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ABSTRACT
As global temperatures rise, animals are increasingly exposed to heat stress, with growing evidence suggesting that such stress 
can impair cognitive functions. While research has documented these cognitive effects in adult mammals, birds and fish, less is 
known about the consequences of thermal stress during early development. Here, we investigated the effects of short-term heat 
stress on learning in zebrafish (Danio rerio). Embryos were exposed to elevated temperatures (+5°C) for 2 days, beginning 10 days 
after fertilisation, and tested for learning performance 2 days post-treatment. Heat-stressed individuals showed reduced learning 
ability compared to controls. Furthermore, heat stress affected the covariation between learning and behavioural responses: 
in the group exposed to heat stress, individuals with stronger responses to stimulation learned faster, a relationship absent in 
control subjects. These results suggest that heat stress not only impairs cognitive performance but also alters the structure of 
behavioural-cognitive trait associations. Given the ecological importance of cognition for survival and fitness, such changes may 
have far-reaching consequences for wild populations.

1   |   Introduction

With the intensification of climate change, prolonged periods 
of abnormally high temperatures are becoming increasingly 
frequent, severe and widespread across ecosystems (Perkins-
Kirkpatrick and Lewis  2020), including aquatic ones (Oliver 
et  al.  2018, 2021). While the physiological and ecological im-
pacts of extreme heat on animals are well established (reviewed 
in Smale et al. 2019; Smith et al. 2023; Wang et al. 2024), grow-
ing attention is now being directed toward the neurological and 
cognitive consequences of thermal stress. Indeed, the central 
nervous system is directly sensitive to external factors, includ-
ing temperature (Taylor et al. 2016), as well as to physiological 
imbalances resulting from stressors (Maille and Schradin 2017). 

Studies on human populations have revealed that heatwaves 
can severely impair cognitive function (Laurent et  al.  2018; 
Zhou et al. 2023; Zhu et al. 2022). It has been proposed that other 
species may also experience similar cognitive impairments 
due to increased heat stress, even over short periods (Soravia 
et  al.  2021). Empirical data support this hypothesis, revealing 
significant negative effects of heat stress on cognition in a range 
of bird species (Blackburn et al. 2022; Danner et al. 2021; Soravia 
et al. 2023, 2024).

The impact of heat stress may be even greater in fish. This 
vertebrate group exhibits high cognitive plasticity, both at the 
phenotypic level (Bisazza and Lucon-Xiccato  2025; Lucon-
Xiccato, De Russi, et  al.  2023; Lucon-Xiccato, Montalbano, 
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and Bertolucci  2023) and at the cellular level (reviewed in 
Zupanc  2021). Moreover, as primarily ectothermic organisms, 
fish lack internal mechanisms to regulate their body tempera-
ture. Consequently, their physiological and neural functions 
are closely linked to environmental conditions. Studies in fish 
have shown that cognitive performance varies significantly de-
pending on the temperature to which individuals are exposed 
(Babkiewicz et al. 2021; Maffioli et al. 2022; Silveira et al. 2023; 
Toni et al. 2019; but see: Guzman et al. 2023). Notably, one study 
found that even short-term heat stress comparable in duration 
and intensity to heatwaves associated with climate change can 
impair cognition (Pereira et al. 2025).

In this study, we investigated the effects of short-term heat 
stress in zebrafish (Danio rerio), focusing on early develop-
mental stages. The zebrafish offer several advantages for our 
study due to its distinctive developmental biology. The embry-
onic development is rapid for a vertebrate, with hatching oc-
curring approximately 3–4 days after fertilisation. The larvae 
remain relatively inactive for the first day post-hatching, but 
by around 5 days post-fertilisation, they begin to swim ac-
tively and feed independently (Lindsey et al. 2010), allowing 
behavioural measurements. This fast and well-characterised 
developmental timeline makes the zebrafish a valuable spe-
cies for conducting experiments on the developmental effects 
of environmental stressors (Eachus et  al.  2021). Previous 
studies have demonstrated the sensitivity of zebrafish to heat 
stress from multiple perspectives (reviewed in López-Olmeda 
and Sánchez-Vázquez  2011). For instance, heat stress alters 
the expression of several genes, including those in the brain 
(Long et al. 2012; Nonnis et al. 2021), and reduces the energy 
available for metabolism, thereby limiting growth (Aguilar 
et  al.  2022). It also affects locomotor activity, such as turn-
ing angle and immobility (Abozaid et  al.  2020), and alters 
behaviours including exploration (Nonnis et  al.  2021) and 
shoaling (Toni et al. 2025). Moreover, high temperatures can 
interact with other environmental stressors, such as increas-
ing the toxicity of waterborne chemicals (Haapanen-Saaristo 
et al. 2024). Cognitive studies show that zebrafish exposed to 
high temperatures have impaired recognition of previously 
visited locations when tested at 34°C versus 26°C (Maffioli 
et al. 2022; Toni et al. 2019). Interestingly, in another study, 
zebrafish exposed to higher temperatures (31°C vs. 21°C) ap-
peared to learn more quickly to locate a food reward but also 
approached it more directly and frequently, potentially due to 
enhanced learning or increased motivation driven by meta-
bolic demand (Babkiewicz et  al.  2021). Notably, all of these 
cognitive studies focused on acute or chronic temperature in-
creases during adulthood. To our knowledge, no studies in ze-
brafish have investigated the effects of short-term heat stress, 
such as heatwaves, during early development, a critical period 
when the nervous system is particularly sensitive to environ-
mental influences (Andreassen et al. 2022; Gatto et al. 2022; 
Groneberg et al. 2020).

In our experiment, we exposed embryos to heat stress (+5°C) 
for 2 days, starting 10 days after fertilisation, and assessed their 
cognitive abilities in a habituation learning test 2 days after the 
treatment ended. Based on previous research in fish and other 
taxa (e.g., Blackburn et  al.  2022; Danner et  al.  2021; Pereira 
et  al.  2025; Soravia et  al.  2023, 2024), we predicted a decline 

in cognitive performance in individuals exposed to heat stress. 
Additionally, we examined whether heat stress affects the co-
variation between cognitive and behavioural traits. Numerous 
studies have shown that individual fish differ in their cognitive 
abilities (reviewed in Lucon-Xiccato and Bisazza  2017), and 
that this variation is often associated with consistent differ-
ences in behavioural traits (De Russi et al. 2024; Dugatkin and 
Alfieri 2003; Savaşçı et al. 2021; Trompf and Brown 2014; White 
et al. 2017). Environmental stressors have also been shown to 
alter the strength and structure of these covariations (Lucon-
Xiccato, De Russi, et  al.  2023; Lucon-Xiccato, Montalbano, 
and Bertolucci  2023). We therefore predicted that heat stress 
may affect how cognitive individual differences covary with 
behaviour.

2   |   Materials and Methods

2.1   |   Experimental Subjects

All experiments were conducted in accordance with the ASAB/
ABS Guidelines for the Use of Animals in Research (Buchanan 
et al. 2012). The experimental protocols adopted in this research 
have been revised and approved by the Institutional Animal 
Care and Use Committee of the University of Ferrara (OPBA 
UNIFE, auth. n. TLX-2022_1). At the end of the treatment and 
experimental observations, all surviving subjects were moved to 
maintenance tanks.

2.2   |   Experimental Subjects

Zebrafish larvae were obtained by natural spawning of wild-
type (‘Ariosto’ strain) adult breeders derived from fish bought 
from a local shop and maintained at the facility of University 
of Ferrara (Italy) since 2011. Juvenile and adult zebrafish were 
maintained in mixed-sex groups of approximately 30 individu-
als (sex ratio 50:50) housed in 230-L glass tanks provided with 
mechanical and biological filters. Water temperature was kept 
at 27°C ± 1°C, and chemical parameters were kept according 
to FELASA guidelines (pH 7.5 ± 1.0; conductivity < 500 μS/cm, 
NO2

− < 0.1 mg/L, NO3
− < 25 mg/L; Aleström et  al.  2020). Fish 

were maintained under a LD 14:10 h (light/dark cycle) and daily 
fed three times with live Artemia salina nauplii (Artemia Salina 
Premium GLS, Essen, Belgium) and commercial dry flake food 
(Vipan Nature, Sera, Heinsberg, Germany).

To obtain embryos, we placed breeding boxes into four main-
tenance tanks overnight. The breeding boxes were placed 
5 cm below the water level and presented a grid bottom. The 
following morning (approximately 2 h after lights on), we col-
lected eggs that had fallen below the grid and transferred 
them into Petri dishes (Ø10 cm, 1.5-cm high) at a density (~35 
eggs/Petri) based on the standard zebrafish husbandry guide-
lines (Aleström et  al.  2020) and equal between the two treat-
ments. The Petri dishes were filled with 30 mL E3 1× medium 
(5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4; 
Westerfield 2007) with the addition of 0.1 mL of antifungal agent 
methylene blue (0.0016 g/L, 0.0001%). As each tank hosted nu-
merous adult zebrafish, the eggs collected were likely the result 
of multiple spawns from several individuals.
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2.3   |   Experimental Protocol

The experiment was designed to compare a group of zebrafish 
larvae raised under constant temperature conditions with a 
group exposed to a single heat stress involving a relatively el-
evated temperature increase (+5°C). This dichotomous design 
was chosen based on earlier studies with a similar scope (e.g., 
Spinks et al. 2019; Thoral et al. 2022) and was expected to pro-
vide sufficient power to detect potential effects.

After egg collection (0-day post-fertilisation, hereafter ‘dpf’; 
Westerfield 2007), the Petri dishes were kept under either the 
heat stress condition (hereafter, ‘treated’) or the control con-
dition. For both conditions, the Petri dishes were transferred 
into 40 × 20 × 30 cm grey plastic boxes to avoid disturbance and 
maintain water temperature constant. The boxes were filled 
with water (10 cm) and the Petri dishes (6 Petri per condition; 
~35 eggs/Petri) were placed on a transparent stand to keep them 

in contact with water without submerging them. A small pump 
(SunSun HJ-311, China) recirculated the water to maintain ther-
mal uniformity inside the boxes (Figure  1A). For both condi-
tions, photoperiod was set to a LD 14:10 h cycle.

We used an automatic system to generate and control tempera-
ture based on a recently published work (Conti et  al.  2025). 
Briefly, the temperature of the treatment box was controlled 
by an Arduino-based microcontroller board (Elegoo Mega 
R3, Elegoo, China). The microcontroller was programmed to 
read the temperature data every 5 min from a probe (Ds18b20, 
AZ-38 Delivery Vertriebs GmbH, Germany, tolerance ±1°C) 
submerged in the water (Figure  1A). The temperature value 
and time of acquisition were recorded on a microSD mem-
ory (SanDisk Ultra 32 GB, Milpitas, USA) and displayed on a 
16 × 2 LCD Display (HD44780, AZ-Delivery Vertriebs GmbH, 
83 Germany), which allowed the experimenters to monitor 
temperature conditions live (Figure  1A). After reading the 

FIGURE 1    |    (A) Experimental set-up used for the study. The eggs (0-day post fertilisation, dpf) were placed in Petri dishes (6 Petri/condition; ap-
proximately 35 eggs/Petri) inside the experimental tanks. Identical boxes were to expose the subjects to the heat stress (left: treated group) or to the 
constat temperature (right: control group). The temperature was controlled by an automatic system consisting of a temperature probe, a heater and 
a microcontroller. (B) Schematic representation of the experimental protocol. From the start of experiment (0 dpf), larvae of both conditions were at 
27°C ± 1°C until 10 dpf. Afterwards, the treated larvae undergo a two-day heat-stress (increase of 5°C, 10–12 dpf) while the control larvae remained 
at 27°C ± 1°C for the entire duration of the experiment. At 14 dpf, the larvae of both conditions were tested in the behavioural and cognitive assays.
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temperature value, the microcontroller switched on/off a 
heater (AquaHeat 50, 50 w, Juwel Aquarium, Germany) to 
maintain the inner temperature of the box according to a pre-
set threshold (Figure 1A).

In the treated condition, larvae were kept at 27°C (rearing tem-
perature) from the beginning of the treatment (0 dpf) to 9 dpf 
(Figure 1B). In the morning of the 10th day (2 h after lights on), 
the internal temperature of the boxes was raised by one degree 
each hour up to 32°C (Thoral et al. 2022; Figure 1B). The heat 
stress was maintained for 2 days (10–12 dpf), then the tempera-
ture was decreased to the initial condition of 27°C by one degree 
every 90 min (Figure 1B). By using the same automatic system 
for maintaining and controlling the temperature, in the control 
condition water temperature was kept constant at 27°C ± 1°C 
throughout the experiment (Figure 1B).

The larvae were counted daily to annotate the mortality and 
then compare the survival probability of the two experimen-
tal groups at the end of treatment. After hatching (3 dpf), lar-
vae showed swimming behaviour and started eating from the 
5 dpf. Larvae were fed once a day with dry food (ZEBRAFEED, 
Sparos, Olhão, Portugal; particle size: 50–100 μm). During the 
daily check, we cleaned the Petri dish by removing uneaten food 
and faecal material and we refilled it with FishWater 1× solution 
(0.5 mM NaH2PO4·H2O, 0.5 mM Na2HPO4·H2O, 1.5 g Instant 
Ocean, 1 L deionised H2O).

We performed two replicates of the entire protocol described 
above by collecting eggs from two separate sets of spawns with 
a month interval (n° total sample of larvae at the start of experi-
ment = 834; n° control larvae = 416; n° treated larvae = 418; n° of 
Petri dish per treatment = 12). The larvae from these treatments 
were used both to assess survival and to study behaviour and 
cognition.

2.4   |   Behavioural Assays

Before the cognitive test, we performed standard behavioural 
observations, which we aimed to use to study the covariation 
between cognitive and behavioural traits. These behavioural 
observations were performed when the subjects were 14 dpf. 
From the total sample of larvae that survived at the end of 
treatment (n° control larvae = 239; n° treated larvae = 240), we 
randomly selected 72 larvae from each experimental condition 
(n° total tested larvae = 144) to perform behavioural observa-
tions. We used the DanioVision Observation Chamber (Noldus, 
Wageningen, the Netherlands). In the first test, we assessed 
the behavioural responses of the larvae to a novel environment 
(open-field test; Ahmad et  al.  2012; Colwill and Creton  2011). 
Larvae from the two treatment groups were randomly placed in 
a 24-well culture plate (12 larvae/condition per multi-well plate; 
6 replicates). Each well contained one individual larva and was 
filled with 1 mL of FishWater solution at 27°C. The general ac-
tivity (distance covered, cm) of larvae was recorded for 60 min 
via EthovisionXT tracking software (ver. 11.5, Noldus). The 
second behavioural observation consisted of a vibrational stim-
ulation administered with a solenoid (Tapping Device, Noldus, 
Wageningen, the Netherlands) controlled by the Ethovision XT 
software. The activity of the subjects was measured the second 

following the stimulation. This allowed us to measure the in-
crease in swimming speed due to the response typical of the 
species (Fero et al. 2010).

2.5   |   Cognitive Assay

After the behavioural observations, the same subjects were 
exposed to a habituation learning test that allows cognitive 
assessment in early-stage zebrafish larvae (Bellot et  al.  2024; 
Faria et al. 2019; Gatto et al. 2024). The test consisted of admin-
istering 49 repeated vibration stimulations separated by 1 s via 
the solenoid. The 49 stimulations took place after the aforemen-
tioned initial stimulation used to infer the response of the sub-
jects. Each repeated stimulation elicited a response consisting 
of an increase in swimming velocity. The habituation learning 
performance of each subject was assessed as the decrease in the 
response through the repeated stimulations (Faria et al. 2019).

The EthoVision software automatically tracked the position of 
subjects and calculated the distance covered for each second 
after the stimulation. To quantify the habituation learning score 
of each individual, we calculated a learning index based on the 
distance covered for each stimulation (i) as follows:

The response to the first stimulus was expected to be the high-
est compared to the following responses. Lower values of the 
index (−1) indicated a reduction in individuals' response to the 
repeated stimulation, meaning a greater habituation learning 
ability.

2.6   |   Statistical Analysis

The statistical analyses were performed in RStudio version 4.2.1 
(2022-06-23 ucrt) (Team RStudio 2019). Statistical tests were 
two-tailed, and the significance level was set at p = 0.05. The dif-
ference in the survival probability between groups was assessed 
via the Kaplan–Meier method (Therneau  1997). The ‘survfit’ 
function created a survival curve for censored data using the 
Kaplan–Meier method (log-rank method) based on the survival 
model created with the ‘Surv’ function (Therneau  2024). The 
survival probability was estimated by considering the number 
of living days of larvae (numeric value from 0 to 14) and their 
status at the end of the treatment (0 = dead, 1 = live).

We assessed behavioural and cognitive traits of 144 subjects, 72 
control larvae and 72 treated larvae, a subsample of the treated 
larvae due to logistic constraints. However, inspection of video 
recordings revealed that 6 larvae did not move across the entire 
testing and were discarded. An additional 14 larvae were dis-
carded as outliers after model inspection (response value was 
10-time more than Cook's distance threshold; Fox  2019). The 
final sample size for the behavioural and cognitive assays was 
122 subjects (61 control and 61 treated larvae).

In the first behavioural test, that is, the open-field test, dif-
ferences in the general activity (response variable: distance 

learning index[i] =
distance moved[i] − distance moved[first stimulation]

distance moved[first stimulation]
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covered, log-transformed) between the two experimental groups 
were analysed with a linear mixed-effects model (LMM, ‘lme4’ 
R package; Bates et al. 2015). As the predictors (fixed effects), 
we fitted treatment condition (treated vs. control) and time (se-
quence from 1 to 60 min time block, orthogonal polynomials 
settled via ‘contr.poly’ function from ‘stats’ R package, R Core 
Team 2021). The interaction term between these two fixed ef-
fects was included to assess differences in the temporal pat-
tern of general activity between the two experimental groups. 
Individual identifier was fitted as a random effect to consider the 
repeated-measure structure of the data. Significance of the mod-
el's parameters was assessed via Type II tests performed with 
‘Anova’ from the car R package (Fox and Weisberg 2019). In the 
second behavioural test, that is, the vibrational stimulation, the 
response (log-transformed distance covered) of subjects from 
the two experimental groups was compared with a two-sample 
t test.

For the habituation learning test, we compared the temporal 
trend of the learning index between the experimental groups 
using a LMM (‘lme4’ R package; Bates et al. 2015). The model 
was fitted with the learning index as the response variable, 
and treatment condition and stimulation (sequential number 
from 1 to 50 stimulation settled as orthogonal polynomial via 
‘contr.poly’ function from ‘stats’ R package) as fixed-effect 
predictors. Moreover, the individual identifier was fitted as 
a random effect. We included the interaction term between 
treatment condition and stimulation to assess differences 
in the temporal pattern of response between the two exper-
imental groups. When detecting a significant interaction 
term between the two fixed effects, we performed Tukey 
post hoc pairwise comparison using the ‘emmeans’ and ‘em-
trends’ functions from ‘emmeans’ R packages, respectively 
(Lenth 2025).

To assess the difference in the trait covariation due to the heat 
stress, we performed Pearson correlation tests between be-
havioural and cognitive traits. We considered the overall ac-
tivity (log-transformed) measured in the open-field test and 
the distance covered in response to the first stimulation (log-
transformed) as behavioural traits, while the average learning 
index (log-transformed after excluding the response to the first 
stimulation) as a cognitive trait.

3   |   Results

3.1   |   Survival Rate

The analysis did not find a difference in the survival probability 
between the two experimental groups (n° control larvae = 416, 
n° survived control larvae = 239; n° heat treated larvae = 418, 
n° survived heat-treated larvae = 240; χ2

1 = 0.100, p = 0.700; 
Figure 2A). This suggested that the heat stress did not affect the 
survival probability of the subjects.

3.2   |   Behavioural Assays

The general activity of larvae showed a significant decreas-
ing trend over time (χ2

59 = 650.735, p < 0.001, linear trend: 

t7080 = −1.952, p < 0.001; Figure 2B). Overall, larvae from the two 
experimental groups did not differ in their activity (χ2

1 = 0.011, 
p = 0.915). The temporal decrease of activity did not differ be-
tween the two experimental groups (interaction treatment × 
time: χ2

59 = 47.940, p = 0.848).

In response to the first stimulation, the intensity of the response 
did not differ between the two experimental groups (activ-
ity of control group: 9.01 ± 3.42 mm; activity of treated group: 
8.12 ± 3.20 mm; t120 = 1.501, p = 0.136; Figure 2C).

3.3   |   Habituation Learning Assay

Overall, the larvae showed a significant decrease of response 
across the stimulations (χ2

49 = 2580.534, p < 0.001; linear trend: 
estimate = −0.68 ± 0.03, t5880 = −23.901, p < 0.001; Figure  2D), 
which indicated learning. Compared to the treated group, the 
control groups showed a steeper decrease of the learning index 
(interaction treatment × stimulation: χ2

49 = 67.732, p = 0.039). 
Post hoc analysis revealed that the control group showed a 
greater habituation learning score compared to the treated 
group mostly in the earlier stimulations (pairwise compari-
sons: 2nd-stimulation: t695 = −2.566, p = 0.015; 3rd-stimulation: 
t695 = −2.819, p = 0.005; 4th-stimulation: t695 = −2.813, p = 0.005; 
7th-stimulation: t695 = −3.442, p < 0.001; 8th-stimulation: 
t695 = −2.600, p = 0.010; 24th-stimulation: t695 = −2.357, p = 0.019; 
Figure 2D).

3.4   |   Covariations Analysis

In the control group, the learning index did not correlate with the 
activity (Pearson r = 0.128, t59 = 0.993, p = 0.325; Figure 3A) and 
with the response to the first stimulation (Pearson r = −0.170, 
t59 = 1.324, p = 0.191; Figure 3B). In the treated group, however, 
the learning index significantly correlated with the response to 
the first stimulation (Pearson r = −0.335, t59 = −2.732, p = 0.008; 
Figure  3D), but not with the activity (Pearson r = −0.065, 
t59 = −0.498, p = 0.620; Figure 3C).

4   |   Discussion

The increasing heat associated with global warming is subject-
ing animals from various environments to escalating stress. This 
stress is not only necessarily lethal, but it potentially impacts an-
imal fitness in less obvious ways. Growing literature in various 
species suggests a non-lethal effect of heat stress may involve the 
cognitive system (Babkiewicz et al. 2021; Blackburn et al. 2022; 
Danner et  al.  2021; Gérard et  al.  2022; Pereira et  al.  2025; 
Maffioli et al. 2022; Soravia et al. 2023, 2024; Toni et al. 2019). 
Based on this literature, we investigated the impact of early-life 
heat stress on cognition in a teleost fish. Our findings suggest 
that learning abilities and their association with behaviour are 
affected after just 2 days of heat stress exposure in zebrafish lar-
vae. This highlights that even brief exposure to thermal stress 
can influence the development of the cognitive and behavioural 
phenotype. Since cognition and behaviour play a key role in in-
dividuals' fitness, our findings suggest potentially detrimental 
effects on wild populations exposed to thermal stress.
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The experimental heat stress was administered when the larvae 
were 7 days old, which corresponds to 10 days post-fertilisation 
in this fast-developing species. Colson et  al.  (2019) found that 
rainbow trout (Oncorhynchus mykiss), whose mothers were 
exposed to thermal stress, exhibited reduced spatial learning. 
Although their treatment duration was much longer than ours 
(6 weeks), their findings align with ours, suggesting that early 
development is a particularly sensitive window for heat stress af-
fecting the cognitive systems of fish. This is especially concern-
ing for species that lay eggs or display early stages with reduced 

mobility. While adult fish can partially avoid heat stress by mov-
ing to different water layers or habitats, larvae and eggs are often 
unable to migrate, leaving them more vulnerable to changes in 
environmental temperature.

In wild animals, cognition underpins critical survival be-
haviours such as foraging, predator avoidance, navigation and 
social interactions, all of which contribute significantly to in-
dividual fitness (Ashton et  al.  2018; Cole et  al.  2012; Smith 
et  al.  2015). This holds true also for simple non-associative 

FIGURE 2    |    (A) Survival probability plot. (B) Temporal variation of distance covered in the open-field test. (C) Response to the first vibrational 
stimulation measured as distance covered. (D) Temporal variation of the learning index in response to the repeated vibrational stimulations. To im-
prove the clarity of the represented temporal pattern, the data point measured at the end of repeated stimulations (50th stimulation) was removed 
from the graph. Data are represented as mean ± standard error and divided for treated (red) and control condition (grey). Asterisks represent signif-
icant post hoc differences between conditions.
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learning forms shown by zebrafish larvae, such as habituation 
learning (Deecke et al. 2002; Dong and Clayton 2009; Geist 2011; 
Hemmi and Merkle 2009; Higham and Shelton 2011). We con-
clude that disruption of these cognitive functions due to elevated 
temperatures could have profound implications for both individ-
ual fitness and population dynamics.

We secondarily found that not only was the average learning 
performance affected by heat stress, but so were individual 
differences, particularly the correlation between learning and 
response to the stimulation. In the heat-stressed group, individu-
als that exhibited stronger responses to stimulation also learned 
faster. This suggests that, in our learning test, which was based 
on a negative stimulus, shyer personalities may be more efficient 
learners, a pattern previously observed in guppies (Poecilia retic-
ulata; Budaev and Zhuikov 1998). However, this correlation was 
absent in the control group of our experiment. Therefore, heat 
stress during development appeared to accentuate the covari-
ation between cognitive and behavioural traits. While there is 
abundant evidence on how cognitive phenotypes affect fitness, 
we know far less about the ecological significance of the covari-
ation between behaviour and cognition, an area of research that 
remains relatively young (Carere and Locurto 2011; Sih and Del 
Giudice  2012). Some evidence indicates that the presence and 

nature of these covariations in wild populations vary depending 
on environmental conditions, suggesting that they may result 
from local adaptations (Daniel and Bhat 2023), and that they are 
involved in activities critical for survival (De Russi et al. 2024). 
This implies that the heat-stress-induced changes we observed 
in zebrafish may negatively impact fitness by altering adaptive 
trait relationships. Alternatively, this strengthening of trait as-
sociations may resemble the one previously described between 
behavioural and metabolic traits (Killen et al. 2013), which have 
been linked to differences in sensitivity to stressors among be-
havioural and physiological phenotypes. Our study suggests 
that similar dynamics may exist between behaviour and cogni-
tion, though further research is required to confirm this.

In our study, we focused on a single thermal treatment and 
a single life stage as an initial investigation into the develop-
mental effects of heat stress. However, there is a need to ad-
dress these aspects more in detail. First, it is possible that the 
observed effect is modulated by the intensity of the thermal 
stress. Including treatments with both more and less extreme 
temperature increases may help clarify this point and provide 
a more comprehensive understanding of what may occur in 
natural environments. Similarly, prolonged exposure to heat 
stress could potentially worsen the impact, or alternatively, 

FIGURE 3    |    Scatterplots representing the covariation between the cognitive trait (learning index) and the two behavioural traits (A, C: Overall 
distance covered in the open-field test; B, D: Locomotor response to the first vibrational stimulation) in the treated (red dots) and control group (grey 
dots). Lines represent the predicted linear relationship between traits. Behavioural and cognitive data were log-transformed.
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trigger developmental plasticity mechanisms that mitigate its 
negative effects (Scott and Johnston  2012). In addition, the 
duration of the observed cognitive alterations due to early ex-
posure to heat stress should be investigated across life stages. 
We detected effects 2 days after the end of the heat treatment; 
however, we cannot exclude the possibility that they induce 
long-lasting phenotypic modulation. Early-life stressors are 
known to cause persistent plasticity in the neurobehavioural 
phenotype, including in zebrafish (Fontana et al. 2021; Gatto 
et al.  2022). If heat stress triggers a long-term shift toward a 
particular cognitive phenotype, all the aforementioned fit-
ness consequences may be amplified in natural environments. 
Greater attention should therefore be placed on early exposure 
to heat stress and its possible long-term consequences through-
out the animal's life.
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