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ARTICLE INFO ABSTRACT
Keywords: Shallow water environments have long been recognized by scientists as sentinels for climate change. By ana-
Global warming lysing the impacts of ocean warming and marine heatwaves (MHW) in species from these areas, we can estimate

Marine heatwaves

their plasticity and hence vulnerability to thermal challenges. Pomatoschistus microps is a benthic intertidal fish
Thermal tolerance

species inhabiting coastal lagoons where temperature fluctuations are common. Here, we tested the effects of
“Present” and “Future summer” scenarios (22 °C and 25 °C) and their respective heatwaves (27 °C and 30 °C)
versus a “Control” scenario of 19 °C on warm (summer)- and cold (winter)- acclimatized fish. Then, we estimated
phenotypic plasticity of critical thermal maximum (CTmax), oxygen consumption and cellular stress responses
(CSR). Temperature seasonal variation and body weight (as proxy for body size) effects on fish thermal tolerance
were also determined. Fish exposed to higher temperature treatments exhibited higher thermal tolerance, with
this pattern being consistent for both warm- and cold-acclimatized fish. However, this difference was subtle
(<4.6 %), suggesting a low capacity for acclimation. Nonetheless, warm-acclimatized fish (collected in summer)
displayed significantly higher CTmax than cold-acclimatized fish (collected in winter), indicating that CTmax is
influenced by seasonal thermal variation. Weight also represents a constraint factor for P. microps thermal
tolerance, as heavier animals displayed lower CTmax. No alterations in Oy consumption, neither in CSR bio-
markers were detected across temperature treatments, suggesting that fish were otherwise relatively insensitive
to thermal fluctuations, independently of thermal history, within the thermal scenarios tested. Overall, the
studied population of P. microps seems well adapted to temperature variations in their natural environment,
exhibiting a large thermal safety margin (average of 11.02 °C).
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1. Introduction

Phenotypic plasticity is defined as the ability of one genotype to
produce various phenotypes across environmental gradients (Fox et al.,
2019). Plastic responses of organisms can thus play a role in population
persistence and even species adaptations to changing environments (Fox
et al., 2019). However, not all forms of plasticity are adaptive. Various
studies report nonadaptive or maladaptive plastic responses resulting
from stress or other factors (Merila and Hendry, 2014). While adaptive
plasticity may bring the population into the new favoured optimum
phenotype, allowing persistence, nonadaptive or maladaptive plasticity
may shift the average phenotype away from the optimum (Ghalambor
et al., 2007). Phenotypic plasticity, and more specifically acclimation,
has been pointed out as a relevant mechanism for organisms living in
variable environments (Romero-Mujalli et al., 2021). Acclimation is a
term that refers specifically to the process by which organisms adjust to
specific environmental conditions (without undergoing genetic
changes) under controlled laboratory settings (Foo and Byrne, 2016).
Acclimatization, on other hand, is the process by which organisms adjust
to environmental changes in the natural habitat (Foo and Byrne, 2016).
If physiological acclimatization results in higher fitness across envi-
ronments, then organisms with greater acclimatization capacity may be
selected for in highly variable settings (Drown et al., 2021). However, if
acclimatization processes come with costs (energetic, reproductive,
etc.), there could be a variation in how plastic the organisms can be
(Drown et al., 2021). Overall, the capacity of organisms to acclimatize to
new conditions may strongly influence how populations and species
respond to global changes.

Global change and its impacts on biodiversity have been a major
focus of the scientific community in the past decades (den Elzen et al.,
2005; Dessler, A., & Parson, 2019). Currently, almost all ecosystems are
experiencing alterations that are a direct or indirect consequence of
global changes, including climate change (Birchenough et al., 2015;
Huang et al., 2017; Menezes-Silva et al., 2019; Sturrock et al., 2011).
Among marine ecosystems, climate change-driven regime shifts, or
habitat loss have already been reported, particularly in shallow or
nearshore marine environments (Duarte et al., 2018; Graham et al.,
2015; McPherson et al., 2021). Given that warming may be intensified in
shallow and intertidal habitats, with warming rates potentially three
times higher than those observed in deeper waters (Oczkowski et al.,
2015), shallow marine environments have been utilized as natural lab-
oratories for ecological research and as indicators of climate change
(Morley et al., 2016; Oczkowski et al., 2015). These key environments
harbour high biodiversity and provide a wealth of ecosystem services,
and the risks posed by multiple environmental drivers are threatening
the sustainability of coastal economic development and livelihoods
(James et al., 2023; Magalhaes Filho et al., 2022; Mooney et al., 2009).
Species inhabiting shallow marine environments are particularly
exposed to temperature and salinity shifts, as well as to oxygen deple-
tion. According to IPCC’s (Intergovernmental Panel on Climate Change)
report AR6 (Assessment Report), sea surface temperature may increase
up to 5 °C globally (IPCC, 2022). Extreme weather events such as marine
heatwaves (MHW) have also increased 34 % in frequency and 17 % in
duration worldwide (Oliver et al., 2018). According to Hobday et al.
(2016) a marine heatwave can be described as an anomaly in temper-
ature in which the 90th percentile of the local long-term climatology is
exceeded for at least five consecutive days (Hobday et al., 2016).

Shallow marine environments are particularly exposed to sudden
temperature shifts associated with MHW. Therefore, the assessment of
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species thermal limits is crucial to evaluate organism vulnerability to
ocean warming and extreme weather events (Fernandes et al., 2023;
Gibson, 2003; Madeira et al., 2021b; Missionario et al., 2022; Morley
et al., 2016). Several studies have already revealed that some species do
display acclimation capacity to increasing temperatures, with pheno-
typic plasticity and interspecific variability having key roles in in-
dividuals’ and species’ ability to endure environmental change
(Faulkner et al., 2014; Nati et al., 2021; Vinagre et al., 2016). However,
individuals that are already subjected to high temperatures in their
natural habitat, may exhibit high thermal limits but low acclimation
capacity upon unusual heat exposure (Madeira et al., 2018; Vinagre
et al., 2016). Moreover, species thermal limits might be dependent of
their body size (Leiva et al., 2019). This is often observed in the
intertidal-subtidal axis, with several intertidal species, such as Tegula
funebralis and Petrolisthes cinctipes, displaying reduced acclimation ca-
pacity when compared to subtidal species (Somero, 2005; Stillman,
2002). Goby fish, Bathygobius soporator and Pomatoschistus microps, have
been reported to display very low acclimation capacity in heat tolerance
(Vinagre et al., 2016), but the underlying physiological and molecular
mechanisms have not been explored.

Metabolic requirements of ectothermic organisms are known to shift
under thermal stress (Sokolova, 2021). The temperature dependence of
metabolism in ectotherms has been widely established, driven by the
deterministic effects of temperature on the kinetic energy of molecules
(Gillooly et al., 2001). However, other authors also consider that
adaptation to different temperature regimes and associated energetic
trade-offs overall dictate the slope of the relationship between temper-
ature and metabolic rate (Clarke and Fraser, 2004). By measuring oxy-
gen consumption through respirometry assays, researchers can measure
metabolic rates, and assess the energy demand pertaining to functions
such as basal metabolism and maintenance of body homeostasis, and
how they shift under global change scenarios (Leeuwis et al., 2021;
Nelson, 2016). In this context, routine metabolic rate (RMR) represents
the “average rate of metabolism when the animal is undergoing normal
behaviour” and maximum metabolic rate (MMR) denotes the organism’s
capacity for work, such as when it requires more physical effort (e.g.,
escaping a predator or capturing prey) (Metcalfe et al., 2016; Norin and
Metcalfe, 2019).

Under elevated temperature, metabolic rates of ectotherms often
increase, subsequently declining again as the organism acclimates to the
new conditions, controlling for maintenance costs (Norin and Metcalfe,
2019). Plasticity in whole-animal metabolic rates can be related to the
underlying cellular physiology, associated with mitochondrial density,
the function of key mitochondrial enzymes and mitochondrial proton
leakage (Norin and Metcalfe, 2019). The ability of organisms to main-
tain mitochondrial and overall cellular functioning under thermal
challenge has been associated with the capacity to activate cellular
protection/repair processes, termed the cellular stress response (CSR)
(Kiiltz and Somero, 2020; Somero, 2020). Heat stress is known to induce
macromolecular damage in cells, including protein denaturation and
oxidative injury (Madeira et al., 2014, 2016; Somero, 2020). Thus, or-
ganisms gradually activate the CSR depending on stress intensity and
degree of damage in cells (Somero, 2020). Understanding these cellular
level responses may help us understand how global warming and
extreme weather events impact marine fauna (Madeira et al., 2016).

Oxidative stress biomarkers and heat shock proteins (Hsp) have been
commonly used to evaluate species health and metabolic status in
response to abnormal heat exposure (Birnie-Gauvin et al., 2017; Tom-
anek, 2010). High temperatures increase reactive oxygen species (ROS)
formation, leading to oxidative stress (Abele et al., 2002; Dowling and
Simmons, 2009). ROS oxidize lipids from cells’ membranes and induce
covalent modifications in proteins and nucleic acids, promoting cell
death (Gaschler and Stockwell, 2017). Hsp are a highly conserved type
of proteins, that refold damaged proteins to their proper structure. If
refolding is not possible, ubiquitin, a protein responsible for the degra-
dation of short-lived regulatory cellular proteins, signals them for
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degradation in the proteasome. The proteasome is comprised of protein
complexes that degrade unneeded or damaged proteins through prote-
olysis (Ciechanover and Schwartz, 1998; Hofmann and Somero, 1995;
Lindquist and Craig, 1988; Yusof et al., 2022). By quantifying lipid
peroxidation, antioxidants, Hsp and ubiquitin, it is possible to: i) assess
the level of oxidative stress and protein denaturation occurring in cells
as a result of heat exposure and ii) assess species capacity to counteract
the action of ROS in cells (Baag and Mandal, 2023; Carney Almroth
et al., 2019; Madeira et al., 2014).

Pomatoschistus microps, the model animal used in the present study, is
a benthonic goby fish that inhabits shallow coastal lagoons and estuaries
in which abrupt variations of both temperature and salinity are common
(Berrebi et al., 2005). This species is both widely distributed and
abundant in European waters and is also easy to collect and to maintain
in captivity.

Here, we aim to unravel how P. microps physiological performance
will be affected by global warming and marine heatwaves, and whether
its cellular stress response is sufficient to counteract the deleterious ef-
fects of heat exposure. Different environmental scenarios were simu-
lated in an experimental biology setting, with “Present” and “Future
summer” and respective projected heatwave conditions being replicated
and compared to “Control” scenarios. Species upper thermal limit and
routine metabolic rate, as well as cellular stress response biomarkers
were then quantified to assess the species vulnerability to climate
change and extreme weather events. We hypothesise that this goby fish
species i) will display some level of seasonal acclimatization in upper
thermal limits but ii) we also expect that previous (seasonal) thermal
history will affect the way fish respond to thermal challenges; iii) fish
will display an overall low acclimation capacity in upper thermal limits
under future summer and heatwave conditions since it already lives in
an extreme environment. Still, if its thermal safety margin is positive, we
predict that populations will persist now and in the future. We also
hypothesise that iv) body size will shape thermal tolerance, with larger
individuals potentially being less tolerant to heat exposure. Due to the
temperature-dependence of metabolic rates, we expect v) an increased
oxygen consumption rate, indicative of a higher metabolic activity
needed to uphold body function under elevated temperatures. However,
acclimatization or adaptation to a shallow water environment (suscep-
tible to higher temperatures and thermal variation) could shape this
response. Lastly, we hypothesise that vi) goby fish will activate the
cellular stress response under “Future summer” and heatwave condi-
tions as means to maintain cellular functioning.

2. Materials and methods
Ethical statement

All procedures complied with EU legislation for animal experimen-
tation (Directive, 2010/63/EU) and the three Rs principles of animal
welfare (Replacement, Reduction and Refinement). Collection of fish
was authorized by Directorate-General for Natural Resources, Safety and
Maritime Services (DGRM) (annual collection license numbers 573/
2021/DRI and 1746/2022/DRI). All experimental procedures were
authorized by the Portuguese National Authority for Food and Animal
Health (DGAV) (project license number 013161, dated September 29,
2021), after approval by the Commission for Animal Wellbeing and
Experimentation of the University of Aveiro (process number CREBEA-
02-2021). Authors C.M. and D.M. hold a B level certification (under
the Functions’ System Accreditation) for animal experimentation in
compliance with FELASA (Federation of European Laboratory Animal
Science Association) (license type 0421/000/000, personal license
numbers 024940 dated 29-12-2016 and 025250 dated 26-10-2015,
respectively, registered by DGAV).
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2.1. Pomatoschistus microps as a model species

Pomatoschistus microps, more commonly known as the common goby,
is a highly abundant fish species with a broad distribution extending
from the Baltic Sea to the western Mediterranean (Bouchereau and
Guelorget, 1998; Jones and Miller, 1966). This species thrives in diverse
habitats including tide pools, estuaries, salt marshes, and brackish la-
goons, displaying remarkable tolerance to a wide range of temperatures
and salinities (Berrebi et al., 2005). With an average lifespan of one to
two years and a maximum total length of 64 mm, the common goby
primarily feeds on amphipods, isopods, polychaetes, and chironomid
larvae (Jones and Miller, 1966; Magnhagen and Wiederholm, 1982).
Additionally, P. microps serves as prey for larger fish species (Pockberger
et al., 2014). Pockberger et al. (2014) have assessed P. microps’ role in
benthic community food webs and their respective trophic interactions,
revealing both direct and indirect relationships within the food web
(Pockberger et al., 2014). Given these extensive interactions, the com-
mon goby serves as an excellent model species for assessing the impact
of disturbances, such as global warming, on the normal functioning of
their habitats (Vinagre et al., 2016).

2.2. Environmental data collection in P. microps sampling site

Temperature data was collected every half an hour (with a resolution
of 0.1 °C) with a EnvLogger data logger (27 mm EnvLogger with zip-tie
mounting holes v2.4, ElectricBlue©, Portugal), between May 28th, 2021
and February 2nd, 2022 in Praia de Biarritz, Costa Nova, Ria de Aveiro,
Portugal (40°62'87.47'N, —8°74'58.88"W). The logger was attached to
the bottom part of a buoy (in contact with the seafloor) positioned at a
maximum depth of 2 m during high tide. The logger was placed precisely
at the spot where the fish were subsequently collected.

2.3. Animal collection and husbandry

Goby specimens were collected in Praia de Biarritz, Costa Nova, Ria
de Aveiro (40°62'87.47'N, -8°74'58.88'W), Portugal (Fig. 1) in two
different seasons with a small trawling net. The first animal collection
occurred at the end of summer (September 30th, 2021) (n = 400,
henceforth called warm-acclimatized fish) and the second collection
during the end of winter (March 8th, 2022) (n = 375, henceforth called
cold-acclimatized fish). Average fish weight and length were 0.03 +
0.015 g and 3.40 + 0.36 cm, respectively, during winter, and 0.04 +
0.06 g and 3.21 + 0.39 cm during summer.

In both seasons, after collection animals were placed inside 50 L
containers for transport, with water from the sampling site (salinities (S)
were S31.3 £+ 0.05/830.5 + 0.2 and temperatures (T) were T17.2 +
0.3 °C/T13.8 £ 0.05 °C in summer and winter days of collection,
respectively) (VWR® pHenomenal® MU 6100 H Multi-Parameter Meter
(pH/Conductivity/DO), Handheld), with constant aeration provided by
transportable aeration pumps and air stones.

After arriving at lab facilities (6 min’ drive) (see Supplementary
Fig. S5), individuals were randomly placed inside fifteen 50 L plastic
tanks (n = 23 fish per tank), containing artificial seawater (S33 and
~T19 £ 1 °C (room temperature), a sand layer (30 + 10 mm high) and
constant aeration, with a photoperiod of 121:12D. Fish remained under
these conditions for fifteen days prior to the beginning of the experi-
ments, to acclimate to the indoor system and captivity, as well as to
reduce stress levels caused by capture. The adjustment rate from the
field to the lab temperature was of 1 °C per hour, which is a common rate
utilized in similar studies (Cereja et al., 2018) and commonly observed
in the sampling location (see Supplementary Fig. S3). Although the time
required for a species to adjust to housing conditions is species-specific,
similar studies often employ time windows ranging from 1 to 4 weeks
(Barker et al., 2018; Vieira et al., 2021). Considering this information,
the two-week acclimation period should be sufficient to stabilize any
stress triggered by transport or temperature adjustments. Water
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Fig. 1. Sampling location: Coastal lagoon at Praia de Biarritz, Costa Nova, Ria de Aveiro (40°62'87.47'N, —8°74'58.88"W), Portugal.

parameters (pH kept at 8.1 + 0.1, total ammonia kept below 0.5 mg.
L1, nitrites kept below 0.1 mg.L ™}, nitrates kept below 0.1 mg.L™}, and
dissolved oxygen kept above 6.0 + 0.3 mg. L' saturation) were
measured twice weekly to ensure water quality, with partial water ex-
changes performed every other day at 25 % of the total volume. Fish
were fed everyday with mussels at 2 % of their body weight. Recently,
Chrétien et al., 2023 suggested that studies with wild animals should
control for parasite infections. However, no treatment was administered
to control for parasite or pathogen infections in this study, aiming to
mimic natural environment conditions more accurately. An advantage
of using wild animals (vs. lab bred ones) is their ability to portray the
existing inter-individual variability in physiological responses that
characterizes different populations and species. Nevertheless, previous
studies on gobies suggest that parasitisation alone does not seem to
affect energetics, swimming performance or body condition in these
animals (e.g. see Cereja et al., 2018; du Toit et al., 2024.

2.4. Experimental setup

2.4.1. Warm- vs. cold-acclimatized fish

The same experiment was performed (sequentially) on warm- vs.
cold-acclimatized individuals from the field. The temperature increase
and time of exposure selected and described below were based on the
EURO-CORDEX and WREF regional climate projections for Portugal and
information released by IPCC for the Iberian Peninsula in AR6 (Cardoso
et al., 2019; IPCC, 2022).

For fish captured in each season, following the acclimation period to
the indoor conditions described previously, tanks were randomly allo-
cated to three treatments (n = 5 tanks per treatment, n = 23 fish per tank
yielding a total of n = 115 fish per treatment) in order to simulate 1)
average annual seawater temperature (T19 °C - "Control” scenario), 2)
“Present summer” temperature conditions (T22 °C - current warm
season scenario) and 3) “Future summer” temperature conditions
(T25 °C - climate change-driven ocean warming scenario of +3 °C) (see

also Supplementary Table S1).

Temperature adjustment to the intended values was performed
gradually to avoid stress, at a rate of 1 °C.h™!, as commonly carried out
in thermal stress studies (Lu et al., 2016; Missionario et al., 2023). Water
parameters were monitored daily, and feeding was carried out as
detailed above. Individuals were exposed to the three temperature sce-
narios (henceforth called “Control”, “Present summer” and “Future
summer”) for 30 days, after which random fish were sampled for specific
purposes (described later in this section).

After the 30 day period, the experiment continued with the simula-
tion of marine heatwaves in the two summer scenarios, using a +5 °C
increase in water temperature (IPCC, 2022), whereas the "Control”
scenario was maintained (no heatwave). Briefly, fish tanks that were
previously set at 22 °C and 25 °C (“Present” and “Future summer”), were
subjected to further temperature increase of 1 °C.h™! until reaching
27 °C (22 + 5 °C) and 30 °C (25 + 5 °C) to simulate “Present” and
“Future marine heatwaves”, respectively. For the “Present (PHW)” and
“Future (FHW) marine heatwaves”, the simulation had a duration of 7
and 12 days, respectively. The latter was intended to simulate an in-
crease in MHW duration in the Future (Fig. 2). After the heatwaves’
simulation period, the remaining fish were also sampled (at day 37 for
“Control” and “Present Heatwave”; and at day 42 for “Control” and
“Future Heatwave”) (Fig. 2).

In all sampling timepoints, both warm- and cold-acclimatized fish
were sampled for Critical Thermal Maximum (CTmax, n = 1 fish per tank
per sampling timepoint, Nper treatment = 5, Ntotal = 15), to test fish accli-
mation capacity to the different warming scenarios as well as differences
in thermal tolerance between warm- vs. cold-acclimatized fish. Addi-
tionally, warm-acclimatized fish were also sampled for respirometry
assays, with the specific aim of testing if fish with prior history of heat
exposure display low metabolic plasticity. The respirometry system only
allowed to perform measurements in 4 fish at a time, so one random tank
of each treatment had to be excluded per sampling timepoint, nya = 12;
the assay is described in the next section). Regarding cold-acclimatized
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5 tanks

ﬂ 23 fish per tank

Present summer (PS)

Present summer temperature of 22 °C

5 tanks
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Future summer (FS)

ﬂ 23 fish per tank

30d
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Days of exposure

37d:
27 °C MHW 7 days

* *

Fig. 2. Experimental design: “Control” - Constant temperature of 19 °C, simulating the average annual seawater temperature at the collection site; “Present summer
PS” - 30 days (d) at 22 °C simulating Present warm season seawater temperature followed by another 7 days at 27 °C simulating a Present heatwave (5 °C increase);
“Future summer (FS)”- 30 days at 25 °C simulating Future warm season seawater temperature under ocean warming followed by another 12 days at 30 °C simulating
a Future heatwave (5 °C increase). Coloured stars represent sampling days in each treatment. Both warm- and cold-acclimatized fish (collected at the end of summer
and end of winter, respectively) were exposed to these treatments. Warm-acclimatized fish were sampled for CTmax and respirometry, whereas cold-acclimatized fish
were sampled for CTmax and biomarkers at the defined sampling days (30d, 37d, 42d).

fish, these were euthanized with a cervical cut and muscle tissue was
sampled and stored at —80 °C for cellular stress response biomarkers
quantification (n = 1 fish per tank per sampling timepoint, nyta; = 15).
The aim was to test if intertidal species that normally produce high
constitutive (and thus less inducible) concentrations of cytoprotective
proteins and antioxidants when frequently exposed to high temperatures
(see Cereja et al., 2018) also do so without prior exposure to heat.

At the end of both experiments (warm- vs. cold-acclimatized fish), all
the remaining fish were euthanized with cervical dissection.

2.4.2. Critical thermal maximum experiment (CTmax) in warm- and cold-
acclimatized fish

A Critical Thermal Maximum assay (CTmax) was performed to es-
timate individuals’ upper thermal limits (Mora and Ospina, 2001). At
each sampling time-point, one individual from each tank was randomly
taken and distributed into 1 L glass flasks with a sand layer (30 mm
high), previously placed in a thermostatized bath (n = 5 fish tested per
treatment per sampling point, nya = 15). This water bath consisted of a
260 L tank filled with freshwater and equipped with a digitally
controlled heater (JUMO Quantrol PID LC300 with a temperature probe
PT1000 coupled to an aluminium box IP66 and 3 a kW heater, Aqualgae
Soc. Lda). Individuals were exposed to a thermal ramp that increased at
arate of 2 °C.h~ ! (similar rate as observed in the wild in shallow waters)
(Fernandes et al., 2023; Missionario et al., 2022) (see also Supplemen-
tary Figs. S1A-B). Starting temperature was 19 °C (the same as in
"Control” tanks), with individuals from the "Control” group being the
first to be placed in the system. As temperature sequentially reached the
values of the treatments tested in the experiment, the remaining in-
dividuals from the respective tanks were transferred to the flasks in the
water-bath. Fish were under continuous observation to detect abnormal
behaviour caused by heat exposure (e.g., motionless, excessive swim-
ming or time spent at water surface). CTmax was defined as the tem-
perature at which fish lost their equilibrium and righting response
(Madeira et al., 2012). As fish reached their thermal limit, they were
removed from the glass flasks, and weight and length measurements
were taken. Fish were then euthanized by cervical dissection.

Intraspecific variability in CTmax was calculated via the coefficient
of variation (CV), following equation (1):

CV=(SD /mean) * 100. 1)

Acclimation capacity of CTmax was calculated as the difference be-
tween CTmax values in each treatment, following equation (2) and
based on (Vinagre et al., 2016):

Acclimation capacity (°C) = CTmax treatment — CTmax control )

On the first sampling point (day 30), average annual seawater tem-
perature (T 19 °C) was used as control to “Present summer” (T 22 °C)
and “Future summer” (T 25 °C) conditions. Then, following MHW sim-
ulations, “Present summer” (T 22 °C) was used as control for “Present
MHW?” (T 27 °C, sampling at day 37) and “Future summer” was used as a
control for “Future MHW” (T 30 °C, sampling at day 42).

Moreover, acclimation response ratio (ARR) was calculated as a
measure of heat tolerance plasticity, following equation (3) (Clausen,
1977):

_ ACTmax

ARR ,
ATacc

3

Where ARR represents the change in heat tolerance (ACTmax) for a
given change in acclimation temperature (ATg.). Overall, an ARR =
0 means no plasticity in heat tolerance whereas ARR = 1 means com-
plete physiological compensation for environmental warming. Such
calculations were carried out using the same control-treatment com-
parisons as described above. Lastly, the Thermal Safety Margin (TSM)
was also calculated, serving as proxy for how close a species lives to its
upper thermal limits. TSM was estimated as the difference between the
average CTmax and the Maximum Habitat Temperature (MHT),
following equation (4) (Miller et al., 2013; Missionario et al., 2022).

TSM =CTmax — MHT ()]

2.4.3. Respirometry in warm-acclimatized fish
The respirometry measurement complied with the best practices
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described by Killen et al. (2021) and Clark et al. (2013), in which, an
Optical Oxygen Meter - FireSting-O2 (PyroScience, Germany) was used.
The system contained 4 channels, each one connected to a closed
respirometry chamber (100 mL syringe with an internal oxygen sensor
spot) (Clark et al., 2013; Killen et al., 2021). One temperature sensor was
used to ensure that the target temperature of the assay was maintained.
This system was connected to a laptop and data was obtained and pro-
cessed using the software Pyro Oxygen Logger (v.3.311, 2018 by www.
pyro-science.com, Firmware 3.10) (see Supplementary Fig. S2). Oxygen
concentrations in seawater inside the chambers were recorded every
second (see Supplementary Table S3) for 90 min or until the Oy con-
centration dropped below 70 %, defined as the threshold limit to avoid
fish suffering from hypoxia. Prior to the beginning of the measurements,
fish were acclimated to the respirometry chambers for 30 min, so that
confinement stress would not interfere with the results. As the system
had 4 channels, only n = 4 fish per treatment per sampling point were
used to measure oxygen consumption rates. Each individual was placed
inside a chamber, filled with seawater from their tank (see Supple-
mentary Table S2). Fish weight, length and volume were taken at the
end of the assay. The assay was repeated without fish in the chamber
(blanks), so that microorganisms’ O, consumption was measured as
control (background respiration). This value was then subtracted from
the total Oy consumed in the chamber with fish in the final calculations,
to obtain the accurate measure exclusive of fish.

Oxygen consumption rate (as proxy for routine metabolic rate -
RMR) was calculated resorting to the R software (R version 4.2.3)
package respR (Harianto et al., 2019; R studio Team, 2020) (for further
details see Appendix 2).

All respirometry assays were carried out in a climatized room to
maintain the target temperature of each treatment.

2.4.4. Biomarkers in cold-acclimatized fish

For cellular stress response biomarkers quantification, fish were
dissected (n = 5 fish per treatment per sampling point), and muscle tissue
(~8-67 mg) was used in downstream analyses. Muscle samples were
homogenized with 150-300 pL of PBS buffer (Phosphate Buffered Saline
(see Appendix 1)) using an OMNI Tissue Homogenizer (OMNI TH,
United States). Samples were then centrifuged (10,000 x &) for 14 min at
4 °C and the supernatants were stored at —80 °C.

To quantify total proteins (TP) content in muscle samples, Bradford
protocol for 96-well plates was used (Bradford, 1976). Samples were
diluted 1:10 and 10 pL were placed in each microplate well (in dupli-
cates). Then, 190 pL of Bradford reagent (#B6916, Supelco, Merck) was
added and absorbance was read at 595 nm in a microplate reader
(SYNERGY H1 BioTek, United States). A seven-point calibration curve
was prepared with BSA (Bovine Serum Albumin) at known concentra-
tions (0-1 mg mL 1) and was used to calculate protein quantities in each
sample. All biomarkers (see below) were then normalized by TP content.
Moreover, TP concentrations were also used as an energy reserve
biomarker. For that purpose, TP content was normalized by fish wet
weight and expressed as mg of total protein per g of wet weight.

To determine the total antioxidant capacity (TAC), 10 pL of each
sample was placed in microplate wells (duplicates) and a protocol
adapted from Kambayashi et al. (2009) was followed (see Appendix 1)
(Kambayashi et al., 2009). Absorbance was then read at 410 nm in a
microplate reader (SYNERGY H1 BioTek, United States) (Kambayashi
et al., 2009). A Trolox calibration curve (0-0.330 mM) was prepared to
estimate TAC concentration through absorbance readings.

The thiobarbituric acid reactive substances method was used to
quantify lipid peroxides (LPO) (Uchiyama and Mihara, 1978) (see Ap-
pendix 1). Absorbance was read at 530 nm (SYNERGY H1 BioTek,
United States). An 8-point calibration curve was prepared with MDA
(malondialdehyde bis(dimethylacetal)) (Merk, Germany) (Madeira
et al., 2015). Concentrations ranged between 0 and 0.3 pM and this
curve was used to estimate LPO concentration based on the absorbance
values attained for known MDA concentrations.
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An enzyme linked immunosorbent assay (ELISA) was used to quan-
tify ubiquitin (UBI) and Heat Shock Protein 70 kDa (HSP-70) proteins
(Madeira et al., 2014; Njemini et al., 2005). Samples were diluted 1:10
for UBI quantification and 1:5 for HSP-70, respectively (see Appendix 1).
Absorbance was read at 405 nm in the microplate reader (SYNERGY H1
BioTek, United States). For both biomarkers quantification, calibration
curves within a concentration range between 0 and 1 pg mL™! were
constructed (standards UbpBio, E—1100, USA for UBI and standards
#AR03018PU-N, OriGene, USA for HSP-70).

The percentage of inhibition of superoxide dismutase (SOD) was
calculated based on the protocol described by (Madeira et al., 2019) (see
Appendix 1). Absorbance was read in a microplate reader (SYNERGY H1
BioTek, United State) at 560 nm every 5 min for a total of 20 min.

SOD % of inhibition was calculated following equations (5) and (6):

_ Abs560 final read — Abs560 initial read

SODADbs560 / min = Reaction time (i) 5)

Abs$60
SOD % inhibition = ™

negative control — Ab560 sample
min

: x 100 (6)
Abs360 negative control

2.5. Statistical analysis

2.5.1. Physiological traits

CTmax and respirometry data analyses were performed in R Soft-
ware (R version 4.2.3). When data complied with the assumptions of
normality and homoscedasticity for parametric tests, Student’s T-tests or
analysis of variance (ANOVA) and post-hoc Tukey tests were applied
accordingly for comparison between two or more groups, respectively
(package stats). If assumptions were not met, non-parametric tests were
applied: Kruskal-Wallis and Dunn test (package stats and dunn. test).
Pearson or Spearman correlation tests were also performed to test the
relationship between fish CTmax and fish weight, depending on whether
the data followed assumptions, with the stats package.

2.5.2. Biomarkers

Since the CSR biomarkers quantified were expressed in different
measurement units, the datasets were scaled through a “min-max
normalization” method.

A Permutational Multivariate Analysis of Variance (PERMANOVA)
using a resemblance matrix based on Euclidean distance and a Principal
Components Analysis (PCA) were then performed in PRIMER 6.1
version. To visualize biomarkers’ differences in fish from different
treatments, heatmaps were prepared using R software (package ggplots),
after quantiles normalization of the data.

3. Results
3.1. Environmental data collection at P. microps’ habitat

Maximum temperature recorded in the sampling site was 23.6 °C, on
September 3rd, 2021. Average daily temperature and standard deviation
for that same day was 21.3 £+ 1.4 °C. The minimum temperature was
detected during November and December 2021, with the lowest value
being 11.1 °C (Fig. 3A). Average daily temperature for those two days
were 12.1 £+ 0.7 °C and 12.4 + 0.5 °C, respectively (for further infor-
mation see Supplementary Table S4).

Thermal amplitude tends to be more pronounced during warmer
months, with temperature records oscillating up to 6.3 °C on August 4th,
2021 (Amax), and only 0.4 °C on December 24th, 2021 (Amin) (Fig. 3B).
The rate of temperature increases also showed a peak of 2.4 °C per hour,
as detected on August 17th, 2021, where the temperature rose from 15.6
to 18.0 °C between 13:05 and 14:05 p.m. The average daily maximum
temperature increase per hour observed during the summer months was
1.3 £+ 0.4 °C (see Supplementary Fig. S3).
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Fig. 3. Water thermal regime at the sampling site (Ria de Aveiro, Portugal). A: Water temperature (mean =+ SD) recorded in Ria de Aveiro coastal lagoon, at Praia de
Biarritz (Costa Nova, Aveiro, Portugal, 40°62'87.47"N, -8°74'58.88"W) between May 2021 and February 2022. Temperatures were recorded every 30 min with
EnvLoggers. Tmax: Maximum temperature recorded (23.6 °C in September); Tmin: Minimum temperature recorded (11.1 °C in both November and December 2021).
The dotted line represents the moving average. B: Average daily thermal amplitude found in Ria de Aveiro coastal lagoon, at Praia de Biarritz (Costa Nova, Aveiro,
Portugal, 40°62'87.47'N, -8°74'58.88"W) between May 2021 and February 2022. Temperatures were recorded every 30 min with EnvLoggers. Maximum daily
thermal amplitude (Amax) was 6.3 °C detected on August 4th, 2021 and the minimum (Amin) was 0.4 °C detected on December 24th, 2021.

3.2. CTmax: warm-acclimatized fish

Warm-acclimatized fish exhibited significant differences in their
CTmax across all five exposure treatments (p = 0.0006; chi-squared =
19.6). Particularly noteworthy differences were observed between the
“Control” and the “Future summer” (p = 0.04; chi-squared = 19.6), the
“Present heatwave” (p = 0.03; chi-squared = 19.6), and the “Future
heatwave” (p = 0.0004; chi-squared = 19.6). Additionally, significant
differences were found solely between the “Present summer” and the
“Future heatwave” (p = 0.002; chi-squared = 19.6) (see Supplementary
Fig. S4). Moreover, when analysing CTmax values after only the first 30
days of exposure, significant differences were also detected comparing
the "Control”, “Present summer”, and “Future summer” conditions (p =
0.018, chi-squared = 7.98). Notably, distinctions were mainly observed
between the "Control” and the “Future summer” (p = 0.009, chi-squared
= 7.98), as well as between the “Present and Future summer” (p =
0.038, chi-squared = 7.98). Fish exposed to “Future summer” had
CTmax average values +1.9 % greater than those from the “Control”
group, and +1.6 % greater than fish from the “Present summer”
(Fig. 4A) at day 30. The min-max CTmax values measured for the species

across the conditions tested were 34.1-35.5 °C.

Following exposure to heatwaves, significant differences were
observed in CTmax before and after exposure in both “Present” and
“Future” scenarios (p = 0.014, t = —3.22 and p = 0.0004, t = —6.24,
Fig. 4B and C, respectively). Individuals exposed to each of the heat-
waves, showed to be, respectively, +1.8 % more tolerant to heat expo-
sure in the “Present HW” and +4.2 % in the “Future HW”, when
compared with their respective summer conditions before the heat-
waves. Minimum and maximum CTmax values recorded after heatwave
exposure were 34.1-35.5 °C in the “Present” scenario and 34.5-36.7 °C
in the “Future” one.

A negative correlation between fish CTmax and their weight was also
observed in warm-acclimatized individuals exposed to temperature
scenarios for 30 days (p = 0.008, rho = —0.658) and before and after the
heatwave exposure in the “Future” scenario (p = 0.017; rho = —0.729).
However, no significant differences were, detected in fish weight among
the different treatments. Average fish weight and length were 0.04 +
0.02 g and 3.50 £ 0.35 cm, respectively.
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Fig. 4. Violin plots displaying individual and average CTmax values of warm-acclimatized (A-C) and cold-acclimatized (D-F) goby fish (Pomatoschistus microps)
exposed to different environmental scenarios, namely. A/D: Global warming scenario comparing “Control”, “Present summer” and “Future summer” conditions; B/E:
“Present heatwave” scenario comparing the “Present summer” and heatwave; C/F: “Future summer” scenario comparing the “Future summer” and respec-

tive heatwave.

3.3. CTmax: cold-acclimatized individuals

Cold-acclimatized fish also exhibited significant differences in their
CTmax across the five different scenarios tested (p = 0.03; chi-squared
= 10.98). These differences were primarily observed between the
"Control” and the “Present heatwave” (p = 0.04; chi-squared = 10.98),
as well as between the “Present Summer” and its respective heatwave (p
= 0.04; chi-squared = 10.98), and the “Future heatwave” (p = 0.04; chi-
squared = 10.98) (see Supplementary Fig. S4). When considering only
the results obtained during the first 30 days of exposure, significant
differences were also detected between the three treatments (p = 0.015;
F = 6.137), as well as before and after the heatwave in the “Present”
scenario (p = 0.005; t = —4.889) (Fig. 4D).

In the first case, greater differences were observed between the
“Present summer” and “Future summer” at day 30 (p = 0.013, diff =
0.640). Individuals in the “Future summer” scenario display a CTmax
+1.9 % greater than those from the “Present summer” scenario. In in-
dividuals exposed to the “Present scenario”, fish are +2.6 % more
tolerant after the heatwave simulation (Fig. 4E). No significant differ-
ences were observed in CTmax between individuals in the “Future”
scenario before and after heatwave exposure (Fig. 4F).

The min-max CTmax recorded in the first sampling timepoint across
temperature scenarios (prior to heatwave exposure) was 33.1-34.6 °C,
whereas in the second sampling timepoint following heatwave simula-
tions, min-max CTmax were 34.0-34.7 °C in the “Present” and
32.5-36.4 °C in the “Future”.

No correlation between fish CTmax and their weight was observed in
any of the sampling points for cold-acclimatized fish, neither a signifi-
cant difference in fish weight according to the exposure treatment.
Average fish weight and length were 0.03 & 0.14 g and 3.54 + 0.36 cm,
respectively.

3.4. CTmax: warm- vs. cold-acclimatized fish

Fish exposed to similar treatments but collected in different seasons
(summer = warm-acclimatized vs. winter = cold-acclimatized), also
displayed significant differences in their CTmax levels (p < 0.001; F =
11.380). Significant differences were observed when comparing warm-
vs. cold-acclimatized individuals in both “Present” (p = 0.007; diff =
—0.74) and “Future summer” (p = 0.025; diff = 0.64) conditions. Warm-
acclimatized fish exposed to “Present summer” conditions displayed a
CTmax + 2.2 % higher than cold-acclimatized fish exposed to the same
treatment (Fig. 4B-E). In the case of the “Future summer” the difference
was 2.6 %.

Average TSM values considering all scenarios tested were 11.4 +
0.75 °C and 10.7 + 0.59 °C for warm- and cold-acclimatized fish,
respectively. TSM calculations were performed using the maximum
temperature recorded in the sampling site during the course of the
present study (23.6 °C).

When comparing Acclimation Capacity (AC), Acclimation Response
Ration (ARR) and Thermal Safety Margin between warm- and cold-
acclimatized individuals, we observed that warm-acclimatized fish dis-
played higher AC as well as wider TSM values. However, no changes
were detected in ARR between different seasonally acclimatized fish
(Tables 1 and 2).

Lastly, greater coefficients of variation were detected comparing
conditions before and after heatwave in the "Future” scenario in both
warm- and cold-acclimatized fish, where a greater variance occurred
after the heatwave strike (Table 1).

3.5. Respirometry: warm-acclimatized individuals

No significant differences were detected in oxygen consumption
rates between temperature treatments after 30 days of exposure (p =
0.305; F = 1.360) or before and after exposure to heatwaves, both in the
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Table 1
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Differences in Acclimation Capacity (AC, °C), Acclimation Response Ratio (ARR, °C) and Coefficient of Variation (% CV) in thermal tolerance (Critical Thermal
Maximum) of warm- and cold-acclimatized goby fish Pomatoschistus microps tested under different temperature scenarios including “Control”, “Present summer” and
“Future summer” (30 d exposure period), followed by the corresponding marine heatwave (MHW) simulations, namely + 5 °C for 7 days to simulate a “Present MHW”

and +5 °C for 12 days to simulate a “Future MHW”.

Comparisons
Present Future Future summer — Present Present MHW — Present Future MHW - Future
summer — summer — summer summer summer
Control Control
Warm-acclimatized Acclimation capacity (AC) 0.12 0.66 0.54 0.62 1.46
fish Acclimation Response Ratio  0.04 0.11 0.18 0.12 0.29
(ARR)
Coefficient of Variation (% 0.55 1.27 1.19 1.19 2.25
Ccv)
Cold-acclimatized Acclimation capacity (AC) —0.20 0.44 0.64 0.88 1.04
fish Acclimation Response Ratio ~ —0.07 0.07 0.21 0.18 0.21
(ARR)
Coefficient of Variation (% 0.78 0.90 1.34 0.57 3.91
Ccv)

Table 2

Thermal Safety Margin (TSM, °C) of warm- and cold-acclimatized goby fish
Pomatoschistus microps tested under different temperature scenarios including
“Control”, “Present summer” and “Future summer” (30 d exposure period),
followed by the corresponding marine heatwave (MHW) simulations, namely +
5 °C for 7 days to simulate a “Present MHW” and +5 °C for 12 days to simulate a
“Future MHW”.

Thermal Safety Margin (TSM)

Control Present Future Present Future
summer summer MHW MHW
Warm- 10.64 10.76 11.3 11.38 12.76
acclimatized
fish
Cold- 10.22 10.02 10.66 10.9 11.7
acclimatized
fish

“Present” as well as “Future summer” scenarios (p = 0.250; t = —1.304
for “PHW” and p = 0.973; t = 0.036 for “FWH” scenario) (Fig. 5).
Average weight and length of fish were and 0.03 + 0.02 g and 3.20 +
0.39, respectively.

3.6. Biomarkers: cold-acclimatized individuals

concentrations/activities, when comparing individuals exposed to
“Control”, “Present Summer” and “Future Summer” for 30 d (p = 0.812;
Pseudo-F = 0.613) (Fig. 6A) and neither when comparing individuals
before and after exposure to heatwaves, both in “Present” (p = 0.172;
Pseudo-F = 1.513) (Fig. 6B) and “Future” scenarios (p = 0.319; Pseudo-
F = 0.784) (Fig. 6C). Although no significant differences were detected
in biomarkers quantities across the different environmental scenarios
tested, according to the heatmaps: i) “Present summer” and its respec-
tive heatwave do appear to have a somewhat distinct type of response,
with a trend for greater biomarkers abundance under “Present heat-
wave” conditions (Fig. 6E) and ii) gradual ocean warming temperature
tested in “Future summer” showed a trend toward increasing protein
folding-related biomarkers (Hsp70 and UBI), whereas iii) “Future
heatwave” showed an increasing trend mostly of oxidative stress related
biomarkers (LPO, TAC, SOD). The other treatments of exposure revealed
a great heterogeneity of biomarkers’ abundances, with no specific pat-
terns being evident (Fig. 6 D/F).

4. Discussion

This study aimed to test whether P. microps display heat tolerance,
metabolic and CSR plasticity to different temperature scenarios, namely
whether cold- vs. warm-acclimatized fish show distinct acclimation
ability to “Present” and “Future summer” scenarios (gradual warming
and heatwaves). In P. microps’ natural habitat, temperatures start to
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Fig. 5. Violin plots displaying oxygen consumption values (black dots) in warm-acclimatized goby fish (Pomatoschistus microps) exposed to different environmental
scenarios and their respective means (white dots). A: Global warming scenario comparing “Control”, “Present summer” and “Future summer” conditions; B: “Present”
scenario comparing current summer and heatwave; C: “Future” scenario comparing future summer and heatwave.
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increase during spring, when fish are still cold-acclimatized and may
display less ability to deal with heat when compared to warm-(summer)-
acclimatized fish. Given the intensification of heatwaves in all seasons
(Cardoso et al., 2023; Thoral et al., 2022), temperature conditions
during seasonal transitions may be critical for the persistence of shallow
water fish populations.

Overall, we found significant differences between the CTmax of
warm- vs. cold-acclimatized fish (i.e., between individuals collected at
the end of summer vs. end of winter). Warm-acclimatized fish were 2.2
% more tolerant to elevated temperatures than cold-acclimatized fish.
Previous studies have reported similar differences in CTmax in animals
collected in different periods of the year, suggesting that thermal
tolerance in a population can display seasonal oscillation (Hopkin et al.,
2006; Lattuca et al., 2023). For instance, Hopkin et al. (2006) and Lat-
tuca et al. (2023) found that both crustaceans and fish, exposed to
summer conditions endure higher temperatures when compared to
those from winter (Hopkin et al., 2006; Lattuca et al., 2023). Since
P. microps is short-lived (average lifespan of 1-2 years) (Miller, 1975),
with most populations reproducing in spring and/or autumn (Leitao
et al., 2006), this can differentially impact the tolerance and perfor-
mance of fish cohorts that co-exist in the same population, depending on
the season they hatched and their consequent thermal history. Although

10

most extreme weather events such as heatwaves are expected to occur in
the warm season (IPCC, 2022), current climate projections also suggest
an increased probability of heatwave occurrence in spring in the Por-
tuguese coast, which could disproportionally affect cold-acclimatized
fish (Parente et al., 2018).

In warm-acclimatized fish, CTmax slightly increased with higher
rearing temperature treatments, with the maximum value of CTmax
recorded being 36.7 °C. Such results corroborate the hypothesis that the
temperature at which an organism is subjected prior to an acute heat
exposure somewhat impacts their endurance to thermal stress (Morley
etal., 2017). However, this species acclimation capacity seems quite low
when compared to others from similar habitats (Fernandes et al., 2023;
Missionario et al., 2022; Vinagre et al., 2016). For example, fish in the
“Future summer” scenario subjected to a heatwave were only able to
endure temperatures 4.2 % (~1.46 °C) greater than individuals prior to
the heatwave simulation. However, other intertidal fish species can shift
their CTmax by 4.0 °C, as is the case of Coryphoblennius galerita (Vinagre
et al., 2016).

This species low capacity for acclimation was also previously sug-
gested by other authors, who compared the CTmax and acclimation
capacity of several marine shallow water species, from both tropical and
temperate regions (Christensen et al., 2021; Vinagre et al., 2016). In a
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study by Vinagre et al. (2016), acclimation temperatures tested for
P. microps were 20, 23 and 26 °C, where the maximum temperature
tested (26 °C) corresponded to a future heatwave simulation with a
duration of 10 days. Average CTmax of fish in this condition was 34.7 °C,
which did not change much from the other temperatures (20 and 23 °C),
in which the CTmax was 32 and 34.8 °C, respectively. Still, the average
CTmax obtained by Vinagre et al. (2016) is 1.7 °C lower than the
average CTmax we obtained for fish subjected to a more intense and
longer Future heatwave (T30 °C for 12 days, warm acclimatized fish). In
the present study, P. microps was able to slightly increase its CTmax with
rising temperature but its heat tolerance plasticity was still limited, as
ARR values were always below 0.3 in both warm and cold-acclimatized
fish, indicating that there is only a small physiological compensation for
environmental warming. Nevertheless, our results suggest that
warm-acclimatized individuals, specifically, possess slightly larger
acclimation capacity (AC) and thermal safety margins (TSM) than
cold-acclimatized individuals, demonstrating that prior thermal history
significantly affects species ability to change their physiology to improve
performance (Dowd et al., 2015). Moreover, our results show that larger
differences occur in P. microps CTmax levels when comparing in-
dividuals before vs. after heatwave exposure in the “Future summer”
scenario, independently of the season in which individuals were
collected. This indicates that both warm- and cold-acclimatized fish will
likely employ a similar physiological strategy to adapt to new temper-
ature conditions, despite the opportunities or limitations imposed to
acclimation by their previous thermal history, respectively.

Overall, slight differences in thermal tolerance plasticity between
studies likely have to do with the collection of specimens from different
P. microps populations. Interestingly, the use of different warming ramps
to test CTmax in different studies (e.g. 2 °C/h in our study vs. 1 °C/h in
Vinagre et al., 2016) is not expected to produce significant differences in
the measured CTmax in intertidal gobies, as pointed out by Vinagre et al.
(2015). In this study, three different thermal ramps for calculating
CTmax were compared (1 °C/min vs. 1 °C/30 min vs. 1 °C/h) in several
species, and gobies such as Bathygobius soporator showed that their
thermal tolerance was independent of the thermal ramp used. This
suggests that this methodological difference is not the cause for the
difference observed in the measured CTmax between studies, but rather
the potential differences in local stressors that the populations have been
pre-exposed to at their locations prior to sampling (Tréia in Vinagre
et al., 2016 and Ria de Aveiro in the present study). Also, for example,
previous authors have reported a significant degree of population dif-
ferentiation in P. microps across its distributional range, including be-
tween northern and southern populations in the northeastern Atlantic
region (Gysels et al., 2004). Similarly, Berrebi et at. (2009) also report
that populations of P. microps inhabiting adjacent lagoons, display
almost no common haplotypes. Nevertheless, populations from different
biogeographic regions have also been reported to display different
migratory behaviours, with Mediterranean populations being mainly
sedentary, whereas Atlantic ones may migrate, changing the degree of
gene flow (Gysels et al., 2004). Consequently, the level of local genetic
differentiation between populations, which can be the foundation of
local adaptations (Berrebi et al., 2009), can influence the response of
this fish species to warming. Notwithstanding, controversy still seems to
exist on the genetic differentiation of P. microps populations (Tougard
et al., 2014), as these studies were generally based on a low number of
genes. Thus, future studies should resolve the degree of genetic differ-
ences in this goby fish across large and small biogeographic scales. Even
if no genetic differentiation exists, processes influenced by regional or
local conditions, such as transgenerational plasticity, could result in
different responses across populations (Colicchio and Herman, 2020;
Munch et al., 2021). A clear negative correlation between CTmax and
weight was also observed in warm-acclimatized individuals, whereas no
correlation was observed in cold-acclimatized fish. These results suggest
that differences in fish surface-to-volume ratio and consequent lag time
in response to external temperature affects disproportionally more
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individuals with prior history of heat exposure. For these individuals,
higher body weight results in lower tolerance to elevated temperature,
as also observed in other marine species (e.g. Fernandes et al., 2023;
Missionario et al., 2022).

A hypothesis proposed by Portner et al. (2017) states that thermal
range of species, and ultimately thermal tolerance, may in part be
determined by tissue oxygen demand and supply, a process inherently
dependent on whole-organism metabolic rate (Portner et al., 2017).
However, this hypothesis also emphasizes the relevance of not
neglecting links between biological organizations, which may also
modulate thermal tolerance (Portner et al., 2017). According to Norin
and Metcalfe (2019), metabolic rate connects environmental conditions
and animal fitness, and is a proxy for the organism’s underlying cellular
respiration. In the present study, no alterations were detected in oxygen
consumption rates in the tested fish (warm-acclimatized), suggesting
that routine metabolic rate of the goby fish P. microps was not affected by
temperature, or that their metabolic plasticity is low, and hence cellular
respiration is maintained. Based on previous reports that adaptation
may influence the relationship between temperature and metabolic rate
(Clarke and Fraser, 2004), one could argue that P. microps inhabits quite
extreme environments and may thus be adapted to temperature shifts
and extremes. As such, they could have developed a mechanism to keep
steady metabolic rates throughout temperature fluctuations to save
energy. Accordingly, a previous study comparing the oxygen con-
sumption rates of 4 different Pomatoschistus species (Pomatoschistus
microps, P. pictus, P. lozanoi and P. minutus), tested under different
temperatures, swimming demands and in the presence and absence of
food showed similar results (Fonds and Veldhuis, 1973). Pomatoschistus
microps presented an enhanced swimming performance and respiratory
scope for activity when compared with the remaining gobies of the same
genus. Temperature increase (from 5 to 25 °C) led to higher respiratory
maintenance costs in all species. Yet, in P. microps this increase was very
subtle, slow, and stable when compared with the others. Authors sug-
gested that this characteristic implied that this species was very well
adapted to the substantial temperature fluctuations that are frequent in
their shallow water habitats (Fonds and Veldhuis, 1973).

Another example is the round goby, Neogobius melanostomus, in
which a similar pattern was observed. This species is known to have
broad thermal tolerance and is highly adaptable to new environments,
being invasive in many regions (e.g., Baltic and Black Sea) (Christensen
et al.,, 2021). Previous experiments have shown that maximum meta-
bolic rate in this species did not differ much after these fish were exposed
to temperatures that ranged from 15 to 25 °C (Christensen et al., 2021).
This ability to maintain metabolic rates despite temperature change has
likely contributed to this species ability to thrive in a wide range of
environments. Oxygen consumption only increased considerably after
temperature surpassed 25 °C. Collectively, these results suggest that
routine and maximum metabolic rates in gobies may be relatively
insensitive to temperature shifts within the thermal niche of the species
or until a certain threshold is reached. Still, acclimation in metabolic
rates is known to occur and thus time of exposure and time of sampling
may be crucial aspects of assessing metabolic rate plasticity and aerobic
scope. For example, in the fish Myoxocephalus scorpius, standard meta-
bolic rate (SMR) (therein defined as minimum metabolism when an
individual is non-reproductive, unstressed, inactive and unfed)
increased by 82 % in the first week of heat exposure (Metcalfe et al.,
2016; Sandblom et al., 2014). However, after 8 weeks of exposure, SMR
was restored to control levels, with fish displaying thermal compensa-
tion of metabolism (Sandblom et al., 2014).

The susceptibility of fish to temperature may be dependent on their
ability to keep cellular homeostasis (Cereja et al., 2018). Cellular stress
responses, that could suggest oxidative stress, or protein denaturation as
result of heat exposure, also did not show any changes in the muscle of
cold-acclimatized P. microps subjected to different thermal regimes. This
result is somewhat in accordance with a previous study on P. microps, in
which authors analysed antioxidant markers, lipid peroxidation and
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Hsp70 in the muscle of individuals subjected to heat stress, infection and
the combination of both factors (Cereja et al., 2018). Under the sole
influence of heat stress, no changes were detected in superoxide dis-
mutase, catalase or lipid peroxidation. However, Hsp70 did rise in fish
after a +4 °C increase in temperature. In our study, there is no indication
of a similar response. Nevertheless, biomarker responses are quite sus-
ceptible to exposure time (Madeira et al., 2021a) which was much
shorter (10 days) in the study of Cereja et al. (2018) when compared to
our study (30 days of warming plus 8 or 12 days of an additional
heatwave simulation). Interestingly, previous studies on other fish spe-
cies report that cellular stress responses might peak within 7-14 days of
exposure to thermal stress, declining afterwards as the animals accli-
mate to the new environment (Madeira et al., 2018, 2020). Nevertheless,
studies on other intertidal goby species also support the idea that
cellular stress responses might not be strongly induced in these fishes
upon thermal stress. For example, Paul et al. (2021), which performed a
study with Gobius paganellus, has also referred that no major changes
were observed in catalase and superoxide dismutase activity in the livers
of fish in response to chronic thermal stress, reinforcing the hypothesis
that intertidal gobies display high tolerance to increasing temperatures.
However, we must also consider that responses may depend on the in-
tensity of stress. For example, other authors testing the effect of an acute
heat exposure in G. paganellus have found increased levels of antioxidant
enzymes and lipid peroxidation with increasing temperature (Vinagre
et al., 2014). In addition, results may depend on the tissue analysed. In
the latter study with G. paganellus, fish displayed lower baseline values
of cellular stress response biomarkers in the muscle, but an induction
was detected in this tissue under acute exposure to thermal stress
(20-34 °C). On the contrary higher baseline values were detected in the
gills, but these were unresponsive to thermal stress (Vinagre et al.,
2014). The fact that some tissues present high baseline levels of several
biomarkers may be indicative of a preparative defence strategy, widely
reported for intertidal species (Dong et al., 2008; Madeira et al., 2012).
This strategy might be more beneficial in terms of energy expenditure
and cellular homeostasis, maintaining a constant ability to repair
cellular damage in variable and extreme environments (Dong et al.,
2008; Madeira et al., 2012). Therefore, it is not fully correct to state that
P. microps exposure to the different thermal regimes did not trigger any
sort of cellular stress response, since only muscle tissue was analysed.
Other tissues besides the muscle (e.g., liver or gills), need to be assessed
before ascertaining final conclusions. Nevertheless, given the impor-
tance of muscle tissue in fish daily activities (e.g., swimming ability, on
which many other behaviours depend on, such as foraging/predation,
escaping, nest building, etc.), the ability of muscle to maintain function
is crucial for fish performance (Domenici et al., 2008).

Overall, if we consider that the maximum temperature recorded in
P. microps sampling site was 23.6 °C, and the minimum CTmax detected
was 33.1 °C in cold-acclimatized individuals, this population still ap-
pears to have a quite wide positive thermal safety margin (~9.5 °C).
Although the average daily thermal amplitude during cooler months
being much lower (0.4 °C) than during warmer ones (6.3 °C), this spe-
cies is able to cope with the thermal challenges imposed here. Results
from the respirometry and cellular stress response biomarkers also
corroborate this conclusion, since no signs of stress were detected in any
of the traits measured. However, no heatwaves occurred during the year
in which we monitored temperature in the field, which means that
higher temperatures might be reached in the habitat under MHW con-
ditions. Either way, it is possible for other populations of this same
species to reach their thermal limit in the years to come (Vinagre et al.,
2018). In other areas of Portugal, where P. microps also inhabits, tem-
peratures can reach 30.6 °C, which in this case, considering the lowest
CTmax recorded (33.1 °C), it would mean that such population’s ther-
mal safety margin is only 2.5 °C (Vinagre et al., 2018). Besides, in Ria
Formosa, a site in Portugal where P. microps is quite abundant (Ribeiro
et al., 2012), shallow water temperatures have already reached 36.5 °C
during the warm season (Newton and Mudge, 2003), which in this case,
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would surpass the minimum CTmax detected in our study by approxi-
mately 3.35 °C. If P. microps thermal limit is reached, mass mortality can
be expected in these areas, unless local adaptation or behavioural
thermal regulation can buffer these effects (Vinagre et al., 2018).
Although this species seems to display low capacity to alter its body
response to heat, independently of acclimation temperature, we must
take into account the somewhat small sample size (n = 5) utilized in the
present study. Additionally, it is also important to consider that some
studies have already described that local adaptation may have a crucial
role in this fish potential to survive in a changing world (Berrebi et al.,
2009). It is also worth considering that the thermal ramp of 2 °C/h was
detected in the field during a year when no heatwaves occurred (2021).
This implies that during an actual heatwave event, the rate of water
temperature increase may be faster than the one tested in the present
study. Further research could also explore the diurnal fluctuation of
temperature to more accurately simulate environmental conditions.

Overall, we conclude that for now, P. microps populations in the
central-northwestern coast of Portugal are not yet threatened by the
temperature increase triggered by global warming and MHW. However,
if this species low acclimation capacity is also revealed in other Atlantic
or Mediterranean populations or even if we consider the multi-stressor
context of shallow marine habitats, ocean warming, or extreme
weather events may indeed represent a threat for this species persistence
in the long run.

CRediT authorship contribution statement

Madalena Missionario: Writing - original draft, Visualization,
Investigation, Formal analysis. Célia Almeida: Investigation. Joana
Filipa Fernandes: Investigation. Catarina Vinagre: Writing — review &
editing, Methodology, Funding acquisition, Conceptualization. Car-
olina Madeira: Writing — review & editing, Supervision, Resources,
Project administration, Methodology, Funding acquisition, Conceptu-
alization. Diana Madeira: Writing — review & editing, Writing — original
draft, Supervision, Resources, Project administration, Methodology,
Investigation, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

Data are available ZENODO

0rg/10.5281/zenodo.8375756).

on (https://doi.

Acknowledgements

This work was supported by project ExtremeOceans (PTDC/BIA-
BMA/1494/2020, doi: https://sciproj.ptcris.pt/159421PRJ) and project
AQUATROPHYS (2021.09718.CBM), funded by the Portuguese Foun-
dation for Science and Technology (FCT). This work is also financed by
national funds i) UIDP/04378/2020 and UIDB/04378/2020 (UCIBIO),
ii) LA/P/0140/2020 (i4HB), iii) UIDP/50017,/2020+UIDB/50017/
2020+LA/P/0094/2020 (CESAM), iv) UIDB/04326/2020, UIDP/
04326/2020 and LA/P/0101/2020 (CCMAR), v) UIDB/04292/2020
(MARE). FCT is also acknowledged for the grants 2022.10575.BD
awarded to M.M., 2021.04675.BD awarded to J.F.F., CEECIND/01526/
2018 (doi: https://sciproj.pteris.pt/6833EEC) awarded to C.M. and
CEECIND/01250/2018 and 2022.00153.CEECIND (https://doi.org/10
.54499/2022.00153.CEECIND/CP1720/CT0016) awarded do D.M.


https://doi.org/10.5281/zenodo.8375756
https://doi.org/10.5281/zenodo.8375756
https://sciproj.ptcris.pt/159421PRJ
https://sciproj.ptcris.pt/6833EEC
https://doi.org/10.54499/2022.00153.CEECIND/CP1720/CT0016
https://doi.org/10.54499/2022.00153.CEECIND/CP1720/CT0016

M. Missiondrio et al.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.ecss.2024.108849.

References

Abele, D., Heise, K., Portner, H.O., Puntarulo, S., 2002. Temperature-dependence of
mitochondrial function and production of reactive oxygen species in the intertidal
mud clam Mya arenaria. J. Exp. Biol. 205, 1831-1841. https://doi.org/10.1242/
jeb.205.13.1831.

Baag, S., Mandal, S., 2023. Do predator (Mystus gulio) and prey (Penaeus monodon) have
differential response against heatwaves? Unveiling through oxidative stress
biomarkers and thermal tolerance estimation. Mar. Environ. Res. 184, 105850
https://doi.org/10.1016/j.marenvres.2022.105850.

Barker, B.D., Horodysky, A.Z., Kerstetter, D.W., 2018. Hot or not? Comparative
behavioral thermoregulation, critical temperature regimes, and thermal tolerances
of the invasive lionfish Pterois sp. versus native western North Atlantic reef fishes.
Biol. Invasions 20, 45-58. https://doi.org/10.1007/s10530-017-1511-4.

Berrebi, P., Rodriguez, P., Tomasini, J., Cattaneo-berrebi, G., Crivelli, A.J., 2005.
Differential distribution of the two cryptic species, Pomatoschistus microps and
P. marmoratus, in the lagoons of southern France, with an emphasis on the genetic
organisation of P. microps. Est. Coast. and Shelf Sci. 65, 708-716. https://doi.org/
10.1016/j.ecss.2005.07.008.

Berrebi, P., Rodriguez, P., Rooney, C., D’Aloya, S., Cattaneo-Berrebi, G., 2009.
Haplotypic confinement in two cryptic and closely-related species of sedentary
gobies, Pomatoschistus microps and P. marmoratus in French Mediterranean lagoons.
Folia Zool. 58, 123-131.

Birchenough, S.N.R., Reiss, H., Degraer, S., Mieszkowska, N., Borja, A., Buhl-
Mortensen, L., Braeckman, U., Craeymeersch, J., De Mesel, I., Kerckhof, F.,
Kroncke, 1., Parra, S., Rabaut, M., Schroder, A., Van Colen, C., Van Hoey, G.,
Vinex, M., Wétjen, K., 2015. Climate change and marine benthos: a review of
existing research and future directions in the North Atlantic. Wiley Interdiscip. Rev.
Clim. Chang. 6, 203-223. https://doi.org/10.1002/wcc.330.

Birnie-Gauvin, K., Costantini, D., Cooke, S.J., Willmore, W.G., 2017. A comparative and
evolutionary approach to oxidative stress in fish: a review. Fish Fish. 18, 928-942.
https://doi.org/10.1111/faf.12215.

Bouchereau, J.L., Guelorget, O., 1998. Comparison of three Gobiidae (Teleostei) life
history strategies over their geographical range. Oceanol. Acta 21, 503-517. https://
doi.org/10.1016,/50399-1784(98)80034-0.

Bradford, A.M., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. NALYTICAL
Biochem 72, 248-254.

Cardoso, R.M., Soares, P.M.M., Lima, D.C.A., Miranda, P.M.A., 2019. Mean and extreme
temperatures in a warming climate: EURO CORDEX and WRF regional climate high-
resolution projections for Portugal. Clim. Dynam. 52, 129-157. https://doi.org/
10.1007/500382-018-4124-4.

Cardoso, R.M., Lima, D.C.A., Soares, P.M.M., 2023. How persistent and hazardous will
extreme temperature events become in a warming Portugal? Weather Clim. Extrem.
41, 100600 https://doi.org/10.1016/j.wace.2023.100600.

Carney Almroth, B., Bresolin de Souza, K., Jonsson, E., Sturve, J., 2019. Oxidative stress
and biomarker responses in the Atlantic halibut after long term exposure to elevated
CO; and a range of temperatures. Comp. Biochem. Physiol., Part B: Biochem. Mol.
Biol. 238, 110321 https://doi.org/10.1016/j.cbpb.2019.110321.

Cereja, R., Mendonga, V., Dias, M., Vinagre, C., Gil, F., Diniz, M., 2018. Physiological
effects of cymothoid parasitization in the fish host Pomatoschistus microps (Krgyer,
1838) under increasing ocean temperatures. Ecol. Indicat. 95, 176-182. https://doi.
org/10.1016/j.ecolind.2018.07.045.

Chrétien, E., De Bonville, J., Guitard, J., Binning, S.A., Melis, E., Kack, A., Coté, A.,
Gradito, M., Papillon, A., Thelamon, V., Levet, M., Barou-Dagues, M., 2023. Few
studies of wild animal performance account for parasite infections: a systematic
review. J. Anim. Ecol. 92, 794-806. https://doi.org/10.1111/1365-2656.13864.

Christensen, E.A.F., Norin, T., Tabak, 1., Van Deurs, M., Behrens, J.W., 2021. Effects of
temperature on physiological performance and behavioral thermoregulation in an
invasive fish, the round goby. J. Exp. Biol. 224 https://doi.org/10.1242/jeb.237669.

Ciechanover, A., Schwartz, A.L., 1998. The ubiquitin-proteasome pathway: the
complexity and myriad functions of proteins death. Proc. Natl. Acad. Sci. U. S. A. 95,
2727-2730. https://doi.org/10.1073/pnas.95.6.2727.

Clark, T.D., Sandblom, E., Jutfelt, F., 2013. Aerobic scope measurements of fishes in an
era of climate change: respirometry, relevance and recommendations. J. Exp. Biol.
216, 2771-2782. https://doi.org/10.1242/jeb.084251.

Clarke, A., Fraser, K.P.P., 2004. Why does metabolism scale with temperature? Funct.
Ecol. https://doi.org/10.1111/j.0269-8463.2004.00841.x.

Clausen, J.P., 1977. Effect of physical training on cardiovascular adjustments to exercise
in man. Physiol. Reviews 57 (4), 779-810. https://doi.org/10.1152/
physrev.1977.57.4.779.

Colicchio, J.M., Herman, J., 2020. Empirical patterns of environmental variation favor
adaptive transgenerational plasticity. Ecol. Evol. 10, 1648-1665. https://doi.org/
10.1002/ece3.6022.

den Elzen, M., Fuglestvedt, J., Hohne, N., Trudinger, C., Lowe, J., Matthews, B.,
Romstad, B., de Campos, C.P., Andronova, N., 2005. Analysing countries’
contribution to climate change: scientific and policy-related choices. Environ. Sci.
Pol. 8, 614-636. https://doi.org/10.1016/j.envsci.2005.06.007.

13

Estuarine, Coastal and Shelf Science 305 (2024) 108849

Dessler, A., Parson, E., 2019. The Science and Politics of Global Climate Change: A Guide
to the Debate, third ed. Cambridge University Press, Cambridge. https://doi.org/
10.1017/9781316832158.

Domenici, P., Turesson, H., Brodersen, J., Bronmark, C., 2008. Predator-induced
morphology enhances escape locomotion in crucian carp. Proc. R. Soc. B Biol. Sci.
275, 195-201. https://doi.org/10.1098/rspb.2007.1088.

Dong, Y., Miller, L.P., Sanders, J.G., Somero, G.N., 2008. Heat-shock protein 70 (Hsp70)
expression in four limpets of the genus Lottia: interspecific variation in constitutive
and inducible synthesis correlates with in situ exposure to heat stress. Biol. Bull. 215,
173-181. https://doi.org/10.2307/25470698.

Dowd, W.W., King, F.A., Denny, M.W., 2015. Thermal variation, thermal extremes and
the physiological performance of individuals. J. Exp. Biol. 218, 1956-1967. https://
doi.org/10.1242/jeb.114926.

Dowling, D.K., Simmons, L.W., 2009. Reactive oxygen species as universal constraints in
life-history evolution. Proc. R. Soc. B Biol. Sci. 276, 1737-1745. https://doi.org/
10.1098/rspb.2008.1791.

Drown, M.K., Deliberto, A.N., Ehrlich, M.A., Crawford, D.L., Oleksiak, M.F., 2021.
Interindividual plasticity in metabolic and thermal tolerance traits from populations
subjected to recent anthropogenic heating. R. Soc. Open Sci. 8 https://doi.org/
10.1098/1505.210440.

du Toit, H.D., Rishworth, G.M., Strydom, N.A., Welman, S., 2024. High levels of
metacercarial infestation (family: diplostomidae) do not affect host energetics and
swimming performance in the Epaulette goby (Coryogalops sordidus, Gobiidae).

J. Fish. Biol. 104, 1165-1179. https://doi.org/10.1111/jfb.15657.

Duarte, B., Martins, L., Rosa, R., Matos, A.R., Roleda, M.Y., Reusch, T.B.H., Engelen, A.H.,
Serrao, E.A., Pearson, G.A., Marques, J.C., Cacador, I., Duarte, C.M., Jueterbock, A.,
2018. Climate change impacts on seagrass meadows and macroalgal forests: an
integrative perspective on acclimation and adaptation potential. Front. Mar. Sci. 5,
190. https://doi.org/10.3389/fmars.2018.00190.

Faulkner, K.T., Clusella-Trullas, S., Peck, L.S., Chown, S.L., 2014. Lack of coherence in
the warming responses of marine crustaceans. Funct. Ecol. 28, 895-903. https://doi.
org/10.1111/1365-2435.12219.

Fernandes, J.F., Calado, R., Jer6nimo, D., Madeira, D., 2023. Thermal tolerance limits
and physiological traits as indicators of Hediste diversicolor’s acclimation capacity to
global and local change drivers. J. Therm. Biol. 114, 103577. https://doi.org/
10.1016/j.jtherbio.2023.103577.

Fonds, M., Veldhuis, C., 1973. The oxygen consumption of four Pomatoschistus species
(Pisces, Gobiidae) in relation to water temperature. NJSR (Neth. J. Sea Res.) 7,
376-386. https://doi.org/10.1016/0077-7579(73)90059-8.

Foo, S.A., Byrne, M., 2016. Chapter 2 - Acclimatization and adaptive capacity of marine
species in a changing ocean. In: Curry, B.E. (Ed.), Advances in Marine Biology 74.
Academic Press, pp. 69-116. https://doi.org/10.1016/bs.amb.2016.06.001.

Fox, R.J., Donelson, J.M., Schunter, C., Ravasi, T., Gaitan-Espitia, J.D., 2019. Beyond
buying time: the role of plasticity in phenotypic adaptation to rapid environmental
change. Philos. Trans. R. Soc. B Biol. Sci. https://doi.org/10.1098/rstb.2018.0174.

Gaschler, M.M., Stockwell, B.R., 2017. Lipid peroxidation in cell death. Biochem.
Biophys. Res. Commun. 482, 419-425. https://doi.org/10.1016/j.bbrc.2016.10.086.

Ghalambor, C.K., McKay, J.K., Carroll, S.P., Reznick, D.N., 2007. Adaptive versus non-
adaptive phenotypic plasticity and the potential for contemporary adaptation in new
environments. Funct. Ecol. 21, 394-407. https://doi.org/10.1111/j.1365-
2435.2007.01283.x.

Gibson, R.N., 2003. Go with the Flow: Tidal Migration in Marine Animals. Hydrobiologia
503. https://doi.org/10.1023/B:HYDR.0000008488.33614.62, 153-16.

Gillooly, J.F., Brown, J.H., West, G.B., Savage, V.M., Charnov, E.L., 2001. Effects of size
and temperature on metabolic rate. Science 293 (5538). https://doi.org/10.1126/
science.1061967, 2248-51.

Graham, N.A.J., Jennings, S., MacNeil, M.A., Mouillot, D., Wilson, S.K., 2015. Predicting
climate-driven regime shifts versus rebound potential in coral reefs. Nature 518,
94-97. https://doi.org/10.1038/nature14140.

Gysels, E.S., Hellemans, B., Pampoulie, C., Volckaert, F.A.M., 2004. Phylogeography of
the common goby, Pomatoschistus microps, with particular emphasis on the
colonization of the Mediterranean and the North Sea. Mol. Ecol. 13, 403-417.
https://doi.org/10.1046/j.1365-294X.2003.02087 .x.

Harianto, J., Carey, N., Byrne, M., 2019. respR—an R package for the manipulation and
analysis of respirometry data. Methods Ecol. Evol. 10, 912-920. https://doi.org/
10.1111/2041-210X.13162.

Hobday, A.J., Alexander, L.V., Perkins, S.E., Smale, D.A., Straub, S.C., Oliver, E.C.J.,
Benthuysen, J.A., Burrows, M.T., Donat, M.G., Feng, M., Holbrook, N.J., Moore, P.J.,
Scannell, H.A., Sen Gupta, A., Wernberg, T., 2016. A hierarchical approach to
defining marine heatwaves. Prog. Oceanogr. 141, 227-238. https://doi.org/
10.1016/j.pocean.2015.12.014.

Hofmann, G., Somero, G., 1995. Evidence for protein damage at environmental
temperatures: seasonal changes in levels of ubiquitin conjugates and hsp70 in the
intertidal mussel Mytilus trossulus. J. Exp. Biol. 198, 1509-1518. https://doi.org/
10.1242/jeb.198.7.1509.

Hopkin, R.S., Qari, S., Bowler, K., Hyde, D., Cuculescu, M., 2006. Seasonal thermal
tolerance in marine Crustacea. J. Exp. Mar. Biol. Ecol. 331, 74-81. https://doi.org/
10.1016/j.jembe.2005.10.007.

Huang, J., Li, Y., Fu, C., Chen, F., Fu, Q., Dai, A., Shinoda, M., Ma, Z., Guo, W., Li, Z.,
Zhang, L., Liu, Y., Yu, H., He, Y., Xie, Y., Guan, X., Ji, M., Lin, L., Wang, S., Yan, H.,

Wang, G., 2017. Dryland climate change: recent progress and challenges. Rev.
Geophys. 55, 719-778. https://doi.org/10.1002/2016RG000550.

IPCC, 2022. Climate Change 2022: Impacts, Adaptation, and Vulnerability. Contribution of
Working Group II to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press,, Cambridge, UK and New York, NY,
USA, p. 3056. https://doi.org/10.1017/9781009325844.


https://doi.org/10.1016/j.ecss.2024.108849
https://doi.org/10.1016/j.ecss.2024.108849
https://doi.org/10.1242/jeb.205.13.1831
https://doi.org/10.1242/jeb.205.13.1831
https://doi.org/10.1016/j.marenvres.2022.105850
https://doi.org/10.1007/s10530-017-1511-4
https://doi.org/10.1016/j.ecss.2005.07.008
https://doi.org/10.1016/j.ecss.2005.07.008
http://refhub.elsevier.com/S0272-7714(24)00237-3/sref5
http://refhub.elsevier.com/S0272-7714(24)00237-3/sref5
http://refhub.elsevier.com/S0272-7714(24)00237-3/sref5
http://refhub.elsevier.com/S0272-7714(24)00237-3/sref5
https://doi.org/10.1002/wcc.330
https://doi.org/10.1111/faf.12215
https://doi.org/10.1016/S0399-1784(98)80034-0
https://doi.org/10.1016/S0399-1784(98)80034-0
http://refhub.elsevier.com/S0272-7714(24)00237-3/sref9
http://refhub.elsevier.com/S0272-7714(24)00237-3/sref9
http://refhub.elsevier.com/S0272-7714(24)00237-3/sref9
https://doi.org/10.1007/s00382-018-4124-4
https://doi.org/10.1007/s00382-018-4124-4
https://doi.org/10.1016/j.wace.2023.100600
https://doi.org/10.1016/j.cbpb.2019.110321
https://doi.org/10.1016/j.ecolind.2018.07.045
https://doi.org/10.1016/j.ecolind.2018.07.045
https://doi.org/10.1111/1365-2656.13864
https://doi.org/10.1242/jeb.237669
https://doi.org/10.1073/pnas.95.6.2727
https://doi.org/10.1242/jeb.084251
https://doi.org/10.1111/j.0269-8463.2004.00841.x
https://doi.org/10.1152/physrev.1977.57.4.779
https://doi.org/10.1152/physrev.1977.57.4.779
https://doi.org/10.1002/ece3.6022
https://doi.org/10.1002/ece3.6022
https://doi.org/10.1016/j.envsci.2005.06.007
https://doi.org/10.1017/9781316832158
https://doi.org/10.1017/9781316832158
https://doi.org/10.1098/rspb.2007.1088
https://doi.org/10.2307/25470698
https://doi.org/10.1242/jeb.114926
https://doi.org/10.1242/jeb.114926
https://doi.org/10.1098/rspb.2008.1791
https://doi.org/10.1098/rspb.2008.1791
https://doi.org/10.1098/rsos.210440
https://doi.org/10.1098/rsos.210440
https://doi.org/10.1111/jfb.15657
https://doi.org/10.3389/fmars.2018.00190
https://doi.org/10.1111/1365-2435.12219
https://doi.org/10.1111/1365-2435.12219
https://doi.org/10.1016/j.jtherbio.2023.103577
https://doi.org/10.1016/j.jtherbio.2023.103577
https://doi.org/10.1016/0077-7579(73)90059-8
https://doi.org/10.1016/bs.amb.2016.06.001
https://doi.org/10.1098/rstb.2018.0174
https://doi.org/10.1016/j.bbrc.2016.10.086
https://doi.org/10.1111/j.1365-2435.2007.01283.x
https://doi.org/10.1111/j.1365-2435.2007.01283.x
https://doi.org/10.1023/B:HYDR.0000008488.33614.62
https://doi.org/10.1126/science.1061967
https://doi.org/10.1126/science.1061967
https://doi.org/10.1038/nature14140
https://doi.org/10.1046/j.1365-294X.2003.02087.x
https://doi.org/10.1111/2041-210X.13162
https://doi.org/10.1111/2041-210X.13162
https://doi.org/10.1016/j.pocean.2015.12.014
https://doi.org/10.1016/j.pocean.2015.12.014
https://doi.org/10.1242/jeb.198.7.1509
https://doi.org/10.1242/jeb.198.7.1509
https://doi.org/10.1016/j.jembe.2005.10.007
https://doi.org/10.1016/j.jembe.2005.10.007
https://doi.org/10.1002/2016RG000550
https://doi.org/10.1017/9781009325844

M. Missiondrio et al.

James, R.K., Keyzer, L.M., van de Velde, S.J., Herman, P.M.J., van Katwijk, M.M.,
Bouma, T.J., 2023. Climate change mitigation by coral reefs and seagrass beds at
risk: how global change compromises coastal ecosystem services. Sci. Total Environ.
857 https://doi.org/10.1016/j.scitotenv.2022.159576.

Jones, D., Miller, P.J., 1966. Seasonal migrations of the common goby, Pomatoschistus
microps (kroyer), in morecambe bay and elsewhere. Hydrobiologia 27, 515-528.
https://doi.org/10.1007/BF00042710.

Kambayashi, Y., Binh, N.T., Asakura, H.W., Hibino, Y., Hitomi, Y., Nakamura, H.,
Ogino, K., 2009. Efficient assay for total antioxidant capacity in human plasma using
a 96-well microplte. J. Clin. Biochem. Nutr. 44, 46-51. https://doi.org/10.3164/
jcbn.08-162.

Killen, S.S., Christensen, E.A.F., Cortese, D., Zavorka, L., Norin, T., Cotgrove, L.,
Crespel, A., Munson, A., Nati, J.J.H., Papatheodoulou, M., McKenzie, D.J., 2021.
Guidelines for reporting methods to estimate metabolic rates by aquatic
intermittent-flow respirometry. J. Exp. Biol. 224 https://doi.org/10.1242/
jeb.242522,

Kiiltz, D., Somero, G.N., 2020. Introduction to the special issue: comparative biology of
cellular stress responses in animals. J. Exp. Zool. Part A Ecol. Integr. Physiol. https://
doi.org/10.1002/jez.2395.

Lattuca, M.E., Vanella, F.A., Malanga, G., Rubel, M.D., Manriquez, P.H., Torres, R.,
Alter, K., Marras, S., Peck, M.A., Domenici, P., Ferndndez, D.A., 2023. Ocean
acidification and seasonal temperature extremes combine to impair the thermal
physiology of a sub-Antarctic fish. Sci. Total Environ. 856, 159284. https://doi.org/
10.1016/j.scitotenv.2022.159284.

Leeuwis, R.H.J., Zanuzzo, F.S., Peroni, E.F.C., Gamperl, A.K., 2021. Research on sablefish
(Anoplopoma fimbria) suggests that limited capacity to increase heart function leaves
hypoxic fish susceptible to heat waves. Proc. R. Soc. B Biol. Sci. 288, 20202340.
https://doi.org/10.1098/rspb.2020.2340.

Leitao, R., Martinho, F., Neto, J.M., Cabral, H., Marques, J.C., Pardal, M.A., 2006.
Feeding ecology , population structure and distribution of Pomatoschistus microps
(Krgyer , 1838) and Pomatoschistus minutus (Pallas , 1770) in a temperate estuary,
Portugal. Est. Coast. Shelf Sci. 66, 231-239. https://doi.org/10.1016/].
ecss.2005.08.012.

Leiva, F.P., Calosi, P., Verberk, W.C.E.P., 2019. Scaling of thermal tolerance with body
mass and genome size in ectotherms: a comparison between water- and air-
breathers. Philos. Trans. R. Soc. B Biol. Sci. 374, 20190035. https://doi.org/
10.1098/rstb.2019.0035.

Lindquist, S., Craig, E.A., 1988. The heat -shock proteins. Annu. Rev. Genet. 22,
631-677.

Lu, Y., Wu, Z., Song, Z., Xiao, P., Liu, Y., Zhang, P., You, F., 2016. Insight into the heat
resistance of fish via blood: effects of heat stress on metabolism, oxidative stress and
antioxidant response of olive flounder Paralichthys olivaceus and turbot Scophthalmus
maximus. Fish Shellfish Immunol. 58, 125-135. https://doi.org/10.1016/j.
£51.2016.09.008.

Madeira, D., Narciso, L., Cabral, H.N., Diniz, M.S., Vinagre, C., 2012. Thermal tolerance
of the crab Pachygrapsus marmoratus: intraspecific differences at a physiological
(CTMax) and molecular level (Hsp70). Cell Stress Chaperones 17, 707-716. https://
doi.org/10.1007/5s12192-012-0345-3.

Madeira, D., Vinagre, C., Costa, P.M., Diniz, M.S., 2014. Histopathological alterations,
physiological limits, and molecular changes of juvenile Sparus aurata in response to
thermal stress. Mar. Ecol. Prog. Ser. 505, 253-266. https://doi.org/10.3354/
meps10794.

Madeira, D., Mendonga, V., Dias, M., Roma, J., Costa, P.M., Larguinho, M., Vinagre, C.,
Diniz, M.S., 2015. Physiological, cellular and biochemical thermal stress response of
intertidal shrimps with different vertical distributions: Palaemon elegans and
Palaemon serratus. Comp. Biochem. Physiol. -Part A Mol. Integr. Physiol. 183,
107-115. https://doi.org/10.1016/j.cbpa.2014.12.039.

Madeira, D., Vinagre, C., Diniz, M.S., 2016. Are fish in hot water? Effects of warming on
oxidative stress metabolism in the commercial species Sparus aurata. Ecol. Indicat.
63, 324-331. https://doi.org/10.1016/j.ecolind.2015.12.008.

Madeira, C., Mendonga, V., Leal, M.C., Flores, A.A.V., Cabral, H.N., Diniz, M.S.,
Vinagre, C., 2018. Environmental health assessment of warming coastal ecosystems
in the tropics — application of integrative physiological indices. Sci. Total Environ.
643, 28-39. https://doi.org/10.1016/j.scitotenv.2018.06.152.

Madeira, D., Mendonga, V., Madeira, C., Gaiteiro, C., Vinagre, C., Diniz, M.S., 2019.
Molecular assessment of wild populations in the marine realm: importance of
taxonomic, seasonal and habitat patterns in environmental monitoring. Sci. Total
Environ. 654, 250-263. https://doi.org/10.1016/j.scitotenv.2018.11.064.

Madeira, D., Madeira, C., Costa, P.M., Vinagre, C., Portner, H.O., Diniz, M.S., 2020.
Different sensitivity to heatwaves across the life cycle of fish reflects phenotypic
adaptation to environmental niche. Mar. Environ. Res. 162, 105192. https://doi.
org/10.1016/j.marenvres.2020.105192.

Madeira, D., Fernandes, J.F., Jerénimo, D., Martins, P., Ricardo, F., Santos, A.,
Domingues, M.R., Diniz, M.S., Calado, R., 2021a. Salinity shapes the stress responses
and energy reserves of marine polychaetes exposed to warming: from molecular to
functional phenotypes. Sci. Total Environ. 795, 148634 https://doi.org/10.1016/j.
scitotenv.2021.148634.

Madeira, D., Fernandes, J.F., Jerénimo, D., Ricardo, F., Santos, A., Domingues, M.R.,
Calado, R., 2021b. Calcium homeostasis and stable fatty acid composition underpin
heatwave tolerance of the keystone polychaete Hediste diversicolor. Environ. Res.
195, 110885 https://doi.org/10.1016/j.envres.2021.110885.

Magalhaes Filho, L.N.L., Roebeling, P.C., Costa, L.F.C., de Lima, L.T., 2022. Ecosystem
services values at risk in the Atlantic coastal zone due to sea-level rise and
socioeconomic development. Ecosyst. Serv. 58, 101492, https://doi.org/10.1016/j.
ecoser.2022.101492.

14

Estuarine, Coastal and Shelf Science 305 (2024) 108849

Magnhagen, C., Wiederholm, A.M., 1982. Food selectivity versus prey availability: a
study using the marine fish Pomatoschistus microps. Oecologia 55, 311-315. https://
doi.org/10.1007/BF00376917.

McPherson, M.L., Finger, D.J.I., Houskeeper, H.F., Bell, T.W., Carr, M.H., Rogers-
Bennett, L., Kudela, R.M., 2021. Large-scale shift in the structure of a kelp forest
ecosystem co-occurs with an epizootic and marine heatwave. Commun. Biol. 4, 298.
https://doi.org/10.1038/542003-021-01827-6.

Menezes-Silva, P.E., Loram-Lourenco, L., Alves, R.D.F.B., Sousa, L.F., Almeida, S.E. da S.,
Farnese, F.S., 2019. Different ways to die in a changing world: Consequences of
climate change for tree species performance and survival through an
ecophysiological perspective. Ecol. Evol. 9, 11979-11999. https://doi.org/10.1002/
ece3.5663.

Merila, J., Hendry, A.P., 2014. Climate change, adaptation, and phenotypic plasticity:
the problem and the evidence. Evol. Appl. 7, 1-14. https://doi.org/10.1111/
eva.12137.

Metcalfe, N.B., Van Leeuwen, T.E., Killen, S.S., 2016. Does individual variation in
metabolic phenotype predict fish behaviour and performance? J. Fish. Biol. 88,
298-321. https://doi.org/10.1111/jfb.12699.

Miller, P.J., 1975. Age-structure and life-span in the Common goby, Pomatoschistus
microps. J. Zool. 177, 425-448. https://doi.org/10.1111/].1469-7998.1975.
tb02243.x.

Miller, N.A., Paganini, A.W., Stillman, J.H., 2013. Differential thermal tolerance and
energetic trajectories during ontogeny in porcelain crabs, genus Petrolisthes.

J. Therm. Biol. 38, 79-85. https://doi.org/10.1016/j.jtherbio.2012.11.005.
Missionario, M., Fernandes, J.F., Travesso, M., Freitas, E., Calado, R., Madeira, D., 2022.
Sex-specific thermal tolerance limits in the ditch shrimp Palaemon varians: eco-
evolutionary implications under a warming ocean. J. Therm. Biol. 103, 103151.

https://doi.org/10.1016/j.jtherbio.2021.103151.

Missiondrio, M., Travesso, M., Calado, R., Madeira, D., 2023. Cellular stress response and
acclimation capacity of the ditch shrimp Palaemon varians to extreme weather events
- how plastic can a plastic species be? Sci. Total Environ. 856, 158732. https://doi.
org/10.1016/j.scitotenv.2022.158732.

Mooney, H., Larigauderie, A., Cesario, M., Elmquist, T., Hoegh-Guldberg, O., Lavorel, S.,
Mace, G.M., Palmer, M., Scholes, R., Yahara, T., 2009. Biodiversity, climate change,
and ecosystem services. Curr. Opin. Environ. Sustain. 1, 45-54. https://doi.org/
10.1016/j.cosust.2009.07.006.

Mora, C., Ospina, A.F., 2001. Tolerance to high temperatures and potential impact of sea
warming on reef fishes of Gorgona Island (tropical eastern Pacific). Mar. Biol. 139,
765-769. https://doi.org/10.1007/5002270100626.

Morley, S.A., Bates, A.E., Lamare, M., Richard, J., Nguyen, K.D., Brown, J., Peck, L.S.,
2016. Rates of warming and the global sensitivity of shallow water marine
invertebrates to elevated temperature. J. Mar. Biol. Assoc. U. K. 96, 159-165.
https://doi.org/10.1017/50025315414000307.

Morley, S.A., Nguyen, K.D., Peck, L.S., Lai, C.H., Tan, K.S., 2017. Can acclimation of
thermal tolerance, in adults and across generations, act as a buffer against climate
change in tropical marine ectotherms? J. Therm. Biol. 68, 195-199. https://doi.org/
10.1016/j.jtherbio.2016.09.007.

Munch, S.B., Lee, W.S., Walsh, M., Hurst, T., Wasserman, B.A., Mangel, M., Salinas, S.,
2021. A latitudinal gradient in thermal transgenerational plasticity and a test of
theory. Proc. R. Soc. B Biol. Sci. 288, 20210797. https://doi.org/10.1098/
rspb.2021.0797.

Nati, J.J.H., Svendsen, M.B.S., Marras, S., Killen, S.S., Steffensen, J.F., McKenzie, D.J.,
Domenici, P., 2021. Intraspecific variation in thermal tolerance differs between
tropical and temperate fishes. Sci. Rep. 11, 1-8. https://doi.org/10.1038/s41598-
021-00695-8.

Nelson, J.A., 2016. Oxygen consumption rate v. rate of energy utilization of fishes: a
comparison and brief history of the two measurements. J. Fish. Biol. 88, 10-25.
https://doi.org/10.1111/jfb.12824.

Newton, A., Mudge, S.M., 2003. Temperature and salinity regimes in a shallow,
mesotidal lagoon, the Ria Formosa, Portugal. Estuar. Coast Shelf Sci. 57, 73-85.
https://doi.org/10.1016,/50272-7714(02)00332-3.

Njemini, R., Demanet, C., Mets, T., 2005. Comparison of two ELISAs for the
determination of Hsp70 in serum. J. Immunol. Methods 306, 176-182. https://doi.
0rg/10.1016/j.jim.2005.08.012.

Norin, T., Metcalfe, N.B., 2019. Ecological and evolutionary consequences of metabolic
rate plasticity in response to environmental change. Philos. Trans. R. Soc. B Biol. Sci.
374 (1768), 20180180. https://doi.org/10.1098/rstb.2018.0180.

Oczkowski, A., McKinney, R., Ayvazian, S., Hanson, A., Wigand, C., Markham, E., 2015.
Preliminary evidence for the amplification of global warming in shallow, intertidal
estuarine waters. PLoS One 10, 1-18. https://doi.org/10.1371/journal.
pone.0141529.

Oliver, E.C.J., Donat, M.G., Burrows, M.T., Moore, P.J., Smale, D.A., Alexander, L.V.,
Benthuysen, J.A., Feng, M., Sen Gupta, A., Hobday, A.J., Holbrook, N.J., Perkins-
Kirkpatrick, S.E., Scannell, H.A., Straub, S.C., Wernberg, T., 2018. Longer and more
frequent marine heatwaves over the past century. Nat. Commun. 9, 1-12. https://
doi.org/10.1038/s41467-018-03732-9.

Parente, J., Pereira, M.G., Amraoui, M., Fischer, E.M., 2018. Heat waves in Portugal:
current regime, changes in future climate and impacts on extreme wildfires. Sci.
Total Environ. 631-632, 534-549. https://doi.org/10.1016/j.
scitotenv.2018.03.044.

Paul, N., Novais, S.C., Silva, C.S.E., Mendes, S., Kunzmann, A., Lemos, M.F.L., 2021.
Global warming overrides physiological anti-predatory mechanisms in intertidal
rock pool fish Gobius paganellus. Sci. Total Environ. 776, 145736 https://doi.org/
10.1016/j.scitotenv.2021.145736.

Pockberger, M., Kellnreitner, F., Ahnelt, H., Asmus, R., Asmus, H., 2014. An abundant
small sized fish as keystone species? The effect of Pomatoschistus microps on food


https://doi.org/10.1016/j.scitotenv.2022.159576
https://doi.org/10.1007/BF00042710
https://doi.org/10.3164/jcbn.08-162
https://doi.org/10.3164/jcbn.08-162
https://doi.org/10.1242/jeb.242522
https://doi.org/10.1242/jeb.242522
https://doi.org/10.1002/jez.2395
https://doi.org/10.1002/jez.2395
https://doi.org/10.1016/j.scitotenv.2022.159284
https://doi.org/10.1016/j.scitotenv.2022.159284
https://doi.org/10.1098/rspb.2020.2340
https://doi.org/10.1016/j.ecss.2005.08.012
https://doi.org/10.1016/j.ecss.2005.08.012
https://doi.org/10.1098/rstb.2019.0035
https://doi.org/10.1098/rstb.2019.0035
http://refhub.elsevier.com/S0272-7714(24)00237-3/sref56
http://refhub.elsevier.com/S0272-7714(24)00237-3/sref56
https://doi.org/10.1016/j.fsi.2016.09.008
https://doi.org/10.1016/j.fsi.2016.09.008
https://doi.org/10.1007/s12192-012-0345-3
https://doi.org/10.1007/s12192-012-0345-3
https://doi.org/10.3354/meps10794
https://doi.org/10.3354/meps10794
https://doi.org/10.1016/j.cbpa.2014.12.039
https://doi.org/10.1016/j.ecolind.2015.12.008
https://doi.org/10.1016/j.scitotenv.2018.06.152
https://doi.org/10.1016/j.scitotenv.2018.11.064
https://doi.org/10.1016/j.marenvres.2020.105192
https://doi.org/10.1016/j.marenvres.2020.105192
https://doi.org/10.1016/j.scitotenv.2021.148634
https://doi.org/10.1016/j.scitotenv.2021.148634
https://doi.org/10.1016/j.envres.2021.110885
https://doi.org/10.1016/j.ecoser.2022.101492
https://doi.org/10.1016/j.ecoser.2022.101492
https://doi.org/10.1007/BF00376917
https://doi.org/10.1007/BF00376917
https://doi.org/10.1038/s42003-021-01827-6
https://doi.org/10.1002/ece3.5663
https://doi.org/10.1002/ece3.5663
https://doi.org/10.1111/eva.12137
https://doi.org/10.1111/eva.12137
https://doi.org/10.1111/jfb.12699
https://doi.org/10.1111/j.1469-7998.1975.tb02243.x
https://doi.org/10.1111/j.1469-7998.1975.tb02243.x
https://doi.org/10.1016/j.jtherbio.2012.11.005
https://doi.org/10.1016/j.jtherbio.2021.103151
https://doi.org/10.1016/j.scitotenv.2022.158732
https://doi.org/10.1016/j.scitotenv.2022.158732
https://doi.org/10.1016/j.cosust.2009.07.006
https://doi.org/10.1016/j.cosust.2009.07.006
https://doi.org/10.1007/s002270100626
https://doi.org/10.1017/S0025315414000307
https://doi.org/10.1016/j.jtherbio.2016.09.007
https://doi.org/10.1016/j.jtherbio.2016.09.007
https://doi.org/10.1098/rspb.2021.0797
https://doi.org/10.1098/rspb.2021.0797
https://doi.org/10.1038/s41598-021-00695-8
https://doi.org/10.1038/s41598-021-00695-8
https://doi.org/10.1111/jfb.12824
https://doi.org/10.1016/S0272-7714(02)00332-3
https://doi.org/10.1016/j.jim.2005.08.012
https://doi.org/10.1016/j.jim.2005.08.012
https://doi.org/10.1098/rstb.2018.0180
https://doi.org/10.1371/journal.pone.0141529
https://doi.org/10.1371/journal.pone.0141529
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1016/j.scitotenv.2018.03.044
https://doi.org/10.1016/j.scitotenv.2018.03.044
https://doi.org/10.1016/j.scitotenv.2021.145736
https://doi.org/10.1016/j.scitotenv.2021.145736

M. Missiondrio et al.

webs and its trophic role in two intertidal benthic communities: a modeling
approach. J. Sea Res. 86, 86-96. https://doi.org/10.1016/j.seares.2013.11.008.

Portner, H.O., Bock, C., Mark, F.C., 2017. Oxygen- & capacity-limited thermal tolerance:
bridging ecology & physiology. J. Exp. Biol. 220 (15), 2685-2696. https://doi.org/
10.1242/jeb.134585.

Ribeiro, J., Carvalho, G.M., Gongalves, J.M.S., Erzini, K., 2012. Fish assemblages of
shallow intertidal habitats of the Ria Formosa lagoon (South Portugal): influence of
habitat and season. Mar. Ecol. Prog. Ser. 446, 259-273. https://doi.org/10.3354/
meps09455.

Romero-Mujalli, D., Rochow, M., Kahl, S., Paraskevopoulou, S., Folkertsma, R.,

Jeltsch, F., Tiedemann, R., 2021. Adaptive and nonadaptive plasticity in changing
environments: implications for sexual species with different life history strategies.
Ecol. Evol. 11, 6341-6357. https://doi.org/10.1002/ece3.7485.

Sandblom, E., Gréns, A., Axelsson, M., Seth, H., 2014. Temperature acclimation rate of
aerobic scope and feeding metabolism in fishes: implications in a thermally extreme
future. Proc. R. Soc. B Biol. Sci. 281 (1794), 20141490. https://doi.org/10.1098/
rspb.2014.1490.

Sokolova, I., 2021. Bioenergetics in environmental adaptation and stress tolerance of
aquatic ectotherms: linking physiology and ecology in a multi-stressor landscape.
J. Exp. Biol. 224 (Suppl_1), jeb236802. https://doi.org/10.1242/jeb.236802.

Somero, G.N., 2005. Linking biogeography to physiology: evolutionary and acclimatory
adjustments of thermal limits. Front. Zool. 2, 1-9. https://doi.org/10.1186/1742-
9994-2-1.

Somero, G.N., 2020. The cellular stress response and temperature: function, regulation,
and evolution. J. Exp. Zool. Part A Ecol. Integr. Physiol. 333, 379-397. https://doi.
0rg/10.1002/jez.2344.

Stillman, J.H., 2002. Causes and consequences of thermal tolerance limits in rocky
intertidal porcelain crabs, Genus Petrolisthes. Integr. Comp. Biol. 42 (4), 790-796.
https://doi.org/10.1093/icb/42.4.790.

Sturrock, R.N., Frankel, S.J., Brown, A.V., Hennon, P.E., Kliejunas, J.T., Lewis, K.J.,
Worrall, J.J., Woods, A.J., 2011. Climate change and forest diseases. Plant Pathol.
60, 133-149. https://doi.org/10.1111/§.1365-3059.2010.02406.x.

Team, R. studio, 2020. RStudio. Integrated Development for R. RStudio. RStudio, PBC,
Boston, MA. http://www.rstudio.com/.

Thoral, F., Montie, S., Thomsen, M.S., Tait, L.W., Pinkerton, M.H., Schiel, D.R., 2022.
Unravelling seasonal trends in coastal marine heatwave metrics across global
biogeographical realms. Sci. Rep. 12, 1-13. https://doi.org/10.1038/541598-02.2-
11908-z.

15

Estuarine, Coastal and Shelf Science 305 (2024) 108849

Tomanek, L., 2010. Variation in the heat shock response and its implication for
predicting the effect of global climate change on species’ biogeographical
distribution ranges and metabolic costs. J. Exp. Biol. 213, 971-979. https://doi.org/
10.1242/jeb.038034.

Tougard, C., Folly, J., Berrebi, P., 2014. New light on the evolutionary history of the
common goby (Pomatoschistus microps) with an emphasis on colonization processes
in the mediterranean sea. PLoS One 9 (3), €91576. https://doi.org/10.1371/journal.
pone.0091576.

Uchiyama, M., Mihara, M., 1978. Determination of malonaldehyde precursor in tissues
by thiobarbituric acid test. Anal. Biochem. 86, 271-278. https://doi.org/10.1016/
0003-2697(78)90342-1.

Vieira, H.C., Bordalo, M.D., Rodrigues, A.C.M., Pires, S.F.S., Rocha, R.J.M., Soares, A.M.
V.M., Rendén-von Osten, J., Abreu, S.N., Morgado, F., 2021. Water temperature
modulates mercury accumulation and oxidative stress status of common goby
(Pomatoschistus microps). Environ. Res. 193, 1-9. https://doi.org/10.1016/j.
envres.2020.110585.

Vinagre, C., Madeira, D., Mendonga, V., Dias, M., Roma, J., Diniz, M.S., 2014. Effect of
increasing temperature in the differential activity of oxidative stress biomarkers in
various tissues of the Rock goby, Gobius paganellus. Mar. Environ. Res. 97, 10-14.
https://doi.org/10.1016/j.marenvres.2014.01.007.

Vinagre, C., Leal, I., Mendonca, V., Flores, A.A.V., 2015. Effect of warming rate on the
critical thermal maxima of crabs, shrimp and fish. J. Therm. Biol. 47, 19-25. https://
doi.org/10.1016/j.jtherbio.2014.10.012.

Vinagre, C., Leal, 1., Mendonca, V., Madeira, D., Narciso, L., Diniz, M.S., Flores, A.A.V.,
2016. Vulnerability to climate warming and acclimation capacity of tropical and
temperate coastal organisms. Ecol. Indicat. 62, 317-327. https://doi.org/10.1016/j.
ecolind.2015.11.010.

Vinagre, C., Mendonga, V., Cereja, R., Abreu-Afonso, F., Dias, M., Mizrahi, D., Flores, A.
A.V., 2018. Ecological traps in shallow coastal waters-Potential effect of heat-waves
in tropical and temperate organisms. PLoS One 13, 1-17. https://doi.org/10.1371/
journal.pone.0192700.

Yusof, N.A., Masnoddin, M., Charles, J., Thien, Y.Q., Nasib, F.N., Wong, C.M.V.L., Abdul
Murad, A.M., Mahadi, N.M., Bharudin, 1., 2022. Can heat shock protein 70 (HSP70)
serve as biomarkers in Antarctica for future ocean acidification, warming and
salinity stress? Polar Biol. 45, 371-394. https://doi.org/10.1007/s00300-022-
03006-7.


https://doi.org/10.1016/j.seares.2013.11.008
https://doi.org/10.1242/jeb.134585
https://doi.org/10.1242/jeb.134585
https://doi.org/10.3354/meps09455
https://doi.org/10.3354/meps09455
https://doi.org/10.1002/ece3.7485
https://doi.org/10.1098/rspb.2014.1490
https://doi.org/10.1098/rspb.2014.1490
https://doi.org/10.1242/jeb.236802
https://doi.org/10.1186/1742-9994-2-1
https://doi.org/10.1186/1742-9994-2-1
https://doi.org/10.1002/jez.2344
https://doi.org/10.1002/jez.2344
https://doi.org/10.1093/icb/42.4.790
https://doi.org/10.1111/j.1365-3059.2010.02406.x
http://www.rstudio.com/
https://doi.org/10.1038/s41598-022-11908-z
https://doi.org/10.1038/s41598-022-11908-z
https://doi.org/10.1242/jeb.038034
https://doi.org/10.1242/jeb.038034
https://doi.org/10.1371/journal.pone.0091576
https://doi.org/10.1371/journal.pone.0091576
https://doi.org/10.1016/0003-2697(78)90342-1
https://doi.org/10.1016/0003-2697(78)90342-1
https://doi.org/10.1016/j.envres.2020.110585
https://doi.org/10.1016/j.envres.2020.110585
https://doi.org/10.1016/j.marenvres.2014.01.007
https://doi.org/10.1016/j.jtherbio.2014.10.012
https://doi.org/10.1016/j.jtherbio.2014.10.012
https://doi.org/10.1016/j.ecolind.2015.11.010
https://doi.org/10.1016/j.ecolind.2015.11.010
https://doi.org/10.1371/journal.pone.0192700
https://doi.org/10.1371/journal.pone.0192700
https://doi.org/10.1007/s00300-022-03006-7
https://doi.org/10.1007/s00300-022-03006-7

	Shallow water fish display low phenotypic plasticity to ocean warming and extreme weather events regardless of previous the ...
	1 Introduction
	2 Materials and methods
	Ethical statement
	2.1 Pomatoschistus microps as a model species
	2.2 Environmental data collection in P. microps sampling site
	2.3 Animal collection and husbandry
	2.4 Experimental setup
	2.4.1 Warm- vs. cold-acclimatized fish
	2.4.2 Critical thermal maximum experiment (CTmax) in warm- and cold-acclimatized fish
	2.4.3 Respirometry in warm-acclimatized fish
	2.4.4 Biomarkers in cold-acclimatized fish

	2.5 Statistical analysis
	2.5.1 Physiological traits
	2.5.2 Biomarkers


	3 Results
	3.1 Environmental data collection at P. microps’ habitat
	3.2 CTmax: warm-acclimatized fish
	3.3 CTmax: cold-acclimatized individuals
	3.4 CTmax: warm- vs. cold-acclimatized fish
	3.5 Respirometry: warm-acclimatized individuals
	3.6 Biomarkers: cold-acclimatized individuals

	4 Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


