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Abstract

To predict the potential impacts of climate change on marine organisms, it is critical to understand
how multiple stressors constrain the physiology and distribution of species. We evaluated the effects
of seasonal changes in seawater temperature and near-future ocean acidification (OA) on organismal
and sub-organismal traits associated with the thermal performance of Eleginops maclovinus, a sub-
Antarctic notothenioid species with economic importance to sport and artisanal fisheries in southern
South America. Juveniles were exposed to mean winter and summer sea surface temperatures (4 and
10 °C) at present-day and near-future pCOz2 levels (~500 and 1800 patm). After a month, the Critical
Thermal maximum and minimum (CTmax, CTmin) of fish were measured using the Critical Thermal
Methodology and the aerobic scope of fish was measured based on the difference between their
maximal and standard rates determined from intermittent flow respirometry. Lipid peroxidation and
the antioxidant capacity were also quantified to estimate the oxidative damage potentially caused to
gill and liver tissue. Although CTmax and CTmin were higher in individuals acclimated to summer
versus winter temperatures, the increase in CTmax was minimal in juveniles exposed to the near-future
compared to present-day pCO: levels (there was a significant interaction between temperature and
pCO2 on CTmax). The reduction in the thermal tolerance range under summer temperatures and near-
future OA conditions was associated with a reduction in the aerobic scope observed at the elevated
pCOz2 level. Moreover, an oxidative stress condition was detected in the gill and liver tissues. Thus,
chronic exposure to OA and the current summer temperatures pose limits to the thermal performance
of juvenile E. maclovinus at the organismal and sub-organismal levels, making this species vulnerable

to projected climate-driven warming.

Keywords: Eleginops maclovinus, thermal tolerance, aerobic scope, oxidative metabolism, multiple

stressors, climate change biology.
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1. Introduction

The Beagle Channel is a unique subpolar marine ecosystem located in the southern extreme of
South America, connecting the Pacific and the Atlantic Oceans (Flores Melo et al., 2020). Due to its
location, this area hosts a mixture of marine ichthyofauna with different origins that have experienced
distinct evolutionary histories (Fernandez et al., 2019). Fishes of the suborder Notothenioidei are the
most dominant component of the ichthyofauna in the Beagle Channel (Lloris and Rucabado, 1991;
Vanella et al., 2007). The 'rébalo' or Patagonian blenny, Eleginops maclovinus (Cuvier, 1830) is an
endemic notothenioidei species that has an extended bioceanic distribution in temperate and
subantarctic waters from Valparaiso in the Pacific Ocean (33°S) to San Matias Gulf in the Atlantic
Ocean (40°S) down to the Beagle Channel (55°S) and Malvinas/Falklands Islands (Lopez, 1963;
Guzméan and Campodonico, 1973; Pequefio, 1989; Eastman, 1993). This species inhabits shallow
coastal waters, estuaries, and rivers throughout their geographic distribution and is a key component
of many food webs, both as prey and predator (Riccialdelli et al., 2017; 2020). In the Atlantic Ocean
and the Beagle Channel, E. maclovinus is also targeted by recreational (sport) and artisanal fisheries
(Lattuca et al., 2018).

Climate change represents one of the main threats to biodiversity (Heller and Zavaleta, 2009;
IPBES, 2019) and its effects are appearing more rapidly and with greater impacts at high latitudes
(Fabry et al., 2009; IPCC, 2022). When studying the effects of climate change in marine ecosystems,
the roles of temperatures and carbon dioxide (COz) are invariably linked (Enzor et al., 2013). The
increase in atmospheric CO2 observed since the beginning of the industrial revolution has caused not
only ocean warming but also a decrease in seawater pH, known as ocean acidification (OA; Levitus et
al., 2005; Caldeira and Wickett, 2003).

Temperature is the most pervasive abiotic factor governing the biology of organisms (Beitinger
and Lutterrschmidt, 2011). Thus, the organism's thermal sensitivity is a fundamental factor in climate-
induced changes in marine ecosystems (Portner and Farrell, 2008). It has been hypothesized that
temperature sets important limitations for aquatic ectotherms mainly by reducing their aerobic scope,
caused by the limited capacity of the circulatory and ventilatory systems to match oxygen demand
[Oxygen- and capacity-limited thermal tolerance (OCLTT) hypothesis], in fully oxygenated waters
(Portner, 2002; 2010; Portner and Farrell, 2008). Within their thermal tolerance limits or thermal
windows, at the sub-organismal level, the organisms progressively enhance the exploitation of
protective mechanisms, such as the capacity of anaerobic metabolism, antioxidant defenses, and the
heat-shock response, as oxygen limitations are set during warming and cooling (P6értner, 2002). The

thermal tolerance limits or thermal windows of fishes are generally assessed by determining the
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Critical Thermal Maximum (CTmax) and Minimum (CTmin) and represent a useful relative proxy for
the temperatures at which fishes are unable to escape conditions that will ultimately lead to thermal
death (Becker and Genoway, 1979; Beitinger et al., 2000; Beitinger and Lutterschmidt, 2011, Asheim
et al., 2020). Several works have highlighted the importance of determining physiological limits to
different environmental drivers in order to develop predictions for the future geographical distribution
or productivity of species based on future climate scenarios (Portner and Peck, 2010; Burrows et al.,
2011; Deutsch et al., 2015; Marras et al., 2015). In this regard, Lattuca et al. (2018) showed that under
laboratory conditions, juvenile E. maclovinus inhabiting coastal areas of the Beagle Channel is a
eurythermic species that can acclimate well to different temperatures and has a broad thermal window
and a positive relationship between preferred and acclimation temperatures. To understand the effects
of global warming on the thermal tolerance of a given ectotherm organism, it is critical to understand
how they respond to seasonal temperature extremes and identify the mechanisms involved in the
responses. Since E. maclovinus lives in much cooler environments than their maximum thermal
tolerance, Lattuca et al. (2018) proposed that E. maclovinus populations from Tierra del Fuego could

experience enhanced performances in response to ocean warming.

OA has been recognized as a critical process impacting marine life (Hendriks et al., 2010;
Kroeker et al., 2010), and its effects are fundamentally linked to the ecology and physiology of the
organisms (Portner, 2008). In particular, fish were initially thought to be resilient to OA as they can
maintain a constant internal pH through increased buffering capacity and net acid excretion (Claiborne
et al., 2002; Melzner et al., 2009; Cattano et al., 2018). However, these compensation responses have
additional energetic costs and, thus, potential consequences on other fitness-related traits (Ishimatsu et
al., 2008; Heuer and Grosell, 2014). Accordingly, increased pCO: levels can affect fish metabolism,
internal calcification, yolk consumption, and behavioral performance along with increased predation
risk and decreased foraging efficiency, particularly for larvae (Cattano et al., 2018). Furthermore,
several fitness-related traits in fish are suggested to be modulated by the combined effect of pCO2 and

temperature levels (Portner et al., 2005).

Predicting and understanding the potential impacts of interacting climate change stressors, such
as changes in temperature and pCOz2 levels, on marine organisms is one of the most urgent challenges
that environmental scientists face. Interacting stressors may cause either additive, synergistic, or
antagonistic impacts on marine organisms (Vinebrooke et al., 2004). Several studies have reported on
physiological responses of notothenioid species to increased temperature and elevated pCOz2 levels
(Strobel et al., 2012; Strobel et al., 2013a,b; Enzor et al., 2013; Enzor and Place, 2014). For example,

by measuring the routine metabolic rate, mitochondrial capacity, and the intra- and extracellular acid-
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base status, Strobel et al. (2012) reported that Notothenia rossii could, in part, acclimate to ocean
warming and OA. However, Strobel et al. (2013a) demonstrated the existence of different tissue
capacities to compensate for such conditions in terms of energy metabolism and mitochondrial
enzymes. Compared to N. rossii, the sub-Antarctic Lepidonotothen squamifrons exhibited higher
plasticity in energy usage in response to changing temperature and hypercapnia (Strobel et al., 2013b).
Moreover, Enzor et al. (2013) demonstrated that Trematomus bernacchii, Trematomus hansoni,
Trematomus newnesi and Pagothenia borchgrevinki were capable of rapidly acclimating to increased
pCOz2 levels but that warmer temperature continued to impact their routine metabolic rates for at least
28 days. Enzor and Place (2014) also documented that T. bernacchii, P. borchgrevinki and T. newnesi

maintained an antioxidant capacity necessary to offset predicted warming and OA.

Most of the notothenioid fish in southern South America can be found in coastal waters. These
shallow-water environments have little thermal inertia, so they are expected to be the first to reflect a
rise in atmospheric temperature (Madeira et al., 2012). Moreover, these waters are subjected to a wide
range of CO2 concentrations across different time scales (Waldbusser and Salisbury, 2014). In
particular, fish inhabiting the coasts of the Beagle Channel are naturally exposed to fluctuations in
temperature and CO2 due to the freshwater input from rivers, coastal runoff and the thawing of glaciers
(Giesecke et al., 2021). Thus, fish in the Beagle Channel are exposed to higher pCOz2 levels than fish
living in pelagic environments where CO2 levels are more stable. Waldbusser and Salisbury (2014)
noted that such varying conditions should not prevent scientists from studying how the processes
modifying coastal conditions interact to affect organisms, nor does it mean that they are better adapted
to higher COz2 levels. Despite being the most prominent channel of the South American continent, to
our knowledge, no studies have documented the impacts of climate change stressors on fish inhabiting

these waters.

We measured the response of thermal tolerance, aerobic scope, and oxidative metabolism of
juvenile E. maclovinus from coastal Channel waters exposed to two temperatures (4 and 10 °C) at both
present-day and near-future pCO2 levels (~500 and ~1800 patm). The temperatures used here match
the mean winter and mean summer sea surface temperatures in the Beagle Channel (Lattuca et al.,
2018). The pCO:z2 levels correspond to present-day pCO2 measured in coastal areas in this region and
to future levels projected for the end of 2200, respectively (Caldeira and Wickett, 2003; IPCC, 2014).
We hypothesized that the combined effect of chronic exposure to OA at the mean summer temperature
would reduce the thermal performance of the fish at organismal and sub-organismal levels and that
climate change will cause negative impacts on these fish. At the organismal level, we expected that

the interaction between temperature and pCO2 would lower the aerobic scope of juvenile E. maclovinus
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and, hence, its thermal tolerance range. At the sub-organismal level, we expected an oxidative stress
response. To our knowledge, this is the first study to investigate the interactive effects of OA levels
and temperature on functional traits linked with the thermal performance of a notothenioid fish

inhabiting coastal waters surrounding the tip of South America.

2. Materials and methods
Ethics statement

The methods described in this study were reviewed and approved by the Bioethics Institutional
Committee of the Austral Centre for Scientific Research (CIB-CADIC), which assesses animal care in

research activities.

2.1. Fish collection and habituation to captivity

Juvenile E. maclovinus were collected during the austral autumn 2019 at Golondrina Bay (54°
50'S, 68° 20'W), located on the Beagle Channel (Tierra del Fuego, Argentina) close to Ushuaia city,
where all the laboratory experiments were conducted. Fish were captured using a seine net (25 m long,
1.5 m high, and 12 mm stretch mesh) and then transported to the laboratory in 50-L tanks equipped
with aeration. The temperature at the capture site was ~5 °C. Once in the laboratory, fish were
habituated to captivity for one month in 120-L aquaria containing seawater at 4 + 0.5 °C, with a salinity
of 24.6 + 0.2 and dissolved oxygen concentrations of 9 + 0.3 mg L™*. During this period, fish were fed
to satiation (~10% body mass) with chopped hake (Merluccius hubbsi) muscle every other day and
held under a 12:12-h (light:dark) light regime with light-emitting diodes (LEDs) as the light source
(250 Ix). Water quality was maintained by daily partial water changes (20-25% of total volume).

2.2. CO2 mixing systemand carbonate system determination

A flow-through CO2 mixing system similar in design to that described by Manriquez et al.
(2019; 2020) was built to manipulate pCO:z levels inside the rearing containers (experimental units).
This system consisted of three mass flow controllers (model GdFC, Aalborg, New York, USA) used
to blend pure CO2 gas with the (ambient) air provided by an oil-free compressor (MSV 12/100, Schulz,
Sao Paulo, Brazil) to obtain CO2-enriched air (Torres et al., 2013). This procedure allowed to obtain
COz2-enriched air of ~1800 patm for the future pCO2 condition and CO2-enriched air of ~500 patm for
the present-day condition. The enriched air was bubbled into four 230-L plastic reservoirs (mixing
tanks, n = 2 for each pCO:2 condition) filled with 1 um filtered seawater (Hidroquil, Buenos Aires,
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Argentina). The filtered and pCO.-treated seawater was delivered to the different rearing containers
by electrical submersible pumps located inside the mixing tanks. The delivery of the treated seawater
was controlled automatically by solenoid valves to achieve a flow rate of ~250 mL min™, which
renewed one-third of the total volume of each rearing container (750 mL) six times a day. During the
entire experimental period, all rearing containers were semi-immersed in four large fiberglass water
baths maintained thermally stable at the two experimental temperatures (two at 4 °C and two at 10 °C).
The two temperature treatments were achieved using two independent seawater recirculating systems
that connected the water baths to aquarium chillers (C-2500, Pacific Coast Imports, Oregon, USA) set
at the corresponding temperatures. The rearing container had two holes in the lid (for plastic water and
air tubing) and a third hole located on the side and above the thermal bath's water level as a seawater
overflow. Filtered and treated seawater flowed from the mixing tanks into each rearing container, as

did a stream of air with the appropriate pCO2 (~500 or 1800 patm).

The carbonate system parameters, total alkalinity, temperature, pH, and salinity were quantified
weekly in seawater samples taken from three randomly chosen rearing containers per treatment (Table
1). Total alkalinity was measured using an automated, open-cell titration system (Haraldsson et al.,
1997), and its accuracy was verified using certified reference material (CRM) supplied by Andrew
Dickson (Scripps Institution of Oceanography, San Diego, USA). The correction factor was
approximately 1.002, corresponding to a difference of ~5 umol kg *. The pH was measured in a closed
60 mL cell, at 25.0 °C, with a Hanna Edge pH meter provided with a H111310 digital glass pH-
electrode (Hanna Instruments, Inc., Rhode Island, USA) calibrated with standard Tris buffer in
synthetic seawater. The buffer was prepared following the standard operating procedures outlined by
Dickson and Goyet (1994), with a nominal pH value of 8.063 pH units at 25.0 °C and a salinity of 26
on the total hydrogen ion scale. The pH values were reported using the total hydrogen ion scale
(Dickson and Goyet, 1994). Temperature and salinity were measured using a multiparameter meter
HANNA HI9828 (Hanna Instruments, Inc., Rhode Island, USA). Finally, the temperature, pH, salinity,
and total alkalinity data were used to calculate pCO2 and CO3s? and seawater saturation stages for
calcite and aragonite using the CO2SYS program for Microsoft Excel (Lewis and Wallace, 1998) set
with Mehrbach solubility constants (Mehrbach et al., 1973) refitted by Dickson and Millero (1987).

2.3. Experimental rearing

The experimental setup included two different exposure temperatures (4 and 10 °C) at each of
two pCO:z levels (P: ~500 and F: ~1800 patm). At the end of the habituation phase, four groups of 40
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similar-sized fish (total n = 160) were randomly assigned to one of the four treatments (4P, 4F, 10P
and 10F) and were kept in pairs in each rearing container (n = 20 replicates per treatment, two fish per
replicate). Pilot tests indicated that this density was not stressful for this shoaling species. The
temperature for fish in the 10P and 10F treatments was increased from 4 to 10 °C at a rate of 1 °C
day as suggested in the literature (Beitinger and Lutterschmidt, 2011). As in most OA studies, the
pCO2 exposure occurred acutely, directly after the treatment temperatures were reached (Manriquez
etal., 2019).

Fish were exposed to the different treatments (4P, 4F, 10P and 10F) for one month,
experiencing the same light and feeding regime used during the habituation phase. Once a week, fish
were transferred into a new and clean rearing container filled with fresh filtered and treated seawater
at the corresponding temperature and pCO: level. At the end of the exposure period, the fish were
anesthetized with 0.5 g L ! tricaine methano-sulphonate (MS-222), and the total length (TL, + 0.1 mm)
and body mass (BM, + 10 g) were measured using a digital caliper (Sylvac, S 235 PAT, Yverdon,
Switzerland) and a digital balance (Ohaus, TA302, NJ, USA), respectively. After a recovery time of
~1 h, they were randomly assigned to thermal, metabolic or biochemical measurements.

2.4. Thermal tolerance

The Critical Thermal Maximum (CTmax) and the Critical Thermal Minimum (CTmin) were
estimated using the Critical Thermal Methodology (CTM, Becker and Genoway, 1979; Paladino et al.,
1980; Beitinger et al., 2000). Fish initially acclimated to a specific temperature were subjected to a
constant temperature change until the temperature at which a predefined sub-lethal endpoint was
reached (Lutterschmidt and Hutchison, 1997; Beitinger and Lutterschmidt, 2011).

After 24 h of fasting, 80 fish were chosen at random for CTmax (n = 10 per treatment, total n
= 40, Table 2) or CTmin (n = 10 per treatment, total n = 40, Table S1) trials and placed individually
into 300 mL plastic beakers filled with seawater at the corresponding temperature and pCO: levels.
For CTmax trials, the beakers were suspended within a 50-L plastic test chamber, and the temperature
inside them was increased at a constant rate of 3 °C h™* by heating the water in the test chamber with
a thermoregulator Techne TU-20D (Bibby Scientific Limited, Stone, Staffordshire, UK). For CTmin
trials, a constant cooling rate of 3 °C h™ was achieved inside the beakers by placing them inside a
cooling chamber. The selected rate of temperature change was chosen to address relevant physiological
responses to experimental temperatures and pCO: levels and can also be considered ecologically

relevant, even when it is beyond rates predicted to occur in the context of climate change (Asheim et
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al., 2020). During the trials, water temperature change continued until fish reached a sub-lethal
endpoint, the loss of equilibrium (LOE), defined as the inability of fish to maintain dorso-ventral
orientation for at least 1 min (Beitinger et al., 2000). When LOE was observed, the corresponding
water temperature was recorded with a digital thermometer Lutron TM-917 provided with a Pt100
thermoresistance Luftman 3636 (Lutron Electronic Enterprise Co., Ltd., Taipei, Taiwan) and then fish

were returned to the initial experimental conditions to allow recovery.

The CTmax and CTmin of fish at each experimental condition were calculated as the mean
temperature at which LOE was observed (Becker and Genoway, 1979; Beitinger et al., 2000). The
thermal tolerance window (TTW) at each pCO: level was calculated as the difference between CTmax
and CTmin.

2.5. Aerobic scope

Forty-eight fish (n = 12 per treatment, Table S1) were tested to estimate the aerobic scope (AS)
by measuring their standard (SMR) and maximal (MMR) metabolic rates. Before the measurements,
fish were fasted for 72 h to ensure a post-absorptive state. Then, they were introduced individually into
a circular 2-L tank and chased until exhaustion for MMR determinations (Clark et al., 2013, Roche et
al., 2013). Fish were considered exhausted when they did not respond to mechanical stimulation
(Roche et al., 2013). After the chasing protocol, each fish was immediately transferred to a 100-mL
static respirometry chamber, provided with a Strathkelvin 1302 Clark-type polarographic Oz electrode
connected to a Strathkelvin 928 6-channel Oz system (Strathkelvin Instruments Limited, North
Lanarkshire, Scotland). Each respirometry chamber was immersed in a water bath, and temperature
and pCOz levels inside the chamber and the water bath were kept constant at the respective treatment

condition throughout the measurements.

The instantaneous O2 uptake was measured by intermittent flow respirometry (Steffensen, 1989;
Svendsen et al., 2016) for 24 cycles (120 min each) that lasted 48 h. During each cycle, chambers were
sequentially closed (105 min) and flushed (15 min) with clean and aerated treated seawater to prevent
O2 saturation levels from falling below 70% and also to eliminate potential hypercapnia and
nitrogenous waste buildup in the chamber (Steffensen, 1989). An electrical submersible pump
achieved the flush of water from the bath through the respirometry chamber. After 48 h, fish were
removed and the background microbial respiration was measured for 24 h. The fish Oz consumption

rate was then calculated using linear least-squares regressions, excluding the first and last 2 min of
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each closed phase. The background (water only) Oz consumption rates were then subtracted from fish

O2 consumption rates, following Svendsen et al. (2016).

The MMR, corresponding to the maximal rate of aerobic metabolism of the fish in non-limiting
conditions, was calculated using only the first 15 min (excluding the first 2 min) of measurements
immediately after closing each respirometry chamber (Marras et al., 2015). The SMR, corresponding
to the minimal cost of living measured in an inactive, post-absorptive fish, was calculated using the
15th percentile method in the last 12 measurement cycles (Chabot et al., 2016). The AS, corresponding
to the energy available for activities above maintenance, such as muscular exercise, growth, or

reproduction (Portner and Peck, 2010), was calculated as the difference between MMR and SMR.

2.6. Oxidative metabolism

Fish were euthanized following deep anesthesia with 0.5 g L™t MS-222, and the gills and liver of
24 individuals (n = 6 per treatment, Table S1) were dissected, weighed (+ 10 g), and stored at -80 °C
for two weeks until biochemical analyses were performed (see below). All the measurements were
quantified in the gill and liver tissues. Even when the gills are the first organ to contact the
environment, becoming a target for a more significant oxidative disruption, the liver, characterized by

high metabolic activity, is a primary site for lipid peroxidation (Portner et al., 2005).
2.6.1. Oxidative damage

The lipid peroxidation of fish was quantified as the content of 2-thiobarbituric acid reactive
substances (TBARS). Gill and liver tissues were homogenated in 50 mM potassium phosphate buffer
(pH 7.0) and 30% (w/v) trichloroacetic acid, in a 1:4 (w/v) ratio. After centrifugation (4000 rpm for
10 min at 4 °C), the content of TBARS was determined in the supernatant, according to Malanga et al.
(2004).

2.6.2. Antioxidant capacity

The activity of catalase (CAT), superoxide dismutase (SOD) and glutathione S-transferase
(GST) enzymes were measured to quantify the effects of temperature and pCO2 on the antioxidant
capacity of fish. Homogenates from gill and liver tissues were prepared in 50 mM potassium phosphate
120 mM KCI (pH = 7.4). After centrifugation (2500 rpm for 10 min at 4 °C), the supernatants were
stored at -80 °C until enzymes activities were determined. CAT activity was evaluated
spectrophotometrically at 25 °C by the decomposition rate of H202 at A = 240 nm in a reaction mixture

consisting of the supernatant, 50 mM potassium phosphate buffer (pH 7.0) containing 1% Triton-

10
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X100, 1:9 (w/v) and 12.5 mM Hz20:2 (Aebi, 1984). One CAT unit was defined as the amount of enzyme
catalyzing the elimination of 1 mmol of H202 per minute.

SOD activity was measured by the epinephrine method (Misra and Fridovich, 1972), based on
the capability of SOD to inhibit the autooxidation of epinephrine to adrenochrome at 480 nm at 30 °C.
One SOD unit was defined as the amount of enzyme that inhibits the rate of adrenochrome formation

by 50% under the assay conditions.

GST activity was determined by incubating reduced glutathione with 1-chloro-2,4-
dinitrobenzene as a substrate at 25 °C and measuring the absorbance increase at 340 nm (Habig et al.
1974). One GST unit was defined as the amount of enzyme catalyzing the formation of 1 pumol of 2,4

dinitrophenyl-S-glutathione per min.

2.7. Statistics

A one-way ANOVA or Kruskal-Wallis was used to test for differences among treatments in
the TL and BM of juvenile E. maclovinus selected for thermal tolerance (Ctmax/Ctmin), metabolic
(AS) or oxidative metabolism (lipid damage and antioxidant capacity). Assumptions of normality and
homoscedasticity of residuals were evaluated through Shapiro—Wilks and Levene tests, respectively.
A two-way ANOVA followed by a pairwise multiple comparison procedure (Tukey test) was then
used to evaluate the effect of temperature and pCO2 on the measured traits. If normality and/or
homoscedasticity were not met, the effect of temperature and pCO2 was examined after an aligned
rank transformation (ART Analysis, Wobbrock et al., 2011). Statistical determinations were performed
at a significance level of 5% (Zar, 1984; Sokal and Rohlf, 2011). All the analyses were performed
using R software (version 3.6.1, R Core Team, 2019).

3. Results

At the end of the exposure period, the different groups of juvenile E. maclovinus selected for
thermal tolerance (CTmax and CTmin), metabolic (AS) or oxidative metabolism (lipid damage and
antioxidant capacity) determinations were not significantly different in mean total length or mean body
mass among treatments (Table S1).

3.1. Thermal tolerance
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Across all treatments, CTmax values ranged between 24.61 and 28.52 °C (Fig. 1a). Temperature,
pCO:2 and the interaction between these factors significantly affected CTmax (all p < 0.001, Table 2).
Across all treatments, CTmin values ranged between -1.94 °C and -1.50 °C (Fig. 1b). CTmin was
significantly affected by temperature (p < 0.001) and pCO2 (p < 0.001) but not by their interaction (p
=0.1338) (Table 2). At the present-day pCO:z level, the TTW increased on average from 26.87 to 30.15
°C between 4 and 10 °C, respectively. In contrast, at the future pCOz level, the increase in TTW from
4 t0 10 °C was much more modest (26.31 to 27.53 °C).

3.2. Aerobic scope

The SMR of fish was significantly affected by temperature (p < 0.001) but not by pCO:2 level (p
= 0.958) and there was a significant interaction between the two factors (p = 0.023) (Table 3). The
SMR of fish exposed to 4 and 10 °C, regardless of pCO2 level, was on average 0.04 and 0.11 mg Oz g
BM1h?, respectively (Fig. 2a). At both experimental temperatures, the MMR and the AS significantly
decreased with increasing pCO2 (MMR: p = 0.035, AS: p = 0.039; Table 3). Compared to the present-
day level, MMR (Fig. 2b) and AS (Fig. 2c) were 34 and 49% lower, respectively at the near-future
pCO2 level. MMR was not significantly affected by temperature (p = 0.867) or the interaction between
temperature and pCOz (p = 0.851) and the same was found for AS (temperature: p = 0.093; temperature
x pCO2: p = 0.750) (Table 3).

3.3. Oxidative metabolism

Acclimation to different temperatures and pCO: levels revealed lipid damage in the liver and the
gills of juvenile E. maclovinus. The TBARS content showed tissue-specific differences in magnitude,
with the liver displaying values around 6-fold higher than in the gills (Fig. 3a,b). Neither the
temperature (p = 0.607) nor the pCOz2 (p = 0.741) or their interaction (p = 0.138) affected the TBARS
content in the liver (Table 4). On the other hand, a significant effect of temperature (p = 0.027) was
detected in the gills, resulting in higher TBARS contents at 10 °C than at 4 °C (Fig. 3a,b; Table 4).

The CAT activity of the liver tissue was significantly affected by temperature (p = 0.022) and
pCO:2 (p < 0.001) but not by their interaction (p = 0.507) (Fig. 4a; Table 4). It increased with summer
temperatures, resulting in 1.56-fold higher at present-day pCO: levels and 2.19 higher at near-future
pCOz2 levels. On the contrary, near-future pCOz levels reduced CAT activity to values ranging from
600.78 at 4°C to 1313.27 U mg FW 1 at 10 °C (Fig. 4a; Table 4). The CAT activity of the gill tissue
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was affected by pCOz2 levels (p = 0.044), showing lower values at near-future pCO: levels, but not by

temperature (p = 0.640) or the interaction between both factors (p = 0.983) (Fig. 4b; Table 4).

The SOD activity in the liver tissue was significantly affected by temperature (p < 0.001) but not
by pCO: level (p = 0.117), and there was a significant interaction between the two factors (p = 0.020).
Regardless of pCO: levels, activity levels ranged from 40.22 (4 °C) to 91.80 U mg FW ™ (10 °C) (Fig.
4c; Table 4). The SOD activity in the gill tissue was not affected by temperature (p = 0.094), but it was
significantly affected by pCO: levels (p < 0.001) and by the interaction between both factors (p =
0.005). Activity levels in the gills ranged from 32.23 and 141.84 mg FW ! in fish exposed to present-
day and near-future pCOz, respectively (Fig. 4d; Table 4).

The activity of GST in the liver differed significantly with temperature (1.15-fold increase
between 4 and 10 °C, p = 0.010) and pCO:2 (1.26-fold increase from present-day to near-future pCO2
levels, p = 0.038) but not by the interaction between them (p = 0.348) (Fig. 4e, Table 4). Conversely,
in the gill tissue no effects of temperature (p = 0.060), pCO2 (p = 0.415) or their interaction (p = 0.424)
were detected in the GST activity (Fig. 4f; Table 4).

4. Discussion

The present study is, to our knowledge, the first report of the combined effects of seasonal
seawater temperature extremes (summer and winter) and OA on functional traits linked with the
thermal performance of a notothenioid fish inhabiting the Beagle Channel at the southern tip of South
America. By examining both organismal and sub-organismal responses in juvenile E. maclovinus, we
found a reduction in the thermal tolerance range under summer temperatures and near-future OA
conditions associated with a reduction in the AS, registered at the elevated pCO2 level. An oxidative
stress condition was also detected in the gill and liver tissues. Such responses may have significant

consequences under the present trajectories of climate change.

The critical thermal limits measured for juvenile E. maclovinus were typical of temperate species
inhabiting a wide range of temperatures, both seasonally and spatially (Nati et al., 2021). Furthermore,
the upper thermal tolerance limits (average CTmax: 26.73 °C) of E. maclovinus were higher than that
reported for other notothenioid fish from the high Antarctic at McMurdo Sound and the maritime
Antarctic on the Antarctic Peninsula (Bilyk and DeVries, 2011). Under present-day pCO:z2 levels, fish
exhibited broad TTWSs (26.87 to 30.15 °C, at 4 and 10 °C, respectively), with values for both CTmax
and CTmin increasing with increasing temperature exposure, which is in accordance with Beitinger

and Bennett (2000). However, such TTWs were narrower than those previously estimated for juvenile

13



405
406
407
408
409
410
411
412
413
414
415
416
417

418
419
420
421
422
423
424
425

426
427
428
429
430
431
432
433
434
435
436
437

E. maclovinus from the Beagle Channel (29.31 and 32°C at 4 and 10 °C, respectively; Lattuca et al.,
2018). The broader thermal tolerance limits previously reported for this species may be due to a
methodological difference; CTM trials conducted by Lattuca et al. (2018) applied a different
warming/cooling rate (18 °C h™*) compared with the present study (3 °C h™*). The rate of temperature
change used here was chosen to be the same as other studies conducted in the “CLIMAR” research
program examining the effects of warming and ocean acidification on the thermal tolerance of a range
of species living in different marine habitats (e.g. Manriquez et al., 2020; Alter and Peck, 2021). Fast
heating rates tend to produce higher CTmax values, though the same is not necessarily valid for cooling
rates and CTmin (Kovacevic et al., 2019). Moreover, E. maclovinus had a wider thermal tolerance than
the sub-Antarctic notothenioids Harpagifer bispinis and Patagonotothen tessellata, also inhabiting the
coastal waters of the Beagle Channel. According to Giménez et al. (2021), TTWs of H. bispinis range
between 25.57 and 27.02 °C and those of P. tessellata range between 24.99 and 25.88 °C in fish

acclimated at 4 and 10 °C, respectively.

The TTWs of juvenile E. maclovinus were reduced by future pCOz2 levels, with values ranging
between ~26 and ~28 °C at 4 and 10 °C, respectively. Furthermore, a more significant influence of
high pCO2 was observed on the upper than on the lower thermal tolerance limit since CTmax values
at summer temperatures were much lower (5.44%) than those registered under the present-day pCO:2
level. This significant difference suggests that, under near-future pCOz2 levels, juvenile fish may not
fully acclimate to seasonal changes in temperature. Despite the reduction in TTW measured at near-
future pCO:2 levels and summer temperatures, thermal tolerance could still be broad enough to allow

this fish species to cope in near-future increases in temperatures at cold-temperate latitudes.

Quantifying the TTW of a species is central to understanding how present-day distributions can
potentially change in response to variations in environmental conditions projected for specific
ecosystems. In this regard, a strong surface warming has already been observed in the southwest South
Atlantic Ocean over the last two decades due to a southward displacement of the Brazil Current (Goni
etal., 2011; Yang et al., 2020). This warming allows marine fish and other species to colonize higher
latitudes and/or for migratory species to display a more extended residency in regions sub-optimally
cold in the winter (Franco et al., 2020). For example, an increase in fish richness was driven by an
influx of species from warmer waters in Northern and Central Patagonia (Galvan et al., 2021). The
tropicalization of temperate waters is an ongoing global phenomenon that has impacted sea surface
temperatures to 48°S latitude (Galvan et al., 2021). Furthermore, in the last five decades, increased
anthropogenic CO: has altered the chemical conditions of the Argentine Basin, with all depths

displaying ocean acidification (Fontela et al., 2021). According to Pértner (2008), organisms exposed
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to increased pCOz2 levels will have reduced tolerance to thermal extremes. In line with this idea, the
narrowest TTW of juvenile E. maclovinus in the present study occurred under future pCOz2 levels at a

high summer temperature.

Temperature-induced limitations on the capacity of the cardiorespiratory system to transport
oxygen from the environment reduce AS and have been proposed as the main factor determining the
critical thermal limits of fish and other water-breathing ectotherms (Portner, 2002; Portner and Knust,
2007). However, varying responses have been documented concerning the effect of OA on fish
metabolism, depending on their life stages, physiological types (i.e., stenohaline or euryhaline),
climatic zones or habitats. Furthermore, the directionality of each metabolic response (SMR, MMR or
AS) of fish may differ under the same OA conditions (Cattano et al., 2018). In the present study,
juvenile E. maclovinus showed an AS decrease following a one-month acclimation to near-future pCO:2
levels. Reductions in AS are expected when increasing temperatures raise the standard metabolism in
ectothermic animals, while maximum oxygen supply fails to increase correspondingly (Melzner et al.,
2009; Portner and Farrell, 2008). Accordingly, and in good agreement with expected responses for
ectotherm organisms with broad latitudinal distributions (Markle and Kozak, 2018), the SMR of
juvenile E. maclovinus was significantly affected by increasing exposure temperature and by the
interactive effect of temperature and pCO2. The SMR at 10 °C and present-day pCOz2 levels in this
study were slightly higher than rates previously measured in E. maclovinus by Vanella et al. (2012,
2017). Such differences could result from different fish body masses between studies. On the other
hand, the MMR significantly decreased with increasing pCO: levels, with a consequent reduction of
the AS. Therefore, within the narrow temperature range explored in this study (4-10 °C), this reduction
could explain the reduction of the TTW of juvenile E. maclovinus at austral summer temperatures and

near-future pCOz2 levels.

The effects of elevated pCO: levels on MMR, and consequently the AS, could have been due to
either direct disturbances or costs associated with compensatory mechanisms. Physiological effects of
CO:2 are mediated through low pH in acidified water and diffusive CO2 entry into the organism.
Elevated CO: elicits an acidosis in tissues and body fluids; acute effects may occur when plasma pH
is rapidly lowered, and oxygen transport by pH-sensitive blood pigments is disrupted (Portner et al.
2005). Even under normal (present-day) pCOz2 levels, work by Brauner et al. (2000) on rainbow trout
(Oncorhynchus mykiss) indicated that arterial CO2 may build-up during exercize due to diffusion
limitations of CO2 causing the onset of respiratory acidosis. Bicarbonate accumulation and active ion
transport are used by fish to compensate for increasing acidosis and to regulate their acid-base balance

(Claiborne et al. 2002). Such ATP-demanding compensation activities for acid-base balance and
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enhanced transport of ions may incur elevated energetic costs (Heuer and Grosell 2014). Pértner (2004)
indicated that temperature effects lead to higher costs for pH regulation in cold-adapted eurytherms
(as E. maclovinus) compared to polar stenotherms; however, knowledge of high pCO: levels' effects

on the metabolism of cold environment fish is scarce (Cattano et al., 2018).

According to the OCLTT hypothesis, the physiological performance of ectothermic animals
should decline with the decline of the AS (Portner 2008, 2010). However, Grans et al. (2014) reported
that an increased AS of Atlantic halibut (Hippoglossus hippoglossus) did not translate into improved
growth when exposed to elevated temperatures and pCOz levels, suggesting that oxygen uptake was
not the factor limiting growth performance. Therefore, future studies should consider moving beyond
seasonal temperature changes and include the effect of a broader range of temperatures and pCO2
levels to test whether the response of E. maclovinus agrees with the OCLTT hypothesis. This will
allow more robust predictions of how this species will respond under near-future climate change

scenarios to ocean warming and acidification.

As seen with ecologically relevant increases in temperatures (Abele and Puntarulo, 2004; Lesser,
2006), increases in pCO:2 levels can also disrupt the oxidative metabolism of marine organisms
(Pimentel et al., 2015; Carney Almroth et al., 2019). Therefore, the combined effect of these two
environmental drivers may exacerbate decrements in cellular homeostasis (Portner, 2008). After a one-
month exposure period to different pCO2 levels coupled with seasonal temperature extremes, juvenile
E. maclovinus showed different levels of oxidative damage (i.e., lipid peroxidation) in the liver and
gill tissues. These results could be grounded in the different functional capacities of both organs and
susceptibility to ROS (Oliveira et al., 2008; Nahrgang et al., 2010). Similarly, Enzor and Place (2014)
found higher levels of oxidative damage in the liver than in the gills of the Antarctic notothenioid
Trematomus bernacchi, Pagothenia borchgrevinski and Trematomus newnesi exposed to elevated
temperature and pCOz2 levels in a 56-day exposure period. Additionally, summer temperatures in the
present study caused an increase in gills' lipid peroxidation that might be influenced by the increase in
the SMR of juvenile E. maclovinus under similar acclimation conditions. Different works have shown
that an increase in the metabolic rate causes an increase in radical production and, consequently, in
oxidative damage (Sohal et al., 1989; Zielinski and Portner, 2000). Thus, present data could indicate
that lipid peroxidation is possibly linked to the metabolic production of ROS in E. maclovinus and that

metabolic capacity could play a significant role in adapting to elevated temperatures in this species.

Oxidative damage is counteracted by the antioxidant defence systems and repair mechanisms
(Lushchak, 2011). Particularly SOD and CAT, catalyzing the breakdown of oxygen radicals and H20z,

respectively, serve as primary antioxidants (Lushchak, 2011), and GST is responsible for the metabolic
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inactivation of electrophilic compounds and toxic substrates (Habig et al., 1974). In juvenile E.
maclovinus, the activity of these enzymatic antioxidants varied between tissues. While changes in the
antioxidant enzyme defenses in response to different temperatures were restricted to the liver tissue,
changes in response to different pCO: levels were detected in both organs. Specifically, the increase
in SOD, CAT and GST activities in the liver tissue translated into an absence of significant changes in
lipid peroxidation. However, the increase of SOD and the decrease of CAT activities in the gills were
insufficient to neutralize the effects of potentially higher ROS generated under changing
environmental conditions. Overall, these results indicate the generation of an oxidative stress condition
(Lushchak, 2014) in the liver and gills of the sub-Antarctic E. maclovinus exposed to OA and warmer
temperatures. These findings also suggest that this species does not maintain a constant high
antioxidant defence level, as the Antarctic T. bernacchi, P. borchgrevinski and T. newnesi do to
compensate for predicted temperature and pCOz2 increases in the Southern Ocean (Enzor and Place,
2014).

Taken together, the results of the present study suggest that the combined effect of chronic
exposure to OA and the current summer temperatures pose limits to the thermal performance of
juvenile E. maclovinus at the organismal (thermal tolerance and aerobic scope) and sub-organismal
(oxidative metabolism) levels, making this species vulnerable to projected climate-driven warming.
Following the general expectations for biological and ecological responses to warming (Poloczanka et
al., 2016), E. maclovinus is expected to shift its distribution poleward under projected near-future
warming. Distribution shifts often track the same trajectories as the species’ optimal climates (Flanagan
et al., 2019). However, in the southern hemisphere, there is a limit to how far poleward temperate

species will be able to shift before they are blocked by the Southern Ocean (Fraser et al., 2012).

Future studies are needed to evaluate the potential consequences of the combined direct effect
of OA and projected warming (+1 to 3 °C) on the same and other important fitness-related traits of E.
maclovinus. We suggest using physiological data, such as those obtained here, to forecast shifts in
habitat suitability across the distribution range of E. maclovinus in the context of climate change, which

could be a valuable tool for management and conservation.

Acknowledgements

We acknowledge D. Aureliano, S. Rimbau and M. Gutiérrez for their assistance in fieldwork
and technical support at the laboratory. This study was funded by the project 'Climate-driven changes
in the habitat suitability of marine organisms' (CLIMAR, ELAC2015/T01-0495). This work also

17



536
537
538
539
540
541
542
543

received funding from the National Scientific and Technical Research Council (CONICET, Argentina,
grant numbers: PIP 0440 and PUE 2016 - CADIC) and it contributes to the project "The Case of the
Beagle Channel (Southern Patagonia - Argentina, Chile)" (OCAH-Beagle, The Prince Albert Il of
Monaco Foundation, Monaco, Financial agreement 2863). PHM acknowledges funding from the
Fondo Nacional de Desarrollo Cientifico y Tecnoldgico (FONDECYT), Grant No 1181609 and RT to
the ANID PATSER program. The funding sources had no involvement in the study design, the
collection, analysis and interpretation of data, the writing of the manuscript and the decision to submit

the article for publication.

18



544

545
546
547

548
549

550
551
552

553
554
555

556
557
558

559
560
561

562
563
564

565
566
567

568
569

570
571
572

References

Abele, D., Puntarulo, S., 2004. Formation of reactive species and induction of antioxidant defence
systems in polar and temperate marine invertebrates and fish. Comp. Biochem. Physiol. A Mol. Integr.
Physiol. 138, 405-415. https://doi.org/10.1016/j.cbpb.2004.05.013.

Aebi, H., 1984. Catalase in vitro. Methods Enzymol. 105, 121-126. Academic Press.
https://doi.org/10.1016/S0076-6879(84)05016-3.

Alter, K., Peck, M.A., 2021. The effect of ocean acidification but not elevated spring warming
threatens a  European  Seas  predator.  Sci.  Total Environ.,, 782, 146926.
https://doi.org/10.1016/j.scitotenv.2021.146926.

Asheim, E.R., Andreassen, A.H., Morgan, R., Jutfelt, F., 2020. Rapid-warming tolerance correlates
with tolerance to slow warming but not growth at non-optimal temperatures in zebrafish. J. Exp. Biol.,
223, jeb229195. hitps://doi.org/10.1242/jeb.229195.

Becker, C.D., Genoway, R.G., 1979. Evaluation of the critical thermal maximum for determining
thermal tolerance  of  freshwater  fish. Environ. Biol. Fish. 4, 245-256.
https://doi.org/10.1007/BF00005481.

Beitinger, T.L., Bennett, W.A., 2000. Quantification of the role of acclimation temperature in
temperature tolerance of fishes. Environ. Biol. Fish. 58, 277-288.
https://doi.org/10.1023/A:1007618927527.

Beitinger, T.L., Bennett, W.A., McCauley, R.W., 2000. Temperature tolerances of North American
freshwater fishes exposed to dynamic changes in temperature. Environ. Biol. Fish. 58, 237-275.
https://doi.org/10.1023/A:1007676325825.

Beitinger, T.L., Lutterschmidt, W., 2011. Measures of Thermal Tolerance, in Farrell, A. (Ed.),
Encyclopedia of Fish Physiology: From Genome to Environment. Academic Press, San Diego, pp.
1695-1702. https://doi.org/10.1016/B978-0-12-374553-8.00200-8.

Bilyk, K.T., DeVries, A.L., 2011. Heat tolerance and its plasticity in Antarctic fishes. Comp. Biochem.
Physio. A Mol. Integr. Physiol. 158, 382—-390. https://doi.org/10.1016/j.cbpa.2010.12.010.

Brauner, C.J., Thorarensen, H., Gallaugher, P., Farrell, A. P., Randall, D.J., 2000. CO 2 transport and
excretion in rainbow trout (Oncorhynchus mykiss) during graded sustained exercise. Respiration
physiology. https://doi.org/119, 69-82. doi:10.1016/s0034-5687(99)00091-2.

19


http://dx.doi.org/10.1016/j.cbpb.2004.05.013
https://doi.org/10.1016/j.scitotenv.2021.146926
https://doi.org/10.1242/jeb.229195

573
574
575

576
577

578
579
580
581

582
583
584

585
586

587
588

589
590
5901

592
593
594

595
596
597

598
599
600

601
602

Burrows, M. T., Schoeman, D. S., Buckley, L. B., Moore, P., Poloczanska, E. S., Brander, K. M., ...
Richardson, A. J. (2011). The pace of shifting climate in marine and terrestrial ecosystems. Science
334, 652—655. https://doi.org/10.1126/science.1210288.

Caldeira, K., Wickett, M.E., 2003. Anthropogenic carbon and ocean pH. Nature 425, 365-365.
https://doi.org/10.1038/425365a.

Carney Almroth, B., de Souza, K.B., Jonsson, E., Sturve, J., 2019. Oxidative stress and biomarker
responses in the Atlantic halibut after long term exposure to elevated CO2 and a range of temperatures.
Comp. Biochem. Physiol. B Biochem. Mol. Biol. 238, 110321.
https://doi.org/10.1016/j.cbpb.2019.110321.

Cattano, C., Claudet, J., Domenici, P., Milazzo, M., 2018. Living in a high CO2 world: a global meta-
analysis shows multiple trait-mediated fish responses to ocean acidification. Ecol. Monogr. 88, 320—
335. https://doi.org/10.1002/ecm.1297.

Chabot, D., Steffensen, J.F., Farrell, A.P., 2016. The determination of standard metabolic rate in fishes.
J. Fish Biol. 88, 81-121. https://doi.org/10.1111/jfb.12845.

Claiborne, J.B., Edwards, S.L., Morrison-Shetlar, A.l., 2002. Acid-base regulation in fishes: cellular
and molecular mechanisms. J. Exp. Zool. 293, 302-319. https://doi.org/10.1002/jez.10125.

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.

Deutsch, C., Ferrel, A., Seibel, B., Portner, H.O., Huey, R.B., 2015. Climate change tightens a
metabolic constraint on marine habitats. Science 348, 1132-1135.
https://doi.org/10.1126/science.aaal605.

Dickson, A.G., Goyet, C., 1994. Handbook of methods for the analysis of the various parameters of
the carbon dioxide system in sea water. Version 2 (No. ORNL/CDIAC-74). Oak Ridge National Lab.,
TN (United States).

Dickson, A.G., Millero, F.J., 1987. A comparison of the equilibrium constants for the dissociation of
carbonic acid in seawater media. Deep-Sea Res. | Oceanogr. Res. Pap. 34, 1733-1743.
https://doi.org/10.1016/0198-0149(87)90021-5.

Eastman, J.T., 1993. Antarctic fish biology: Evolution in a unique environment. Academic Press, San

Diego.

20



603
604
605

606
607
608

609
610

611
612
613

614
615

616
617
618

619
620
621

622
623
624

625
626
627

628
629
630
631
632
633

Enzor, L.A., Zippay, M.L., Place, S.P., 2013. High latitude fish in a high CO2 world: synergistic effects
of elevated temperature and carbon dioxide on the metabolic rates of Antarctic notothenioids. Comp.
Biochem. Physiol. A Mol. Integr. Physiol. 164, 154-161. https://doi.org/10.1016/j.cbpa.2012.07.016.

Enzor, L.A., Place, S.P., 2014. Is warmer better? Decreased oxidative damage in notothenioid fish
after long-term acclimation to multiple stressors. J. Exp. Biol. 217, 3301-3310.
https://doi.org/10.1242/jeb.108431.

Fabry, V.J., McClintock, J.B., Mathis, J.T., Grebmeier, J.M., 2009. Ocean acidification at high
latitudes: the bellwether. Oceanography 22, 160-171. https://doi.org/10.5670/oceanog.2009.105.

Fernandez, D.A., Bruno, D.O., Llompart, F.M., 2019. Length-weight relationship of six notothenioid
species from sub-Antarctic waters (Beagle Channel, Argentina). J. Appl. Ichthyol. 35, 597-599.
https://doi.org/10.1111/jai.13833.

Flanagan, P.H., Jensen, O.P., Morley, J.W., Pinsky, M.L., 2019. Response of marine communities to
local temperature changes. Ecography 42, 214-224. https://doi.org/10.1111/ ecog.03961.

Flores Melo, X., Martin, J., Kerdel, L., Bourrin, F., Colloca, C.B., Menniti, C., de Madron, X.D., 2020.
Particle Dynamics in Ushuaia Bay (Tierra del Fuego)-Potential effect on dissolved oxygen depletion.
Water 12, 324. https://doi.org/10.3390/w12020324.

Fontela, M., Velo, A., Gilcoto, M., Pérez, F.F., 2021. Anthropogenic CO2 and ocean acidification in
Argentine Basin Water Masses over almost five decades of observations. Sci. Tot. Env. 779, 146570.
https://doi.org/10.1016/j.scitotenv.2021.146570.

Franco, B.C., Combes, V., Gonzalez Carman, V., 2020. Subsurface ocean warming hotspots and
potential impacts on marine species: the southwest South Atlantic Ocean case study. Front. Mar. Sci.
7, 824. https://doi.org/10.3389/fmars.2020.563394.

Fraser, C.1., Nikula, R., Ruzzante, D.E., Waters, J.M., 2012. Poleward bound: biological impacts of
Southern Hemisphere glaciation. Trends Ecol. Evol. 217, 462-471.
https://doi.org/10.1016/j.tree.2012.04.011.

Galvan, D.E., Bovcon, N.D., Cochia, P.D., Gonzéalez, R.A., Lattuca, M.E., Ocampo Reinaldo, M.,
Rincén-Diaz, M., Romero, M.A., Vanella, F.A., Venerus, L.A., Svendsen, G.M., 2021. Changes in the
specific and biogeographic composition of coastal fish assemblages in Patagonia, driven by climate
change, fishing, and invasion by alien species, in Helbling, W., Narvarte, M., Gonzélez, R., Villafarie,
V. (Eds.), Global change in Atlantic coastal Patagonian ecosystems: A journey through time. Springer
Nature, Switzerland, pp 1-43. https://doi.org/10.1007/978-3-030-86676-1 9.

21


https://doi.org/10.1111/jai.13833

634
635
636
637

638
639

640
641
642

643
644
645
646

647
648
649

650
651
652

653
654
655

656
657
658

659
660
661

662
663
664

Giesecke, R., Martin, J., Pifiones, A., Hofer, J., Garcés-Vargas, J., Flores-Melo, X., Alarcon, E,
Durrieu de Madron, X., Bourrin, F., Gonzélez, H. E., 2021. General hydrography of the Beagle
Channel, a subantarctic interoceanic passage at the southern tip of South America. Front. Mar. Sci. 8,
621822. https://doi.org/10.3389/fmars.202 1.621822.

Goni, G.J., Bringas, F., DiNezio, P.N., 2011. Observed low frequency variability of the Brazil Current
front. J. Geophys. Res. Oceans 116, C10037. https://doi.org/10.1029/2011JC007198.

Gréns, A., Jutfelt, F., Sandblom, E., Jénsson, E., Wiklander, K., Seth, H., ... Axelsson, M. 2014.
Aerobic scope fails to explain the detrimental effects on growth resulting from warming and elevated
COz2 in Atlantic halibut. J. Exp. Biol. 217, 711-717. https://doi.org/10.1242/jeb.096743.

Giménez, E.M., Barrantes, M.E., Fernandez, D.A., Lattuca, M.E., 2021. Thermal responses of two
sub-Antarctic notothenioid fishes, the black southern cod Patagonotothen tessellata (Richardson,
1845) and the Magellan plunderfish Harpagifer bispinis (Forster, 1801), from southern South America.
Pol. Biol. 44, 1055-1067. https://doi.org/10.1007/s00300-021-02852-1.

Guzmén, L., Campodénico, I., 1973. Algunos aspectos de la biologia de Eleginops maclovinus (Cuv.
y Val.) 1830, con especial referencia a su morfometria, caracteres meristicos y alimentacion. An. Inst.
Pat. 4, 343-371.

Habig, W.H., Pabst, M.J., Jakoby, W.B., 1974. Glutathione S-transferases the first enzymatic step in
mercapturic acid formation. J. Biol. Chem. 249, 7130-7139. https://doi.org/10.1016/S0021-
9258(19)42083-8.

Haraldsson, C., Anderson, L.G., Hassellév, M., Hulth, S., Olsson, K., 1997. Rapid, high-precision
potentiometric titration of alkalinity in ocean and sediment pore waters. Deep-Sea Res. | Oceanogr.
Res. Pap. 44, 2031-2044. https://doi.org/10.1016/S0967-0637(97)00088-5.

Heller, N.E., Zavaleta, E.S., 2009. Biodiversity management in the face of climate change: a review
of 22 years of recommendations. Biol. Cons. 142, 14-32.
https://doi.org/10.1016/j.biocon.2008.10.006.

Hendriks, I.E., Duarte, C.M., Alvarez, M., 2010. Vulnerability of marine biodiversity to ocean
acidification: a meta-analysis. Est. Coast. Shelf Sci. 86, 157-164.
https://doi.org/10.1016/j.ecss.2009.11.022.

Heuer, R.M., Grosell, M., 2014. Physiological impacts of elevated carbon dioxide and ocean
acidification on fish. Am. J. Physiol. Regul., Integr. Comp. Physiol. 307, 1061-1084.
https://doi.org/10.1152/ajpregu.00064.2014.

22


https://doi.org/10.1016/S0967-0637(97)00088-5
https://doi.org/10.1152/ajpregu.00064.2014

665
666
667

668
669
670

671
672
673
674
675
676

677
678
679
680
681

682
683

684
685

686
687
688

689
690
691

692
693

694
695

IPBES, 2019. Global assessment report of the Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services. Brondizio, E.S., Settele, J., Diaz, S., Ngo, H.T. (Eds.). IPBES

secretariat, Bonn.

IPCC, 2014. Climate Change 2014: Synthesis Report. Contribution of Working Groups I, 1l and 111 to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing Team,
Pachauri R.K.. Meyer LA (Eds.)]. IPCC, Geneva. https://doi.org/10013/epic.45156.

IPCC, 2021. Climate Change 2021: The Physical Science Basis. Contribution of Working Group | to
the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [Masson-Delmotte,
V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis,
M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekgi, R. Yu,
Zhou, B. (Eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA,
In press, https://doi.org/10.1017/9781009157896.

IPCC, 2022. Climate Change 2022: Impacts, Adaptation, and Vulnerability. Contribution of Working
Group Il to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [Portner,
H.-O., Roberts, D.C., Tignor, M., Poloczanska, E.S., Mintenbeck, K., Alegria, A., Craig, M.,
Langsdorf, S., Loschke, S., Mdller, V., Okem, A., Rama, B. (Eds.)]. Cambridge University Press,
Cambridge, UK and New York, NY, USA. https://doi.org/10.1017/9781009157926.

Ishimatsu, A., Hayashi, M., Kikkawa, T., 2008. Fishes in high-COg, acidified oceans. Mar. Ecol. Prog.
Series, 373, 295-302. https://doi.org/10.3354/meps07823.

Kovacevic, A., Latombe, G., Chown S.L., 2019. Rate dynamics of ectotherm responses to thermal
stress. Proc. R. Soc. B 286, 20190174. http://doi.org/10.1098/rspb.2019.0174.

Kroeker, K.J., Kordas, R.L., Crim, R.N., Singh, G.G., 2010. Meta-analysis reveals negative yet
variable effects of ocean acidification on marine organisms. Ecol. Lett. 13, 1419-1434.
https://doi.org/10.1111/j.1461-0248.2010.01518.x.

Lattuca, M.E., Boy, C.C., Vanella, F.A., Barrantes, M.E., Fernandez, D.A., 2018. Thermal responses
of three native fishes from estuarine areas of the Beagle Channel, and their implications for climate
change. Hydrobiologia 808, 235-249. https://doi.org/10.1007/s10750-017-3424-8.

Lesser, M.P., 2006. Oxidative stress in marine environments: biochemistry and physiological ecology.
Annu. Rev. Physiol. 68, 253-278. https://doi.org/10.1146/annurev.physiol.68.040104.110001.

Levitus, S., Antonov, J., Boyer, T., 2005. Warming of the world ocean, 1955-2003. Geophys. Res.
Lett. 32, L0264. https://doi.org/10.1029/2004GL021592.

23


https://doi.org/10013/epic.45156

696
697
698

699
700

701
702

703
704

705
706

707
708

709
710
711

712
713
714

715
716
717
718

719
720
721
722

723
724
725
726

Lewis, E.R., Wallace, D.W.R., 1998. Program developed for CO2 system calculations (No. cdiac:
CDIAC-105). Environmental System Science Data Infrastructure for a Virtual Ecosystem.
https://doi.org/10.15485/1464255.

Lloris, D., Rucabado, J., 1991. Ictiofauna del Canal Beagle (Tierra del Fuego), aspectos ecoldgicos y

analisis biogeogréfico. Instituto Espafiol de Oceanografia, Madrid.

Lopez, R.B., 1963. Problemas sobre la distribucion geogréafica de los peces marinos sudamericanos.
Rev. Mus. Argent. Cienc. Nat. 1, 111-35.

Lushchak, V.1., 2011. Environmentally induced oxidative stress in aquatic animals. Aquat. Toxicol.
101, 13-30. https://doi.org/10.1016/j.aquatox.2010.10.006.

Lushchak, V.1., 2014. Free radicals, reactive oxygen species, oxidative stress and its classification.
Chem. Biol. Interact. 224, 164-175. https://doi.org/10.1016/j.chi.2014.10.016.

Lutterschmidt, W.I., Hutchison, V.H. 1997. The critical thermal maximum: history and critique. Can.
J. Zool. 75, 1561-1574. https://doi.org/10.1139/297-783.

Madeira, D., Narciso, L., Cabral, H.N., Vinagre, C., 2012. Thermal tolerance and potential impacts of
climate change on coastal and estuarine organisms. J. Sea Res. 70, 32-41.
https://doi.org/10.1016/j.seares.2012.03.002.

Malanga, G., Estevez, M.S., Calvo, J., Puntarulo, S., 2004. Oxidative stress in limpets exposed to
different environmental conditions in the Beagle Channel. Aquat. Toxicol. 69, 299-309.
https://doi.org/10.1016/j.aquatox.2004.05.008.

Manriquez, P.H., Gonzalez, C.P., Brokordt, K., Pereira, L., Torres, R., Lattuca, M.E., Fernandez, D.A.,
Peck, M.A., Cucco, A., Antognarelli, F., Marras, S., Domenici, P., 2019. Ocean warming and
acidification pose synergistic limits to the thermal niche of an economically important echinoderm.
Sci. Total Env. 693, 133469. https://doi.org/10.1016/].scitotenv.2019.07.275.

Manriquez, P.H., Jara, M. E., Gonzélez, C.P., Diaz, M.1., Brokordt, K., Lattuca, M.E., Peck, M.A.,
Alter, K., Marras, S., Domenici, P., 2020. Combined effect of pCO2 and temperature levels on the
thermal niche in the early benthic ontogeny of a keystone species. Sci. Total Env. 719, 1372309.
https://doi:10.1016/j.scitotenv.2020.137239.

Marras, S., Cucco, A., Antognarelli, F., Azzurro, E., Milazzo, M., Bariche, M., Butenschon, M., Kay,
S., Di Bitetto, M., Quattrocchi, G., Sinerchia, M., Domenici, P., 2015. Predicting future thermal habitat
suitability of competing native and invasive fish species: from metabolic scope to oceanographic
modelling. Conserv. Physiol. 3, cou059. https://doi.org/10.1093/conphys/cou059.

24


https://doi.org/10.1139/z97-783
https://doi.org/10.1016/j.scitotenv.2019.07.275

727
728
729

730
731
732
733

734
735
736

737
738
739

740
741
742
743
744

745
746
747
748

749
750
751

752
753
754

755
756

Markle, T.M., Kozak, K.H., 2018. Low acclimation capacity of narrow-ranging thermal specialists
exposes  susceptibility to global climate change. Ecol. Evol. 8, 4644-4656.
https://doi.org/10.1002/ece3.4006.

Melzner, F., Gutowska, M., Langenbuch, M., Dupont, S., Lucassen, M., Thorndyke, M.C., Bleich, M.,
Portner, H.O., 2009. Physiological basis for high COz2 tolerance in marine ectothermic animals: pre-
adaptation through lifestyle and ontogeny? Biogeosciences 6, 2313-2331. https://doi.org/10.5194/bg-
6-2313-20009.

Mehrbach, C., Culberson, C.H., Hawley, J.E., Pytkowicx, R.M. 1973. Measurement of the apparent
dissociation constants of carbonic acid in seawater at atmospheric pressure. Limnol. Oceanogr. 18,
897-907. https://doi.org/10.4319/10.1973.18.6.0897.

Misra, H.P., Fridovich, 1., 1972. The role of superoxide anion in the autoxidation of epinephrine and a
simple assay for superoxide dismutase. J. Biol. Chem. 247, 3170-3175. https://doi.org/10.1016/S0021-
9258(19)45228-9.

Morley, S.A., Abele, D., Barnes, D.K., Cardenas, C.A., Cotté, C., Gutt, J., Henley, S.F., Hofer, J.,
Hughes, K.E., Martin, S.M., Moffat, C., Raphael, M., Stammerjohn, S.E., Suckling, C.C., Tulloch,
V.J.D., Waller, K.L., Constable, A.J., 2020. Global drivers on Southern Ocean ecosystems: changing
physical environments and anthropogenic pressures in an earth system. Front. Mar. Sci. 7, 547188.
https://doi.org/10.3389/fmars.2020.547188.

Nahrgang, J., Camus, L., Broms, F., Christiansen, J.S., Hop, H., 2010. Seasonal baseline levels of
physiological and biochemical parameters in polar cod (Boreogadus saida): Implications for
environmental monitoring. Mar. Poll. Bull. 60, 1336-1345.
https://doi.org/10.1016/j.marpolbul.2010.03.004.

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.

Oliveira, M., Pacheco, M., Santos, M.A., 2008. Organ specific antioxidant responses in golden grey
mullet (Liza aurata) following a short-term exposure to phenanthrene. Sci. Total Env. 396, 70-78.
https://doi.org/10.1016/j.scitotenv.2008.02.012.

Paladino, F.V., Spotila, J.R., Schubauer, J.P., Kowalski, K.T., 1980. Thc critical thermal maximum: a
technique used to elucidate physiological stress and adaptation in fishes. Rev. Can. Biol. 39, 115-122.

25


https://doi.org/10.4319/lo.1973.18.6.0897
https://doi.org/10.3389/fmars.2020.547188

757
758

759
760
761

762
763
764
765

766
767
768

769
770
771

772
773

774
775
776

777
778

779
780

781
782
783

784
785
786

Pequefio, G., 1989. Peces de Chile. Lista sistematica revisada y commentada. Rev. Biol. Mar. 24, 1-
132.

Pimentel, M.S., Faleiro, F., Diniz, M., Machado, J., Pousdo-Ferreira, P., Peck, M.A., Portner, H.O,
Rosa, R., 2015. Oxidative stress and digestive enzyme activity of flatfish larvae in a changing ocean.
PL0S One 10, e0134082. https://doi.org/10.1371/journal.pone.0134082.

Poloczanska, E.S., Burrows, M.T., Brown, C.J., Garcia Molinos, J., Halpern, B.S., Hoegh-Guldberg,
0., Kappel, C.V., Moore, P.J., Richardson, A.J., Schoeman, D.S., Sydeman, W.J., 2016. Responses of
marine organisms to climate change across oceans. Front. Mar. Sci. 3, 62.
https://doi.org/10.3389/fmars.2016.00062.

Portner, H.O., 2002. Climate variations and the physiological basis of temperature dependent
biogeography: systemic to molecular hierarchy of thermal tolerance in animals. Comp. Biochem.
Physiol. A Mol. Integr. Physiol. 132, 739-761. https://doi.org/10.1016/S1095-6433(02)00045-4.

Portner, H.O., 2004. Climate variability and the energetic pathways of evolution: the origin of
endothermy in  mammals and birds. Physiol. Biochem. Zool. 77, 959-981.
https://doi.org/10.1086/423742.

Portner, H.O., 2008. Ecosystem effects of ocean acidification in times of ocean warming: a
physiologist's view. Mar. Ecol. Progr. Ser. 373, 203-217. https://doi.org/10.3354/meps07768.

Portner, H.O., 2010. Oxygen-and capacity-limitation of thermal tolerance: a matrix for integrating
climate-related stressor effects in marine ecosystems. J. Exp. Biol. 213, 881-893.
https://doi.org/10.1242/jeb.037523.

Portner, H.O., Farrell, A.P., 2008. Physiology and climate change. Science 322, 690-692.
https://doi.org/10.1126/science.1163156.

Portner, H.O., Knust, R., 2007. Climate change affects marine fishes through the oxygen limitation of
thermal tolerance. Science 315, 95-97. https://doi.org/10.1126/science.1135471.

Portner, H.O., Langenbuch, M., Michaelidis, B., 2005. Synergistic effects of temperature extremes,
hypoxia, and increases in CO2 on marine animals: From Earth history to global change. J. Geophys.
Res. Oceans 110, C09S10. https://doi.org/10.1029/2004JC002561.

Portner, H.O. Peck, M.A., 2011. Effects of Climate Change, in Farrell, A.P. (Ed.), Encyclopedia of
Fish Physiology: From Genome to Environment, Volume 3. Academic Press, San Diego, pp. 1738—
1745. https://doi.org/10013/epic.37993.

26


https://doi.org/10.1016/S1095-6433(02)00045-4
http://dx.doi.org/10.1126/science.1135471

787
788

789
790
791

792
793
794
795

796
797
798

799
800
801

802
803

804
805

806
807

808
809
810

811
812
813

814
815
816

R Core Team, 2019. R: A language and environment for statistical computing. R Foundation for

Statistical Computing, Vienna. URL https://www.R-project.org/.

Riccialdelli, L., Newsome, S.D., Fogel, M.L., Fernandez, D.A., 2017. Trophic interactions and food
web structure of a subantarctic marine food web in the Beagle Channel: Bahia Lapataia, Argentina.
Pol. Biol. 40, 807-821. https://doi.org/10.1007/s00300-016-2007-x.

Riccialdelli, L., Becker, Y.A., Fioramonti, N.E., Torres, M., Bruno, D.O., Rey, A.R., Fernandez, D.A.,
2020. Trophic structure of southern marine ecosystems: a comparative isotopic analysis from the
Beagle Channel to the oceanic Burdwood Bank area under a wasp-waist assumption. Mar. Ecol. Progr.
Ser. 655, 1-27. https://doi.org/10.3354/meps13524.

Roche, D.G., Binning, S.A., Bosiger, Y., Johansen, J.L., Rummer, J.L., 2013. Finding the best
estimates of metabolic rates in a coral reef fish. J. Exp. Biol. 216, 2103-2110.
https://doi.org/10.1242/jeb.082925.

Sohal, R.S., Svensson, I., Sohal, B.H., Brunk, U.T., 1989. Superoxide anion radical production in
different animal species. Mech. Ageing Dev. 49, 129-135. https://doi.org/10.1016/0047-
6374(89)90096-1.

Sokal, R.R., Rohlf, F.J., 2011. Biometry: The Principles and Practice of Statistics in Biological
Research, 2nd edn. W. H. Freeman, New York. https://doi.org/10.2307/2343822.

Steffensen, J.F., 1989. Some errors in respirometry of aquatic breathers: how to avoid and correct for
them. Fish Physiol. Biochem. 6, 49-59. https://doi.org/10.1007/BF02995809.

Svendsen, M.B.S., Bushnell, P.G., Steffensen, J.F., 2016. Design and setup of intermittent-flow
respirometry system for aquatic organisms. J. Fish Biol. 88, 26-50. https://doi.org/10.1111/jfb.12797.

Strobel, A., Bennecke, S., Leo, E., Mintenbeck, K., Portner, H.O., Mark, F.C., 2012. Metabolic shifts
in the Antarctic fish Notothenia rossii in response to rising temperature and PCO2. Front. Zool. 9, 28.
https://doi.org/10.1186/1742-9994-9-28.

Strobel, A., Leo, E., Portner, H.O., Mark, F.C., 2013a. Elevated temperature and PCO2 shift metabolic
pathways in differentially oxidative tissues of Notothenia rossii. Comp. Biochem. Physiol. B Biochem.
Mol. Biol. 166, 48-57. https://doi.org/10.1016/j.cbpb.2013.06.006.

Strobel, A., Graeve, M., Pértner, H.O., Mark, F.C., 2013b. Mitochondrial acclimation capacities to
ocean warming and acidification are limited in the Antarctic nototheniid fish, Notothenia rossii and
Lepidonotothen squamifrons. PloS One 8, €68865. https://doi.org/10.1371/journal.pone.0068865.

27


https://doi.org/10.1371/journal.pone.0068865

817
818
819

820
821
822

823
824
825

826
827
828
829

830
831
832

833
834
835

836
837
838
839

840
841
842

843

844
845
846

Torres, R., Manriguez, P.H., Duarte, C., Navarro, J.M., Lagos, N.A., Vargas, C.A., Lardies, M.A.,
2013. Evaluation of a semi-automatic system for long-term seawater carbonate chemistry
manipulation. Rev. Chil. Hist. Nat. 86, 443-451.

Vanella, F.A., Fernandez, D.A., Romero, M.C., Calvo, J., 2007. Changes in the fish fauna associated
with a sub-Antarctic Macrocystis pyrifera kelp forest in response to canopy removal. Pol. Biol. 30,
449-457. https://doi.org/10.1007/s00300-006-0202-x.

Vanella, F.A., Boy, C.C., Fernandez, D.A., 2012. Temperature effects on growing, feeding, and
swimming energetics in the Patagonian blenny Eleginops maclovinus (Pisces: Perciformes). Pol. Biol.
35, 1861-1868. https://doi.org/10.1007/s00300-012-1228-x.

Vanella, F.A., Duarte, C.A., Lattuca, M.E., Ferndndez, D.A., Boy, C.C., 2017. Effects of changes in
salinity on oxygen and food consumption of the young sub-Antarctic notothenioid Eleginops
maclovinus: possible implications of their use of an estuarine habitat. Pol. Biol. 40, 639-647.
https://doi.org/10.1007/s00300-016-1986-y.

Vinebrooke, R.D., Cottingham, K.L., Norberg, J., Scheffer, M., Dodson, S.1., Maberly, S.C., Sommer,
U., 2004. Impacts of multiple stressors on biodiversity and ecosystem functioning: The role of species
co-tolerance. Oikos 104, 451-457. https://doi.org/10.1111/j.0030-1299.2004.13255.x.

Waldbusser, G.G., Salisbury, J.E., 2014. Ocean acidification in the coastal zone from an organism's
perspective: multiple system parameters, frequency domains, and habitats. Annu. Rev. Mar. Sci. 6,
221-247. https://doi.org/10.1146/annurev-marine-121211-172238.

Wobbrock, J.O., Findlater, L., Gergle, D., Higgins, J.J., 2011. The aligned rank transform for
nonparametric factorial analyses using only ANOVA procedures, in Proceedings of the SIGCHI
conference on human factors in computing systems. pp. 143-146.
https://doi.org/10.1145/1978942.1978963.

Yang, H., Lohmann, G., Krebs-Kanzow, U., Ionita, M., Shi, X., Sidorenko, D., Xun Gong, X., Chen,
X., Gowan, E.J. (2020). Poleward shift of the major ocean gyres detected in a warming climate.
Geophys. Res. Lett. 47, €2019GL085868. https://doi.org/10.1029/2019GL085868.

Zar, J.H., 1984. Biostatistical Analysis. Prentice-Hall International Editions, New Jersey.

Zielinski, S., Portner, H.O., 2000. Oxidative stress and antioxidative defense in cephalopods: a
function of metabolic rate or age? Comp. Biochem. Physiol. B Biochem. Mol. Biol. 125, 147-160.
https://doi.org/10.1016/S0305-0491(99)00162-5.

28


https://agupubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Gong%2C+Xun
https://agupubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Chen%2C+Xueen
https://doi.org/10.1016/S0305-0491(99)00162-5

847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880

Captions

Fig. 1. (a) Critical thermal maximum (CTmax) and (b) minimum (CTmin) of juvenile Eleginops
maclovinus exposed to a combination of temperatures (4 and 10 °C) and pCO: levels (500, open box,
and 1800 patm, filled box) for one month. Box plots display the 25th and 75th percentiles, the median
(solid lines), the mean (dotted lines), the 10th and 90th percentiles (whiskers) and outliers (dots). n =
10 is the sample size for each box plot. Different letters above the box plots represent significant
differences (P < 0.05) between temperatures (uppercase) and pCO:2 levels (lowercase) in Tukey post

hoc tests.

Fig. 2. (a) Standard metabolic rates (SMR), (b) maximal metabolic rates and (c) aerobic scope (AS) of
juvenile Eleginops maclovinus exposed to a combination of temperatures (4 and 10 °C) and pCO:2
levels (500, open box, and 1800 patm, filled box) for one month. Box plots display the 25th and 75th
percentiles, the median (solid lines), the mean (dotted lines), the 10th and 90th percentiles (whiskers)
and outliers (dots). n = 11 (present-day pCO:2 at 4 °C), n = 8 (future pCO2 at 4 °C), n= 10 (present-day
pCO:2 at 10 °C) and n = 10 (future pCO2 at 10 °C) are the sample sizes for corresponding box plots.
Different letters above the box plots represent significant differences (P < 0.05) between temperatures

(uppercase) and pCO:z levels (lowercase) in Tukey post hoc tests.

Fig. 3. Lipid damage, measured as TBARS contents in (a) the liver and (b) gills of juvenile Eleginops
maclovinus from the Beagle Channel exposed to a combination of temperatures (4 and 10 °C) and
pCO:2 levels (500, open box, and 1800 patm, filled box) for one month. Box plots display the 25th and
75th percentiles, the median (solid lines), the mean (dotted lines). n = 6 is the sample size for each box
plot. Different letters above the box plots represent significant differences (P < 0.05) between
temperatures (uppercase) and pCO: levels (lowercase) in Tukey post hoc tests. Note the difference in

the y-axis scale between results for liver and gills.

Fig. 4. Antioxidant capacity, quantified as (a, b) catalase (CAT), (c, d) superoxide dismutase (SOD)
and (e, f) glutathione S-transferase (GST) enzymes activities in the liver and gills of juvenile Eleginops
maclovinus exposed to a combination of temperatures (4 and 10 °C) and pCO: levels (500, open box,
and 1800 patm, filled box) for one month. Box plots display the 25th and 75th percentiles, the median
(solid lines), the mean (dotted lines). n = 6 is the sample size for each box plot. Different letters above
the box plots represent significant differences (P < 0.05) between temperatures (uppercase) and pCO2
levels (lowercase) in Tukey post hoc tests. Note the difference in the y-axis scale between results for

liver and gills.
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881  Table 1. Seawater parameters (mean + SE) throughout the experiment with juvenile Eleginops maclovinus. 4P: present-day pCO: at 4 °C, 4F: future pCO2
882  at4 °C, 10P: present-day pCO:2 at 10 °C, 10F: future pCO:2 at 10 °C.
883
Treatments pH at 25°C  Temperature Total alkalinity pCO:zinsitu  [COs?] in situ Salinity Q calcite  Q aragonite
(pH units) (°C) (umol kg™ SW) (patm) (umol kg SW )

Natural seawater 8.03+0.01 6.98 +1.02 2056 + 6 536 +9 65+ 3 24.63+0.06 1.64+0.08 1.01+0.05
4P 8.04+0.02 451+0.04 1960 + 18 502 + 32 58 +2 2458 +0.07 1.45+0.06 0.88+0.04
4F 7.47+£0.01 4.47+0.03 1934 + 16 1887 + 28 16+1 24.62+0.06 041+0.01 0.25+0.01
10P 8.02+0.01 10.56+0.13 1929 + 25 536 +11 67 +2 24.74£0.07 1.69+0.04 1.04+0.01
10F 7.48+0.01 10.56+0.13 1871 + 32 1886 + 40 20+ 1 24.78+0.06 0.51+0.01 0.31+0.01

884
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885  Table 2. Two-way ANOVA or ART Analysis followed by two-way ANOVA for the critical thermal
886  maximum/minimum (CTmax/CTmin) of juvenile Eleginops maclovinus after a one-month exposure
887  to a combination of temperatures (4 and 10 °C) and pCO:2 levels (~500 and 1800 patm). Asterisks
888 indicate statistically significant differences (P < 0.05).

889
Source of variation  Degrees of freedom F values P Comparisons
CTmax (Two-way ANOVA)
Temperature 1 675.93 <0.001*
pCO2 1 213.72 <0.001*
Temperature x pCO2 1 127.61 <0.001*
Residual 36
CTmin (ART + Two-way ANOVA)
Temperature 1 32.77 1.623 x 10°5* 4<10
pCO2 1 16.86 0.0002* P<F
Temperature x pCO2 1 2.35 0.1338
Residual 36
890
891
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893
894
895
896

897

898

Table 3. Summary of two-way ANOVA for the standard (SMR) and maximum metabolic rates (MMR)
and aerobic scope (AS) of juvenile Eleginops maclovinus after a one-month exposure to a combination
of temperatures (4 and 10 °C) and pCO: levels (~500 and 1800 patm). Asterisks indicate statistically
significant differences (P < 0.05).

Source of variation  Degrees of freedom F values P Comparisons
SMR (Two-way ANOVA)
Temperature 1 76.45 <0.001*
pCO2 1 0.01 0.958
Temperature x pCO2 1 5.67 0.023*
Residual 34
MMR (Two-way ANOVA)
Temperature 1 0.03 0.867
pCO2 1 4.83 0.035* P>F
Temperature x pCO2 1 0.04 0.851
Residual 33
AS (Two-way ANOVA)
Temperature 1 2.99 0.093
pCO:2 1 4.63 0.039* P>F
Temperature x pCO2 1 0.10 0.750
Residual 33
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900
901
902

Table 4. Two-way ANOVA or ART Analysis followed by two-way ANOVA for the lipid damage and
the antioxidant capacity in the liver and gills of juvenile Eleginops maclovinus after a one-month
exposure to a combination of temperatures (4 and 10 °C) and pCO: levels (~500 and 1800 patm).

Asterisks indicate statistically significant differences (P < 0.05).

Source of variation  Degrees of freedom  F values P Comparisons
Lipid damage
TBARS liver (Two-way ANOVA)

Temperature 1 0.273 0.607

pCO2 1 0.112 0.741

Temperature x pCO2 1 2.392 0.138

Residual 20

TBARS gills (ART + Two-way ANOVA)

Temperature 1 5.950 0.027* 4<10
pCO2 1 1.497 0.239

Temperature x pCO2 1 0.049 0.828

Residual 16

Antioxidant capacity
CAT liver (ART + Two-way ANOVA)

Temperature 1 6.14 0.022* 4<10
pCO:2 1 21.264  1.68 x 10™** P>F
Temperature x pCO2 1 0.456 0.507
Residual 20
CAT qills (Two-way ANOVA)

Temperature 1 0.225 0.64
pCO:2 1 4.644 0.044* P>F
Temperature x pCOz2 1 0.000486 0.983
Residual 20

SOD liver (ART + Two-way ANOVA)
Temperature 1 48544  3.17 x 10°5*
pCO:2 1 2.742 0.117
Temperature x pCO2 1 6.616 0.020*
Residual 16

SOD gills (ART + Two-way ANOVA)
Temperature 1 3.082 0.094
pCO: 1 37.691 5.34x10°%*
Temperature x pCO2 1 9.981 0.005*
Residual 20

GST liver (ART + Two-way ANOVA)
Temperature 1 7.993 0.010* 4<10
pCO:2 1 4,942 0.038* P<F
Temperature x pCO2 1 0.922 0.348
Residual 20

GST gills (Two-way ANOVA)

Temperature 1 3.982 0.060
pCO2 1 0.694 0.415
Temperature x pCO2 1 0.667 0.424
Residual 20
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Figure 2.
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909  Figure 3.
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Figure 4.
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916  Graphical abstract
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Highlights

1. Climate change stressors impaired the thermal physiology of Eleginops maclovinus
2. Summer temperature and near-future pCOz2 levels reduced its thermal tolerance
3. Concomitant reductions occurred in fish aerobic scope at near-future pCO2

4. An oxidative stress condition was detected in the gills and liver tissues
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Table S1. One-way ANOVA or Kruskal-Wallis testing for differences among treatments in the total length (mm) and body mass (g) of juvenile
Eleginops maclovinus selected for the critical thermal maximum/minimum (Ctmax/Ctmin), aerobic scope (AS) or oxidative metabolism (lipid
damage and antioxidant capacity) determinations after a one-month exposure to a combination of temperatures (4 and 10 °C) and pCO:z2 levels (500
and 1800 patm).

Source Body parameter Average+ SE n Test Degrees of freedom F/H values P
CTmax Total length 55.87 £0.76 40 One-way ANOVA 3 0.327 0.806
Body mass 1.01+0.05 40 Kruskal-Wallis 3 3.854 0.278
CTmin Total length 5498 +0.86 40  Kruskal-Wallis 3 4.302 0.231
Body mass 1.11+0.05 40 Kruskal-Wallis 3 6.667 0.083
AS Total length 66.26 1 48 One-way ANOVA 3 2.194 0.106
Body mass 1.80+0.07 48  Kruskal-Wallis 3 2.868 0.412
Oxidative metabolism  Total length 67.42+0.89 24 One-way ANOVA 3 1.633 0.213
Body mass 2.07+£0.08 24 One-way ANOVA 3 0.978 0.423
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