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Early environment often has profound effects on phenotypic development that last
throughout the lifetime. It has been suggested that unpredictable environments may
favor cognitive abilities. However, cognitive challenges during development may result
in life-history trade-offs, because complex neural reorganization required for coping with
these challenges entails stress and energy costs. In this study, we experimentally tested
whether early exposure to different cognitive challenges influences cognitive ability, brain
size and life-history traits in the three-spined stickleback (Gasterosteus aculeatus). For
this, juvenile sticklebacks were challenged over a 2-month period to resolve four different
learning tasks. Contrary to our predictions, individuals trained in learning tasks later
showed a reduced ability to solve a new maze task, suggesting that these learning
tasks during early life may impair the ability to cope with new cognitive challenges.
Females from the learning task group showed smaller optic tectum volume than the
control females. Fish from the learning task treatment reduced their growth during the
experiment, then accelerated growth to catch up until the breeding season. Sticklebacks
reared in an environment with learning tasks also suffered a greater mortality than the
controls both during and after the experiment. For the first time to our knowledge,
we demonstrated direct costs of living in environments with cognitive challenges by
tracking long-term performances of sticklebacks exposed to dynamic challenges during
early life. Our results show that environmental challenges during ontogeny trigger plastic
responses, but contrary to the common belief, do not improve the ability to cope with
new cognitive challenges.

Keywords: brain, cognition, costs of learning, Gasterosteus aculeatus, learning, life-history

INTRODUCTION

Environmental conditions during early development play a crucial role in shaping an organism’s
phenotype with substantial and long-lasting consequences (West-Eberhard, 2003). Living in
complex environments in which individuals repeatedly encounter cognitive challenges to gain
resources during their early life may favor increased cognitive abilities (e.g., Mery and Kawecki,
2002; Fawcett et al., 2014; Dridi and Lehmann, 2015). Indeed, several studies have shown that
complex environments produce plastic responses in brain functions (reviewed in Ebbesson and
Braithwaite, 2012). Behavioral adjustments through learning should allow individuals to cope with
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environmental challenges, such as avoiding predators and finding
food (Dukas, 2004; Mery, 2013). These challenges during
ontogeny may trigger developmental pathways in cognitive
functions for remembering, problem solving and decision-
making (Kotrschal and Taborsky, 2010; Sauce et al., 2018), which
can be costly processes (Niven and Laughlin, 2008; Chittka et al.,
2009; Burns et al., 2010). Thus, the energetic costs of collecting,
processing and storing information may mediate trade-offs
between cognitive abilities and life-history traits (Burger et al.,
2008). However, the effects of environment-driven cognitive
challenges during early development on cognitive abilities and
life-history traits have not hitherto been investigated.

Individuals should frequently make behavioral decisions to
solve problems related to foraging and habitat selection. An
individual’s behavior patterns expressed in specific conditions are
the product of learning mechanisms, such as how it perceives
its environments, values resources and remembers its past
experiences (Fawcett et al., 2012). Environmental conditions and
experiences, especially during early life, can modulate cognitive
traits by changing neural development, structure and function
(Fox et al., 2010; Buchanan et al., 2013). Cognitive challenges
may promote neural plasticity and synaptic reorganization (e.g.,
Nilsson et al., 1999; Xu et al., 2009; Matzel and Kolata, 2010;
Salvanes et al., 2013) or induce morphological changes in
different brain regions (e.g., Lema et al., 2005; Scholz et al., 2015).
However, the development and maintenance of neural structures
in the brain, an organ with high energy demands, may trade off
against other costly organs and biological functions. For instance,
previous experimental studies showed that animals selected
for learning or large brain size had a shorter lifespan despite
the adaptive advantages of learning (e.g., Burger et al., 2008;
Kotrschal et al., 2019) and this genetic trade-off is also expected
at the individual level. Thus, the evolution of learning ability and
brain functions may be constrained by longevity, possibly due to
the cost of cognitive functions. However, it is unclear whether
cognitive challenges during development later increases overall
cognitive functions (Light et al., 2010) or, on the contrary, causes
an overall cognitive impairment due to the costs associated with
an investment in learning (e.g., Jaumann et al., 2013).

The cost of living in environments with cognitive challenges
may arise from the energy requirement for neural reorganization
occurring during the learning process (Dunlap and Stephens,
2016). Thus, learning is likely to divert energy away from
other energetically costly functions, such as somatic growth
(Fisher et al., 2006), immune system (Anton et al., 2007), and
reproduction (Mery and Kawecki, 2003). In addition, cognitive
challenges may have negative impact on life-history traits such
as growth and reproduction through stress (Romero, 2004).
Environmental challenges may elevate the production of stress
hormones, with contrasting effects on learning depending on the
stress level. A mild elevation of stress hormones is required for
memory acquisition, but high levels of stress impair memory
function (Sandi, 2013; Schwabe and Wolf, 2013). Prolonged
secretion of glucocorticoids may also result in elevated oxidative
stress, with negative consequences for fitness (Costantini, 2008;
Haussmann and Marchetto, 2010), including cognitive deficits
(Sorce and Krause, 2009). To explicitly test short- and long-term

costs of growing in an environment with cognitive challenges,
it is necessary to follow individual performances during the
lifetime in animals that adjust their behavior (Fawcett et al., 2014)
and modulate stress responses (Buchanan et al., 2013) during
early development.

In this study, we experimentally tested whether early exposure
to learning tasks influences cognitive ability and life-history traits,
especially growth, maturation, and survival in the three-spined
stickleback (Gasterosteus aculeatus). In natural populations,
sticklebacks experience seasonal changes in foraging conditions
and are able to learn new foraging tasks (Girvan and Braithwaite,
1998; Brydges et al., 2008; Feng et al., 2015). Compared to other
vertebrates, neurogenesis persists longer and brain continuously
grows during the lifetime in fishes (Zupanc and Horschke,
1995; Zupanc, 2001). Thus, changes in the early environment
may influence brain development and cognitive abilities in
juvenile sticklebacks (Kotrschal and Taborsky, 2010; Salvanes
et al., 2013), with possibly long-lasting consequences. In this
experiment, we repeatedly exposed F1 juvenile sticklebacks,
originated from a wild population, to different learning tasks over
a 2-month period.

We studied whether the exposure to different learning
tasks influenced brain size, cognitive ability, growth in body
mass and size, reproductive performances and survival of the
fish. We predicted that the exposure to learning tasks during
early development would increase the ability to solve new
environmental challenges. We expected that sticklebacks would
develop larger brains or brain regions when exposed to the
learning tasks to meet increased demands for adjusting their
behavioral phenotype. Alternatively, problem-solving ability and
brain size would be reduced if learning tasks during development
impose costs in neural or cognitive functions. Furthermore, we
explored sex differences in changes of brain size and cognitive
performance because brain size differs between the two sexes in
stickleback species (Kotrschal et al., 2012; Herczeg et al., 2015;
Toli et al., 2017) probably due to sex-specific reproductive roles
(Bell and Foster, 1994; Herczeg et al., 2014). If repeated learning
of different tasks entails costs, we expect its negative effects on
life-history traits, such as growth and survival.

MATERIALS AND METHODS

Experimental Fish
For this study, we used F1 individuals obtained from three-spined
sticklebacks captured in Rio Ulla (Spain). In this population,
sticklebacks reproduce by spawning repeatedly throughout a
single relatively long breeding season, after which they die
(Kim and Velando, 2016). Adult wild fish captured in February
2017 were individually housed in 8-L tanks. A total of 30 full-
sibling families were produced between April and June 2017
by crossing 21 sires and 20 dams. Each adult bred up to twice
with different mates by pairing with one mate at a time. Each
fertilized clutch was collected from the nest within 3 h and
individually incubated until hatching. F1 fish were fed daily
(twice up to age 2 months, then once a day) to satiation (i.e.,
until all fish stopped eating and were not interested in food) on
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a progressive diet of newly hatched Artemia and a commercial
pelleted diet (˜0.1–0.3 g wet mass per tank; Gemma Micro,
Skretting, Norway). Pellet food contained 59% protein, 14% fat,
14% ash, and 2% others compounds. Fish were fed (1) solely
with Artemia from hatching to age 15 days, (2) with Artemia
and food pellets from age of 15 days to 40 days and (3) solely
with food pellets from age 40 days onward. Food pellets were
provided >5 h before the administration of Artemia during the
mixed diet regime. At age 40 days, a sample of 10 fish from
each full-sib family was randomly selected and allocated into
two 8-L “growth tanks,” each housing 5 individuals (n = 60
tanks and 300 individuals). The growth tanks were connected to
closed water systems, in which water was continuously filtered
for nitrification, aerated and temperature-controlled by the
combined flow-through function. The programmed photoperiod
and temperature in the tanks reflected the natural seasonal
pattern in the region. Before the onset of experimental treatment,
all fish were habituated to feed on moistened food pellets,
which immediately sink on the bottom of the tank. In early
September (at age 103.8 ± 11.5 days), all individuals were
permanently marked with color elastomer tags (Northwest
Marine Technologies, Shaw Island, WA, United States) under a
low dose of benzocaine anesthetic to allow identification.

Learning Tasks
In October (at age 134.3 ± 11.7 days), the two tanks of each
family were randomly assigned to either the “learning task” or
the “control” group (n = 130 and 134 individuals, respectively,
see Supplementary Figure 1). Due to relatively high natural
mortality during early life stages of fish, the number of fish in
the growth tanks ranged between 3 and 5 fish (mean ± S.E.
number of fish: learning task group: 4.52 ± 0.728; control group:
4.63 ± 0.679) but did not differ between the experimental
treatments (GLMM: LRT, χ2

1 = 0.155, p= 0.693).
During the experimental treatment, juveniles from the

learning task and control groups were similarly exposed to four
different apparatuses during 68 days. In the learning task group,
the apparatuses were introduced into the growth tanks and
fish had to adjust their behavior to learn how to access food
rewards by discriminating between false and true entrances. The
entrances were associated with two different colors; one indicates
the entrance to reach the food and the other does not (see details
in Supplementary Material, Apparatuses and Supplementary
Figure 2). Sticklebacks have good color vision and rely heavily on
this sense to recognize and locate prey (Rick et al., 2012; Wootton,
2012; Flamarique et al., 2013; Rennison et al., 2016). The control
fish were exposed to similar apparatuses, but all entrances of
different colors were open and food was provided inside and/or
outside the apparatuses (see Supplementary Material for details
of different control apparatuses). In order to reduce neophobic
behaviors, fish in both groups were previously exposed to each
apparatus for 24 h before the first trial, but without food rewards.
The next day, the fish did not show neophobic behaviors and tried
to access the apparatus immediately after the food was provided.
During the treatment with each task, which lasted for 17 days, the
fish were exposed to the apparatus every two days (n = 9 trials).
The apparatuses were presented in the same order for all of the

tanks and groups (learning task and control; see Supplementary
Figure 3). The apparatus was introduced at a random position
and orientation inside the tank and left for 20 min in each trial.
The fish in the learning task group had to pass a correct entrance
within 20 min to access the food (moistened pellets) inside the
apparatus, while the control fish had easy access to the food
during the same 20 min trial. In order to prevent differences
in food acquisition in the experimental groups, we provided the
similar amount of food for the control and learning tank groups
during the trial days (0.11–0.18 g per tank, see Supplementary
Material for details), well above (4–6×) the food needed to satiate
all the fish in the tank (see above). Importantly, after each 20-min
trial, the apparatus was removed from the tank and all the fish in
the tank could access the remaining food and eat until satiation
for many hours (>10 h). Thus, in both treatments, a large amount
of food was easily accessible to individual fish, and access to food
was constrained only during the 20 min trial in the learning task
group. Fish were not fed between trials.

The control fish usually accessed the food immediately after
the onset of each trial. In contrast, fish in the learning task
group needed more time, but the time taken to access the food
decreased over the course of the treatment (Supplementary
Figure 4), indicating that fish successfully adjusted their behavior
through experience. During the treatment with the apparatus 1,
we recorded in the learning task group the maximum number
of fish inside the food compartment at any given time during
each trial. Indeed, this number significantly increased during
the course of the treatment (GLMM: estimate = 0.047 ± 0.02,
LRT, χ2

1 = 4.93, p = 0.026). Fish performances in the learning
task group were video-recorded in the initial and final trials
of each apparatus (n = 8 videos). We analyzed the videos to
determine the number of attempts per individual to enter into
the food compartment during the first 1 min. The number
of attempts did not differ between the initial and final trials
[F(1, 8) = 1.86, p = 0.22], suggesting that enhanced exploratory
behavior was probably not responsible for the improvement of
access to the food throughout the repeated trials. In these videos,
the level of aggression during the first 10-min, measured as the
number of attacks per individual, did not differ between the
initial and final trials [F(1, 8) = 0.36, p = 0.57]. There was no
difference in swimming activity of fish between the learning task
and control trials (see Supplementary Material, Pilot study of
physical activity).

Maze Test
We evaluated the cognition-related ability of each fish in a
maze test twice, 1 week before (late September; when fish
were on average 125.7 ± 11.9 days old) and 3 weeks after the
experimental manipulation (early January; when fish were on
average 233.3± 12.1 days old) to study individual changes in the
ability to solve the task after the treatment. The maze consisted
of a long glass tank divided into a home compartment and
three additional consecutive compartments by three transparent
partitions, each including a true entrance outlined in green
color and a closed false entrance outlined in blue color
(Supplementary Figure 5). In the last compartment of the
maze, moistened food was provided. The food was visible from
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the home compartment. Before the test, fish were starved for
24 h. The focal fish was isolated by a transparent partition and
acclimated for 30 s in the home compartment. Then, the partition
was removed and we recorded fish performances for 300 s using
a tripod-mounted digital video camera (Sony; Handycam DCR-
SX44). To stablish the duration of the maze test, we conducted a
pilot study using a sample of 20 non-experimental fish. Following
the same protocol as explained above, we assessed the cognition-
related ability of each fish in the maze test. In 18 out of 20, the
fish completed the maze test within 300 s. Thus, we measured
the time taken for each fish to reach the last compartment up
to 300 s. In addition, we recorded in each test whether the fish
made erroneous attempts to pass the partitions by touching the
false entrances. The individuals that completed the maze test
without any error were faster in reaching to the last compartment
than those with errors [LMM; F(1, 294) = 7,011, p < 0.01],
suggesting that the time taken to reach the last compartment
indeed represent some cognitive abilities, such as the cognitive
skills to find the true entrance.

If the fish did not reach the last compartment within 300 s,
we repeated the test after 5 min of rest up to three times. In our
pilot study, we observed that some fish remained in the home
compartment for a longer period than 300 s, but responded to
the test when they were retested. We assigned the maximum time
(300 s) when the fish did not reach the last compartment in three
consecutive maze tests (before the experimental treatment: in 37
out of 134 control and 49 out of 130 learning task fish; after
the treatment: 31 out of 112 control and 30 out of 64 learning
task fish). Prior to statistical analyses, the maze score (i.e., time)
was transformed using GuanRank, a non-parametric ranking-
based technique that converts right-censored data into a linear
space of hazard ranks (Huang et al., 2017). A higher GuanRank-
transformed value indicates a shorter time to reach the food
rewards and thus a stronger ability to solve the maze test.

Sampling and Brain Measurements
In January, after the experimental manipulation and maze test
(when the fish were on average 251.4 ± 11.3 days old), one fish
from each growth tank (learning task group: n = 24; control
group: n = 30) was euthanized with an overdose of benzocaine
anesthetic. The whole brain of each individual was separated
from the cranium under a stereomicroscope (Nikon SMZ1500).
To prevent the brain from drying under the stereomicroscope
light, we added a drop of phosphate-buffered saline solution to
the brain, and it’s dorsal, ventral, and both lateral sides were
photographed. All brain photographs were taken from a standard
distance and angle. Width (W), height (H), and length (L) of
four different brain regions (i.e., telencephalon, optic tectum,
cerebellum, and hypothalamus) were determined from the digital
photographs by using IMAGEJ software (see., Pollen et al., 2007;
Gonda et al., 2011; Herczeg et al., 2015; Toli et al., 2017),
and the volume of each region was estimated by using the
ellipsoid model [V = (L × W × H)π/6]. Some brain regions,
which were damaged during dissection, could not be measured.
Telencephalon was determined in 15 fish from the learning task
and 20 fish from the control group, optical tectum in 18 and 23,
cerebellum in 19 and 25, and hypothalamus in 18 and 23. The

whole brain volume was estimated as the sum of all different brain
region volumes in the samples with all measurements (learning
task group, n= 9; control group, n= 17). In 48 randomly selected
brains, three independent measurements of volume were highly
repeatable (R > 0.97, p < 0.001 in the four brain regions).

Growth, Reproduction, and Survival
All fish were weighed with a digital balance (to the nearest
0.001 g) and their standard length measured (to the nearest
1 mm) in three occasions; before and after the experimental
manipulation (immediately after the maze tests; see above) and at
the beginning of the breeding season (when fish were on average
281.6± 11.1 days old).

Individuals that were not sacrificed for brain measurements
and survived until the beginning of the breeding season were
reallocated into individual tanks. Male sticklebacks express red
nuptial coloration on their cheeks and throat during the breeding
season, and females preferentially mate with redder males
(Ostlund-Nilsson et al., 2006). Males that had started to express
red coloration were provided with sand and polyester threads as
nesting materials (n= 38). During the reproductive season (from
April to August) each male was shown a gravid female from a
stock (not used in this experiment) enclosed in a transparent
glass for 5 min twice a week to prompt the expression of nuptial
color and nest construction. Each male was photographed under
standardized conditions in the middle of the breeding season
(June) and the size and intensity of the red area measured using
the digital image. The relative size of the red area was calculated as
a percentage of the total lateral body area for statistical analyses.
Females kept in their individual tanks (n = 63) were monitored
daily to record maturation and the number of spawning events
(evident from changes in abdomen size). The females started to
spawn in March and stopped egg production by early August.

The survival of fish was monitored daily until the end of
the breeding season (August 2018; when fish were on average
432.7 ± 11.1 days old). Dead fish were stored at −80◦C for
sex determination.

Sex Determination
We sexed fish by external morphology in the individuals survived
until sexual maturation (n = 101) or by internal morphology
(n= 60) or a molecular method (n= 98) in those dead or sampled
before maturation. We used a part of the 3′UTR of the NADP-
dependent isocitrate dehydrogenase locus for molecular sexing
(Velando et al., 2017). In 5 fish, we failed to amplify the gene.

Statistical Analyses
We analyzed the effects of the experimental treatment in linear
mixed-effect models (LMMs) and generalized linear mixed
models (GLMMs) by using the lmer and glmer functions of the
lme4 package in R v.3.5.1. In LMMs, all data conform normality
(Shapiro–Wilk test) and equal variance between treatments
(Levene’s Test) assumptions. In GLMMs, the significance of
term was determined by Likelihood Ratio Test (LRT). In all
models detailed below, we also explored two-way interactions
between treatment and all other fixed effects, but the interactions
were dropped in the final models when not statistically
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significant. Post-hoc comparisons were performed using Tukey’s
post-hoc test.

We first tested whether there was any sampling bias in body
size, body mass, and initial maze score between the learning task
and control groups by using LMMs including treatment as a
fixed effect and growth tank identity and family identity as nested
random effects. The final maze score (GuanRank transformed)
was analyzed in a LMM, including treatment, sex, and initial
maze score (to account for any potential effect of prior cognitive
ability on maze performance) as fixed terms and tank identity
nested within family identity as random effects. We also tested if
intra-tank coefficient of variation in maze score differed between
the two treatments in a LMM including family identity as a
random term. Sizes of the whole brain and brain regions were
analyzed in LMMs, including treatment, sex and initial maze
score as fixed effects and family identity as a random effect.
Tank identity was not included as a random effect because only
a fish per tank was used for brain measurements. Body size was
included as an additional fixed effect in the analysis of the whole
brain, and brain mass in the analyses of brain regions. Since
some brain regions were damaged during the dissection, brain
size cannot be estimated for all brains, but brain size and mass
were highly correlated (r = 0.623, p < 0.001).

Fish growth was analyzed using repeated measures of body
size and mass in LMMs with random slope and intercept
accounting for any individual differences in growth rates
between time points. In these analyses, treatment, time point of
measurement (three-level factor), sex and initial maze score were
included as fixed effects, and tank identity nested within family
identity and fish identity as random effects. In these models,
statistically significant treatment × time interaction indicates
differential growth trajectories between the two treatment groups
(Nicieza and Alvarez, 2009; Hector and Nakagawa, 2012).
Additionally, we also analyzed the intra-tank coefficient of
variation in body mass and size after the treatment in LMMs
including the time of measurement and treatment as fixed effects
and family identity as random effect.

Age at the expression of nuptial coloration, relative size of
red area, intensity of the red nuptial coloration and date of
nest construction of males and age at first spawning event of
females were analyzed in LMMs including treatment and initial
maze score as fixed effects and tank identity nested within
family identity as random effects. The total number of spawning
events of females was analyzed in a GLMM with a Poisson
error structure and log function. Survival since the beginning
of the experimental manipulation to the end of the breeding
season was analyzed in a Cox proportional hazard model by
using the “Coxme” package in R v.3.5.1 (Therneau and Therneau,
2015). We included treatment, sex and initial maze score as fixed
effects and growth tank identity nested within family identity
as random effects. Although initial number of fish per tank was
similar between the two treatments (see above), it changed during
the course of the experiment (Supplementary Figure 6) due
to natural mortality, especially in the learning task group (see
Results). In order to test if the observed effects are attributed
to changes in the group size, we performed additional analyses
by including the number of remaining fish in the growth tank

at the onset of training with each apparatus (days 1, 17, 34, 51)
in separate models. Except when indicated, similar results were
achieved in these additional analyses.

RESULTS

Initial Differences
There was no difference in initial body size [F(1, 235.4) = 1.40,
p = 0.238], body mass [F(1, 235.1) = 0.12, p = 0.731]
and maze score [F(1, 58.4) = 2.05, p = 0.157], which were
measured prior to the experimental treatment, between the two
experimental groups.

Effect of Treatment on Maze Test
The treatment had a significant effect on the maze score, which
was determined 2 weeks after the experimental manipulation
[F(1, 25.5) = 5.75, p = 0.024]. The experimental fish from the
learning task group took 24% more time to reach the food
rewards than the control fish (Figure 1). Sex and initial maze
score and their interactions with treatment were not significant
(all p > 0.089). Similar results were achieved when those
fish that remained in the home compartment were removed
from the analysis [treatment: F(1, 24.6) = 6.6, p = 0.017].
The intra-tank variation in maze score after the experimental
manipulation was similar between the two experimental groups
[F(1, 42) = 2.59, p= 0.115].

Effect of Treatment on Brain Size
The treatment had sex-specific effect on the volume of
optic tectum [treatment × sex: F(1, 23.4) = 8.02, p = 0.009;
Supplementary Table 1]. Females from the learning task group
had smaller optic tectum than the control females (Tukey

FIGURE 1 | Mean ± S.E. maze scores (GuanRank-transformed time taken to
cross the maze test) performed by juvenile sticklebacks after the 2-month
experimental treatment (learning task group, n = 64; control group, n = 112).
A higher maze score indicates a shorter time to reach the food rewards.
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post-hoc test; p = 0.014), whereas males did not show this
difference (Tukey post-hoc test; p = 0.765; Supplementary
Figure 7). When including the number of fish per tank at the
onset of training with the last apparatus (day 51) as a covariate
in the model of the volume of optic tectum, the main effect
of the treatment was significant [F(1, 16.5) = 5.79, p = 0.028]
but not the treatment × sex interaction [F(1, 28.7) = 2.74,
p = 0.11]. In this additional analysis, the fish trained with
the learning tasks showed a smaller optic tectum volume than
the control fish (estimate: -0.86 ± 0.36). The volumes of
the hypothalamus, telencephalon, cerebellum and the whole
brain were not affected by the experimental treatment and its
interaction with sex or initial maze score (p > 0.131 in all cases;
Supplementary Table 1).

Effects of Treatment on Growth,
Reproduction, and Survival
Growth trajectories differed between the learning task
and control fish, both in body size [time × treatment:
F(2, 169.2) = 24.75, p < 0.001] and mass [time × treatment:
F(2, 243.2) = 11.42, p < 0.001]. Fish from the learning task group
grew less than the control fish during the course of the treatment
(Figure 2), showing reduced body size [F(1, 172.2) = 8.92,
p = 0.003] and mass [F(1, 172.4) = 7.35, p = 0.007] after
the experimental manipulation; then accelerated growth and
attained similar body size [F(1, 112 = 0.22, p = 0.635] and mass
[F(1, 112) = 0.33, p = 0.566] to the control fish at the breeding
season. Similar results were obtained when daily growth rates
were analyzed (see Supplementary Figure 8). This clearly
indicates that catch-up growth occurred after the experimental
manipulation in the learning task fish. Initial maze score, sex
and their interactions with treatment did not affect growth
trajectories in body mass and size (p > 0.14 in all cases). The
intra-tank variations in body mass and size after the experimental
manipulation were similar between the two experimental groups
(p > 0.60 in both cases).

Reproductive traits of males (age at the expression of nuptial
coloration, relative size of red area, intensity of the red nuptial
coloration and nest building date) and females (age at first
spawning and number of spawning events) were not affected by
the experimental treatment (Supplementary Table 2). Analysis
of survival revealed that fish from the learning task group had
a significantly shorter lifespan than the control fish (Figure 3;
Cox proportional hazard model, χ2

1 = 50.35, p < 0.001). The
estimated life expectancy of fish was 387.9 ± 9.8 days in the
control group and 298.5 ± 5.9 days in the learning task group.
The treatment effect on survival was not influenced by sex
and initial maze score and their interactions with treatment
(p > 0.59 in all cases). The difference in survival between the
two treatment groups was evident both during (χ2

1 = 23.67,
p < 0.001) and after (χ2

1 = 43.51, p < 0.001) the period of
experimental treatment (Figure 3).

DISCUSSION

During the 2-month period of experimental treatment, juvenile
fish challenged with different learning tasks successfully adjusted
their behavior to the environment by shortening the time taken
to access to food in the apparatus. Contrary to our predictions,
however, fish exposed to learning tasks in their environments
during the early life later showed a reduced ability to solve a
maze test, suggesting that coping with the learning challenges
may trade off against cognitive ability. Brain size did not increase
in the learning task group. Females from the learning task
group (but not males) had rather smaller optic tectum than
the control females, suggesting a sex-specific negative effect
of learning tasks on brain development. The treatment with
the learning apparatuses also had negative effects on growth
and survival. Juvenile fish exposed to learning tasks reduced
their growth during the experimental period, then experienced
a rapid catch-up growth until the breeding season. Moreover,

FIGURE 2 | Mean ± S.E. (A) body size and (B) body mass of sticklebacks measured in three time points, before the experiment (September, n = 264), after the
learning experiment (January, n = 176) and at the beginning of the breeding season (March, n = 114) in the learning task (white dots) and control (black dots)
treatments.
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FIGURE 3 | Estimated survival functions of sticklebacks reared in the learning
task (red line, n = 130) and control treatments (blue line, n = 134) during the
study. Gray shadow indicates the period of the experimental treatment.
Crosses mark censorship events, i.e., individuals sampled for the brain
analyses and those still alive at the end of the monitoring period.

sticklebacks reared under the learning task regime suffered
greater mortality than the controls, both during and after the
experimental period. Overall, our results reveal long-term costs
of living in environments with cognitive challenges in terms
of growth and problem-solving deficits in later life and their
negative consequence in lifespan.

Sticklebacks from the learning task group showed a poorer
maze score later in life, which reflects a weaker ability to obtain
food in a new, complex environment. This effect was not due
to differential mortality of individuals with different cognitive
abilities because juvenile survival was not related to their initial
maze score or its interaction with the treatment. Thus, our results
suggest that repeated exposure to different learning challenges
may produce an impairment of abilities, probably including
cognitive abilities to solve a new environmental challenge. The
exposure to different tasks probably stimulated several processes
related to learning, remembering and decision-making (Kolata
et al., 2007; Matzel and Kolata, 2010). In teleost fishes, complex
associational neural mechanisms are acquired during associative
training (Salas et al., 2006; Messias et al., 2016; Harmon et al.,
2017). Thus, it is possible that these learning-induced neural
changes in juvenile sticklebacks traded off against other cognitive
functions during the development (Schwabe and Wolf, 2010).
It is also possible that the contrasting information between the
cues used in different trials and the final maze test might cause
confusion for the individuals that were subjected to different
challenges. Further studies using different cognitive assays are
required to assess whether these negative effects of learning tasks
on the ability to solve a maze test may be extended to general
cognitive abilities (Rowe and Healy, 2014).

In our experiment, juvenile sticklebacks were exposed to four
associative tasks in which they needed to find the entrance to
food rewards. Since the control fish were exposed to similar

apparatuses, the effects reported here most likely are due to
a learning process in which fish had to discriminate between
false and true entrances. The repeated stimulation through
rewards, probably increased and reinforced the motivation to
pay attention and learn (Warburton, 2003). It is possible that
visual stimulation during the learning tasks lead to neural
reorganization, which is a high energy demanding process
(Niven and Laughlin, 2008). Another possible explanation for the
negative effects on problem-solving ability may be attributed to
differential physical activities or behaviors between the treatment
groups. In our pilot study of physical activity, we did not
find any effect of the experimental apparatuses on swimming
activity, but we cannot discard the possibility that changes in
activity or behavior during the treatment might produce some
energetic costs.

In our experiment, juvenile sticklebacks were exposed to
learning tasks in groups of several individuals, resembling the
natural social environment of this species (Frommen et al.,
2007). We did not detect any difference in intra-tank variations
in maze scores and body size between the learning task and
control groups, suggesting that the treatment did not induce
within-group individual differences. During the training period,
most experimental fish in each group reached the food reward,
indicating that probably they socially learned how to access
the food in the apparatus. Nevertheless, it is possible that the
treatment with the apparatuses increased competition for food,
and hence social stress (Creel et al., 2013). We did not measure
cortisol levels in the experimental fish, but it is possible that
these challenging environments elevated the glucocorticoid stress
hormone, which facilitates memory acquisition and learning at
low or mild levels of stress (Sandi, 2013; Schwabe and Wolf,
2013). However, higher levels of glucocorticoid hormones may
have a negative impact on neurogenesis and neuron maintenance
(Buchanan et al., 2013). Thus, in addition to energetic costs,
the stress induced by different tasks may also be responsible
for the negative effects of the learning task treatment on maze
performance. Irrespective of the mechanism, our study suggests
that the exposure to repeated learning tasks during early life that
requires problem-solving may impair some cognitive abilities
later in the life.

In sticklebacks, some studies found that environmental
complexity increases brain size (e.g., Herczeg et al., 2015) but
others did not (e.g., Toli et al., 2017). In this study, brain size
did not differ between the two treatments, but there was a sex-
specific treatment effect on the relative size of one brain region.
Females from the learning task group had smaller relative optic
tectum volume than the control females, but this effect was not
found in males. Cognitive processes may produce synaptic and
neural reorganization within the optic tectum (Kinoshita et al.,
2004). The neuromodulatory effects of female hormones or sex-
specific energetic trade-off between brain function and gonadal
development might underlie these sex-specific effects (Makantasi
and Dermon, 2014; Pellegrini et al., 2016; Rystrom et al., 2019).
A previous study on three-spined sticklebacks have shown that
males have larger brains than females (Kotrschal et al., 2012).
The treatment had similar effect on optic tectum volume in the
two sexes when controlling for the changing group size effect,

Frontiers in Ecology and Evolution | www.frontiersin.org 7 September 2020 | Volume 8 | Article 562404

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-08-562404 September 17, 2020 Time: 18:47 # 8

Álvarez-Quintero et al. Long-Lasting Costs of Early Learning

suggesting that the sex-specific effects might be due to conspecific
interactions during the development. We did not find differences
in the whole brain, but our results suggest that neuro-anatomical
sexual dimorphism of certain brain region may be induced by
early environmental conditions. However, these results should be
taken with caution because, given the low sample size, our data
have limited power to detect the subtle effects.

During the experiment, juveniles from the learning task group
suffered reduced growth rates and increased mortality, suggesting
that cognitive challenges have important fitness costs (Mery and
Kawecki, 2003). In our experiment, the control fish grew and
gained weight fast during the juvenile period, then slowed down
somatic growth during the breeding season, as typically occur
in this species (Kim et al., 2019). The learning task treatment
changed the growth trajectory of the experimental fish that
grew at a slower rate than the controls during the treatment,
then accelerated growth to catch up and attained a similar
body size and mass to the controls during the breeding season
(Metcalfe and Monaghan, 2001). It is well-known that such catch-
up growth has delayed deleterious effects, increasing oxidative
damage in somatic and germline tissues in adults (Kim et al.,
2019) and reducing reproductive rate and lifespan (Inness and
Metcalfe, 2008; Lee et al., 2012; Ab Ghani and Merilä, 2014). The
negative effect of the treatment on survival beyond the period of
the experiment may be due to fast compensatory growth (Kim
et al., 2019). It is also possible that the physiological costs (e.g.,
oxidative stress) of maintaining high levels of glucocorticoids
negatively influence lifespan (Blas et al., 2007; Dowling and
Simmons, 2009; Crespi et al., 2013). Although access to food
was more difficult in the learning task group during trials, it
is unlikely that the effect on survival was due to differences in
the amount of food ingested or food monopolization since all
the fish in the tanks could access to a large amount of food
after the trials.

CONCLUSION

In conclusion, our study demonstrates that environmental
challenges and learning during early life incur important costs
that reduce cognitive ability to solve problems and generate
sexual size dimorphism in a specific brain region, induce
compensatory growth and finally shorten lifespan. Despite the
common belief that learning during early life improves general
cognitive function in animals including humans (Klingberg,
2010; Morrison and Chein, 2011), our results suggest that
cognitive training can induce the opposite effect. Our results
suggest that negative effects of early life stress on development

and costly compensatory growth may mediate the trade-off
between learning and lifespan (Burger et al., 2008).
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