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Simple Summary

This study evaluated how the combination of ocean warming, acidification, and
deoxygenation (“deadly trio”) affects the early development of the fish Sparus aurata.
Embryos and recently hatched larvae were exposed to increased temperature (A + 4 °C;
22 °C), elevated CO: levels (pCO2 ~1000 patm, A — 0.4 units; pH 7.7), and reduced oxygen
(A = 60% Oz saturation; 3 mg Oz L ). Deoxygenation emerged as the primary stressor,
significantly reducing hatching rates, larval survival, and heart rates. These effects were
further intensified when combined with warming and acidification. Acidification alone
also reduced larval phototactic behavior by 50%, while exposure to all three stressors
eliminated phototactic responses entirely. Overall, the results demonstrate that multiple
climate-related stressors together severely harm fish early life stages, emphasizing the
need to study combined environmental changes to better predict future impacts of climate
change on marine fish populations and ecosystem functioning.

Abstract

The interaction between increased dissolved carbon dioxide, rising temperatures, and
oxygen loss—the so-called “deadly trio” —is expected to strongly affect marine biota over
the coming years, undermining ocean services and uses. Nonetheless, no study has so far
scrutinized the cumulative impact of these three stressors on fish embryos and larvae. To
fill this knowledge gap, we conducted a fully multi-factorial experiment to investigate the
effects of warming (+4 °C: 22 °C), acidification (A - 0.4 pH units: 7.7 pH, pCO2 ~1000 patm),
and deoxygenation (A — 60% Oz saturation: 3 mg Oz L) on physiological and behavioral
responses of the commercially important species Sparus aurata. Deoxygenation was the
primary factor reducing hatching rates (64.25%), survival (46.71%), and heart rates
(31.99%) of recently hatched larvae, being generally further exacerbated when combined
with warming and acidification. No larvae exposed to the interaction of the three
treatments reacted to the phototactic behavior test. However, acidification alone caused a
50% reduction in phototactic behavior. Our findings demonstrate that the deadly trio is
detrimental to early fish development, impacting several key features at this critical life
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stage, and the need to assess the impacts of stressors” interaction on marine taxa to better
predict future ecosystem responses to ocean changes.

Keywords: fish embryos; larvae; multi-factorial; deadly-trio; physiology; behavior

1. Introduction

The oceans play a key role in mitigating global climate change by absorbing excessive
heat content and greenhouse gases (e.g., carbon dioxide, CO2) from the atmosphere. This
continuous uptake is driving widespread ocean warming and acidification [1].
Concurrently, ocean warming is predicted to exacerbate the loss of oxygen in the oceans
(deoxygenation) through reduced oxygen solubility, increased respiration rates and ocean
stratification [2-6]. These future environmental changes are projected to induce both
gradual long-term and extreme short-term changes in temperature, pH, and oxygen levels
across marine ecosystems [1,7-11]. Studies assessing the effects of climate change stressors
have shown that warming, acidification, and deoxygenation can negatively affect fish
early life stages by altering survival, growth, metabolism, development, and behavior [12-
18]. Nevertheless, responses of fish early life stages to ocean climate changes have been
shown to be highly variable, and also include neutral or weak effects in some species and
contexts, highlighting strong species and trait dependencies rather than uniform negative
outcomes, e.g., refs. [19-22]. Evidence from two-factor experiments indicates that these
stressors rarely act independently, with warming-acidification, warming-deoxygenation,
and acidification—deoxygenation interactions producing additive, synergistic, or
antagonistic responses depending on the species and trait examined [23-33]. However,
relatively few studies have evaluated the combined effects of deoxygenation with
warming and/or acidification [34-37]. Meta-analyses and multi-stressor syntheses further
demonstrate that interaction outcomes are often unpredictable from single-stressor
responses alone and that the inclusion of additional stressors can generate emergent
effects not detected in pairwise experiments [13,20,37-39]. Consequently, two-factor
studies have substantially advanced our understanding of climate change impacts on
marine fishes, but they remain insufficient to predict responses under future ocean
conditions where warming, acidification, and deoxygenation will occur simultaneously,
particularly during sensitive early developmental stages.

The combined and cumulative effects of warming, acidification, and deoxygenation,
commonly referred to as the “deadly trio”, are expected to profoundly impact marine
organisms by disrupting key physiological processes and amplifying the consequences of
ongoing climate change [40-46]. These impacts may also propagate to ecosystem services,
with significant socio-economic implications for fisheries and global food security [47,48].
Despite representing a high-rank priority in the field [3,13,38,44], experimental studies
simultaneously addressing warming, acidification, and deoxygenation remain scarce [41-
45]. As such, it is critical to study the effects of their interaction, ideally under multi-
factorial experimental contexts to better disentangle the stressor-specific and combined
effects [10,40,44,46]. To date, no study has scrutinized the impact of the interaction of the
“deadly trio” on biological and behavioral features of fish at early stages, embryos and
larvae, known to be one of the survival and/or developmental bottlenecks regarding
species’ climate change vulnerability, e.g., [14-17]. Incorporating all three environmental
factors is crucial to determine if synergistic interactions arise when fish are exposed to all
of them at the same time because these types of interactions are expected to occur more
frequently when evaluating the combined effects of three factors rather than just two or
individual variables [36,42,45].
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As one of the most economically important fish species in the Mediterranean and
eastern North Atlantic, supporting both fisheries and aquaculture, the gilthead seabream
(Sparus aurata) is a coastal and estuarine species that inhabits shallow habitats highly ex-
posed to future environmental changes, namely warming, acidification, and episodic hy-
poxia [49,50]. Spawning in Sparus aurata occurs primarily in coastal waters during autumn
and winter, and the early life stages develop as pelagic eggs and larvae within the highly
variable surface layer of the water column before recruiting to coastal nursery habitats
[51]. Throughout this period, individuals may experience substantial fluctuations in tem-
perature, oxygen availability, and carbonate chemistry, making them particularly suscep-
tible to simultaneous exposure to multiple climate-change-related stressors [3,8]. Previous
studies have shown that embryos and larvae of this species are highly sensitive to warm-
ing and acidification, which negatively affect multiple performance traits [27,28]. Along-
side this, later life stages also exhibit reduced performance under elevated temperatures
and low-oxygen conditions, e.g., ref. [52]. These characteristics make S. aurata an ecologi-
cally relevant model for assessing the effects of concurrent exposure to the “deadly trio”
during early development. In this context, the aim of the present study was to evaluate
experimentally, for the first time, the impact of warming, acidification, and deoxygenation
interactions on the early development of gilthead seabream Sparus aurata, namely on
hatching rates, early survival, heart rates, body malformations, larvae responsiveness, and
phototaxis rates.

2. Materials and Methods
2.1. Experimental Design and Egg Incubation

Sparus aurata eggs were collected immediately after spawning in April 2019 from
adult wild-caught broodstock reared at Instituto Portugues do Mar e da Atmosfera
(IPMA)—Centro Regional de Investigacao Pesqueira do Sul (CRIPSul, Olhao, Portugal).
After collection, eggs from the same batch were transferred to the aquaculture facilities in
Laboratério Maritimo da Guia (Cascais, Portugal) and acclimated to different experi-
mental conditions. Eggs and hatched larvae were exposed in a cross-factorial design to
represent the deadly trio conditions [1] characterized by elevated temperatures (warming,
W), decreased pH (acidification, A) and oxygen levels (deoxygenation, D), relative to con-
trol environmental conditions (see Table 1) during the natural spawning season [51,53].
As such, eggs were reared until hatching (~48 h), and recently hatched larvae were reared
until two days after hatching at a density of 70 larvae L' [28] under a total of eight exper-
imental treatments featuring the different combinations of stressors (Table 1).

Table 1. Seawater carbonate chemistry data for S. aurata larvae under different treatment conditions.
Total carbon (Cr), carbon dioxide partial pressure (pCO2), bicarbonate concentration (HCOs") and
aragonite saturation state of seawater (Qarag) were calculated with CO2SYS using salinity, tempera-

ture, pH, and total alkalinity (Ar). Values are given as mean + SD.

H Lev- A
Temperature P Oxygen Lev ! Cr pCO2 HCOs-
Treatment °C) (Total els (umol (umol (uatm) (umol K1) Qarag
Scale)  (mgO:L)  KgiSW) Kg1SW) H H &
2652.05 £ 2379.48 £ 2148.33 +
+ + + + +
Control (C) 18.25+0.22 8.07+0.03 7.66+0.033 129.84 193.82 430.52 + 48.98 121.02 3.35+0.13
2712.58 2483.08 =
Acidification (A) 18.10%£0.13 7.73+£0.01 7.69+0.05 130 E;i 1063.66 + 52.671063.66 * 52.67 18131 O;i 1.73 £0.07
Deoxygenation 2656.75 + 2370.05 + 2140.96 +
+ + + + +
D) 18.10+0.11 8.07+0.03 3.00+0.08 120,57 120.92 429.40 £ 49.41 11741 3.31+0.19
2655.34 + 2331.53 + 2080.51 +
i + + + + +
Warming (W) 22.07+0.08 8.06+0.03 7.55+0.19 129.74 122.08 432.59 £ 51.67 119.07 3.72+0.17
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A+D

W+A

W+D

W+A+D

18.35+£0.19

22.07 £0.12

22.15+0.21

22.02+0.15

772+0.01 3.01+£0.09 26142%(33 + 251210665?;i 1038.35 + 48.98 2?1{)595699i 1.67 £0.08
773+0.01 7.57+0.20 271(;’%13?;1 251511665481 1059.43 + 53.70 2?190190317i 2.01+£0.09
8.07+£0.03 2.95%0.06 261%%5163491- ii’égii 423.27 £ 50.53 201626625?éi 3.78£0.16
773+0.01 291+0.05 271?;§31ii 25191(—;1319i 1086.03 +48.12 Zﬁi?)gsii 2.02+0.10

Each replicate (three replicates per treatment) consisted of 20 L of sealed cylindrical
experimental glass containers, placed in temperature-controlled water baths (one for the
control and another for warmer temperatures), with chillers and heaters to maintain the
desired temperature according to the experimental treatment. Inside each replicate, a
smaller rearing box (each with 300 mL) laterally surrounded by a fine mesh size net of 100
pum was placed to monitor and account for egg hatching rates and larval survival. Treat-
ment conditions, temperature (+4 °C; 22 °C), CO:z (A — 0.4 pH units: 7.7 pH, pCO2 ~1000
patm) and Oz (A - 60% Oz saturation, ~3 mg Oz L) levels were automatically monitored
and manually using multiparameter portable meters (VWR pH meter 1100H, and multi-
meter 3510 WTW GmbH; Weilheim, Germany). For each replicate, the designated treat-
ment conditions were established in preconditioned tanks, where temperature, pH, and
dissolved oxygen concentrations were continuously monitored and maintained at the tar-
get levels. Water quality was maintained through a gentle drip-flow system that continu-
ously renewed the seawater in these preconditioned tanks, replacing approximately 10%
of the total tank volume per day. The pH and O: levels for each treatment condition were
maintained through the addition of preconditioned seawater, adjusted in preconditioned
tanks through the carefully monitored injection of CO: and N: certified gas mixtures
and/or by aeration with CO: filtered air, via air stones, in sealed glass tanks (20 L) sharing
the same water bath as the corresponding treatment. Before entering the experimental
tanks, the water was already preconditioned for each treatment and homogenized. Salin-
ity was kept stable at ~35 (V2 Refractometer, TMC Iberia, Lisbon, Portugal), and the pho-
toperiod was set to 14 L:10 D. This setup and adjustment intervals were defined after sev-
eral preliminary experiments to ensure that targeted treatment conditions were main-
tained over the course of the experiment.

The experimental systems were equipped with biological filters (bioballs, ourigo®,
Fernando Ribeiro Lda, Queluz, Portugal), protein skimmers (ReefSkimPro 400, TMC-Ibe-
ria, Lisbon, Portugal), and UV-sterilizers (Vecton 600, TMC Iberia, Lisbon, Portugal). Ad-
ditionally, natural seawater UV-sterilized (Vecton 600, TMC Iberia, Lisbon, Portugal) and
0.35 um filtered (Harmsco, Riviera Beach, FL, USA) was continuously renewed with a soft
water drip system to the preconditioned tanks (around 10% of the total volume). Ammo-
nia and nitrite were monitored regularly and kept below detectable thresholds. Total al-
kalinity was measured spectrophotometrically at 595 nm according to [54], and seawater
carbonate chemistry (see Table 1) data for each treatment conditions was quantified by
analyzing total carbon (Cr), carbon dioxide partial pressure (pCOz), bicarbonate concen-
tration (HCOs") and aragonite saturation state of seawater (Qarag) with CO2SYS software
[55] using salinity, temperature, pH, and total alkalinity (Ar).

2.2. Hatching Rates and Larvae Survival

To analyze S. aurata embryonic development, 10 eggs were randomly placed and
reared inside the smaller rearing boxes (i.e., three boxes per treatment). Hatching rates
were analyzed based on the number of hatched larvae from these eggs. Survival rates of
the hatched larvae were determined by calculating the average of the three replicates per
treatment, based on the number of surviving larvae two days after hatching.
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2.3. Routine Heart Rates

Ten newly-hatched larvae, two days after hatching, collected from each replicate (n
= 30 per treatment) were placed in sealed respirometry chambers, filled with seawater
from the respective treatment (according to [28]). Water volumes were adjusted to allow
routine activity and to minimize larval stress. Routine heart rate measurements were
taken at the end of the experiment under a stereoscope (Leica S6D, Leica Microsystems,
Wetzlar, Germany), and defined as the number of heart beats per unit of time, when larvae
were not swimming (according to [28]).

2.4. Body Malformations

Two days after hatching, 10 S. aurata larvae were collected from each replicate (1 =30
per treatment) and observed under a microscope to quantify body structure malfor-
mations and/or axial deviations, e.g., abnormal body curvatures such as side-to-side, ex-
cessive inward or outward curvatures, based on [21,27,56]. Malformation rates were quan-
tified as the percentage of fish exhibiting a specific deformity in their body structure. The
observer was not aware of the treatment provenance of each larva.

2.5. Phototaxis

Larvae two days after hatching responsiveness to light stimulus, as well as positive
(swimming towards a light source) or negative (swimming away from a light source) pho-
totaxis, were tested individually in 3 newly-hatched S. aurata larvae per replicate (n =9
per treatment) inside a 30 cm long glass swim channel containing water from each treat-
ment, with a source of light (LED) at one end adapted from [57]. During the test, the swim-
ming channel was covered to reduce the influence of outside light. Larvae were placed in
a “start compartment” in the middle of the raceway, and after the separating gate was
removed, larvae could move either to the light source or away from it. Each larva was
randomly selected from the original tank and allowed to acclimate behind the removable
gate. After this period, the gate was lifted, and the proportion of larvae that (1) moved
towards the light source side (LED), (2) moved away from the light source or (3) had no
response after 2 min (i.e., larvae stayed in the starting area without moving) was regis-
tered. This test yielded two response variables: larval response rates (leaving the arena or
not moving) and positive or negative phototactic responses (moving towards the light or
away from the light, respectively). Larval phototaxis was quantified as the percentage of
fish exhibiting positive phototaxis related to the total number of larvae that exhibited both
positive and negative phototaxis. Phototactic response was observed through direct visual
observation by a single observer who was blind to the experimental treatments.

2.6. Statistical Analysis

Statistical analyses of all the defined variables were performed with RStudio Soft-
ware (Version 1.3.959 © 2009-2020 RStudio, Inc., Boston, MA, USA, 2020). All data (i.e.,
hatching rates, survival, heart rates, malformations, response rates to the phototactic test,
and phototactic response) were first analyzed univariately via generalized linear mixed
models (GLMM, e.g., ref. [58]) with all the environmental stressors as factors (see model
families used in Table S1). Following recommendations from [59], all replicates (tanks and
also boxes for hatching rates) of each variable analyzed were included and kept in GLMM
models as random effects to account for potential variability in the experimental design,
independently of the amount of variation explained. All GLMM assumptions (independ-
ence, normality, and homoscedasticity of residuals) were tested. The package
“check_model” was used to validate the models’ performance and assumptions. When
significant interactions between factors were found, all post hoc pairwise comparisons
between groups were performed using the R package emmeans [60].

https://doi.org/10.3390/biology15131068
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2.7. Ethical Statement

This study was approved by the Portuguese National Science Foundation (FCT), the
FCUL Animal Welfare Committee (ORBEA FCUL) and the Ethical Committee of the Por-
tuguese General Veterinary Directorate (DGAV) in accordance with National (Decreto-
Lei 113/2013) and EU legislation (Directive 2010/63/EU) on the protection of animals used
for scientific purposes. The Laboratory Maritimo da Guia, MARE-ULisbon has also ob-
tained the certification No. PT032000CI from TRACES and DGAV for the use of labora-
tory animals to meet scientific research needs.

3. Results
3.1. Hatching Rates and Survival

Hatching rates of S. aurata showed a decreasing trend after exposure to warming and acid-
ification (Figure 1A, see also Table S1); however, deoxygenation was the only isolated fac-
tor to trigger a significant and drastic reduction in hatching rates (GLMM analysis, bino-
mial family, p <0.001; Table S1).
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Figure 1. Effect of warming, acidification, and deoxygenation on the hatching rates (A), survival
rates (B), deformity rates (C) and routine heart rates (D) of early developmental stages of S. aurata.
Statistical differences (a = 0.05) between treatments are represented by different superscript letters

over each plot. Legend description: C—control, W —warming, A—acidification, W + A —warming
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+ acidification, D—deoxygenation, W + D —warming + deoxygenation, A + D—acidification + deox-
ygenation, and W + A + D—warming + acidification + deoxygenation experimental treatment. Dif-

ferent lowercase letters indicate statistically significant differences among groups (p < 0.05).

From control values, hatching rates significantly decreased by 64.25% after eggs were
exposed to isolated deoxygenation, 57.94% after exposure to acidification combined with
deoxygenation, and 60.75% after exposure to the combination of warming with deoxy-
genation (multi-treatment post hoc comparative analysis, D: p < 0.001, A + D: p = 0.0014,
W + D: p =0.0006, respectively). However, no significant differences were found between
these three treatments. On the other hand, the exposure to the combined effect of warm-
ing, acidification and deoxygenation induced an even more accentuated and significant
decrease of nearly 80.37% to a hatch rate of 15.56 + 5.09% (multi-treatment post hoc com-
parative analysis, W + A + D: p <0.0001).

Larvae survival (Figure 1B) significantly decreased from control conditions (75.95 +
5.27%, Figure 1B) after exposure to acidification, warming and deoxygenation, as single
factors (GLMM analysis, binomial family, A: p <0.01, W: p <0.001, D: p <0.001; Table S1),
as well as under all combined treatments that included deoxygenation (GLMM analysis,
binomial family, A + D: p <0.001, W + D: p <0.05; W + A + D: p <0.001; Table S1). However,
post hoc pairwise comparisons of marginal means revealed no significant differences be-
tween control and the combination of acidification with deoxygenation (estimate =
0.05960, SE = 0.0306, z = 1.946, p = 0.5189).

The combination of warming with deoxygenation, and the triple combination led to
the lowest survival rates observed, namely 16.67 + 15.28% and 10 + 17.32%, respectively
(multi-treatment post hoc comparative analysis, W + D: p <0.0001, W + A + D: p < 0.0001).
No significant differences were detected between these two experimental treatments
(multi-treatment post hoc comparative analysis, p = 0.0876).

3.2. Body Malformations

Regarding S. aurata early developmental malformations (Figure 1C), both acidifica-
tion and deoxygenation, as single factors, induced a significant increase in their incidences
(GLMM analysis, binomial family, A: p = 0.034 and D: p =0.004; Table S1). The interaction
of deoxygenation with all the other treatments also induced significant increments in the
rate of malformations (GLMM analysis, binomial family, A + D: p=0.039, W + D: p = 0.036
and W + A + D: p=0.008; Table S1). However, post hoc pairwise comparisons of marginal
means revealed no significant differences between control and the combination of warm-
ing with deoxygenation (estimate =-0.164, SE =0.284, z =-0.577, p =0.9991). The incidence
of malformations of recently hatched larvae increased from 3.33 + 5.77% at control condi-
tions to 36.67 + 20.82%, 40.00 + 17.32%, and to 42.68 + 26.24% after exposure to the combi-
nation of the three factors, the combination of acidification with deoxygenation, and de-
oxygenation as a single factor, respectively (multi-treatment post hoc comparative analy-
sis, W+ A +D: p=0.0092, A + D: p =0.003, D: p = 0.0012). Although no significant differ-
ences were detected among these three conditions, deoxygenation alone induced the high-
est percentage of deformities.
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3.3. Routine Heart Rates

Exposure to warming, acidification and deoxygenation, as single factors, prompted
significant changes in the routine heart rates of recently hatched S. aurata larvae (GLMM
analysis, Gaussian family, p < 0.001 for the three factors; Table S1).

Moreover, heart rates were also significantly affected by the interaction of deoxygen-
ation with all the other treatments (GLMM analysis, binomial family, A + D: p <0.001, W
+D: p<0.001, W + A + D: p <0.05; Table S1). While the combination of warming with
acidification did not differ from the control (p = 0.937), treatments with deoxygenation
resulted in a significant reduction in heart rates (p < 0.0001). Routine heart rates increased
significantly under warming, whereas acidification as a single factor triggered a signifi-
cant decrease (multi-treatment post hoc comparative analysis, W: p <0.0001, A: p =0.0001).
However, post hoc pairwise comparisons of marginal means revealed that the warming-
induced increase was no longer observed when warming was combined with acidification
or deoxygenation, as both combinations resulted in significantly lower heart rates relative
to the warming treatment (estimate = 25.83 and 60.81, SE =5.30 and 5.90, df = 143 and 143,
and t = 4.874 and 10.300, and p = <0.0001 and <0.0001, respectively).

With the exception of the interaction between warming and acidification, all the re-
maining treatments induced a significant decrease in heart rates (multi-treatment post hoc
comparative analysis, W + A: p =0.937, D: p <0.0001, W + D: p < 0.0001, A + D: p = 0.039).
The combination of the three factors induced the highest significant decrease of 39.39%,
from 105.71 + 14.25 at control conditions to 64.07 + 3.76 beats per minute (multi-treatment
post hoc comparative analysis, p < 0.0001).

3.4. Response Rates and Phototaxis

Although the exposure to the environmental stressors tested produced a decreasing
trend in the proportion of recently hatched larvae that responded to the behavior test (Fig-
ure 2A) in relation to control conditions, no significant differences were detected (GLMM
analysis, binomial family, p > 0.05; Table S1). However, pairwise comparisons of marginal
means revealed that the control treatment differed from the AD and WAD treatment (es-
timate = 6.43 x 10! and 8.93 x 10, SE = 0.186 and 0.104, Z =3.457 and 8.571, p = 0.0128 and
<0.0001, respectively), and that WAD differed from A, W, WA, WD (for all, estimate = 5.57
x 101, SE = 0.173, Z = 3.215, p = 0.0285). It is worth noting that none of the larvae exposed
to the three-stress cumulative treatment (W + A + D) reacted to the phototactic behavior
test (Figure 2A); consequently, no larvae presented a phototactic response (Figure 2B).
Meanwhile, exposure to acidification resulted in a significant decrease in the proportion
of phototactic larvae (Figure 2B) (GLMM analysis, Gaussian family, p = 0.042, Table S1).
On the other hand, neither W, D, nor any of the interactions between factors induced a
significant phototactic response (see Table S1). Post hoc pairwise comparisons of marginal
means revealed that the control and W treatment differed from the WAD treatment (for
both: estimate = 1.000, SE = 0.267, df =15.8, t.ratio = 3.739, p = 0.0301).

https://doi.org/10.3390/biology15131068
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Figure 2. Effect of warming, acidification, and deoxygenation on the phototactic response of early
developmental stages of S. aurata. Response rates during the phototactic test (A) and phototactic
rates (B) of recently hatched larvae of S. aurata exposed to different experimental treatments. Legend
description: C—control, W—warming, A—acidification, W + A—warming + acidification, D—de-
oxygenation, W + D—warming + deoxygenation, A + D—acidification + deoxygenation, and W + A
+ D—warming + acidification + deoxygenation experimental treatment. Different lowercase letters

indicate statistically significant differences among groups (p < 0.05).

4. Discussion

The present study demonstrates that early life stages of Sparus aurata are highly sen-
sitive to future ocean change, although responses varied substantially across traits and
stressor combinations. Consistent with previous studies reporting negative effects of
warming, acidification, and deoxygenation on fish early development, e.g., [21-28,35], we
found that the combined exposure to these stressors altered hatching success, survival,
cardiac performance, developmental abnormalities, and phototactic behavior. However,
the strength of these responses was not uniform throughout the analyzed biological end-
points. Although the three-stressor treatment generally produced the most pronounced
effects, it was not consistently significantly more severe than those observed under spe-
cific two-stressor combinations. These findings highlight the importance of evaluating in-
dividual endpoints separately and suggest that the biological consequences of the “deadly
trio” are shaped by complex interactions among stressors rather than by a universally
stronger effect of simultaneous exposure.

Within our experimental setup, deoxygenation alone triggered a marked decrease
(~64%) in hatching rates. This decrease was further exacerbated when deoxygenation was
combined with both warming and acidification, reducing hatching success to 15.56 *
10.08%, a nearly 45% decrease relative to the isolated effect of deoxygenation. The addi-
tion of warming and/or acidification may have contributed to relatively fewer additional
stress-producing effects that were not statistically distinguishable from those caused by
deoxygenation alone. This pattern suggests that oxygen limitation was the primary driver
of the observed responses. When exposed to the “deadly trio” treatment, most embryos
were not able to free their heads from the chorion, preventing successful hatching, which
suggests that this process was more challenging under such conditions. Previous studies
already showed that although the morphological characteristics of fish eggs provide em-
bryos with some physical barrier and protection during exposure to environmentally
stressful conditions, their protection may not be fully effective, undermining this critical
hatching process, e.g., [24,35,61]. When subjected to environmental stressors, some
changes in the metabolic pathways of fish can occur, e.g., [28,62-64], and ultimately may
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change the allocation of energy in the organisms. Although these metabolic shifts were
not measured in the current study, we hypothesize that the combined stressors tested here
may compromise fish metabolic and energetic pathways, potentially reducing energy
availability for certain processes, particularly those that are energetically demanding,
such as the hatching process, which is considered a very energetically expensive process
[65,66].

Survival rates of recently hatched larvae were negatively affected by warming,
warming combined with acidification, deoxygenation and deoxygenation combined with
warming and acidification. Similar reductions in survival during early developmental
stages have been reported in several fish species exposed to elevated temperature, ocean
acidification, and deoxygenation [21,25,26,67-69], including S. aurata [27,28]. In the pre-
sent study, with the exception of the pairwise combination of deoxygenation with acidifi-
cation, treatments containing deoxygenation generally resulted in the lowest survival
rates. The strongest reduction in survival was observed under the combined exposure to
warming, acidification, and deoxygenation, with survival rates of newly hatched larvae
decreasing by up to 86.83% relative to control conditions. Contrary to hatching rates,
when deoxygenation was combined with acidification, no significant differences were
found from the control or from acidification. This result suggests that the negative effects
of deoxygenation on larval survival were not amplified by elevated CO:. Although the
underlying mechanisms were not examined here, the absence of an additive effect of de-
oxygenation and acidification on larval survival may reflect stage-specific sensitivity
and/or physiological compensation that reduced the impact of oxygen limitation after
hatching.

As previously reported [28], the heart rates of S. aurata larvae increased with warm-
ing and decreased with acidification. The absence of the warming-induced increase in
heart rate under the WA treatment, together with the reduction observed under WD rel-
ative to control conditions, suggests that acidification and deoxygenation may have coun-
teracted the physiological stimulation induced by warming, resulting in a possible antag-
onistic multi-stressor response. Although the lowest heart rates were recorded under the
combined exposure to warming, acidification, and deoxygenation, this treatment was not
significantly different from deoxygenation alone or from deoxygenation combined with
warming. Therefore, unlike what would be expected under a synergistic multi-stressor
response, the addition of warming did not result in a statistically detectable reduction in
heart rate beyond that caused by deoxygenation itself. These findings indicate that deox-
ygenation was the primary driver of the observed cardiac response, while the contribution
of the additional stressors was comparatively limited.

Responses of fish early life stages to deoxygenation vary among species, with some
exhibiting increased heart rates as a compensatory response [70], whereas others, as ob-
served here, show marked reductions in cardiac activity [71-73]. The observed decrease
in heart rate may reflect the limited physiological capacity of embryos and larvae to cope
with reduced oxygen availability. At these developmental stages, cardiovascular and res-
piratory systems are still developing, constraining the ability to maintain oxygen uptake
and transport under hypoxic conditions [74]. Consequently, oxygen limitation may impair
aerobic metabolism and physiological performance, potentially contributing to the re-
duced survival observed in the present study [62,75-78].

Previous studies have detected an increment of deformities in fish larvae under sin-
gle warming, acidification and deoxygenation exposure, e.g., [21,79-81], but few have an-
alyzed the interactive effects of these stressful factors in its incidence, e.g., [25,27,33]. Acid-
ification and deoxygenation elicited the highest deformity rates. Deoxygenation by itself
also had a significant and comparatively greater effect on the incidence of early body mal-
formations of recently hatched larvae. The incidence of malformations increased up to
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nearly 40% after exposure to deoxygenation, to its combination with acidification, and to
the triple interaction. Contrary to hatching rate results, when deoxygenation was com-
bined with warming, no significant differences were found from either the control or from
warming. Deoxygenation might increase the frequency of malformations in fish early de-
velopment, as shown for other species [82-85], because low oxygen possibly derails em-
bryos” normal development and triggers premature hatching when oxygen becomes lim-
ited before fish embryos are fully developed. High malformation rates in early develop-
mental stages can affect fish feeding efficiency and swimming capabilities, and lately their
survival [86], which can be problematic for fish populations. The resulting increase in de-
velopmental abnormalities can impair feeding, swimming performance, and ultimately
survival, with important implications for recruitment and population dynamics, and over
time, these changes may induce considerable socio-economic impacts.

Visually guided behaviors, like phototaxis, are fundamental behaviors that are
closely related to fish environmental life conditions and the feeding habits of each fish
species [87-89]. This behavior confers several benefits to many marine fishes [90,91], es-
pecially in the period immediately after hatching [90,92] by enabling larvae to start forag-
ing, capture prey, and survive [90,91]. Response rates to the presence of a light stimulus,
as well as making the correct decision (move towards or away from the light, i.e., positive
or negative phototaxis), are key components in the ecology of phototactic fishes that can
be impacted under future environmental conditions. Previous studies have shown that
fish behavioral responses to visual stimuli, including phototaxis, can be affected by future
climate change conditions, e.g., [93], such as acidification [57] and deoxygenation [94] . It
was shown that high CO: induced an increment in phototactic response of two-spotted
goby (Gobiusculus flavescens) [57], and ref. [94] reported a deoxygenation-associated loss
of phototactic response in walleye (Sander vitreus) fish species. The present results point
in the same direction as the aforementioned study, with a potential effect of deoxygena-
tion in decreasing responsiveness to light stimulus, especially when combined with acid-
ification and both acidification and warming. However, we observed an acidification-
driven effect on higher error in decision-making, choosing more often to move away from
the light, i.e., negative phototaxis. The present findings suggest that S. aurata’s natural
reaction to light, i.e., high reactivity towards high light intensities and colors as an adap-
tation to pelagic living and hunting near surface waters [89], might be impaired by acidi-
fication and potentially by deoxygenation. The absence of an appropriate response here
described may be a consequence of a lower sensitivity to light caused by high COz levels;
in contrast, hypersensitivity to light, such as the one described by [57], may lead to mala-
daptive responses to weak or absent signals [95].

While the present study demonstrates strong negative effects of warming, acidifica-
tion and deoxygenation, previous studies have also reported that combined effects of
warming and acidification can result in neutral, additive, or even antagonistic responses,
with no significant impacts on survival, growth, or developmental traits of fish early life
stages, e.g., refs. [18-21]. Ocean warming-acidification experiments represent the most
frequently studied multistressor combination in the literature, e.g., refs. [17,20,37]. Alt-
hough deoxygenation has been shown to have a negative effect when combined with
warming or acidification, studies that also incorporate deoxygenation similarly report
neutral or non-significant effects on survival, growth, and developmental traits, alongside
additive or antagonistic interactions depending on species and exposure conditions, e.g.,
refs. [8,33-39,96-99]. Collectively, these contrasting findings suggest that the effects of
multiple stressors cannot be generalized across species and that physiological tolerance
thresholds, life-history traits, and environmental histories likely modulate organismal re-
sponses.
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In the present study, deoxygenation consistently emerged as the dominant stressor,
substantially reducing hatching success and larval survival and increasing developmental
abnormalities, both alone and in combination with the other stressors. This pattern sup-
ports growing evidence that declining oxygen availability may represent a particularly
critical component of future ocean change scenarios. It is important to recognize that
multi-stressor responses are highly species- and context-dependent. Therefore, rather
than suggesting that the “deadly trio” will universally affect all fish species in the same
manner, the present results highlight deoxygenation as a key driver of vulnerability in
marine fish early life stages and emphasize the need for further comparative studies across
taxa.

5. Conclusions

Deoxygenation likely represents a primary driver of physiological disruption in early
life stages of fish, given their high oxygen demand, and may further reduce their capacity
to withstand concurrent thermal and acidification stress [98,99]. Even though the oxygen
levels used here would mostly align with extreme events rather than long-term trends
predicted for the end of the century, these events are expected to become increasingly
frequent, as are marine heatwaves and acidification events, with events featuring these
factors often overlapping [7-9,11,99]. Overall, these findings highlight the importance of
deoxygenation within the “deadly trio” and underscore the need for further multistressor
studies to better predict organismal and ecosystem responses in a changing ocean.
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when p-value < 0.1. Table S2: Results of the random effect analysis of the statistical models applied
for analysis of warming, acidification, and deoxygenation effects in the early development of Sparus
aurata. Codes: *** when p-value < 0; ** when p-value < 0.001; * when p-value < 0.05; . when p-value <
0.1. For Gaussian models, residual variance was estimated explicitly. For binomial GLMMs, residual

variance is fixed by the distribution and not separately estimated.

Author Contributions: M.S.P. designed the experiment; M.S.P. funding acquisition; M.S.P., C.P.S,,
M.R.P., P.P.-F. and D.A.d.S. performed the experiment; M.S.P.,, E.S., V.M.L. and R.R. analyzed the
data; M.S.P. wrote the main paper; C.P.S.,, M.RP,, ES,, VML, J.C. and R.R. reviewed and edited

the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Portuguese Foundation for Science and Technology (FCT)
through the strategic project UIDB/04292/2020 awarded to MARE, project LA/P/0069/2020 granted

to the Associate Laboratory ARNET. FCT and FSE also supported this study through (a) post-doc-

toral grant (SFRH/BPD/117533/2016) and FCT Scientific Employment Stimulus program (Reference:

2023.08477.CEECIND/CP2831/CT0014; 2020.00174.CEECIND/CP1605/CT0003; DOL

10.54499/2020.00174.CEECIND/CP1605/CT0003) to M.S.P., (b) PhD grant to C.S. (SFRH/BD/117890/

2016), MRP. (SFRH/BD/111691/2015) and E.S. (SFRH/BD/131771/2017), and (c) project grant

TRANSFISH to M.S.P. (PTCD/BIA-BMA/28647/2017, LISBOA-01-0145-FEDER-028647).

Institutional Review Board Statement: The animal study protocol was approved by the FCUL An-
imal Welfare Committee (ORBEA FCUL) and the Ethical Committee of the Portuguese General Vet-

erinarian Directorate (DGAYV).

Data Availability Statement: The raw data supporting the conclusions of this article will be made

available by the authors on request.

https://doi.org/10.3390/biology15131068



Biology 2026, 15, 1068 13 of 17

Acknowledgments: Authors would like to express their gratitude to Ligia Cascalheira, Omar Moura

and Guilherme Bismark for all the supporting help during the experiment.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

IPCC. Climate Change 2013: The Physical Science Basis: Contribution of Working Group I to the Fifth Assessment Report of the Intergov-
ernmental Panel on Climate Change; Stocker, T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, V., Nauels, A., Xia,
Y., Bex, V., Midgley, P.M., Eds.; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2013; p. 1535.

Oschlies, A.; Duteil, O.; Getzlaff, J.; Koeve, W.; Landolfi, A.; Schmidtko, S. Patterns of deoxygenation: Sensitivity to natural and
anthropogenic drivers. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2017, 375, 20160325.

Breitburg, D.; Levin, L.A.; Oschlies, A.; Grégoire, M.; Chavez, F.P.; Conley, D.].; Garcon, V.; Gilbert, D.; Gutiérrez, D.; Isensee,
K.; et al. Declining oxygen in the global ocean and coastal waters. Science 2018, 359, eaam?7240.

Levin, L.A. Manifestation, drivers, and emergence of open ocean deoxygenation. Annu. Rev. Mar. Sc. 2018, 10, 229-260.
Laffoley, D.; Baxter, ].M. Ocean Deoxygenation: Everyone’s Problem — Causes, Impacts, Consequences and Solutions; IUCN: Gland,
Switzerland, 2019; pp. 25-36.

Klein, S.G.; Steckbauer, A.; Duarte, C.M. Defining COz and Oz syndromes of marine biomes in the Anthropocene. Glob. Change
Biol. 2020, 26, 355-363.

Frolicher, T.L.; Rodgers, K.B.; Stock, C.A.; Cheung, W.W.L. Sources of uncertainties in 21st century projections of potential ocean
ecosystem stressors. Glob. Biogeochem. Cycles 2016, 30, 1224-1243.

Gobler, C.J.; Baumann, H. Hypoxia and acidification in ocean ecosystems: Coupled dynamics and effects on marine life. Biol.
Lett. 2016, 12, 20150976.

Hobday, A.].; Oliver, E.C.].; Sen Gupta, A.; Benthuysen, ].A.; Burrows, M.T.; Donat, M.G.; Holbrook, N.J.; Moore, P.J.; Thomsen,
M.S.; Wenberg, T.; et al. Categorizing and naming marine heatwaves. Oceanography 2018, 31, 162-173.

Oliver, E.CJ.; Donat, M.G.; Burrows, M.T.; Moore, P.].; Smale, D.A.; Alexander, L.V.; Benthuysen, J.A.; Feng, M.; Gupta, A.S,;
Hobday, A.].; et al. Longer and more frequent marine heatwaves over the past century. Nat. Commun. 2018, 9, 1324.

Burger, F.A.; Frolicher, T.L.; John, J.G. Increase in ocean acidity variability and extremes under increasing atmospheric CO2.
Biogeosciences 2020, 17, 4633-4662.

Schulz, K.G.; Hartley, S.; Eyre, B. Upwelling amplifies ocean acidification on the East Australian Shelf: Implications for marine
ecosystems. Front. Mar. Sci. 2019, 6, 636.

Sampaio, E.; Rosa, I.C.; Ferreira, V.; Santos, C.; Portner, H.O.; Duarte, C.M.; Levin, L.; Rosa, R. Impacts of hypoxic events surpass
those of future ocean warming and acidification. Nat. Ecol. Evol. 2021, 5, 311-321.

Rombough, P.J. Respiratory Gas Exchange, Aerobic Metabolism, and Effects of Hypoxia During Early Life. Fish Physiol. 1988,
11, 59-161.

Ivy, C.M.; Robertson, C.E.; Bernier, N.J. Acute embryonic anoxia exposure favours the development of a dominant and aggres-
sive phenotype in adult zebrafish. Proc. R. Soc. B 2016, 284, 20161868.

Zambonino-Infante, J.L.; Mazurais, D.; Dubuc, A.; Quéau, P.; Vanderplancke, G.; Servili, A.; Cahu, C.; Bayon, N.; Huelvan, C.;
Claireaux, G. An early life hypoxia event has a long-term impact on protein digestion and growth in juvenile European sea
bass. J. Exp. Biol. 2017, 220, 1846-1851.

Harvey, B.P.; Gwynn-Jones, D.; Moore, P.J. Meta-analysis reveals complex marine biological responses to the interactive effects
of ocean acidification and warming. Ecol. Evol. 2013, 3, 1016-1030.

Baumann, H.; Cross, E.L.; Murray, C.S. Robust quantification of fish early life CO:2 sensitivities via serial experimentation. Biol.
Lett. 2018, 14, 20180408.

Slesinger, E.; Mundorff, S.; Laurel, B.J.; Hurst, T.P. The combined effects of ocean warming and ocean acidification on Pacific
cod early life stages. Mar. Biol. 2024, 171, 121.

Alter, K; Jacquemont, J.; Claudet, J.; Lattuca, M.E.; Barrantes, M.E.; Marras, S.; Manriquez, P.H.; Gonzalez, C.P.; Fernandez,
D.A.; Peck, M.A ; et al. Hidden impacts of ocean warming and acidification on biological responses of marine animals revealed
through meta-analysis. Nat. Comm. 2024, 15, 2748.

Baumann, H.; Talmage, S.C.; Gobler, C.J. Reduced early life growth and survival in a fish in direct response to increased carbon
dioxide. Nat. Clim. Change 2012, 2, 38—41.

https://doi.org/10.3390/biology 15131068



Biology 2026, 15, 1068 14 of 17

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Munday, P.L.; McCormick, M.L; Nilsson, G.E. Impact of global warming and rising CO2 levels on coral reef fishes: What hope
for the future? J. Exp. Biol. 2012, 215, 3865-3873.

Frommel, A.; Maneja, F.; Lowe, D.; Pascoe, C.; Geffen, A.; Folkvord, A.; Piatkowski, U.; Clemmensen, C. Organ damage in
Atlantic herring larvae as a result of ocean acidification. Ecol. Appl. 2014, 24, 1131-1143.

DePasquale, E.; Baumann, H.; Gobler, C.J. Vulnerability of early life stage Northwest Atlantic forage fish to ocean acidification
and low oxygen. Mar. Ecol. Prog. Ser. 2015, 523, 145-156.

Pimentel, M.S.; Faleiro, F.; Dionisio, G.; Repolho, T.; Pousao-Ferreira, P.; Machado, J.; Rosa, R. Defective skeletogenesis and
oversized otoliths in fish early stages in a changing ocean. ]. Exp. Biol. 2014, 217, 2062-2070.

Pimentel, M.S.; Faleiro, F.; Diniz, M.; Machado, M.; Pousao-Ferreira, P.; Peck, M.; Portner, H.O.; Rosa, R. Oxidative stress and
digestive enzyme activity of flatfish larvae in a changing ocean. PLoS ONE 2015, 10, 0134082.

Pimentel, M.S.; Faleiro, F.; Marques, T.; Bispo, R.; Dionisio, G.; Faria, A.M.; Machado, J.; Peck, M.A.; Pértner, H.O.; Pousao-
Ferreira, P.; et al. Foraging behaviour, swimming performance and malformations of early stages of commercially important
fishes under ocean acidification and warming. Clim. Change 2016, 137, 495-509.

Pimentel, M.S.; Faleiro, F.; Machado, J.; Pousao-Ferreira, P.; Rosa, R. Seabream larval physiology under ocean warming and
acidification. Fishes 2020, 5, 1.

Laubenstein, T.D.; Rummer, J.L.; Nicol, S.; Parsons, D.M.; Pether, SSM.].; Pope, S.; Munday, P.L. Correlated effects of ocean
acidification and warming on behavioral and metabolic traits of a large pelagic fish. Diversity 2018, 10, 35.

Watson, S.A.; Allan, B.J.; McQueen, D.E.; Nicol, S.; Parsons, D.M.; Pether, S.M.; Munday, P.L. Ocean warming has a greater
effect than acidification on the early life history development and swimming performance of a large circumglobal pelagic fish.
Glob. Change Biol. 2018, 24, 4368-4385.

Cominassi, L.; Moyano, M.; Claireaux, G.; Howald, S.; Mark, F.C.; Zambonino-Infante, J.L.; Le Bayon, N.; Peck, M.A. Combined
effects of ocean acidification and temperature on larval and juvenile growth, development and swimming performance of Eu-
ropean sea bass (Dicentrarchus labrax). PLoS ONE 2019, 14, e0221283.

Dahlke, F.; Lucassen, M.; Bickmeyer, U.; Wohlrab, S.; Puvanendran, V.; Mortensen, A.; Chierici, M.; Portner, H.-O.; Storch, D.
Fish embryo vulnerability to combined acidification and warming coincides with a low capacity for homeostatic regulation. J.
Exp. Biol. 2020, 223, jeb212589.

Cadiz, L.; Ernande, B.; Quazuguel, P.; Servili, A.; Zambonino-Infante, J.; Mazurais, D. Moderate hypoxia but not warming con-
ditions at larval stages induces adverse carry-over effects on hypoxia tolerance of European sea bass (Dicentrarchus labrax) ju-
veniles. Mar. Environ. Res. 2018, 138, 28-35.

McBryan, T.L.; Anttila, K.; Healy, T.M.; Schulte, P.M. Responses to temperature and hypoxia as interacting stressors in fish:
Implications for adaptation to environmental change. Integr. Comp. Biol. 2013, 53, 648-659.

Rio, AM.; Davis, B.E.; Fangue, N.A.; Todgham, A.E. Combined effects of warming and hypoxia on early life stage Chinook
salmon physiology and development. Conserv. Physiol. 2019, 7, coy(078.

Sampaio, E.; Rosa, R. Climate change, multiple stressors and responses of marine biota. In Encyclopedia of the UN Sustainable
Development Goals. Climate Action; Leal Filho, W., Azul, AM., Brandlj, L., Ozuyar, P.G.,, Wall, T., Eds.; Springer Nature: Ber-
lin/Heidelberg, Germany, 2020; pp. 1-13.

Borges, F.O.; Sampaio, E.; Santos, P.; Rosa, R. Impacts of low oxygen on marine life: Neglected but a crucial priority for research.
Biol. Bull. 2022, 243, 104-119.

Gruber, N. Warming up, turning sour, losing breath: Ocean biogeochemistry under global change. Philos. Trans. R. Soc. A 2011,
369, 1980-1996.

Doney, S.C.; Ruckelshaus, M.; Duffy, ].E.; Barry, ].P.; Chan, F.; English, C.A.; Galindo, H.M.; Grebmeier, ].M.; Hollowed, A.B.;
Knowlton, N.; et al. Climate change impacts on marine ecosystems. Annu. Rev. Mar. Sci. 2012, 4, 11-37.

Portner, H.O. Integrating climate-related stressor effects on marine organisms: Unifying principles linking molecule to ecosys-
tem-level changes. Mar. Ecol. Prog. Ser. 2012, 470, 273-290.

Baumann, H. Combined effects of ocean acidification, warming, and hypoxia on marine organisms. Limnol. Oceanogr. 2016, 6,
1-43.

Baumann, H. Experimental assessments of marine species sensitivities to ocean acidification and co-stressors: How far have we
come? Can. |. Zool. 2019, 97, 399-408.

Tripp-Valdez, M.A.; Bock, C.; Lucassen, M.; Lluch-Cota, S.E.; Sicard, M.T.; Lannig, G.; Pértner, H.O. Metabolic response and
thermal tolerance of green abalone juveniles (Haliotis fulgens: Gastropoda) under acute hypoxia and hypercapnia. J. Exp. Mar.
Biol. Ecol. 2017, 497, 11-18.

https://doi.org/10.3390/biology 15131068



Biology 2026, 15, 1068 15 of 17

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.
62.

63.

64.

65.

66.

67.

Gotze, S.; Bock, C.; Eymann, C.; Lannig, G.; Steffen, J.B.M.; Portner, H.O. Single and combined effects of the “Deadly trio”
hypoxia, hypercapnia and warming on the cellular metabolism of the great scallop Pecten maximus. Comp. Biochem. Physiol. B
Biochem. Mol. Biol. 2020, 243-244, 110438.

Crain, C.M.; Kroeker, K.; Halpern, B.S. Interactive and cumulative effects of multiple human stressors in marine systems. Ecol.
Lett. 2008, 11, 1304-1315.

Todgham, A.E.; Stillman, J.H. Physiological responses to shifts in multiple environmental stressors: Relevance in a changing
world. Integr. Comp. Biol. 2013, 53, 539-544.

Barange, M.; Bahri, T.; Beveridge, M.C.M.; Cochrane, K.L.; Funge-Smith, S.; Poulain, F. (Eds.) Impacts of Climate Change on Fish-
eries and Aquaculture: Synthesis of Current Knowledge, Adaptation and Mitigation Options; FAO Fisheries and Aquaculture Technical
Paper 627; Food and Agriculture Organization of the United Nations: Rome, Italy, 2018; p. 628.

Frazao-Santos, C.; Agardy, T.; Andrade, F.; Calado, H.; Crowder, L.B.; Charles, N.E.; Garcia-Morales, S.; Gissi, E.; Halpern, B.S.;
Orbach, M.K;; et al. Integrating climate change in ocean planning. Nat. Sustain. 2020, 3, 505-516.

Abecasis, D.; Erzini, K. Site fidelity and movements of gilthead sea bream (Sparus aurata) in a coastal lagoon (Ria Formosa,
Portugal). Estuar. Coast. Shelf Sci. 2008, 79, 758-763.

Mercier, L.; Mouillot, D.; Bruguier, O.; Vigliola, L.; Darnaude, A.M. Multi-element otolith fingerprints unravel sea-lagoon life-
time migrations of gilthead sea bream Sparus aurata. Mar. Ecol. Prog. Ser. 2012, 444, 175-194.

Kissil, G.; Lupatsch, I.; Elizur, A.; Zohar, Y. Long photoperiod delayed spawning and increased somatic growth in gilthead
seabream (Sparus aurata). Aquaculture 2001, 200, 363-379.

Aratjo, J.E.; Madeira, D.; Vitorino, R.; Repolho, T.; Rosa, R.; Diniz, M.S. Negative synergistic impacts of ocean warming and
acidification on the survival and proteome of the commercial sea bream Sparus aurata. J. Sea Res. 2018, 140, 48-57.

Arias, A. Crecimiento, regimen alimentario y reproduccion de la dorada (Sparus aurata L.) y del robalo (Dicentrarchus labrax L.)
en los esteros de Cadiz. Investig. Pesq. 1980, 44, 59-83.

Sarazin, G.; Michard, G.; Prevot, F. A rapid and accurate spectroscopic method for alkalinity measurements in sea water sam-
ples. Water Res. 1999, 33, 290-294.

Boglione, C.; Gagliardi, F.; Scardi, M.; Cataudella, S. Skeletal descriptors and quality assessment in larvae and post- larvae of
wild-caught and hatchery-reared gilthead sea bream (Sparus aurata L. 1758). Aquaculture 2001, 192, 1-22.

Forsgren, E.; Dupont, S.; Jutfelt, F.; Amundsen, T. Elevated CO: affects embryonic development and larval phototaxis in a tem-
perate marine fish. Ecol. Evol. 2013, 3, 3637— 3646.

Zuur, AF,; Ieno, ENN.; Walker, N.; Saveliev, A.A.; Smith, G.M. Mixed Effects Models and Extensions in Ecology with R; Springer,
New York, NY, USA, 2009.

Barr, D.J.; Levy, R.; Scheepers, C.; Tily, H.]. Random effects structure for confirmatory hypothesis testing: Keep it maximal. J.
Mem. Lang. 2013, 68, 255-278.

Lenth, R. Emmeans: Estimated Marginal Means, aka Least-Squares Means; ScienceOpen: Lexington, MA, USA, 2019.

Keckeis, H.; Bauer-Nemeschkal, E.; Kamler, E. Effects of reduced oxygen level on the mortality and hatching rate of Chon-
drostoma nasus embryos. J. Fish Biol. 1996, 49, 430-440.

Portner, H.O.; Farrell, A. Physiology and Climate Change. Science 2008, 322, 690-692.

Portner, H.O. Oxygen- and capacity-limitation of thermal tolerance: A matrix for integrating climate-related stressor effects in
marine ecosystems. J. Exp. Biol. 2010, 213, 881-893.

Strobel, A.E.; Leo, E.; Portner, H.O.; Mark, F.C. Elevated temperature and PCO: shift metabolic pathways in differentially oxi-
dative tissues of Notothenia rossii. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2013, 166, 48-57.

Hamor, T.; Garside, E.T. Developmental rates of embryos of Atlantic salmon, Salmo salar L., in response to various levels of
temperature, dissolved oxygen, and water exchange. Can. J. Zool. 1959, 54, 1912-1917.

Ninness, M.M.; Stevens, E.D.; Wright, P.A. Energy expenditure during hatching in rainbow trout (Oncorhynchus mykiss) em-
bryos. Can. |. Fish. Aquat. Sci. 2006, 63, 1405-1413.

Chambers, R.C.; Candelmo, A.C.; Habeck, E.A.; Poach, M.E.; Wieczorek, D.; Cooper, K.R.; Greenfield, C.E.; Phelan, B.A. Effects
of elevated COz in the early life stages of summer flounder, Paralichthys dentatus, and potential consequences of ocean acidifica-
tion. Biogeosciences 2014, 11, 1613-1626.

Murray, C.S.; Malvezzi, A.; Gobler, C.J.; Baumann, H. Offspring sensitivity to ocean acidification changes seasonally in a coastal
marine fish. Mar. Ecol. Prog. Ser. 2014, 504, 1-11.

https://doi.org/10.3390/biology 15131068



Biology 2026, 15, 1068 16 of 17

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.

91.

92.

93.

Rosa, R.; Ricardo Paula, J.; Sampaio, E.; Pimentel, M.; Lopes, A.R.; Baptista, M.; Guerreiro, M.; Santos, C.; Campos, D.; Almeida-
Val, V.M.F,; et al. Neuro-oxidative damage and aerobic potential loss of sharks under elevated CO2 and warming. Mar. Biol.
2016, 163, 119.

Borch, K.; Jensen, F.B.; Andersen, B.B. Cardiac activity, ventilation rate and acid-base regulation in rainbow trout exposed to
hypoxia and combined hypoxia and hypercapnia. Fish Physiol. Biochem. 1993, 12, 101-110.

Speers-Roesch, B.; Sandblom, E.; Lau, G.Y.; Farrell, A.P.; Richards, J.G. Effects of environmental hypoxia on cardiac energy
metabolism and performance in tilapia. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 2010, 298, R104-R119.

Claireaux, G.; Chabot, D. Responses by fishes to environmental hypoxia: Integration through Fry’s concept of aerobic metabolic
scope. |. Fish Biol. 2016, 88, 232-251.

Joyce, W.; Simonsen, M.; Gesser, H.; Wang, T. The effects of hypoxic bradycardia and extracellular HCO3-/CO: on hypoxic
performance in the eel heart. ]. Exp. Biol. 2016, 219, 302-305.

Wu, R.S. Hypoxia: From molecular responses to ecosystem responses. Mar. Pollut. Bull. 2002, 45, 35-45.

Hochachka, P.W.; Somero, G.N. Biochemical Adaptation: Mechanisms and Process in Physiological Evolution; Oxford University
Press: Oxford, UK, 2002; pp. 1-466.

Portner, H.O.; Langenbuch, M.; Reipschlager, A. Biological impact of elevated ocean CO: concentrations: Lessons from animal
physiology and earth history. . Oceanogr. 2004, 60, 705-718.

Storey, K.B.; Storey, ].M. Oxygen limitation and metabolic rate depression. In Functional Metabolism: Regulation and Adaptation;
Storey, K.B., Ed.; Wiley: Hobocken, NJ, USA, 2004; pp. 415-442.

Portner, H.O. Ecosystem effects of ocean acidification in times of ocean warming: A physiologist’s view. Mar. Ecol. Prog. 2008,
373,203-217.

Bagowski, C.P.; Bertola, L.D.; Schoonheere, E.; Wilms, I.; Kabli, S.; Alia, A.; Groot, H.J.M.D. Effects of hypoxia on buoyancy
control and the development of lordosis in physostomous and physoclistous fish species. Res. Rev. Biosci. 2011, 5, 1-7.

Sanchez, R.C.; Obregén, E.B.; Rauco, M.R. Vertebral Column Deformity and Hypoxia in Salmo salar. Int. ]. Morphol. 2011, 29,
1291-1295.

Ahnelt, H.; Schade, F.M.; Wegner, M. Ocean acidification leads to deformations of caudal vein angio-architecture in juvenile
threespine stickleback, Gasterosteus aculeatus Linnaeus. |. Fish Dis. 2015, 39, 1001-1005.

DiMichele, L.; Powers, D.A. Developmental and oxygen consumption rate differences between lactate dehydrogenase-B geno-
types of Fundulus heteroclitus and their effect on hatching time. Physiol. Zool. 1984, 57, 52-56.

Latham, K.E.; Just, ].]. Oxygen availability provided a signal for hatching in the rainbow trout (Salmo gairdneri) embryo. Can. J.
Fish. Aquat. Sci. 1989, 46, 55-58.

Czerkies, P.; Brzuzan, P.; Kordalski, K.; Luczynski, M. Critical partial pressures of oxygen causing precocious hatching in Core-
gonus lavaretus and C. albula embryos. Aquaculture 2001, 196, 151-158.

Hattori, M.; Sawada, Y.; Kurata, M.; Yamamoto, S.; Kato, K.; Kumai, H. Oxygen deficiency during somitogenesis causes centrum
defects in red sea bream, Pagrus major (Temminck et Schlegel). Aquac. Res. 2004, 35, 850-858.

Powell, M.D.; Jones, M.A.; Lijalad, M. Effects of skeletal deformities on swimming performance and recovery from exhaustive
exercise in triploid Atlantic salmon. Dis. Aquat. Org. 2009, 85, 59-66.

Dragesund, O. Reactions of fish to artificial light, with special reference to large herring and spring herring in Norway. ICES ].
Mar. Sci. 1958, 23, 213-227.

Ben-Yami, M. Fishing with Light; FAO of the United Nations: Rome, Italy; Fishing News Books: Oxford, UK, 1976.

Marchesan, M.; Spoto, M.; Verginella, L.; Ferrero, E.A. Behavioural effects of artificial light on fish species of commercial interest.
Fish. Res. 2005, 73, 171-185.

Kamler, E. Mixed feeding period, and 6. Early exogenous feeding period. In Early Life History of Fish— An Energetics Approach;
Chapman & Hall: London, UK, 1992; pp. 177-210.

Karlsen, J.; Mangor-Jensen, A. A correlation between phototactic response and first-feeding of Atlantic halibut (Hippoglossus
hippoglossus L.) larvae. Aquac. Res. 2001, 32, 907-912.

Cushing, D.H. Plankton production and year-class strength in fish populations: An update of the match/ mismatch hypothesis.
Adv. Mar. Biol. 1990, 26, 249-294.

Ashur, M.M.; Johnston, N.K.; Dixson, D.L. Impacts of ocean acidification on sensory function in marine organisms. Integr. Comp.
Biol. 2017, 57, 63-80.

Scherer, E. Effect of oxygen depletion and carbon dioxide build-up on the phototactic behaviour of the walleye (Stizostedion
vitreum vitreum Mitchill). J. Fish Res. Bd Can. 1971, 28, 1303-1307.

https://doi.org/10.3390/biology 15131068



Biology 2026, 15, 1068 17 of 17

94.

95.

96.

97.

98.

99.

Bradbury, J.W.; Vehrencamp, S.L. Principles of animal communication. Anim. Behav. 2012, 83, 865-866.

Pedersen, C.L. Energy budgets for juvenile rainbow trout at various oxygen concentrations. Aquaculture 1987, 62, 289-298.
Portner, H.O.; Langenbuch, M.; Michaelidis, B. Synergistic effects of temperature extremes, hypoxia, and increases in COz on
marine animals: From Earth history to global change. ]. Geophys. Res. Oceans 2005, 110, C09S10.

Portner, H.O.; Knust, R. Climate change affects marine fishes through the oxygen limitation of thermal tolerance. Science 2007,
315, 95-97.

Wang, T.; Lefevre, S.; Huong, D.T.T.; Cong, N.V_; Bayley, M. The effects of hypoxia on growth and digestion. In Fish Physiology;
Richards, J.G.; Farrell, A.P.; Brauner, C.J., Eds.; Academic Press: New York, NY, USA, 2009; Volume 27, pp. 361-396.

Collins, M. Extremes, abrupt changes and managing risks. In IPCC Special Report on the Ocean and Cryosphere in a Changing
Climate; Intergovernmental Panel on Climate Change: Geneva, Switzerland, 2020; pp. 589-655.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biology 15131068



