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Forecasts indicate that rising temperatures towards the future and the expansion of dead zones will change
environmental suitability for fish early stages. Therefore, we assessed the chronic effects of warming (26 °C),
hypoxia (<2-2.5 mg L™1) or their combination on mortality rate, growth, behaviour, energy metabolism and
oxidative stress using Atherina presbyter larvae as a model species. There were no differences between the
treatments in terms of mortality rate. The combination of warming and hypoxia induced faster loss of body mass
(+22.7%). Warming, hypoxia or their combination enhanced boldness (+14.7-25.4%), but decreased explora-
tion (—95%-121%), increased the time in frozen state (+60.6-80.5%) and depleted swimming speed
(—45.6-50.5%). Moreover, routine metabolic rate was depleted under hypoxia or under the combination of
warming and hypoxia (—56.6 and 57.2%, respectively). Under hypoxia, increased catalase activity (+56.3%)
indicates some level of antioxidant defence capacity, although increased DNA damage (+25.2%) has also been
observed. Larvae also exhibited a great capacity to maintain the anaerobic metabolism stable in all situations, but
the aerobic metabolism is enhanced (4+19.3%) when exposed to the combination of both stressors. The inte-
grative approach showed that changes in most target responses can be explained physiologically by oxidative
stress responses. Increased oxidative damages (lipid peroxidation and DNA damage) and increased interaction
between antioxidant enzymes (superoxide dismutase and catalase) are associated to increased time in frozen
state and decreased swimming activity, growth rates and boldness. Under all stressful situations, larvae reduced
energy-consuming behaviours (e.g. depleted exploration and swimming activity) likely to stabilize or compen-
sate for the aerobic and anaerobic metabolisms. Despite being an active small pelagic fish, we concluded that the
sensitive larval phase exhibited complex coping strategies to physiologically acclimate under thermal and
hypoxic stress via behavioural responses.

1. Introduction

Fishes have evolved complex physiological capacities to optimize
fitness-related performance, such as growth, behaviour and locomotion,
over a wide range of temperatures, often depending on the O demand to
fuel aerobic processes (Clark et al., 2013). However, warmer zones with
low availability of dissolved oxygen are spreading in coastal seas and
these situations will become more frequent by the end of the century
(Altieri and Gedan, 2015). The average global sea surface temperature
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has been consistently higher during the past three decades compared to
any other time series since 1880 (NOAA, 2016). In the subtropical North
Atlantic Ocean, for example, surface temperatures increased by
~0.85 °C since the 1980s (Bates and Johnson, 2020). The oxygen con-
tent of the ocean has declined by ~2% due to global warming and
nutrient enrichment since the middle of the 20th century (Claireaux and
Chabot, 2019). According to the Coupled Model Intercomparison Project
(CMIP5), the global average ocean temperature is expected to rise be-
tween 0.9 °C and 2.9 °C by 2100 for the ensemble averages under
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SSP1-2.6 and SSP5-8.5, which will drive a decline of 3-4% in average
oceanic oxygen levels (Schmidtko et al., 2017). Nevertheless, the extent
at which such global changes will affect the different life stages of fishes
is challenging to assess.

The effects of rising temperatures and Oy depletion are known to
induce putative changes in energy metabolism, growth, swimming
ability, oxidative stress and may even lead to high mortality rates in fish.
Warming increases the rate of oxygen consumption or decreases the
anaerobic metabolism of fishes, as observed in Sparus aurata (Remen
et al., 2015; Madeira et al., 2016) and Oncorhynchus kisutch (Little et al.,
2020), respectively, which would probably reduce their potential to deal
with hypoxic situations. (Little et al., 2020). Other species are able to
supplement swimming activity using the anaerobic metabolism when
exposed to hypoxia, such as Mugil cephalus (Vagner et al., 2008). These
stressors can also induce fishes to alter risk-taking related behaviours.
Pomacentrus moluccensis larvae, for example, became bolder and swam
faster when exposed to warming (Biro et al., 2010). Faster larval growth
was observed when Salmo salar (Braun et al., 2013) and Amphiprion
melanopus (Green and Fisher, 2004) were exposed to warming. On the
other hand, hypoxia decreased the growth rate of Morone saxatilis
(Brandt et al., 2009). Finally, severe hypoxic conditions led to increased
mortality rates in Gadus morhua and Anchoa mitchilli (Vaquer-Sunyer
and Duarte, 2008).

Nevertheless, the negative impacts that hypoxia has on biological
performance often outweigh those of warming and the various reports of
the co-occurrence of these stressors prompt the study of their combined
effects (Sampaio et al., 2021). Fish exposed to warmer dead zones will
need to improve performance to support high metabolic rates in areas
with limited Oz supply (McBryan et al., 2013). Despite this, studies
evaluating how the combined effect of these stressors alter target re-
sponses in fish are still scarce (Schurmann and Steffensen, 1997;
McBryan et al., 2016; Zhou et al., 2019; Pettinau et al., 2022). The
combined effects of warming and hypoxia induced reduced growth in
Paralichthys lethostigma (Del Toro-Silva et al., 2008), weight loss in
M. saxatilis (Brandt et al., 2009) and increased gill diffusion area in
S. salar (Anttila et al., 2013). Even rarer are works on fish early stages.
Larvae have not developed specific tissues/organs needed for homeo-
stasis and can have relatively narrow windows of environmental toler-
ance. As a result, the combined effects of warming and hypoxia can act
synergistically and increase mortality (Verberk et al., 2022).

To fulfil some of the knowledge gaps on the impacts of climate
change on fish early stages, this study aimed to integrate behavioural
and physiological outcomes to understand which coping strategies are
used by larvae of the sand smelt (Atherina presbyter) to withstand the
single and the combined effects of warming and hypoxia. This is a small
pelagic fish of ecological relevance as it is an important prey for com-
mercial coastal predators (Faria et al., 2014). The species inhabit the
northeastern Atlantic and very sporadically the Mediterranean, with a
cohesive population from Portugal to Germany (Francisco et al., 2008).
Therefore, our hypotheses aim to answer: (I) whether the effects of
chronic exposure (15 days) to warming and hypoxia can be amplified by
their combination on mortality rate, growth patterns, boldness, swim-
ming activity, metabolic rate, oxidative stress and energy metabolism;
and (II) whether chronic alterations on physiological performance,
measured as oxidative stress and energy metabolism, can explain the
variability in mortality rate, growth, behaviour and metabolic rate.

2. Material and methods
2.1. Experimental design

Fish larvae were collected in the very nearshore waters of Portinho
da Arrabida beach (38°28'35.09"N; 8°59'01.05"W) on June 2022, in the
Arrabida Marine Park (Portugal). Larvae were immediately transported
to the laboratory and maintained in quarantine for 5 days at a mean
temperature of 18 °C and a salinity of 35 g/L (the variables at the

Marine Environmental Research 199 (2024) 106609

sampling site) to recover from transport and handling stress. During this
period, larvae were daily fed with recently hatched Artemia nauplii.

Geo-referenced occurrence data representing spawning habitats for
the species were used to extract present-day and future sea surface
temperature (SST) (quarterly-averages from daily-means) from remotely
sensed climate models [2100 — Representative Concentration Pathway
(RCP) 8.5]. The highest value of SST extracted from the National
Oceanic and Atmospheric Administration’s World Ocean Atlas (NOAA’s
WOA) (Garcia et al., 2019; Locarnini et al., 2019) was 22 °C and from
Couple Model Intercomparison Project 5 (CMIP5) (Scott et al., 2016)
was 26 °C. These SST were set as probable conditions for both
present-day and future, respectively. Hypoxic condition was set as 2-2.5
mg L! dissolved oxygen (DO) to mimic the coastal dead zones found
across the distribution range of the species (Breitburg et al., 2018).

After quarantine, larvae were randomly distributed over 8 experi-
mental tanks of 25 L (18 °C and 100% DO), at a density of ~60 larvae per
tank to reduce biased results from the proposed tests. There were 4
different treatments, each with 2 replicate tanks:

A: 22 °C & 80-100% DO (5.8-7.3 mg L! DO) (control treatment)
B: 26 °C & 80-100% DO (5.3-6.7 mg L1 DO) (warming treatment)
C:22°C & 27.2-34.1% DO (2.0-2.5mg L! DO) (hypoxia treatment)
D: 26 °C & 30-37.6% DO (2.0-2.5 mg L' DO) (warming x hypoxia
treatment)

We gradually change the water parameters to acclimatize the larvae
to the new conditions, avoiding stress and heat shock. Temperature was
increased using heaters at a rate of 1 °C day ! until reaching 22 °C in all
tanks. After that, temperature was increased in treatments B and D at a
rate of 1 °C day ! until the desired temperature of 26 °C. The oxygen
level was steadily decreased in treatment C and D over a 4-day period
until matching the desired O, level between 2 and 2.5 mg L™". Solenoid
valves controlled by an oxygen regulator computer (Loligo® Systems
OXY-REG) maintained O at the desired level by pumping pure nitrogen
(Ny) into the tanks. A cycle of 14L:10D using fluorescent light was fol-
lowed. Larvae were daily fed ad libitum with Artemia nauplii. Exposure
to extreme conditions was run for 15 days and the number of dead larvae
was counted after the exposure period to assess mortality rate.

This study was carried out under the approval of Direcao Geral de
Alimentacao e Veterindria (DGAV, Portuguese Authority for Animal
Health, permit 0421/000/000/2020) and according to the University’s
animal ethics guidelines.

2.2. Growth patterns

The chronic effects of warming and hypoxia on growth in both length
and weight were evaluated in twenty-six larvae randomly collected from
both replicate tanks per treatment after the exposure period. The stan-
dard length (S;) and weight (Wg) were used as dependent variables (y)
and the total length (T) as the independent variable to run the allo-
metric growth modely = g T{! +¢, where Po is the intercept and f is the
growth coefficient (van Snik et al., 1997). When f; is 1 for length and 3
for weight, the growth is said to be isometric (Lima et al., 2013). When
p1 is smaller than the isometric value, the growth is negatively allome-
tric (slower); when higher, the growth is positively allometric (faster)
(Lima et al., 2013).

2.3. Behavioural analysis

Fourteen larvae were randomly sourced after the exposure period
from both replicate tanks per treatment in a temperature-controlled
room. Fish were individually tested once. All tests were performed
over a period of 2 days (28 larvae/day), changing the order of the tanks
analysed to reduce differences in individual peaks of activity. The
experimental arena used to assess fish boldness and activity consisted of
a rectangular aquarium (56x38 x 40 cm) covered with an opaque lining



A.RA. Lima et al.

to block the larva from viewing the external movements. The aquarium
was divided into a small starting compartment (18 x 38 cm) with gravel
on the bottom to simulate a shelter, separated by an opaque barrier from
a larger testing arena without structural elements. The bottom of the
larger compartment had a gridded white surface underneath, dividing

Chamber volume (L) = Slope of oxygen consumption (mg/L)

MO, = fish weight (kg) + Time (h)

the area in three square zones: zone 1 was closer to the tank wall, zone 2
an intermediate zone, and zone 3 was the inner central zone of the arena
(Magnhagen et al., 2014). The last was assumed to be perceived as an
unsafe environment because it was unknown to the larva at the start of
the trial (Magnhagen et al., 2014). The water level was set to 12.5 cm.
Water temperature and oxygen in the arena matched the conditions of
the treatment of origin and ~20% of the water was replaced in between
evaluation of each fish of the tested conditions. Fish were only fed at the
end of the trial day to avoid postprandial effects which could affect
behaviour (Hojesjo et al., 1999). All tests were recorded from above
using a camera (Canon PowerShot G7X Mark II, Sony RX100 IV).

2.3.1. Boldness assay

An emergence assay was used to test boldness (Brown and
Braithwaite, 2004; Miller et al., 2006). Each fish was placed in the
starting compartment to acclimate for a period of 5 min. After that, the
door was lifted for 1 min, allowing the fish to swim into the larger
compartment. A small aquarium dip net was used to move those fish that
do not leave the starting area (Chen et al., 2018). A bolder fish is ex-
pected to leave shelter faster and move further away from the protected
area than a shyer fish (Toms et al., 2010). Therefore, we recorded: (1)
average emergency to exit shelter (ms) and (2) average time spent in
zones 1, 2 and 3 (ms). Video analysis was carried out using BORIS 7.3
(Friard and Gamba, 2016).

2.3.2. Activity assay

Activity was measured as routine swimming traits. We used BORIS to
evaluate (1) the average time in frozen state (ms) and (2) the average
time swimming (ms). Image-J (v1.48; U. S. National Institutes of Health,
Bethesda, Maryland) was used to evaluate (3) the distance swum (mm)
and (4) the average swimming speed (mm/s). For 3 and 4, each video
was divided into frames associated to a period in seconds and the pixels
of each frame were converted into millimetres. The distance swum by
the larva between consecutive frames over a given period was measured
using a manual tracking plugin.

2.4. Routine metabolic rate (RMR)

Twelve larvae were randomly sourced after the exposure period from
both replicate tanks per treatment in a temperature-controlled room.
Fish were individually tested once. All tests were performed over a
period of 3 days (4 larvae/day), changing the order of the tanks analysed
to reduce differences in individual peaks of activity. To estimate RMR,
oxygen consumption was measured in a closed respirometry system
composed by 4 cylindrical o-ring sealed chambers with a water volume
of 100 ml, according to Almeida et al. (2022). The larvae were allowed
to acclimate to the respirometry chamber for 1 h with constant water
circulation with temperature and oxygen levels matching the conditions
of each treatment. After that, the circulation of water was interrupted,
and contactless oxygen sensor spots (OXSP5, Pyroscience) measured
oxygen levels inside the chamber every 15 s for 25 min. The software
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Pyro Oxygen Logger (Pyroscience, Denmark) was used to monitor oxy-
gen consumption. The background bacterial oxygen consumption was
recorded after each test to account for the effects of bacterial respiration.
The RMR (mg Oy/kg/h) was calculated as (Almeida et al., 2022):

- Background

Temperature coefficients (Qq¢) for treatments B (warming) and D
(the combination of warming and hypoxia) were calculated to evaluate
whether RMR is thermally sensitive(Almeida et al., 2022):

RMR 26°C 22°C/(26°C-22°C)
0= (RMR 220c)

The resulting Qjp is 1 when RMR is completely independent of
temperature. Qo is > 1 when RMR has a positive thermal dependence
and <1 when RMR has a negative thermal dependence.

2.5. Biomarkers analysis

Seven larvae per treatment were randomly sourced after the expo-
sure period from both replicate tanks per treatment. These fish were not
tested for behavioural or metabolic responses. Oxidative stress was
evaluated by assessing whether the formation of reactive oxygen species
(ROS) (Socci et al., 1999) can be controlled by superoxide dismutase
(SOD) (McCord and Fridovich, 1969) and catalase (CAT) (Claiborne,
1985) activities in order to prevent oxidative damages to DNA (Olive,
1988) and lipid peroxidation (LPO) (Ohkawa et al., 1979; Bird and
Draper, 1984) (see Supplementary Material for more information).

Energy metabolism was evaluated as the rate of cellular energy
consumption represented by the electron transport system (ETS) (De
Coen and Janssen, 1997). Isocitrate dehydrogenase activity (IDH) was
evaluated as a proxy for the aerobic metabolism (Ellis and Goldberg,
1971; Lima et al., 2007), while lactate dehydrogenase activity (LDH) for
the anaerobic metabolism (Vassault, 1983; Diamantino et al., 2001) (see
Supplementary Material for more information).

3. Statistical analysis

To check whether growth in length and weight differ among treat-
ments, we used T-tests to compare growth coefficients. Generalized
Linear Mixed Models (Breslow and Clayton, 1993) were performed to
investigate whether the different treatments affect the measured traits
[mortality, growth, behaviour (boldness and activity), RMR and bio-
markers]. Each tank was used as nested random repeated factor within
the main effects to reduce the chances of a type I error. A Poisson dis-
tribution, with the Poisson variance V(p) = p and a logarithmic-link log
() function, was used to analyse mortality rate, boldness, time in frozen
state and time swimming (McCullagh and Nelder, 1989). A log-normal
distribution, with the lognormal variance V(i) = exp® # + @ [exp!®?
— 1] and the logarithmic-link log(x) function, was used to analyse
swimming speed, distance swan, RMR and biomarkers (Dick, 2004). A
Tukey HSD post hoc test was performed whenever significant differences
were detected. The statistical significance level was o = 0.05 (p-value
<0.05). The values are expressed as averages (+S.E).

A Redundancy Analysis (RDA) (Rao, 1964) was performed to eval-
uate whether the chronic effects of warming and hypoxia on the
measured traits [mortality, growth, behaviour (boldness and activity),



A.RA. Lima et al.

RMR] could be explained by alterations on oxidative stress and energy
metabolism biomarkers. A matrix of the groups (i.e. different treatments
and tanks) containing the measured traits was used as response variable,
while a matrix of values related to alterations on oxidative stress and
energy metabolism was used as explanatory variable. Response vari-
ables were Hellinger-transformed before running the model (Legendre
and Gallagher, 2001). The overall statistical significance of each RDA
models, of constrained axis and of each variable were assessed using an
ANOVA permutation function in order to exclude explanatory variables
not significant to the model. The explanatory variables selected by
stepwise procedures appear as vectors radiating from the origin of the
ordination. The length of the vector is related to the importance of the
explanatory variables to the dataset (response variables and the groups).
The direction and proximity among variables, groups and vectors inform
the type of relationship (positive or negative correlations). Statistical
analyses were performed with R (R Core Team, 2022).

4. Results
4.1. Mortality rate after chronic exposure to heat and hypoxic stress

Warming and hypoxia or their combination did not exhibit direct
effects in mortality rate when compared to control conditions (Fig. 1).
Mortality rate averaged ~66.6% in all treatments.

4.2. Changes in growth patterns after chronic exposure to heat and
hypoxic stress

By comparing growth coefficients (or slopes) among treatments, our
results showed that growth in standard length did not differ among
treatments (p > 0.05) (Fig. 2a). However, gains in weight were signifi-
cantly slower (or allometric negative) when fish were exposed to the
combination of warming and hypoxia when compared to all other
treatments (p < 0.001) (Fig. 2b).

4.3. Behavioural responses (boldness and activity) after chronic exposure
to heat and hypoxic stress

Warming and hypoxia significantly affected boldness and activity.
The emergency of sand smelt to exit the shelter for the first time differed
significantly between stressed conditions and the control (Fig. 3a). Fish
exposed to warming, hypoxia or their combination left the shelter faster
(were bolder) (p < 0.001). Overall, these larvae also spent significantly
more time in zone 1 (protected or closer to the arena wall) (p < 0.001)
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Fig. 1. Average mortality rate (+S.E.) measured as the number of dead sand
smelt larvae chronically exposed to different treatments. ns, non-significant.
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Fig. 2. Relationships between morphometric variables [standard length vs.
total length (a) and weight vs. total length (b)] of sand smelt larvae (N = 26)
chronically exposed to different treatments simulating (A) control (or natural)
condition, (B) warming, (C) hypoxia and (D) the combination of both stressors.
Growth coefficients (B1) and R2 values were calculated according to the model
y = p0 TL P! + &. ns, non-significant; ***p < 0.001.

and spent significantly less time in zone 3 (less protected or far from the
arena wall), on average (p < 0.001) (Fig. 3b—d). In addition, sand smelt
exposed to warming, hypoxia or their combination spent more time in
the frozen state (p < 0.01), swam slower (p < 0.01) and covered shorter
distances (p < 0.01) when compared to the control (Fig. 3e-g and h).
There were no differences between the treatments in terms of time spent
in swimming activity (p > 0.05) (Fig. 3f).

4.4. Effects on physiology after chronic exposure to heat and hypoxic
stress

4.4.1. Effects on RMR

Hypoxia and the combination of warming and hypoxia significantly
decreased routine metabolic rate (RMR) when compared to all other
treatments (p < 0.01) (Fig. 4). RMR exhibited a positive thermal
dependence under warming (Q;p = 1.82) and a negative thermal
dependence under the combination of warming and hypoxia (Qqo =
0.23).

4.4.2. Oxidative stress responses

ROS formation, SOD activity and LPO did not differ among treat-
ments (Fig. 5a, b and d), while CAT activity was induced under hypoxia
when compared to all other treatments (p < 0.001) (Fig. 5c). As a
consequence of higher oxidative stress, damage to DNA was significantly
higher under hypoxia, when compared to the control (p < 0.05)
(Fig. 5€).

4.4.3. Energy metabolism responses
ETS activity did not differ among treatments (Fig. 6a). The anaerobic
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Fig. 4. Average routine metabolic rate (RMR +S.E.) of sand smelt larvae (N =
12) chronically exposed to different treatments. Letters represent homogeneous
groups. **p < 0.01.

metabolism (LDH activity) was significantly higher under the combi-
nation of warming and hypoxia when compared to the warming treat-
ment (p < 0.01) but did not differ from the control and the hypoxia
treatment (Fig. 6b). The aerobic metabolism (IDH activity) was signifi-
cantly increased under the combination of warming and hypoxia when
compared to the warming treatment and the control (p < 0.05) but did
not differ from the hypoxia treatment (Fig. 6¢).

4.5. Relationship among target responses and physiology after chronic
exposure to heat and hypoxic stress

The RDA showed that oxidative stress, but not energy metabolism (i.
e. biomarkers), significantly influenced variability in behaviour, growth
and RMR of A. presbyter early stages exposed to the different treatments
(p < 0.01) (Fig. 7). All biomarkers selected by the model had significant
influence on the RDA (p < 0.01). The axis RDA1 explained 95.88% of the
variance of the relationship among variables and is represented by the
variability on the oxidative stress responses, except for LPO (p < 0.01)
(Fig. 7). The axis RDA2 did not significantly influence the dataset and is
represented by the oxygen availability (the larvae exposed to hypoxia
were positively loaded along RDA2, whilst larvae exposed to normoxia
were negatively loaded along RDA2) (Fig. 7). The first axis showed both
a strong positive (r = 0.7956) and negative correlations (r = —0.9238) to
damaged DNA and lipid peroxidation (LPO), respectively. This means
that these two variables strongly drove the variation in the data. Growth,
boldness, activity and RMR decreases when fish are exposed to hypoxia
and increases under normoxia, regardless the temperature (Fig. 7).
These target responses had also a negative correlation with the first axis,
meaning that when these responses decrease, it is also possible to
observe increases in DNA damage, LPO and in the interaction between
SOD and CAT activities. On the other hand, time in frozen state had a
strong positive correlation with the first axis and increases under the
same conditions in which damage to DNA, LPO and the interaction be-
tween SOD and CAT activities also increase (Fig. 7). This last response
also increases (p = 0.005) when fish are exposed to hypoxia, regardless
the temperature.

5. Discussion

5.1. Warming, hypoxia or their combination had no effect on mortality
rate

Our results show that sand smelt larvae have a relative high
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mortality rate >60% even in optimal rearing conditions. Despite this,
warming, hypoxia or their combination had no effect on mortality as
there was no difference between stressed conditions and the control. The
combination of these stressors had also no effect in larvae of Dicen-
trarchus labrax (Vanderplancke et al., 2015), whilst acted synergistically
increasing the average mortality of juvenile of Acipenser oxyrinchus by
92% (Secor and Gunderson, 1998). Thus, many fish species are likely to
experience reduced survival in the future because long-lasting warmer
dead zones are expanding across their distribution range (Diaz and
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Rosenberg, 2008; NASA, 2010). Some other species, such as the sand
smelt, are unlikely to experience additional population-level effects in
the future, as mortality under hypoxic or thermal stress is no higher than
that observed under current conditions.

5.2. The combination of warming and hypoxia induced slower gains in
weight

The combination of warming and hypoxia affected growth patterns
by inducing faster loss of body mass, resulting in thinner sand smelt
larvae. Controversially, the larval stage is generally the period of rapid
growth over a short time interval (Pepin, 1995; Lima et al., 2013).
Larvae commonly gain weight ~100 times more rapid than length under
optimal natural conditions due to the faster development of organ and
tissue (Pepin, 1995; Yang et al., 2020). According to our results, growth
in weight was faster in larvae exposed to warming or hypoxia, similarly
to the control condition. Under these situations larvae prioritized the
development of body mass such as observed during the larval period
(Yang et al., 2020). In addition, warming, hypoxia or their combination
had no effect on growth in length. According to our biochemical results,
it is likely that sand smelt have the ability to offset metabolic and
developmental costs associated to these stressors as metabolism was
maintained stable in all treatments, except when larvae were exposed to
the combination of warming and hypoxia. Under such situation, the
increased aerobic and anaerobic activities coincided with faster loss of
body mass in sand smelt, suggesting that the larvae may be using en-
ergetic reserves to improve metabolism when exposed to combined heat
and hypoxic stress (Del Rio et al., 2019).

Although there is little work on the effects of warming and hypoxia
on allometric growth patterns, the combination of warming and hypoxia
also caused body mass loss in early stages of Oncorhynchus tshawytscha
(Del Rio et al., 2019) and M. saxatilis (Brandt et al., 2009), while hypoxia
alone decreased body mass in S. salar (Remen et al., 2013), D. labrax
(Vanderplancke et al., 2015) and the Seriola lalandi (Bowyer et al.,
2014). Our results indicate that weight loss will be faster if sand smelt
larvae stay longer in habitats where the coexistence of warming and
hypoxia persists. This means that such habitat conditions are not suit-
able for larval growth. It is likely that larvae exposed to the combination
of these stressors prioritizes the use of energetic reserves to improve
metabolism rather than to invest in development to maintain body
shape. This is enough to change growth strategies that are important to
life history success (Baltazar-Soares et al., 2023). The exposure to these
stressors during early stages may also have adverse carry-over effects in
later stages (Cadiz et al., 2018). Thus, it is likely that later stages of sand
smelt growing under the combination of warming and hypoxia will have
delayed development when compared to those growing in optimal
conditions. Larvae with poor body condition will hardly ever succeed
along their development, which could compromise fitness and popula-
tion recruitment success (Lima et al., 2013).

5.3. Warming, hypoxia and their combination enhance boldness and
protection and deplete larval activity

Our study indicates that warming, hypoxia or their combination
affect the reaction of sand smelt larvae to a situation perceived as
dangerous and the willingness to take risks in novel environments
(Fraser et al., 2001; Brown et al., 2005). These larvae left the shelter
more quickly but had less willingness to take risks by avoiding more
exposed areas of a novel environment. Moreover, warming, hypoxia or
their combination decreased activity in sand smelt larvae as they swam
significantly slower and for shorter distances than when they were under
control conditions. These stressors also increased the time larvae spent
in frozen state.

Actually, the effects of warming and hypoxia on boldness, explora-
tion and activity are highly variable among species and they have often
been linked to metabolic requirements (Lienart et al., 2014). Warming
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decreased boldness in juveniles of Pomacentrus chrysurus when fish were
in low physiological condition (low food availability) thus prioritizing
metabolic requirements rather than escaping a predator cue (Lienart
et al., 2014). Rising temperatures also affected behaviour in
P. moluccensis as those that were active at a given temperature also
tended to be bolder, suggesting that individual differences in meta-
bolism may contribute to personality (Biro et al., 2010). Increased ac-
tivity in S. lalandi larvae was positively related to resting oxygen uptake
rates when exposed to high temperature (Laubenstein et al., 2018).
Activity and risk-taking increased in D. labrax exposed to hypoxia, and
both were positively correlated with metabolic rate (Killen et al., 2012).

Despite being an active small pelagic fish with larval critical swim-
ming speed of ~670 m h~! (Faria et al., 2014), when sand smelt larvae
were exposed to all stressful situations the swimming speed was reduced
by ~63% and the time spent in frozen state increased by >50% in
relation to the control. It is thus likely that, when faced with those
conditions, sand smelt larvae will choose to respond behaviourally by
not taking risks and reducing activity to maintain metabolic re-
quirements (Lienart et al., 2014; Domenici et al., 2019; Mattiasen et al.,
2020; Kua et al.,, 2020). Therefore, our results suggest that such
behavioural changes will affect both access to resources and vulnera-
bility to predators that are tolerant to these stressors.

5.4. Larvae use behavioural responses as coping strategies to overcome the
effects of warming and hypoxia or their combination on physiology

ROS are byproducts of the normal metabolism of oxygen and their
formation may be disturbed by warming and hypoxia leading to
oxidative damages. To prevent oxidative damages to cell membrane
(LPO) and to DNA, SOD and CAT act to convert and decrease superoxide
anion and hydrogen peroxide levels within the cell, respectively (Silva
et al., 2018). In sand smelt, responses regarding oxidative stress did not
differ between stressed conditions and the control, except when fish
were exposed to hypoxia. In this case, although the antioxidant system
was stimulated by the induction of CAT activity, that was not enough to
prevent an increase in DNA damage. Regarding energy metabolism,
rising temperatures often result in higher energy demand supplied via
aerobic metabolism, which in turn becomes limited under low avail-
ability of oxygen (Schulte, 2015; Earhart et al., 2022). For sand smelt
larvae, stressful conditions did not affect cellular respiration (here
studied as ETS activity) and the anaerobic metabolism (assessed through
LDH activity) was maintained similar as that of the control when fish
were exposed to any of the situations. However, the aerobic metabolism
(assessed through IDH activity) increased when fish were exposed to the
combination of warming and hypoxia.

The effects of warming and hypoxia on fish physiology is highly
variable among and within species as tolerance to these stressors are
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modulated by body mass, salinity, cell size and metabolic rate (Verberk
et al., 2022; Duskey, 2023). A study evaluating 195 fish species
concluded that hypoxia tolerance in fishes with larger bodies and larger
cell sizes is lower in warmer water (Verberk et al., 2022). On the other
hand, larger Maccullochella peelii were more tolerant to the combined
effects of warming and hypoxia (McPhee et al., 2023). Tolerance to these
stressors has often been assessed as to whether a given species has the
ability to improve physiology. For example, S. aurata exposed to
warming (Madeira et al., 2016) and Leiostomus xanthurus exposed to
severe hypoxia (Cooper et al., 2002) had increased antioxidant defence.
Reduced anaerobic metabolism was observed in O. kisutch exposed to
warming (Little et al., 2020), while increased anaerobic metabolism was
observed in L. xanthurus exposed to severe hypoxia (Cooper et al., 2002).
Moreover, species such as Diplodus puntazzo, S. aurata and Pagrus auratus
are able to sustain metabolic demands under extreme conditions
through anaerobic reliance (Cerezo and Garcia Garcia, 2004; Domenici
et al., 2007; Cook and Herbert, 2012; Cook et al., 2013; Remen et al.,
2015).

To date it is still unclear what are the mechanisms used by fishes to
cope with warming and hypoxia, especially considering ecological in-
teractions among species in a changing environment (Duskey, 2023). To
fulfil these knowledge gaps, some studies point to the need of integrative
approaches to investigate how environmental change will affect pop-
ulations and communities by predicting how species respond physio-
logically and behaviourally (Duskey, 2023). In M. cephalus, for example,
the anaerobic metabolism was used to supplement swimming activity
under hypoxic conditions (Vagner et al., 2008). Therefore, fishes can
optimize the relationships between physiology and behaviour, through
plasticity or evolution, to overcome the effects of extreme events
(Domenici et al., 2007; Dwyer et al., 2014).

Our study also ascertained that the variability in responses related to
oxidative stress could significantly explain ~96% of the variability of
the relationship among behaviour, growth and RMR after chronic
exposure, while responses associated with energy metabolism had no
influence. There are clear negative relationships between most of the
target responses and oxidative stress. When oxidative stress was high on
average, fish spent more time in frozen state and depleted activity,
growth rates and oxygen consumption (RMR). In addition, RMR of sand
smelt increased with increased temperature (Q1¢ > 1). Under this con-
dition, oxygen consumption was higher than those exposed to normoxia,
on average (i.e. higher RMR). RMR was significantly lower when sand
smelt were exposed to hypoxia or to the combination of warming and
hypoxia. This indicates that under hypoxia, oxygen consumption de-
creases when temperature increases (Qi9 < 1). Coincidently, routine
swimming activity was depleted in all stressful situation, possibly as a
strategy to overcome their effects on metabolism (Mandic and Regan,
2018). However, although hypoxia and thermal tolerance may be
beneficial, the depleted activity will act in favour of the predator,
especially those tolerant to the same stressors (Shoji et al., 2005).
Therefore, we hypothesize that sand smelt larvae have a great capacity
of using behavioural responses to buffer shifts in aerobic and anaerobic
metabolisms, whilst reducing oxidative stress. These results suggest that
sand smelt exhibit physiological tolerance to cope with the tested con-
ditions of warming, hypoxia or their combination.

6. Conclusion

Collectively, the outcomes of this study show evidence that sand
smelt larvae are able to use behavioural responses as a coping strategy to
sustain the aerobic and anaerobic metabolisms and to regulate oxidative
stress when exposed to warming, hypoxia or their combination. This
strategy could be explained by variability in responses to oxidative stress
among the different situations. Larvae exposed to these stressful situa-
tions increased the time spent in frozen state, enhanced boldness,
decreased swimming activity and growth in weight. Under these con-
ditions, the larvae exhibited some level of antioxidant defence capacity,
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although increased levels DNA damage could be observed under hyp-
oxia. Larvae were also able to keep the anaerobic metabolism (LDH
activity) similar to control situations (i.e. when temperature and O,
levels are optimal). Moreover, this study has shown that under the
combination of warming and hypoxia, larvae uptake less oxygen (low
RMR) while boost aerobic demands (IDH activity). Coincidently, larvae
exhibited faster loss of body mass under such high metabolic demands,
possibly using energetic reserves to enhance aerobic metabolism even
when oxygen consumption is reduced. Therefore, despite being an active
small pelagic fish, larvae exhibited thermal and hypoxia tolerance
through physiological and behavioural acclimations. We highlight that
more replicate tanks, endpoints (e.g. protein carbonylation) and types of
exposure (e.g. ability to recover from stress) could have been evaluated
to increase the reliability of fish larvae responses to climate change.
Future work should focus on the ecological costs of these strategies,
integrating these biological responses into predictions of future habitats
for fish larvae.
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