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Abstract: The vulnerability of early fish stages represents a critical bottleneck for fish recruitment;
therefore, it is essential to understand how climate change affects their physiology for more sustainable
management of fisheries. Here, we investigated the effects of warming (OW; +4 ◦C) and acidification
(OA; ∆pH = 0.5) on the heart and oxygen consumption rates, metabolic enzymatic machinery—namely
citrate synthase (CS), lactate dehydrogenase (LDH), and ß-hydroxyacyl CoA dehydrogenase (HOAD),
of seabream (Sparus aurata) larvae (fifteen days after hatch). Oxygen consumption and heart rates
showed a significant increase with rising temperature, but decreased with pCO2. Results revealed
a significant increase of LDH activity with OW and a significant decrease of the aerobic potential
(CS and HOAD activity) of larvae with OA. In contrast, under OA, the activity levels of the enzyme
LDH and the LDH:CS ratio indicated an enhancement of anaerobic pathways. Although such
a short-term metabolic strategy may eventually sustain the basic costs of maintenance, it might not be
adequate under the future chronic ocean conditions. Given that the potential for adaptation to new
forthcoming conditions is yet experimentally unaccounted for this species, future research is essential
to accurately predict the physiological performance of this commercially important species under
future ocean conditions.

Keywords: climate change; fish larvae; Sparus aurata; oxygen consumption; metabolism; aerobic
potential; anaerobic potential

1. Introduction

Atmospheric CO2 concentrations are rising at unprecedented rates, and the continuous absorption
of atmospheric CO2 by oceans is causing a decline in the oceans’ pH—a process known as ocean
acidification [1]. If the rate of anthropogenic CO2 emissions continues to rise at the current pace,
forecasts estimate an increase up to 1000 µatm by the year 2100 [2], and above 2000 µatm in some coastal
areas [3]. Concurrently, the average temperature of oceans is also increasing, and additional warming
(up to 3 ◦C) is expected by the end of the century [4]. Such predicted changes manifest profound effects
on marine organisms. Exposure to ocean acidification may narrow the thermal tolerance window and,
consequently, intensify the impacts of increasing sea surface temperature on the biological processes of
marine ectotherms, such as growth, calcification, behavior, and metabolism [5–10]. The effects of such
environmental changes on fish populations are of great concern to society due to the socioeconomic
value of marine fisheries and other ocean uses.

Fishes 2020, 5, 1; doi:10.3390/fishes5010001 www.mdpi.com/journal/fishes

http://www.mdpi.com/journal/fishes
http://www.mdpi.com
https://orcid.org/0000-0003-4570-5445
https://orcid.org/0000-0003-2801-5178
http://www.mdpi.com/2410-3888/5/1/1?type=check_update&version=1
http://dx.doi.org/10.3390/fishes5010001
http://www.mdpi.com/journal/fishes


Fishes 2020, 5, 1 2 of 13

The vulnerability of fish early life stages represent a critical bottleneck for fish population
recruitment [11,12], and constitute the most vulnerable stages to ocean-climate-related stressors [13–19].
Their incomplete development, small size, lower swimming capabilities, lack of an effective ability to
regulate their internal acid–base balance [20,21], and poor capacity to maintain their homeostasis (and
compensate for extra and intracellular pH disturbances) increases fish early-stage vulnerability to such
environmental changes. When fish are exposed to ocean acidification, CO2 enters by diffusion across
the gill epithelia, the main organ for pH regulation, into fish tissues and fluids and, if not actively
compensated by HCO3

− accumulation and/or H+ secretion, might result in extracellular acidosis [8].
Plasma pH changes may constrain the capacity of oxygen supply and delivery [22] and negatively
affect the aerobic performance of marine fish [23]. Tissues may thereby become hypoxic, and the
oxygen available to maintain cell functions or cover extra costs from activities beyond those required
for basic maintenance is predicted to decrease [9]. In contrast, other studies have reported an increase
in the aerobic performance [24,25], demonstrating interspecific variations to high CO2 levels.

Variations on the aerobic performance of organisms exposed to stressful conditions may reflect
modifications of specific metabolic pathways that progressively lead to shifts in the energy production
mode [9,26–34]. When the aerobic metabolism per se cannot satisfy energy demands, the anaerobic
energy production pathway has to be activated [35]. Key metabolic enzymes such as citrate synthase
(CS), lactate dehydrogenase (LDH), and ß-hydroxyacyl CoA dehydrogenase (HOAD) are biochemical
markers that can reflect these specific pathways and pathway shifts [36]. While CS is a key enzyme
of the Krebs cycle, located in the mitochondrial matrix and a good indicator of aerobic metabolic
potential [37], the cytosolic enzyme LDH is a terminal enzyme in the glycolytic pathway and a good
indicator of anaerobic potential [38,39]. On the other hand, HOAD is used as an index of fatty acid
oxidation and amino acid catabolism [40], and it is also a valuable indicator of the overall aerobic
potential [37].

Within this context, here we investigated how future ocean warming (+4 ◦C) and acidification
(∆pH = 0.5) might affect oxygen consumption and heart rates, as well as the metabolic enzymatic
machinery (CS, LDH, and HOAD enzyme activities) during the early ontogeny of an active pelagic
(and commercially important) fish, the seabream Sparus aurata. This species is an important coastal
protandric hermaphrodite teleost dispersed across Mediterranean Sea and the Eastern Atlantic Ocean
from the United Kingdom to Senegal, with preferred temperatures ranging from 12.1 to 21 ◦C. It has
an increasing economic value within fisheries and aquaculture activities, and it can be found in both
marine and brackish water environments such as coastal lagoons and estuarine areas, particularly
during the initial stages of its life cycle. Understanding how this species will cope with predicted future
environmental scenarios may provide valuable information on future stock population conditions [41].
We here hypothesized that the metabolic performance and the energy production mode of the early
stages of this species might shift to an anaerobic mode of energy production when exposed to future
ocean warming and acidification.

2. Results

2.1. Oxygen Consumption and Routine Heart Rates

After the acclimation period, both warming and high CO2–acidification caused significant changes
in the metabolic rates of seabream larvae (Figure 1, GLM analysis described in Table 1, Gamma family,
p < 0.001). Oxygen consumption rates increased 23.55% with warming under normocapnia, and 21.52%
under high CO2 conditions. On the other hand, acidification caused a significant decrease within both
temperature treatments. This decrease was higher under warming conditions, decreasing from 36.78 ±
2.01 to 28.79 ± 1.86 µmol O2 h−1 g−1. No significant interaction was observed between these factors
(GLM analysis described in Table 1, Gamma family, p > 0.05).
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Table 1. Results of the statistical models applied for analysis of ocean warming and acidification effects
in the early stages of Sparus aurata. Codes: *** when p-value < 0; ** when p-value < 0.001.

Model Terms Estimate Std. Error t value Pr ( > |t|)

Oxygen
Consumption

rate

GLM, family =
Gamma AIC =

159.097

Intercept 0.0338 0.00069 49.401 <2 × 10−16 ***
Temperature −0.0068 0.00079 −8.678 4.98 × 10−10 ***

pH 0.0079 0.00079 10.065 1.38 × 10−11 ***

Heart rates
GLM, family =
Gaussian AIC

= 368.672

Intercept 98.75 3.080 32.060 <2 × 10−16 ***
Temperature 29.00 4.356 6.657 3.64 × 10−8 ***

pH −24.42 4.356 −5.605 1.28 × 10−6 ***

CS activity
GLM, family =
Gaussian AIC

= 4.623

Intercept 1.9027 0.1121 15.678 7.68 × 10−8 ***
Temperature −0.4852 0.1401 −3.462 0.30063

pH 0.1539 0.1401 1.098 0.00714 **

LDH activity
GLM, family =
Gaussian AIC

= 7.542

Intercept 2.1260 0.1371 15.511 8.43 × 10−8 ***
Temperature 0.6013 0.1583 3.799 0.00422 **

pH 1.5380 0.1583 9.718 4.54 × 10−6 ***

HOAD
activity

GLM, family =
Gaussian AIC

= 38.672

Intercept 8.9219 0.5015 17.792 2.54 × 10−8 ***
Temperature 1.7513 0.5709 3.024 0.1437

pH −2.2089 0.5709 −3.815 0.00412 **

LDH/CS
ratio

GLM, family =
Gaussian AIC

= 16.023

Intercept 1.1267 0.2020 5.577 0.00344 ***
Temperature 0.2237 0.2333 0.959 0.362656

pH 1.4555 0.2333 6.239 0.000152 ***

Fishes 2020, 5, x FOR PEER REVIEW 3 of 13 

 

 Model Terms Estimate Std. Error t value Pr ( > |t|)  
Oxygen 

Consumption 
rate 

GLM, family = Gamma  
AIC = 159.097 

Intercept 0.0338 0.00069 49.401 <2 × 10−16 *** 
Temperature −0.0068 0.00079 −8.678 4.98 × 10−10 *** 

pH 0.0079 0.00079 10.065 1.38 × 10−11 *** 

Heart rates 
GLM, family = Gaussian  

AIC = 368.672 

Intercept 98.75 3.080 32.060 <2 × 10−16 *** 
Temperature 29.00 4.356 6.657 3.64 × 10−8 *** 

pH −24.42 4.356 −5.605 1.28 × 10−6 *** 

CS activity 
GLM, family = Gaussian  

AIC = 4.623 

Intercept 1.9027 0.1121 15.678 7.68 × 10−8 *** 
Temperature −0.4852 0.1401 −3.462 0.30063  

pH 0.1539 0.1401 1.098 0.00714 ** 

LDH activity 
GLM, family = Gaussian  

AIC = 7.542 

Intercept 2.1260 0.1371 15.511 8.43 × 10−8 *** 
Temperature 0.6013 0.1583 3.799 0.00422 ** 

pH 1.5380 0.1583 9.718 4.54 × 10−6 *** 

HOAD 
activity 

GLM, family = Gaussian  
AIC = 38.672 

Intercept 8.9219 0.5015 17.792 2.54 × 10−8 *** 
Temperature 1.7513 0.5709 3.024 0.1437  

pH −2.2089 0.5709 −3.815 0.00412 ** 

LDH/CS ratio 
GLM, family = Gaussian  

AIC = 16.023 

Intercept 1.1267 0.2020 5.577 0.00344 *** 
Temperature 0.2237 0.2333 0.959 0.362656  

pH 1.4555 0.2333 6.239 0.000152 *** 

 
Figure 1. Impacts of ocean warming and acidification on the oxygen consumption rates (OCR) of 
Sparus aurata fish larvae. Values are given as mean ± SD (n = 9). Different letters (a, b) represent 
significant differences between the temperature treatments and asterisks (*) represent significant 
differences between CO2 treatments (p < 0.001). 

Routine heart rates of S. aurata were also significantly affected by high temperature and CO2 

(Figure 2, GLM analysis described in Table 1, Gaussian family, p < 0.001), increasing with 
temperature, but decreasing with high pCO2. The lowest heart rate (74.33 ± 6.15 beats per minute) 
was observed under acidification, while the highest value (127.75 ± 9.92 beats per minute) was 
reached under warming. When exposed to acidification, the heart rates of fish larvae decreased 
24.73% and 13.69% under control and warming temperatures, respectively. No significant interaction 
was observed between these factors (GLM analysis described in Table 1, Gaussian family, p > 0.05). 
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Figure 1. Impacts of ocean warming and acidification on the oxygen consumption rates (OCR) of Sparus
aurata fish larvae. Values are given as mean ± SD (n = 9). Different letters (a, b) represent significant
differences between the temperature treatments and asterisks (*) represent significant differences
between CO2 treatments (p < 0.001).

Routine heart rates of S. aurata were also significantly affected by high temperature and CO2

(Figure 2, GLM analysis described in Table 1, Gaussian family, p < 0.001), increasing with temperature,
but decreasing with high pCO2. The lowest heart rate (74.33 ± 6.15 beats per minute) was observed
under acidification, while the highest value (127.75 ± 9.92 beats per minute) was reached under
warming. When exposed to acidification, the heart rates of fish larvae decreased 24.73% and 13.69%
under control and warming temperatures, respectively. No significant interaction was observed
between these factors (GLM analysis described in Table 1, Gaussian family, p > 0.05).
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Exposure to ocean warming prompted significant changes in the metabolic enzymes of S. aurata. 
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under warming. No significant interaction was observed between these factors (GLM analysis 
described in Table 1, Gaussian family, p > 0.05). 

 
Figure 3. Impact of ocean warming and acidification on the enzyme citrate synthase (CS) activity of 
Sparus aurata fish larvae. Values are given as mean ± SD. Different letters (a, b) represent significant 
differences between the temperature treatments and asterisks (*) represent significant differences 
between CO2 e treatments (p < 0.05). 

a* 

a 

b* 

b 

a* a* 

a 
a 

Figure 2. Impact of ocean warming and acidification on the routine heart rates of Sparus aurata fish
larvae. Values are given as mean ± SD (n = 12). Different letters (a, b) represent significant differences
between the temperature treatments and asterisks (*) represent significant differences between CO2

treatments (p < 0.001).

2.2. Enzyme Activity

Exposure to ocean warming prompted significant changes in the metabolic enzymes of S. aurata.
Citrate synthase (CS) activity of seabream larvae was not significantly affected by temperature (Figure 3,
GLM analysis described in Table 1, Gaussian family, p > 0.05), but acidification was revealed to
cause a significant decrease in aerobic potential, i.e., CS activity (Figure 3, GLM analysis described
in Table 1, Gaussian family, p < 0.01). CS activity decreased with increasing CO2 from 1.86 ± 0.41
to 1.45 ± 0.04 U mg protein−1 under controlled temperature, and from 2.1 ± 0.2 to 1.5 ± 0.3 U mg
protein−1 under warming. No significant interaction was observed between these factors (GLM
analysis described in Table 1, Gaussian family, p > 0.05).
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Figure 3. Impact of ocean warming and acidification on the enzyme citrate synthase (CS) activity of
Sparus aurata fish larvae. Values are given as mean ± SD. Different letters (a, b) represent significant
differences between the temperature treatments and asterisks (*) represent significant differences
between CO2 e treatments (p < 0.05).



Fishes 2020, 5, 1 5 of 13

A generally opposite trend was observed for the anaerobic potential—lactate dehydrogenase
(LDH) activity—with both temperature and acidification eliciting a significant increase in the activity
of LDH (Figure 4, GLM analysis described in Table 1, Gaussian family, p < 0.01). The LDH activity
increased with acidification, from 2.04± 0.14 to 3.75± 0.23 U mg protein−1 under controlled temperature,
and from 2.81± 0.19 to 4.18± 0.43 U mg protein−1 under warming conditions. No significant interaction
was observed between the factors (GLM analysis described in Table 1, Gaussian family, p > 0.05).
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Figure 4. Impact of ocean warming and acidification on the enzyme lactate dehydrogenase (LDH)
activity of Sparus aurata fish larvae. Values are given as mean ± SD. Different letters (a, b) represent
significant differences between the temperature treatments and asterisks (*) represent significant
differences between CO2 treatments (p < 0.001).

The LDH/CS enzyme activity ratio (Table 2) was not significantly affected by temperature,
but significantly increased with acidification (GLM analysis described in Table 1, Gaussian family,
p < 0.001) by up to 1.47% (under controlled temperature treatment). The highest value observed was
of 2.78 ± 0.77 under the combined effect of higher temperature and CO2. Moreover, no significant
interaction was observed between the factors (GLM analysis, Gaussian family, p > 0.05). The activity
levels of the enzyme associated with lipid metabolism, 3-hydroxyacyl CoA dehydrogenase (HOAD),
were also significantly affected by both environmental factors (Figure 5, GLM analysis described in
Table 1, Gaussian family, p < 0.05), increasing with warming, but decreasing with acidification from
8.62 ± 1.32 to 7.01 ± 1.36 to U mg protein−1 under controlled temperature, and from 10.97 ± 0.48 to
8.16 ± 0.41 U mg protein−1 under warming. No significant interaction was observed between both
factors (GLM analysis described in Table 1, Gaussian family, p > 0.05).

Table 2. Ratio of enzyme activity LDH/CS of Sparus aurata larvae under different climate change
scenarios. Values are given in mean ± SD. Different letters (a, b) represent significant differences
between all the different treatments (p < 0.05).

Treatments LDH/CS Ratio

18 ◦C, pH 8.0 1.12 ± 0.22 a

18 ◦C, pH 7.5 2.59 ± 0.23 b

22 ◦C, pH 8.0 1.36 ± 0.19 a

22 ◦C, pH 7.5 2.78 ± 0.77 b
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differences between CO2 treatments (p < 0.05).

3. Discussion

Fish early life stages are considered to be extremely vulnerable to environmental changes [42];
thus, it is crucial to understand their physiological responses to this changing environment to predict
population dynamics and make correct management decisions.

As reported for other species [24,25], the present results also showed that future ocean climate
change scenarios affected the oxygen consumption of Sparus aurata larvae. As expected, warming
accelerated larval metabolism, increasing both the oxygen consumption and heart rates of seabream
larvae. This might increase the energetic extraction from finite yolk reserves and accelerate larval
development at the time of yolk sac absorption, limiting the optimal growth of fish larvae and
favoring developmental abnormalities [43], as already documented for S. aurata larvae [17]. In contrast,
when exposed to high CO2, larvae entered into a more hypometabolic state, presenting lower
oxygen consumption and heart rates. Metabolic depression is an important strategy that allows
organisms to enhance their tolerance to environmental stressful conditions [34]. However, this strategy
is characterized by shutting down expensive processes (e.g., protein synthesis) and is known to
limit aerobic scope and reduce animal fitness [34,44], as previously reported for seabream larvae [17].
Alongside with metabolic depression, ocean acidification caused cardiac failure (bradycardia), as already
reported for fish adults of other species [45–49], and may result in insufficient blood flow to tissues and
limited oxygen supply to sustain cellular aerobic processes [22,42,50]. Cardiac failure as a response
to high levels of CO2 has been shown to be species-specific [51,52]; while the cardiac performance of
some species significantly decreases with increasing CO2 [47,53–57], other species seem to be more
tolerant [48,58–61]. The nature of the variation depends not only on the triggering threshold, but also
on the directionality of the response. For those less tolerant species, if their compensatory processes
are not effective under high CO2, the trend to lose oxygen transport capacity might persist.

Furthermore, the present results showed that conditions simulating future climate change scenarios
induced adjustments of metabolic pathways and of the capacity of oxidative processes in the metabolism
of S. aurata larvae. These adjustments led to a significant increase in HOAD and LDH activities with
warming, as expected. In contrast, acidification led to the inhibition of the mitochondrial enzymes CS
and HOAD, which are key enzymes for the overall aerobic metabolic potential, and to an increase in the
anaerobic respiration pathways (indicated by the increase in LDH activity). Metabolic depression and
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decreased aerobic potential under ocean acidification may be a consequence of acid–base regulatory
imbalance and hypercapnia-induced extracellular acidosis. A decrease in plasma pH may decrease
hemoglobin–O2 affinity and limit oxygen supply [22,42], thus restricting the aerobic production of
energy. Under environmental stress, part of the energy available has to be allocated to withstanding
stress and restoring physiological homeostasis, and when the aerobic metabolism by itself is not
enough to fulfill the energy demands, the anaerobic pathways of energy production might be activated
e.g. [9,10,26,27,30–33,61,62]. The higher levels of LDH and the higher LDH/CS ratio in seabream larvae
indicated that a transition from aerobic to anaerobic metabolism was required to sustain the higher
energetic demands of this species under a future ocean scenario. The activation of anaerobic metabolism
under ocean acidification also suggests that fish tissues might become hypoxic [33]. A decrease in
aerobic capacity counterbalanced with an increase in the glycolytic potential and heavier dependence
of ATP generation via glycolysis after exposure to ocean acidification has been previously reported
for S. aurata juveniles and for other fish species [18,27,30–33,62–66]. However, fish responsiveness
depends not only on the time taken to acclimate to such environmental variables and life stage, but it
might also be species-specific. Contrary to what we here found, some species, such as Scorpaenichthys
marmoratus [60] and Trematomus newnesi [66], showed no significant changes in their glycolytic capacity
when exposed to high CO2. The increase in glycolytic potential is a common tactic used by organisms
to improve tolerance and survival under stressful conditions [34], but it is likely to be unsustainable
on longer time-scales. It can be argued that the decrease in aerobic potential might be the result of
increased intracellular levels of bicarbonate, due to both increased pCO2 and active pH buffering by
bicarbonate uptake [67]. However, we did not scrutinize here how compensation of extracellular
acidosis might occur in early life stages, and how long it will take to regulate and restore extracellular
and intracellular pH (pHe and pHi) control levels.

Overall, our findings indicate that seabream larvae may require physiological trade-offs to fully
offset the energetic costs of acclimation to climate-change-related stressors. It is important not to
forget that although our results gave a glimpse of how this species might react physiologically to
climate change, within multiple generations, fish might have the potential for adaptation to the new
forthcoming conditions, or even to move in response to such environmental changes. In an era of
research devoted to global climate change, it is fundamental to analyze how future ocean conditions
are expected to affect species with distinct life strategies and unravel the biochemical and physiological
mechanisms that allow species to acclimate and adapt to the predicted changes in the oceans.

4. Materials and Methods

4.1. Larval Rearing

Sparus aurata eggs were collected in November 2013 in the same conditions as the experiments
published previously [17], at the Maresa hatchery (Mariscos de Estero, Huelva, Spain). After collection,
eggs were immediately transferred, under controlled conditions, to the aquaculture facilities in
Laboratório Marítimo da Guia (Cascais, Portugal), and were acclimated to the different experimental
conditions. Eggs and larvae were exposed to four different treatments, a cross-factor design of two
temperatures and two pCO2 levels: (1) present day scenario (18 ◦C—the average sea temperature
during the natural spawning season [68,69], pH = 8.0, pCO2 ≈ 340 µatm); (2) warming scenario
(22 ◦C, pH = 8.0, pCO2 ≈ 340 µatm) simulating future sSST warming scenario for the western coast of
Portugal (+4 ◦C above average sSST [70]); (3) high CO2—acidification (18 ◦C, pH = 7.5, ∆pH = 0.5,
pCO2 ≈ 1500 µatm) simulating predicted scenario for 2100 [3]; and (4) warming + high CO2 (22 ◦C,
pH = 7.5, ∆pH = 0.5, pCO2 ≈ 1500 µatm). This study was approved by the Portuguese National Science
Foundation (FCT) and the Ethical Committee of the Portuguese General Veterinarian Directorate (ref:
PTCD/BIA-BMA/28647/2017). Eggs were reared in 12 independent recirculating systems (three per
treatment), each comprising a 19 L cylindrical rearing tank connected to a 100 L sump. To ensure
an accurate water temperature in each experimental treatment, rearing tanks were placed inside 400 L
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water bath tanks. Temperature conditions were kept stable via seawater chiller systems, and pH
levels were automatically adjusted by solenoid valves controlled by a Profilux system connected to
individual pH probes (SCHOTT Instruments, Mainz, Germany). pH adjustments were guaranteed by
the injection of a certified CO2 gas mixture via air stones or by aerating the water with CO2-filtered
air. In addition, salinity (kept at ~35), temperature, and pH levels were manually monitored daily
using a multiparameter portable meter. The photoperiod throughout the experiment was set at
14 L:10 D. Water quality was ensured during the experiment through the use of mechanical, physical
and biological filters, as well by UV sterilization. Ammonia and nitrites were monitored regularly
and maintained below detectable levels. Total alkalinity was measured according to Reference [71].
The seawater carbonate chemistry (see Table 3) was calculated using the CO2SYS software (2.1, Carbon
Dioxide Information Analysis Center, Oak Ridge, Tennessee, 2012Oa) [72].

Table 3. Seawater carbonate chemistry data for Sparus aurata larvae under different climate change
scenarios. Total carbon (CT), carbon dioxide partial pressure (pCO2), bicarbonate concentration
(HCO3

−), and aragonite saturation state of seawater (Ωarag) were calculated with CO2SYS using salinity,
temperature, pH, and total alkalinity (AT). Values are given as mean ± SD.

Temperature
(◦C)

pH (Total
Scale)

AT
(µmol kg−1SW)

CT (µmol/kg−1

SW)
pCO2

(µatm)
HCO3−

(µmol kg−1)
Ωarag

18.4 ± 0.3 8.09 ± 0.07 2331.7 ± 67.0 2055.2 ± 60.5 342.3 ± 73.7 1836.2 ± 70.2 3.19 ± 0.56
18.2 ± 0.3 7.53 ± 0.04 2318.6 ± 50.7 2284.0 ± 57.0 1484.7 ± 91.0 2169.1 ± 54.2 0.97 ± 0.08
22.3 ± 0.3 8.09 ± 0.07 2308.3 ± 78.8 1970.5 ± 80.2 337.0 ± 73.4 1736.9 ± 98.7 3.49 ± 0.49
22.1 ± 0.5 7.53 ± 0.04 2321.0 ± 93.3 2292.2 ± 83.2 1473.0 ± 92.0 2137.0 ± 99.5 1.16 ± 0.10

After hatching, within the same experimental treatments of egg incubation, seabream larvae
were randomly distributed at a density of 70 larvae L−1. The feeding schedule was based on larval
development under each set of experimental conditions and adapted from reference [73], where larvae
were fed on rotifers (B. plicatilis) between approximately 2 and 15 dph, and on Artemia nauplii from
10 to 15 dph. At the end of each day, prey availability in each experimental replicate was checked to
maintain prey density and ensure that this was never a limiting factor.

Larvae were collected at 15 dph, and after collection were immediately placed in liquid nitrogen
and then stored at −80 ◦C for posterior enzymatic analyses.

4.2. Oxygen Consumption and Routine Heart Rates

Nine 15 dph larvae per treatment were individually incubated in sealed, water-jacketed
respirometry chambers (RC300 Respiration Cell, Strathkelvin Instruments Limited, Motherwell,
UK), filled with water from the respective treatment. Water volumes were adjusted to larval size in
order to allow routine activity and to minimize larval stress. Chambers were immersed in Lauda
water baths (Lauda-Königshofen, Germany) to control temperature. Oxygen concentrations were
recorded, according to reference [16], with Clark-type O2 electrodes connected to a multi-channel
oxygen interface (Model 928, Strathkelvin Instruments Limited, Motherwell, UK). Blanks were run to
correct for possible bacterial respiratory activity. After acclimation to the chambers and assuring that
larvae were not under stress, respiratory runs lasted 6 h.

Routine heart rates were measured for 12 larvae per treatment. Larvae were individually placed
in sealed, water-jacketed respirometry chambers filled with water from the respective treatment and
measurements were taken under a stereoscopic microscope (Leica S6D, Leica Microsystems, Wetzlar,
Germany) after ensuring that they were not under stress. Routine heart rates were defined as the
number of heart beats per unit of time when larvae were motionless.
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4.3. Enzyme Activity

Homogenates were prepared in triplicate using 100 mg wet tissue of pooled larvae from each
replicate of each treatment, comprising a total of three replicates per treatment. Frozen samples
were homogenized in a buffer containing 150 mM imidazole and 1 mM EDTA at pH 7.4 in a glass
Potter–Elvehjem tissue grinder (Kartell, Italy) kept on ice. Homogenates were then centrifuged at
10,000× g for 10 min at 4 ◦C.

Maximum activity levels of CS, LDH, and HOAD were determined according to reference [74]
and measured using a Shimadzu UV-1800 spectrophotometer (Shimadzu Scientific Instruments, Kyoto,
Japan). CS activity was determined based on the reaction of acetyl CoA with DTNB [5.5 V dithio-bis
(2-nitrobenzoic acid); extinction coefficient of 13,600 M−1 cm−1]. CS activity was assayed in a buffer
containing 0.25 mM DTNB, 75 mM Trisbase, and 0.4 mM acetyl CoA at pH 8.0. The reactions were
initiated by adding 0.5 mM oxaloacetate. Changes in absorbance were measured at 412 nm over
1 min at 20 ◦C. LDH and HOAD enzyme activities were measured following the oxidation of NADH
(extinction coefficient of 6220 M−1 cm−1). LDH activity was assayed using 1 mM pyruvate as substrate
in a buffer containing 0.15 mM NADH, 50 mM imidazole, and 1 mM EDTA at pH 7.4. HOAD activity
was assayed using 0.1 mM acetoacetyl CoA as substrate in a buffer containing 0.15 mM NADH,
1 mM EDTA, and 50 mM imidazole at pH 7.5. Changes in absorbance were measured at 340 nm for
both enzymes.

All enzymatic activities were measured in triplicate and expressed as the amount of substrate
converted to product per minute in relation to the total protein content, which was determined
according to Reference [75]. The LDH/CS enzyme activity ratio was then determined in order to
understand which type of metabolism is prevalent.

4.4. Statistical Analysis

Statistical analyses of the defined variables were performed with RStudio Software (1.2.5001,
RStudio, Inc, Boston, MA, USA, 2019) [76]. All generalized linear models (GLM) were performed
with temperature and pH as factor. For all the variables analyzed, replicates were first included in
generalized linear mixed models (GLMM) as a random effect, to account for potential variability in the
experimental design. However, random effects were not kept in the models because the amount of
variation they explained was less than 5%. The best models for each output were selected according
to the calculation of Akaike information criterion (AIC) and used for inference. AIC is a widespread
indicator that balances model complexity with model quality of fitness [77]. The distributional family
considered was Gamma for oxygen consumption rates and Gaussian (identity link function) for heart
rates, CS activity, LDH activity, LDH/CS ratio, and HOAD activity.
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