered cognitive abilities affect survival against natural 
and human predation. One possible outcome could be an in-
creased natural but decreased gear-induced mortality associated 
with reduced collective associative performance in fish evolution-
arily adapted to large size-selection, as predicted by a previous 
modeling study by Sbragaglia et al. (2022a). But, whether this 
actually happens has to be examined through detailed experi-
ments that would test the propensity of  the selection lines to get 
caught in active and passive gears, and to be predated upon by 
fish predators.

SUPPLEMENTARY MATERIAL
Supplementary material can be found at Behavioral Ecology online.

691

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article/34/4/682/7172770 by Leibniz-Institut fuer G

ew
aesseroekologie und Binnenfischerei im

 Forschungsverbund Berlin e.V., Bibliothek user on 21 July 2023



Behavioral Ecology

ETHICS STATEMENT
This study was approved by State Office for Health and Social Affairs 
Berlin (LaGeSo), Germany (approval number: G 0036/21).

ACKNOWLEDGEMENTS
We thank David Jonathan Lewis and Immanuel Kadlec for help with 
breeding and maintaining zebrafish, and Jelena Lewin for assistance during 
the experiments and with scoring video data. We acknowledge the immense 
work by Silva Uusi-Heikkilä in initiating the zebrafish selection lines. We 
also thank Jens Krause and Matthew Hansen for valuable inputs with the 
video analysis. We thank the two anonymous reviewers for their comments 
that helped us improve our manuscript substantially.

FUNDING
T.R. was supported by a postdoctoral research fellowship from Alexander 
von Humboldt foundation, Germany.

AUTHOR CONTRIBUTIONS
T.R. and R.A. conceived the study. T.R. performed the associative learning 
assays and Ta.R. conducted the collective decision-making experiment. T.R. 
analyzed and interpreted the data and wrote the manuscript with inputs 
from R.A.

CONFLICT OF INTEREST
The authors declare no conflict of  interest.

DATA AVAILABILITY
Analyses reported in this article can be reproduced using the data provided 
by Roy et al. (2023).

Handling Editor: Emilie Snell-Rood

REFERENCES
Allendorf  FW, Hard JJ. 2009. Human-induced evolution caused by unnat-

ural selection through harvest of  wild animals. Proc Natl Acad Sci USA. 
106:9987–9994.

Andersen KH, Marty L, Arlinghaus R. 2018. Evolution of  boldness and 
life history in response to selective harvesting. Can J Fish Aquat Sci. 
75:271–281.

Arlinghaus R, Laskowski KL, Alos J, Klefoth T, Monk CT, Nakayama S, 
Schroder A. 2017. Passive gear-induced timidity syndrome in wild fish 
populations and its potential ecological and managerial implications. Fish 
and Fisheries 18:360–373.

Arlinghaus R, Matsumura S, Dieckmann U. 2009. Quantifying selection 
differentials caused by recreational fishing: development of  modeling 
framework and application to reproductive investment in pike (Esox 
lucius). Evol Appl. 2:335–355.

Avdesh A, Martin-Iverson MT, Mondal A, Chen M, Askraba S, Morgan 
N, Lardelli M, Groth DM, Verdile G, Martins RN. 2012. Evaluation of  
color preference in zebrafish for learning and memory. J Alzheimers Dis. 
28:459–469.

Axelrod CJ, Laberge F, Robinson BW. 2020. Isolating the effects of  onto-
genetic niche shift on brain size development using pumpkinseed sunfish 
ecotypes. Evolution & Development 22:312–322.

Bates D, Maechler M, Bolker B, 2012. lme4: linear mixed-effects models 
using S4 classes, 2011. R package version 0.999375-42..

Bensky MK, Bell AM. 2020. Predictors of  individual variation in re-
versal learning performance in three-spined sticklebacks. Anim Cogn 
23(5)::925–938. doi:10.1007/s10071-020-01399-8.

Bouffet-Halle A, Meriguet J, Carmignac D, Agostini S, Millot A, Perret S, 
Motard E, Decenciere B, Edeline E. 2021. Density-dependent natural 
selection mediates harvest-induced trait changes. Ecol Lett 24:648–657.

Boussard A, Amcoff M, Buechel SD, Kotrschal A, Kolm N. 2021. The link 
between relative brain size and cognitive ageing in female guppies (Poecilia 

reticulata) artificially selected for variation in brain size. Exp Gerontol. 
146:111218.

Brown C, Braithwaite VA. 2005. Effects of  predation pressure on the cogni-
tive ability of  the poeciliid Brachyraphis episcopi. Behav Ecol. 16:482–487.

Brown C, Laland KN. 2003. Social learning in fishes: a review. Fish and 
fisheries 4:280–288.

Brydges NM, Colegrave N, Heathcote RJ, Braithwaite VA. 2008. Habitat 
stability and predation pressure affect temperament behaviours in popu-
lations of  three-spined sticklebacks. J Anim Ecol. 77:229–235.

Buechel SD, Boussard A, Kotrschal A, van der Bijl W, Kolm N. 2018. 
Brain size affects performance in a reversal-learning test. Proc Biol Sci 
285:20172031.

Buechel SD, Noreikiene K, DeFaveri J, Toli E, Kolm N, Merilä J. 2019. 
Variation in sexual brain size dimorphism over the breeding cycle in the 
three-spined stickleback. J Exp Biol. 222:jeb194464.

Cabrera D, Nilsson JR, Griffen BD. 2021. The development of  an-
imal personality across ontogeny: a cross-species review. Anim Behav. 
173:137–144.

Claireaux M, Jorgensen C, Enberg K. 2018. Evolutionary effects of  
fishing gear on foraging behavior and life-history traits. Ecol Evol. 
8:10711–10721.

Conover DO, Munch SB, Arnott SA. 2009. Reversal of  evolutionary 
downsizing caused by selective harvest of  large fish. Proc Biol Sci. 
276:2015–2020.

Crespel A, Miller T, Racz A, Parsons K, Lindstrom J, Killen S. 2021a. 
Density influences the heritability and genetic correlations of  fish behav-
iour under trawling-associated selection. Evol Appl. 14:2527–2540.

Crespel A, Schneider K, Miller T, Racz A, Jacobs A, Lindstrom J, Elmer 
KR, Killen SS. 2021b. Genomic basis of  fishing-associated selection varies 
with population density. Proc Natl Acad Sci USA. 118:e2020833118.

Croft DP, Krause J, Couzin ID, Pitcher TJ. 2003. When fish shoals meet: 
outcomes for evolution and fisheries. Fish and Fisheries 4:138–146.

Daniel DK, Bhat A. 2020. Bolder and brighter? exploring correlations 
between personality and cognitive abilities among individuals within a 
population of  wild Zebrafish, Danio rerio. Front Behav Neurosci. 14:138. 
doi:10.3389/fnbeh.2020.00138.

DePasquale C, Wagner T, Archard GA, Ferguson B, Braithwaite VA. 2014. 
Learning rate and temperament in a high predation risk environment. 
Oecologia 176:661–667.

Diaz Pauli B, Garric S, Evangelista C, Vollestad LA, Edeline E. 2019. 
Selection for small body size favours contrasting sex-specific life histories, 
boldness and feeding in medaka, Oryzias latipes. BMC Evol Biol. 19:127. 

Dougherty LR, Guillette LM. 2018. Linking personality and cognition: a 
meta-analysis. Philos Trans R Soc Lond B Biol Sci 373(1756):20170282. 
doi:10.1098/rstb.2017.0282.

Edenbrow M, Croft DP. 2011. Behavioural types and life history strategies 
during ontogeny in the mangrove killifish, Kryptolebias marmoratus. Anim 
Behav. 82:731–741. 

Enberg K, Jorgensen C, Dunlop ES, Varpe O, Boukal DS, Baulier L, 
Eliassen S, Heino M. 2012. Fishing-induced evolution of  growth: con-
cepts, mechanisms and the empirical evidence. Mar Ecol-Evol Persp 
33:1–25. 

Festa-Bianchet M, Mysterud A. 2018. Hunting and evolution: theory, evi-
dence, and unknowns. J Mammal. 99:1281–1292.

Fong S, Buechel SD, Boussard A, Kotrschal A, Kolm N. 2019. Plastic 
changes in brain morphology in relation to learning and environmental 
enrichment in the guppy (Poecilia reticulata). J Exp Biol. 222:jeb200402.

Fox J, Friendly GG, Graves S, Heiberger R, Monette G, Nilsson H, Ripley 
B, Weisberg S, Fox MJ, Suggests M, 2007. The car package. R Foundation 
for Statistical Computing 1109:1431.

Griffin AS, Guillette LM, Healy SD. 2015. Cognition and personality: an 
analysis of  an emerging field. Trends Ecol Evol 30:207–214.

Groothuis TG, Trillmich F. 2011. Unfolding personalities: the importance 
of  studying ontogeny. Dev Psychobiol. 53:641–655.

Guenther A, Brust V. 2017. Individual consistency in multiple cognitive 
performance: behavioural versus cognitive syndromes. Anim Behav. 
130:119–131.

Hamilton SL, Caselle JE, Standish JD, Schroeder DM, Love MS, Rosales-
Casian JA, Sosa-Nishizaki O. 2007. Size-selective harvesting alters life 
histories of  a temperate sex-changing fish. Ecol Appl. 17:2268–2280. 

Hansen MJ, Burns AL, Monk CT, Schutz C, Lizier JT, Ramnarine I, Ward 
AJW, Krause J. 2021. The effect of  predation risk on group behaviour 
and information flow during repeated collective decisions. Anim Behav 
173:215–239. doi:10.1016/j.anbehav.2021.01.005.

692

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article/34/4/682/7172770 by Leibniz-Institut fuer G

ew
aesseroekologie und Binnenfischerei im

 Forschungsverbund Berlin e.V., Bibliothek user on 21 July 2023

https://doi.org/10.1007/s10071-020-01399-8
https://doi.org/10.3389/fnbeh.2020.00138
https://doi.org/10.1098/rstb.2017.0282
https://doi.org/10.1016/j.anbehav.2021.01.005


Roy et al. • Impact of  size selection on cognition in zebrafish

Heino M, Diaz Pauli B, Dieckmann U. 2015. Fisheries-induced 
evolution. Annu Rev Ecol Evol S 46:461-+. doi:10.1146/
annurev-ecolsys-112414-054339.

Hollins J, Thambithurai D, Koeck B, Crespel A, Bailey DM, Cooke SJ, 
Lindström J, Parsons KJ, Killen SS. 2018. A physiological perspective on 
fisheries-induced evolution. Evol Appl. 11:561–576.

Ioannou CC, Dall SR. 2016. Individuals that are consistent in risk-taking 
benefit during collective foraging. Sci Rep. 6:1–9.

Isler K, van Schaik CP. 2009. The expensive brain: a framework for ex-
plaining evolutionary changes in brain size. J Hum Evol. 57:392–400.

Isler K, Van Schaik CP. 2006. Metabolic costs of  brain size evolution. Biol 
Lett. 2:557–560.

Jolles JW, Boogert NJ, Sridhar VH, Couzin ID, Manica A, 2017. Consistent 
individual differences drive collective behavior and group functioning of  
schooling fish. Curr Biol 27:2862–2868. 

Jørgensen C, Enberg K, Dunlop ES, Arlinghaus R, Boukal DS, Brander K, 
Ernande B, Gardmark A, Johnston F, Matsumura S, et al. 2007. Ecology: 
managing evolving fish stocks. Science. 318:1247–1248. 

Jørgensen C, Ernande B, Fiksen O. 2009. Size-selective fishing gear and life 
history evolution in the Northeast Arctic cod. Evol Appl. 2:356–370. 

Kareklas K, Elwood RW, Holland RA. 2017. Personality effects on spatial 
learning: comparisons between visual conditions in a weakly electric fish. 
Ethology 123:551–559.

Kareklas K, Elwood RW, Holland RA. 2018. Fish learn collectively, but 
groups with differing personalities are slower to decide and more likely to 
split. Biol Open 7(5):bio033613. doi:10.1242/bio.033613.

Kassambara A, Kassambara MA, 2020. Package “ggpubr.” R package version 
0.1 6(0).

Kendall NW, Dieckmann U, Heino M, Punt AE, Quinn TP. 2014. Evolution 
of  age and length at maturation of  Alaskan salmon under size-selective 
harvest. Evol Appl. 7:313–322.

Kniel N, Guenther A, Godin J-GJ. 2020. Individual personality does not 
predict learning performance in a foraging context in female guppies, 
Poecilia reticulata. Anim Behav. 167:3–12. 

Kotrschal A, Corral-Lopez A, Amcoff M, Kolm N. 2015. A larger brain 
confers a benefit in a spatial mate search learning task in male guppies. 
Behav Ecol. 26:527–532.

Kotrschal A, Rogell B, Bundsen A, Svensson B, Zajitschek S, Brannstrom 
I, Immler S, Maklakov AA, Kolm N. 2013. Artificial selection on rela-
tive brain size in the guppy reveals costs and benefits of  evolving a larger 
brain. Curr Biol. 23:168–171.

Krause J, Ruxton GD, 2002. Living in groups. Oxford University Press, 
Oxford.

Kuparinen A, Festa-Bianchet M. 2017. Harvest-induced evolution: insights 
from aquatic and terrestrial systems. Philos Trans R Soc Lond B Biol Sci 
372(1712):20160036. doi:10.1098/rstb.2016.0036.

Kuparinen A, Kuikka S, Merilä J. 2009. Estimating fisheries-induced selec-
tion: traditional gear selectivity research meets fisheries-induced evolu-
tion. Evol Appl. 2:234–243.

Kuznetsova A, Brockhoff PB, Christensen RHB. 2017. lmerTest Package: 
tests in linear mixed effects models. J Stat Softw 82:1–26.

Laskowski KL, Moiron M, Niemela PT. 2021. Integrating behavior in 
life-history theory: allocation versus acquisition? Trends Ecol Evol. 
36:132–138.

Leclerc M, Zedrosser A, Pelletier F. 2017. Harvesting as a potential selective 
pressure on behavioural traits. J Appl Ecol. 54:1941–1945.

Makino H, Masuda R, Tanaka M. 2006. Ontogenetic changes of  learning 
capability under reward conditioning in striped knifejaw Oplegnathus 
fasciatus juveniles. Fish Sci. 72:1177–1182.

Marhounová L, Kotrschal A, Kverková K, Kolm N, Němec P. 2019. 
Artificial selection on brain size leads to matching changes in overall 
number of  neurons. Evolution 73:2003–2012.

Matsumura S, Arlinghaus R, Dieckmann U. 2011. Assessing evolutionary 
consequences of  size-selective recreational fishing on multiple life-history 
traits, with an application to northern pike (Esox lucius). Evol Ecol. 
25:711–735.

McAroe CL, Craig CM, Holland RA. 2017. Shoaling promotes place 
over response learning but does not facilitate individual learning of  
that strategy in zebrafish (Danio rerio). BMC Zool 2(1):1–8. doi:10.1186/
s40850-017-0019-9.

Monk CT, Bekkevold D, Klefoth T, Pagel T, Palmer M, Arlinghaus R. 2021. 
The battle between harvest and natural selection creates small and shy 
fish. Proc Natl Acad Sci USA 118:e2009451118.

Muller UK, Stamhuis EJ, Videler JJ. 2000. Hydrodynamics of  unsteady fish 
swimming and the effects of  body size: comparing the flow fields of  fish 
larvae and adults. J Exp Biol. 203:193–206.

Müller UK. 2020. Swimming and muscle. In: Finn RN, Kapoor BG, edi-
tors.  Fish larval physiology: 1st ed. Boca Raton, Florida, USA:  CRC 
Press. p. 523–549.

Navarrete A, Van Schaik CP, Isler K. 2011. Energetics and the evolution of  
human brain size. Nature. 480:91–93.

Polverino G, Cigliano C, Nakayama S, Mehner T. 2016. Emergence and 
development of  personality over the ontogeny of  fish in absence of  envi-
ronmental stress factors. Behav Ecol Sociobiol. 70:2027–2037.

Raichle ME, Gusnard DA. 2002. Appraising the brain’s energy budget. 
Proc Natl Acad Sci USA. 99:10237–10239.

R Development Core Team. 2019. R: a language and environment for statistical 
computing, 3.6.1. Vienna, Austria: R Foundation for Statistical Computing.

Réale D, Garant D, Humphries MM, Bergeron P, Careau V, Montiglio 
P-O. 2010. Personality and the emergence of  the pace-of-life syndrome 
concept at the population level. Philosophical Transactions of  the Royal 
Society B: Biological Sciences 365:4051–4063.

Redpath TD, Cooke SJ, Suski CD, Arlinghaus R, Couture P, Wahl DH, 
Philipp DP. 2010. The metabolic and biochemical basis of  vulnerability 
to recreational angling after three generations of  angling-induced selec-
tion in a teleost fish. Can J Fish Aquat Sci. 67:1983–1992.

Renneville C, Millot A, Agostini S, Carmignac D, Maugars G, Dufour S, Le 
Rouzic A, Edeline E. 2020. Unidirectional response to bidirectional se-
lection on body size. I. Phenotypic, life-history, and endocrine responses. 
Ecol Evol. 10:10571–10592.

Rijnsdorp A. 1993. Fisheries as a large-scale experiment on life-history 
evolution: disentangling phenotypic and genetic effects in changes in 
maturation and reproduction of  North Sea plaice, Pleuronectes platessa L. 
Oecologia 96:391–401.

Roy T, Arlinghaus R. 2022. Size-selective mortality fosters ontogenetic 
changes in collective risk-taking behaviour in zebrafish, Danio rerio. 
Oecologia 200:89–106.

Roy T, Bhat A. 2017. Social learning in a maze? Contrasting individual per-
formance among wild zebrafish when associated with trained and naive 
conspecifics. Behav Process. 144:51–57. 

Roy T, Bhat A. 2018a. Divergences in learning and memory among wild 
zebrafish: Do sex and body size play a role? Learning & Behavior 46:124–133.

Roy T, Bhat A. 2018b. Population, sex and body size: determinants of  be-
havioural variations and behavioural correlations among wild zebrafish 
Danio rerio. R Soc Open Sci. 5:170978. doi:10.1098/rsos.170978.

Roy T, Fromm K, Sbragaglia V, Bierbach D, Arlinghaus R. 2021. Size 
selective harvesting does not result in reproductive isolation among ex-
perimental lines of  Zebrafish, Danio rerio: Implications for managing 
harvest-induced evolution. Biology (Basel) 10(2):113. doi:10.3390/
biology10020113.

Roy T, Rohr T, Arlinghaus R. 2023. Size-selective harvesting impacts 
learning and decision-making in zebrafish. Behav Ecol. doi:10.5061/
dryad.8cz8w9gw8.

Roy T, Shukla R, Bhat A. 2017. Risk-taking during feeding: between- and 
within-population variation and repeatability across contexts among wild 
zebrafish. Zebrafish 14:393–403.

Roy T, Suriyampola PS, Flores J, López M, Hickey C, Bhat A, Martins EP. 
2019. Color preferences affect learning in zebrafish, Danio rerio. Sci Rep. 
9:14531.

Salinas S, Perez KO, Duffy TA, Sabatino SJ, Hice LA, Munch SB, Conover 
DO. 2012. The response of  correlated traits following cessation of  
fishery-induced selection. Evol Appl. 5:657–663. 

Sbragaglia V, Alos J, Fromm K, Monk CT, Diaz-Gil C, Uusi-Heikkila S, 
Honsey AE, Wilson ADM, Arlinghaus R. 2019a. Experimental size-
selective harvesting affects behavioral types of  a social fish. Trans Am 
Fish Soc. 148:552–568.

Sbragaglia V, Gliese C, Bierbach D, Honsey AE, Uusi-Heikkila S, 
Arlinghaus R. 2019b. Size-selective harvesting fosters adaptations in 
mating behaviour and reproductive allocation, affecting sexual selection 
in fish. J Anim Ecol. 88:1343–1354.

Sbragaglia V, Klamser PP, Romanczuk P, Arlinghaus R. 2022a. Evolutionary 
impact of  size-selective harvesting on shoaling behavior: individual-level 
mechanisms and possible consequences for natural and fishing mortality. 
Am Nat. 199:480–495.

Sbragaglia V, Lopez-Olmeda JF, Frigato E, Bertolucci C, Arlinghaus R. 
2021. Size-selective mortality induces evolutionary changes in group 

693

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article/34/4/682/7172770 by Leibniz-Institut fuer G

ew
aesseroekologie und Binnenfischerei im

 Forschungsverbund Berlin e.V., Bibliothek user on 21 July 2023

https://doi.org/10.1146/annurev-ecolsys-112414-054339
https://doi.org/10.1146/annurev-ecolsys-112414-054339
https://doi.org/10.1242/bio.033613
https://doi.org/10.1098/rstb.2016.0036
https://doi.org/10.1186/s40850-017-0019-9
https://doi.org/10.1186/s40850-017-0019-9
https://doi.org/10.1098/rsos.170978
https://doi.org/10.3390/biology10020113
https://doi.org/10.3390/biology10020113
https://doi.org/10.5061/dryad.8cz8w9gw8
https://doi.org/10.5061/dryad.8cz8w9gw8


Behavioral Ecology

risk-taking behaviour and the circadian system in a fish. J Anim Ecol. 
90:387–+-]4403.

Sbragaglia V, Roy T, Thörnqvist P-O, López-Olmeda JF, Winberg S, 
Arlinghaus R. 2022b. Evo7lutionary implications of  size-selective mor-
tality on the ontogenetic development of  shoal cohesion: a neurochem-
ical approach using a zebrafish, Danio rerio, harvest selection experiment. 
Behav Ecol Sociobiol. 76(12):154.

Shettleworth SJ, 2010. Cognition, evolution, and behavior: New York, 
USA: Oxford University Press.

Sih A, Del Giudice M. 2012. Linking behavioural syndromes and cogni-
tion: a behavioural ecology perspective. Philosophical Transactions of  the 
Royal Society B: Biological Sciences 367:2762–2772.

Sowersby W, Eckerstrom-Liedholm S, Kotrschal A, Naslund J, Rowinski P, 
Gonzalez-Voyer A, Rogell B. 2021. Fast life-histories are associated with 
larger brain size in killifishes. Evolution 75(9):2286–2298. doi:10.1111/
evo.14310.

Spear NE, Campbell BA. 2014. Ontogeny of  learning and memory (PLE: 
Memory). London, UK: Psychology Press.

Spence R, Magurran AE, Smith C. 2011. Spatial cognition in zebrafish: the 
role of  strain and rearing environment. Anim Cogn. 14:607–612.

Suriyampola PS, Shelton DS, Shukla R, Roy T, Bhat A, Martins EP. 2016. 
Zebrafish Social Behavior in the Wild. Zebrafish 13:1–8.

Takahashi K, Masuda R, Yamashita Y. 2010. Ontogenetic changes in the 
spatial learning capability of  jack mackerel Trachurus japonicus. J Fish Biol. 
77:2315–2325.

Therkildsen NO, Wilder AP, Conover DO, Munch SB, Baumann H, 
Palumbi SR. 2019. Contrasting genomic shifts underlie parallel pheno-
typic evolution in response to fishing. Science. 365:487–490. 

Trompf  L, Brown C. 2014. Personality affects learning and trade-offs be-
tween private and social information in guppies, Poecilia reticulata. Anim 
Behav. 88:99–106.

Tsuboi M, Husby A, Kotrschal A, Hayward A, Buechel SD, Zidar J, Løvlie 
H, Kolm N. 2015. Comparative support for the expensive tissue hypo-
thesis: big brains are correlated with smaller gut and greater parental in-
vestment in Lake Tanganyika cichlids. Evolution 69:190–200.

Uusi-Heikkila S, Lindstrom K, Parre N, Arlinghaus R, Alos J, Kuparinen A. 
2016. Altered trait variability in response to size-selective mortality. Biol 
Lett. 12:20160584. doi:10.1098/rsbl.2016.0584.

Uusi-Heikkila S, Savilammi T, Leder E, Arlinghaus R, Primmer CR. 2017. 
Rapid, broad-scale gene expression evolution in experimentally harvested 
fish populations. Mol Ecol. 26:3954–3967. 

Uusi-Heikkila S, Whiteley AR, Kuparinen A, Matsumura S, Venturelli PA, 
Wolter C, Slate J, Primmer CR, Meinelt T, Killen SS, et al. 2015. The ev-
olutionary legacy of  size-selective harvesting extends from genes to popu-
lations. Evol Appl. 8:597–620.

Valente A, Huang KH, Portugues R, Engert F. 2012. Ontogeny of  classical 
and operant learning behaviors in zebrafish. Learn Mem. 19:170–177.

van Horik JO, Madden JR. 2016. A problem with problem solving: motiva-
tional traits, but not cognition, predict success on novel operant foraging 
tasks. Anim Behav. 114:189–198. 

Wallace KJ, Rausch RT, Ramsey ME, Cummings ME. 2020. Sex differ-
ences in cognitive performance and style across domains in mosquitofish 
(Gambusia affinis). Anim Cogn. 23:655–669.

Wickham H. 2011. ggplot2. Wiley Interdiscip Rev Comput Stat. 3:180–185.
Wickham H. 2020. Package ‘plyr’. A Grammar of  Data Manipulation. R 

package version, 8.

694

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article/34/4/682/7172770 by Leibniz-Institut fuer G

ew
aesseroekologie und Binnenfischerei im

 Forschungsverbund Berlin e.V., Bibliothek user on 21 July 2023

https://doi.org/10.1111/evo.14310
https://doi.org/10.1111/evo.14310
https://doi.org/10.1098/rsbl.2016.0584

