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Abstract (193 words)

Predicting responses of marine organisms to glchiahge requires eco-physiological
assessments across the complex life cycles ofespddere, we experimentally tested
the vulnerability of a demersal temperate fiSp4rus auratato long-lasting
heatwaves, on larval, juvenile and adult life-stadash were exposed to simulated
coastal (18 °C), estuarine (24 °C) summer tempastand heatwave conditions (30
°C) and their physiological responses were assdxsst] on cellular stress response
biomarkers and phenotypic measures (histopathotadition and mortality). Life-
stage vulnerability can be ranked as larvae > adujuveniles, based on mortality,
tissue pathology and the capacity to employ cellsti@ess responses, reflecting the
different environmental niches of each life stagfhile larvae lacked acclimation
capacity, which resulted in damage to tissues &nated mortality, juveniles coped
well with elevated temperature. The rapid inductibcytoprotective proteins
maintained the integrity of vital organs in juvers) suggesting adaptive phenotypic
plasticity in coastal and estuarine waters. Addisplayed lower plasticity to heatwaves
as they transition to deeper habitats for matunasbowing tissue damage in brain,
liver and muscle. Life cycle closure of sea breammastal habitats will therefore be

determined by larval and adult stages.

Key words: temperature, phenotypic plasticity, life cycleges, biomarkers, global

change
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Introduction 951 words

Average global temperature is predicted to incrégs2-6°C in the next century, owing
to anthropogenic climate change (Hansen et alQ;2P1CC, 2013, 2007). In addition to
changes in mean temperatures, extreme events dkieerheat waves are predicted to
expand in frequency and amplitude as well as dpatacting as strong selection
pressures with severe and possibly irreversibléogemal impacts (Grant et al., 2017;
Smale et al., 2019; Stillman, 201®) literature reviews, fish have been pointedamut
one of the main taxonomic groups with a high riskngpact under business-as-usual
CO, emission scenarios (Gattuso et al., 2015; Nageatkeand Connell, 2015).
Distributional shifts, abundance changes, alterggtation patterns, lower recruitment
success, and changes in trophic cascades havdyabean reported (Nagelkerken and
Connell, 2015; Rijnsdorp et al., 2009; Sims et2004; Ullah et al., 2018; Vinagre et
al., 2019; Walther et al., 2002). Ultimately, climavarming may lead to a convergence
of traits that enable adaptation of fish commungit@novel environments. Smaller and
fast growing species with a preference for higkergeratures and pelagic water

column position should be favored in this new scen@icLean et al., 2019).

Temperature drives physiological processes in leetots (Brett, 1971), affecting
metabolic rates, immune responses, growth, reptahiydoraging and performance
(Ettinger-Epstein et al., 2007; Motani and Wainwti2015; Pittman et al., 2013;
Pdrtner and Farrell, 2008). In order to cope withinmental change and maintain
homeostasis, organisms can modify their gene egjorepatterns and physiological
functions (Hofmann and Todgham, 2010; Logan ande3on2011) by up-regulating
the minimal stress proteome (Kultz, 2005; Madeiralge 2017). The main proteins
involved in the cellular stress response (CSR)itmate cellular damage include i) heat

shock proteins, which are chaperones with an agaptlue, repairing denatured
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proteins upon thermal stress and maintaining ttesyrity of the protein pool (Feder and
Hofmann, 1999; Hofmann and Todgham, 2010; D. Madeiral., 2012; Narum and
Campbell, 2015; Sgrensen et al., 2003), ii) ubiguvhich targets irreversibly

damaged proteins for proteasome degradation priegerytotoxic aggregations
(Hofmann and Somero, 1995; Logan and Somero, 2@atieira et al., 2014; Tang et
al., 2014), iii) antioxidant enzymes which neutzalROS (reactive oxygen species) and
oxidation products (e.qg. lipid peroxides) that arisie to higher metabolic rates at
higher temperatures (Bagnyukova et al., 2007; Helise., 2006; Lushchak and

Bagnyukova, 2006; Vinagre et al., 2012).

Despite the vast literature on thermal eco-phyglof fish, most studies have not
considered their complex life cycles, hamperinguaaie predictions of climate change
impacts on fish populations. Successive life stdge® different requirements (habitat,
food, physiology, size, form, behavior, thermalh@and therefore climate change is
expected to differently affect eco-physiologicalits of organisms throughout their life
cycles, impacting mostly survival and dispersakpesses in larvae and fitness in adults
(Kingsolver et al., 2011; Petitgas et al., 2013n&dorp et al., 2009; Webster et al.,
2013). Constraints in oxygen supply capacity relatebody size and the development
of tissue functional capacity during ontogeny hagen hypothesized to cause
differences in thermal ranges across the life cgtliesh and thus thermal stress
phenomena at systemic and cellular levels (Dahileé €2020; Portner et al., 2017,
Portner and Farrell, 2008). Accordingly, thermahtsgies are known to vary across life
cycle stages (Truebano et al., 2018) and an oné&igeshift in temperature tolerance is
expected (Portner and Farrell, 2008; Rijnsdord.e2@09). In general, thermal window
widths are narrower for eggs and larvae while iasigg in juveniles and becoming

constrained again at a large body size (adult s{&y&tner and Farrell, 2008; Truebano



118 etal., 2018). Consequently, determining the litdry stage(s) most critical for life

119  cycle closure under ocean warming and heat waveasios is essential for

120 understanding the consequences and selection pgessyposed by global change upon
121 organisms. Such studies are especially relevardnmmercial species considering that
122  fishing reduces genetic variability and altersgtrecture and thus reproductive capacity
123  of the population (Anderson et al., 2008; Caddy Agdew, 2003; Ottersen et al.,

124  2006), leading to increased sensitivity of fishck®to adverse climate conditions

125 (Ottersen et al., 2006; Planque and Fredou, 199 scientific community is thus

126  faced with the challenge of projecting the effefatlonate forcing on exploited fish

127  species and subsequently design adequate managgumlines, following a climate-
128  smart conservation strategy (Bozinovic and Poért2@t5; Kingsolver et al., 2011,

129  Petitgas et al., 2013; Radchuk et al., 2013; Sieal., 2014).

130  We hypothesize that plasticity in traits relatedhtermal physiology is modulated non-
131 linearly in fish species with complex life cycles,which life stages occupy different
132 environmental niches. Specifically, we aim at disaig which life stages are most
133 vulnerable to extreme heatwaves by being less raktally competent to swiftly

134  deploy mechanisms of cellular defense, resultindgleterious consequences at the
135  whole-organism level and leading to pathophysiaabanomalies and increased

136  mortality.

137  To test our hypothesis, we integrate sub-celldawhole-organism endpoints to

138 compare the vulnerability and acclimation capacitfish life cycle stages toward long
139 lasting heat waves using a proxy for common derhpredatory fish, the commercial
140 sea brean$parus aurataWe chose life-stages that transition from opezaodo

141  coastal and estuarine environments (at larval st@ge that exclusively inhabit shallow

142  coastal waters, lagoons and estuarine environnfentniles), subsequently moving to
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coastal and open ocean waters again (growing adulisese life stages have a high
probability of exposure to extreme temperaturesponty due to the increase in
intensity, duration and frequency of heat wavesatad due to the small thermal inertia
of shallow habitats. Hence, embryos and spawners @xcluded as they only occur in

colder open sea waters.

2. Material and Methods (1838 words)
2.1 Ethical statement
This study was approved IDireccdo Geral de Alimentacao e Veterindaad followed

EU legislation for animal experimentation (Dire&i2010/63/EUV).

2.2 Assessment @&parus auratds thermal environments

Temperature data were obtained for both coastakandrine waters using several
tools: 1) studies in Portuguese coastal waterseahdaries (Minho, Douro, Ria de
Aveiro, Mondego, Tejo, Sado, Mira, Ria Formosa, @amaa; data between 1978-2005,
not continuous - Azevedo et al., 2006; Cabral e28l07; Costa, 1990; Coutinho, 2003;
Madeira et al., 2012); 2) sea temperature datajsasellite data available from

http://seatemperature.info/portugal-water-tempeeahiiml) which has monthly sea

surface temperatures for the main coastal citi¢zoofugal (2011 to 2015) and 3) the
Marine and Environmental Sciences Centre datalulga {rom several estuaries

including Tagus’ temperatures measured by YSI leggffem 1978 to 2006.

2.3 Housing and husbandry of fish
Sparus auratdlife cycle stages determined by body size and 3gé post-hatch

larvae, n=180, 1.0 to 1.5 cm total length (TL);guaiues, n=75, meantsd TL of
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8.93£1.16 cm and 12.76+4.60 g weight, 5-6 montds ahd adults, n=60, meanzsd TL
of 13.15+1.40 cm and 45.78+12.25 g weight, 11-12tm® old) were obtained from a
fish farm (MARESA, Mariscos de Estero .S.A., AyartrHuelva, Spain). All animals
were produced from a brood stock of 50 males ani@2@les. The first parental fish of
the hatchery (collected in the late ‘90s) were Misth caught in the nearby coastal
lagoon mixed with adults obtained from an aquacalio Almeria region (Spain). The
current breeding stock has about 400-600 animals.bFeeding scheme consists of
replacing the males that turn into females by neales(annual replacement; usually
the 200-300 largest of one generation are choseaprdingly, the largest 200-300
females are removed. Larvae are reared undehtigbmtrolled conditions in indoor
tanks (20°C, high water quality) until they reach @ (approximately at 60 days post-
hatch). Afterwards, they are placed in other lesgrolled indoor tanks but keep being
reared at 20°C. When they reach 1g (approximatlya§s post-hatch), they are moved
into land-based outdoor ponds (with water fromrbarby coastal lagoon) and
subjected to a natural temperature regime (tempefimate with seasonal variation:
colder during winter and warmer during summer). &ding to data obtained from the
Spanish Agencia Estatal de Meteorologia (from 1®82010), mean air temperatures in
the area range from 11 °C in January to 26 °ClydAlugust. Maximum air
temperatures can reach 33 °C and minimum air teatyress can reach approximately
6°C.
Fish were transported to the laboratory and rangqtalced in a re-circulating system
(total of 2,000 L, Fig. S1a) as follows:
i) Larvae were placed in six transparent polyvinyltaorers (17.5 17.5x 15 cm,
approximately 4.5 L; n=30 larvae.tahk each positioned within a 70 L-tank with

water gently flowing through small punctures;
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i) Juveniles and adults were placed in 70 L whitetgaanks (35x 35x 55 cm)
(juveniles, n=13 individuals.taflk 6 tanks; and adults, n=10 individuals.tan&

tanks).

All tanks were filled with clean aerated sea w#8&-100 % air saturation), with a
stable temperature of 18+0.5°C, salinity 35%. and8a.1 and summer photoperiod
15h light: 09h dark. Inflow of clean sea water atle individual tank was 300 mL.min
! All tanks were provided with a filter (ELITE Unokater Mini-Filter Hagen, 220L:h
Y. Fish were conditioned (juveniles and adults: meek; larvae: one day) and their
health status was assessed (i.e. wounds or disgag¢oms). During the conditioning
and experimental trial larvae were exposed to perifeeding (every 6 h) witArtemia
salinametanauplii and two different grain-sized feed8{@.6 mm and 0.6-1.0 mm).
Juveniles and adults were fed with commercial fpeltets once a day (BRM3,

Aquasoja, Portugal) mixed with cyanobacteri8pirulinasp. (Tropical®, Poland).

2.4 Experimental setup

After the conditioning period, temperature was gally increased (0.25 °Chuntil

the experimental temperatures were reached (calfed).5°C; experimental
temperatures 24+0.5°C and 30+0.5°C; n=2 tanksdcin é&emperature). Temperatures
were maintained for 28 experimental days usingnlostats (TetraTec® HT 100, 100-
150L, Tetra Werke, GmbH, Melle, Germany). Waterliguaarameters (temperature,
salinity, pH, ammonia, nitrites, nitrates) were ntored every 48 h and kept within
optimum range. Fish were euthanized through cdrtrigasection at day 0 (only 18°C),
7, 14, 21 and 28 (all temperatures), following OE@idelines for ecotoxicology
studies (supplemental material, Fig. S1b). At éank point, 4 to 5 individuals were

randomly sampled (2 to 3 from each tank) for bioclwal and histopathological
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analyses. The entire body of larvae was collecteitevgeveral organs were collected
separately in juveniles and adults i.e. brain@bdls (g), intestine (i), liver (I) and
muscle (m). All analyses were carried out sepayditeleach individual. The total
length of individuals (and weight in juveniles aailts) was measured at each

sampling point.

2.5 Temperature effects on sea breams

2.5.1 Cellular stress response (CSR)

Sample treatment

Whole-larvae (n=4-5 per treatment) or approximalél@-200 mg of tissue (brain, gills,
intestine, liver and muscle) of juveniles (n=5 preatment) and adults (n=4 per
treatment) were homogenized individually in 0.5 andL (respectively) of cold
phosphate buffered saline (pH 7.4) using a Tissast&t 125 homogenizer (Omni
International, Kennesaw, USA). Afterwards, homogesavere centrifuged (10 min at

16,000xg) and the supernatant fractions were stored 4C-8atil further analysis.

Biochemical analyses

Total protein content was determined through thedBird method (Bradford, 1976) for
data normalization and followed the protocol ddssxliby (Madeira et al., 2014). Heat
Shock Protein 70 (Hsc70/Hsp70) was quantified uamgndirect Enzyme Linked
Immunosorbent Assay (ELISA) (Njemini et al., 20@5P6-well microplates using a
primary antibody against Hsp70/Hsc70 (AM03140PUARKis, USA), a secondary
antibody (anti-mouse IgG, fab specific, alkalin@gbhatase conjugate, Sigma-Aldrich,

USA) and the substrate SIGMA FAST™ p-NitrophenybBphate Tablets (Sigma-

10



241  Aldrich, USA). Total ubiquitin was quantified thrgh a direct ELISA in 96-well

242  microplates using the primary antibody Ub P4D188&7, HRP conjugate, Santa Cruz,
243  USA) and the substrate TMB/E (Temecula CaliforMayck Millipore). Both

244  quantifications followed the protocols described b\adeira et al., 2014). The

245  enzymatic assay of Catalase (CAT) (EC 1.11.1.6)adapted from (Johansson and
246  Borg, 1988) and performed as described in (Vinagied., 2014) in 96-well

247  microplates. Catalase activity was calculated aw®rgig that one unit of catalase is
248  defined as the amount that will cause the formatioh.0 nmol of formaldehyde per
249  minute at 25 °C. The enzymatic assay of glutathi®+ieansferase (GST) activity (EC
250 2.5.1.18), using the substrate CDNB (1-Chloro-2aiitebbenzene), was adapted from
251  (Habig et al., 1974) and performed as describe@Vimagre et al., 2014) in 96-well
252  microplates and using a molar extinction coeffitiien CDNB of 0.0053mM (adapted
253  for microplates). The enzymatic assay of superodidmutase (SOD) activity was
254  adapted from (Sun et al., 1988) and performed usitngblue tetrazolium (NBT) and
255  xanthine oxidase (XOD), as described in (Vinagralet2014). The lipid peroxides
256  assay was adapted from the thiobarbituric acidtineasubstances (TBARS) protocol
257  (Uchiyama and Mihara, 1978) to quantify malondialgtie bis(dimethylacetal) (MDA)
258  following the procedure described by (Vinagre et2014). For more details see

259  supplementary Table S1.

260 2.5.2 Phenotypic endpoints

261  Mortality and condition index

262  Mortality rates were calculated at the end of tkigeeiment in each tank (n=2 tanks per

263  treatment)Additionally, Fulton’s K condition index was caletéd using the formula:

264 K =100 M/L3 (1)

11
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Where M is the total wet mass (mg) andi& the total length (mm) (Ricker, 1975). This
index was calculated for fish in each temperattgatinent after 21 days of exposure
(n=5 juveniles and n=4 adults per temperaturernreat). No calculations were made at

28 days nor for larvae due to mortality rates.

Histopathological assessment

Histological sections were obtained from whole-bsdgtions of larvae and tissue
sections of juveniles and adults fixed in Bouirdusion for 24 h or 48 h at room
temperature and embedded in paraplast. Sectigms(thick, cut in a Jung RM2035
rotary microtome) were stained with Haematoxylid &osin (H&E) for general
histopathological screening, Periodic Acid-Shiff®AS) plus Haematoxylin (for
glycogen detection and general structural analgsid)a trichrome stain using
Weigert's Iron Haematoxylin and van Giesons’ dyei@APicrofuchsin) in larvae to
assist differentiation of multiple structures. Maietails may be found in (Martins et al.,
2015). Histological sections were analyzed withMLB model microscope equipped
with a DFC480 camera, all from Leica Microsyste@gimany). The histopathological
analyses were qualitative and based on the prelsdasesmce of lesions, as well as type
and extent of the identified lesions. Such assesswmwas used as phenotypic anchoring

to help assist the interpretation of biomarker ltegPaules, 2003).

2.5.3 Statistical analysis

Cellular Stress Response (CSR) biomarkers

Generalized linear models (GLM) and linear discmiamt analysis (LDA)

12
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Data were analysed through generalized linear ,s@dlM) and linear discriminant
analysis (LDA) using packages ‘gim2’ and ‘MASS’ fler(lhaka and Gentleman, 1996),
respectively. Data were fitted to GLMs using a Gaadistribution with log link.
Deviance analysis (based on regresgitests) was employed to determine the
significance of three explanatory variables (lif@ge, time, and temperature) in the
models. A second set of models were run on a satbsle¢ data (only for juveniles and
adults) to determine the significance of four erplary variables (life stage, time,
temperature, and organ). All the models were raoedrding to Akaike’s Information
Criterion (AIC). Quality of fit was determined bysgersion of residuals, Cook's
statistic and qqg-plots of ordered deviance resglushalysis follows McCullagh &
Nelder (1989). Linear discriminant analysis wasdwarted for multi-class classification
and separability, after Xanthopoulos, Pardalos r&fdlis (2013). Quality assessment
and visualisation was done through the proporticinace attributed to each Fisher
linear discriminant, percentage of correct clasatfons and two-dimensional plots of

discriminants. Histograms were plotted to compata distribution per group.

Integrated Biomarker Response Index (IBR)

To detect which life stage and tissue was moreeqidide or responsive to warming,
the Integrated Biomarker Response was calculateatdiag to (Beliaeff and Burgeot,
2002) (see supplementary Table S1 for details).IBReprovides a synthesis of
biomarker responses, providing a numeric valueititagrates all responses, previously
standardized. It is represented as the “sum chitba defined by k biomarkers arranged
in a radar diagram” (Devin et al., 2014). A heatmags constructed in Cluster 3.0 &

Java TreeView to visualize IBR data following treegmeters (i) adjust data: log

13
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transform, center rows, (ii) hierarchical clustduster rows (correlation uncentered)

and cluster columns (Euclidean distance), (iiilstdning method: complete linkage.

Mortality and condition index

Data was tested for normality (Shapiro-Wilk's temtd homoscedasticity (Levene’s
test) prior to statistical analysis. Due to invatidn of assumptions, mortality data were
analysed through non-parametric Kruskal-Wallis gses to test the effect of
temperature and life stage on mortality levelstdnis K condition index was analysed
via one-way ANOVA in juveniles (18°@s 24°Cvs 30°C) and the Mann-Whitney U test
in adults (18°CGrs 24°C; mortality at 30°C). All analyses were catreit in Statistica

v10 (StatSoft Inc., USA), considering a significanevel of 0.05.

3. Results (1208 + 1081 of tables and legends)

3.1 Assessment @parus auratds thermal environments

Monthly mean sea surface temperature (SST) alon@tintuguese coast registered
values from 12 (at the Northern coast, Viana da&lasto 16°C (at the Southern coast
of Algarve) during the winter months (December tarbh). Monthly meanzsd
(averaging all locations) was 15.6+0.2 °C in Decemb4.8+0.3 °C in January,
13.940.6 °C in February, and 14.2+0.4 °C in Masdidllite dataset from 2011 to
2015). During summer months (June to September}imhomean SST ranged from 15
to 23°C, according to the location as well. The thiyrmeanzsd averaging all locations
was 17.9+0.8 °C in June, 18.7+0.8 °C in July, 18.9£C in August and 19.3+0.7 °C in

September. Seasonal variation considering montlelgmtoastal SST is around 4 °C,

14
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with the lowest and highest temperatures occurdungng February and September,
respectively. According to regional projectionsdzhsn the HadRM model (emission
scenario 1S92a), Portuguese water temperaturesisglby 3-4°C until 2100 (Miranda
et al., 2002). Considering a +3°C increase, monttéan SST will be in the range of 15
to 19°C and 18 to 26°C during the winter and sumnaspectively (Fig. 1a). Present
estuarine temperatures range approximately frorh1lt® 14°C during the winter and
20 to 24°C during summer (monthly SST). During hveates, estuaries can reach
maximum temperatures between 25 and 28°C, pergistirover 2 weeks. Following
the scenario of a +3°C increase in Portuguese svaie2100, estuaries’ mean
temperature during summer would be in the rang8db 27°C, reaching over 30°C

during heat waves (Fig. 1b).
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Fig. 1 Present and projected temperatures for 2100 (+BP@) Portuguese coastal
waters (monthly average sea surface temperatuthdamain coastal cities from 2011-
2015) and(b) estuaries (based on data from the Tagus estuarsidssing monthly
average temperatures collected from 1978 to 2006).

3.2 Temperature effects 08. auratathroughout its life cycle

3.2.1 Cellular stress response (CSR)
Life stage consistently affected CSR biomarker9(ps in all GLM models, except for
GST) (Table 1). The explanatory variable tempegatas also consistently significant

in the models (GST, SOD, LPO, Hsp70, TUB, p<0.006%gept for CAT model
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(p=0.2). The effect of time was less evident as é&xiplanatory variable was only
significant for LPO (p=0.001) and TUB (p<0.0001ad®d on AIC, the top three
models were those for TUB (AIC=-1907.9), LPO (AlI€X295.9) and Hsp70 (1018.1)
(Table 1). In both TUB and LPO, the three explanat@riables were significant, while
in Hsp70, only life stage and temperature wereisagmt (Table 1). A second set of
models was run on juvenile and adult data to ireloidyan as a fourth explanatory
variable, highlighting that organ has a significafiect on all CSR biomarkers (Table
2). Based on AIC, the top three models in this eeese still TUB (AIC=-1016.6), LPO
(AIC=-719.91) and Hsp70 (AlIC=435.93) (Table 2). Mbdiagnostic plots can be
consulted in Figs. S2 and S3.

Linear discriminant analysis (LDA) showed a clegparation between life stages,
especially larvae from juveniles and adults, withoaerall percentage of correct
classifications of 87% (correct classifications geyup were 97% for adults, 79 % for
juveniles and 63 % for larvae) (Fig. 2a). Ovetaltyae showed greater inter-individual
variation but higher levels of CSR biomarkers,daléd by juveniles and the lowest
levels were recorded in adults (Fig. 2a, b). Separaf groups by temperature was
observed, especially differentiating 30 °C fromab@ 24 °C. Group separation was
more evident when only juveniles and adults werdyared, with an overall percentage
of correct classifications of 70 % (correct classifions per group were 76% for 18 °C,
68 % for 24 °C and 60% for 30 °C) (Fig. 2c, d).iAikar pattern was observed for
factor time, in which group separation was onlydewit after excluding larval data, for
which several time-points were missing due to nityté-ig. 2e, f). The model showed
an overall percentage of correct classificationg8%¥o (correct classifications per group
were 40 % for TO, 64 % for T7, 85 % for T14, 85% T@1 and 100% for T28).

Separation between organs was also observed, abpéeer, muscle, gills and brain
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(Fig. 2g, h). Intestine highly overlaps with otlmegans. In summary, fish generally
showed an induction of CSR biomarkers, especialB0&C, and more noticeable at 7
and 14 days of exposure. A heatmap of individuainarker data can be consulted in
Fig S4. Raw biomarker data have been depositdtet&mowledge Network for
Biocomplexity Repository with the dataset identifien:uuid:575bfeee-8df2-4058-

9712-8d95c729722b (D. Madeira et al., 2020).

Table 1.Generalized linear models produced to addressftbet of three explanatory
variables (life stage: larvae, juveniles, aduitsget 0, 7, 14, 21 and 28 days; and
temperature: 18, 24 and 30 °C) on cellular stresganse biomarkers in the gilt-head
seabreanSparus auratgCAT — catalase, GST — glutathione-S-transfer&sH) —
superoxide dismutase, LPO — lipid peroxidation, Fsp heat shock protein 70kDa,
TUB - total ubiquitin). Model fit was evaluated Bkaike’s Information Criterion
(AIC). Significant results are highlighted by astks (*** p<0.0001, ** p<0.001, *
p<0.01). Models are designated by dependent vari@ibmarker endpoint).

Model Explanatory variable F p-value Model AIC
CAT Life stage 53.50 <2e-16*** 2695.5
Time 0.39 0.532
Temperature 1.57 0.210
GST Life stage 1.58 0.207 4679.4
Time 1.22 0.270
Temperature 12.75 0.0004
SOD Life stage 46.31 <2.2e-16*** 3285.2
Time 0.58 0.464
Temperature 43.74 1.063e-10***
LPO Life stage 10.06 5.315e-05*** -1295.9
Time 10.88 0.001**
Temperature 19.60 1.195e-05***
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Hsp70 Life stage 153.68 <2.2e-16*** 1018.1

Time 0.03 0.873
Temperature 39.95 6.176e-10***
TUB Life stage 179.91 <2.2e-16*** -1907.9
Time 25.87 5.347€-07***
Temperature 11.17 0.0009***
401
402

403 Table 2. Generalized linear models produced farseast of the data (juveniles and

404  adults) to address the effect of four explanat@nyables (life stage: juveniles, adults;
405 time: 0, 7, 14, 21 and 28 days; temperature: 1&m#30 °C; and organ: muscle, brain,
406  gills, liver, intestine) on cellular stress respaibgomarkers in the gilt-head seabream
407  Sparus auratdCAT — catalase, GST — glutathione-S-transfer@8H) — superoxide

408  dismutase, LPO - lipid peroxidation, Hsp70 — héaick protein 70kDa, TUB — total
409  ubiquitin). Model fit was evaluated by Akaike’s émmation Criterion (AIC).

410  Significant results are highlighted by asterisks (3<0.0001, ** p<0.001, * p<0.01).
411  Models are designated by dependent variable (eeltifess response biomarker).

412

Model Explanatory variable F p-value Model AIC
CAT Life stage 32.83 3.384e-08*** 1142.7
Time 0.49 0.482
Temperature 1.76 0.186
Organ 45.62 2.2e-16***
GST Life stage 0.39 0.532 2106.6
Time 3.19 0.075
Temperature 13.55 0.0003***
Organ 46.03 2.2e-16***
SOD Life stage 19.51 1.586e-054*** 1523.3
Time 0.35 0.552
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414

415

416

LPO

Hsp70

TUB

Temperature
Organ

Life stage
Time
Temperature
Organ

Life stage
Time
Temperature
Organ

Life stage
Time
Temperature

Organ

29.92

15.47

0.67

1.45

8.28

9.65

187.69

0.01

29.07

7.55

227.30

15.43

17.10

7.19

1.250e-07***
3.938e-11***
0.413 -719.91
0.230
0.004**
3.313e-07***
2.2e-16*** 435.93
0.916
1.806e-07***
1.023e-05***
2.2e-16*** -1016.6
0.0001***
5.069e-05***

1.873e-05***
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418  Fig. 2 Plots of linear discriminants per class andorresponding histograms showing the overall profé of cellular stress response (CSR)
419 biomarkers across life stages of the seabream fiSparus aurataexposed to different temperatures over time. Ellipss represent the 95 %
420 confidence intervals to centres assuming a multivaate t distribution. Dots represent real observationsPlots for life stage&, b),

421  temperaturefc, d), exposure timege, f) and organgg, h). Only juvenile and adult data were used for tentpeea time and organ plots, as

422  group separation was evident after the removamvfl data. Fish were sampled at day 0 (only 18PC)4, 21 and 28 days (all temperatures).
423 At each time point, 4 to 5 individuals were randgissampled (2-3 from each tank, n=2 tanks per teatpe). CSR biomarkers were quantified
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in the whole body of larvae and different organgiweniles and adults. CSR biomarkers include Beatk protein 70 kDa, total ubiquitin,
catalase, glutathione-S-transferase, superoxisgeutizse and lipid peroxidation.
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Integrated Biomarker Response (IBR)

An overview of the response capacity upon expotunecreased temperature was
provided by IBR values, which were similar betwésmnae exposed to 18°C and 24°C
(Fig. 3). In juveniles, IBR was always higher at@4nd 30°C when compared to 18°C,
the largest increases occurring in liver, gills amascle. In adults, IBR was higher at
24°C and 30°C in all organs except muscle and.llmenuscle, the IBR at both 24°C
and 30°C was lower than that at 18°C. In liver,IBfes at 18°C and 30°C were very

similar and lower than 24°C (Fig. 3).
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Fig. 3Integrated Biomarker Response index (IBR) plotted Aeatmap with clustered
data to detect which life stage and tissue was mesgonsive to warming. Columns
represent different temperatures (18, 24 and 38AG)ows represent different life
stages and organs (WB — whole body; L — liver; @lis; M — muscle; | — intestine; B-
brain). Orange represents higher than mean IBResadnd blue represents lower than
mean IBR values. Gray cells represent missing gatiue to mortality. IBR was
calculated based on data from all time-points (@47 21 and 28 days). At each time
point, 4 to 5 individuals were randomly sampled(&xdividuals from each tank, n=2
tanks per temperature).
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3.2.1 Phenotypic endpoints

Mortality and condition index

Significant differences were detected between catiud mortalities among
temperature treatments (Kruskal-Wallis, H=6.25(0439), namely 18 and 30 °C
(multiple comparisons, p<0.05) and life stages @kal-Wallis, H=7.46; p=0.0240),
namely larvae and juveniles (multiple comparis@s¥).05). Cumulative mortalities
(after 28 days of exposure) of sea bream larvae generally higher than for other life
stages, namely 67+5% at 18°C, 100+0% at 24°C a@#0P0 at 30°C. Cumulative
mortalities of juveniles were 0+0% at 18°C, 14+3024PC and 28+11% at 30°C; and
cumulative mortalities of adults were 0+0% at 189€0% at 24°C and 100+0% at 30°C
(Fig. 4). Fulton’s K condition index did not varyittvtemperature in any of the
developmental stages tested (juvenilesyd34 vs 30°C: Kruskal-Wallis, H=1.28,

p>0.05; adults, 18s24°C: Mann-Whitney, U=7, p>0.05).
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Fig. 4 Cumulative mortalities (meanzSD) 8parus auratdarvae, juveniles and adults
exposed to 18°C, 24°C and 30°C for a period of &&.dThe experimental design for
each life stage consisted of 2 tanks per temperdtiensity was based on body size,
n=30 larvae tarik n=13 juveniles tark and n=10 adults taffk Significant
differences were detected between temperaturentesais (Kruskal-Wallis, H=6.25 ;
p=0.0439), namely 18 and 30 °C (p<0.05) and litges$ (Kruskal-Wallis, H=7.46;
p=0.0240), namely larvae and juveniles (p<0.03)ustrations by (Park et al., 2017)
and FishWatch.gov.

Histopathology

Skeletal muscle yielded changes in all three agapy, from larvae (Fig. 5A) to
juveniles and adults (Fig. 5B), with a clear tréodncrease with time and temperature.
However, muscular dystrophies were more severadfuse in adults and juveniles,

where infiltration of inflammatory cells accompati®cal (towards diffuse in animals
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subjected to 24°C and higher) autolytic processesuscle bundles and atrophy of
connective tissue. The brain was seemingly affectéy in adults (Fig. 5C) exposed to
24°C or higher for longer periods of time. Howekisstopathological changes were
limited to vacuolation of glial cells in the medalThe liver (hepatopancreas) was the
most affected organ in adults and overall the othahyielded the most severe
histopathological changes, affecting both hepatit @ancreatic tissue, the latter of
which presented diffuse dystrophy of acini in ansrexposed to 30°C, with a clear
time-dependent trend. The main alterations hithelserved were fat vacuolation,
inflammation (revealed by foci of infiltrating irfmmatory cells and hyperemia, see
Fig. 5D, inset), loss of glycogen storage discldsg®AS reaction and loss of zymogen
granules in acinar cells, which appeared degertenatehape and size, with loss of
acinar structure. Control animals presented thenabstructure of the organ throughout
the experiment (Fig. 5E). Gills did not reveal amynificant changes that could be
pinpointed to thermal stress in any of the age gsoChanges observed solely relate to
benign infections, mostly bghlamidialike bacteria (Fig. 5F). Similarly, no
histopathological changes were observed in digestacts. Larvae subjected to higher
temperatures presented minor alterations to kigmeymely cuboidal cell vacuolation
and loss of tubular shape (not shown). Overall,aleuwas the organ that was most

consistently affected in all life stages.
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Fig. 5 Histopathological sections of multiple organs fréanva, juvenile and adult
Sparus auratasubjected to different temperatures (18, 24 arRfCBEA) Muscle of a
larva subjected to 24 °C for seven days. Notertfikration of inflammatory cells along
the junction between skeletal muscle segmentswaeads). Bundles of disorganized
(atrophied) muscle bundles are also visible (arjoars) Skin. Staining: Weigert’'s Iron
Haematoxylin + van Giesof(B) Skeletal muscle of an adult subjected to 24 °Cfor
days, revealing diffuse atrophy of skeletal mugskd bundles and inflammatory foci
(H&E). The subcutaneous adipose tissue (at) waguénetly observed to infiltrate
affected muscle (H&E)(C) Section through the optic lobe of an adult fisipesed to
24 °C for 21 days, revealing low-moderate diffusidrvacuolation (vc) in the medullar
area, likely affecting glial tissue (H&E)D) Liver (hepatopancreas) of an adult fish
subjected to 30 °C for seven days, with diffuseviatuolation (fv) plus inflammation,
indicated by hyperaemia and infiltration of inflaratory cells into hepatic tissue (arrow
heads). The pancreatic acini are severely affe@adws), revealing loss of zymogen
granules (H&E). Inset: Focus of inflammatory céllkely melanomacrophages) in the
vicinity of pancreatic acini in an adult expose®t°C for 14 days. Here the acini (ac)
still presented a normal structure. Note zymogemugjes (zg). PAS-Haematoxyli(E)
Hepatopancreas of a control (18 °C) adult fish Jaddys, for comparative purposes.
These animals presented the normal architectuteepétic (hp) and pancreatic tissue
(pr), similar to juveniles (H&E).(F) Benign bacterial infection byhlamydialike
bacteria in the interlamellar space in gills of @trol fish collected at 14 days of
exposure. fl) filament; Im) lamella. Note the abserof inflammation. These benign
infections were present in virtually all animalegardless of test or age class (H&E).
Scale bars: 25 pm except C (250 pm).
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520 4. Discussion (1721 words)

521  Accurate predictions of the impacts of climate gf&on populations and ecosystems
522 ideally require the assessment of thermal tolerahed life-history stages (Freitas et
523 al., 2010; Levy et al., 2015; Zeigler, 2013). Have, show that while demersal fish

524  larvae lack the ability to tolerate or acclimateetevated summer temperatures and heat
525  waves, juveniles were able to cope with all warnsongnarios. Larger adult fish

526  survived elevated summer temperatures but wereselgerely affected under future
527 heatwave scenarios predicted for estuaries, daspitkfferences in condition index.
528  This outcome is supported by the high mortalitgsagndured by larvae at both 24°C
529 and 30°C and endured by adults at 30°C, confiriaghigh temperatures lead to a
530 bottleneck effect not only in early life stagedish, in accordance with other studies in
531 marine organisms (Bartolini et al., 2013; Farialet2011; Houde, 1989) but also at
532 later mature stages, possibly linked to larger bsidg. Mortality levels were still

533 elevated for larvae under control conditions, big tas expected as planktonic larval
534 fish are extremely fragile and have critical pesidal development that explain

535  significant portions of mortality (Garrido et &015; Sifa and Mathias, 1987).

536  Our findings suggest that molecular mechanisms npmi@ng thermal tolerance of fish
537 varied with organ as well as with life stage. Tesspecific expression of the CSR has
538 been widely reported and has been associated atlevel of oxygenation and

539 metabolic functions of each tissue (Colin et @1&, Dietz and Somero, 1993; C.

540 Madeira et al., 2016; Madeira et al., 2014). Thestmesponsive organs in the juvenile
541 phase were liver, gills and muscle, as shown byVBRes, suggesting relevant

542  phenotypic plastic responses. However, in adultstrargans seemed less able to

543  employ efficient cellular protection. Histopathoicg observations corroborated these

544  results, as juveniles only show mild alterationsnnscle whereas relevant
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modifications and potential loss of function westatted in adults’ muscle, liver and
brain, with potential effects on energy metabolemd neural function. Thus, it seems
that juveniles are able to prevent cytotoxic eBawftdamaged proteins and oxidative
stress during heatwave events as opposed to aghit) show depletion of energy
reserves (namely loss of glycogen storage) andriexqme function loss in vital organs
due to inflammation, dystrophy, and damage to $§@dd proteins (mainly in muscle
and liver). Like adults, larvae showed reduced b plasticity, with a lower ability
to employ a strong and efficient CSR (as showrhieysimilar IBRs between 24°C and
30°C), potentially resulting in oxidative damagdipids and damage to muscle and
kidneys. Alterations in muscle contraction and ossgalatory imbalance could thus be
potentially accountable for the elevated mortal#tes of larvae. Differences in thermal
tolerance and molecular mechanisms between lifee sfages may be associated not
only with development and functional capacity bsbawvith an ontogenetic shift in
thermal scope for activity (see Portner et al.,0ivhich should be concomitant with
the habitat transition that usually accompaniesametphosis and sexual maturation in

many fish species.

Divergence in life stage thermal tolerance maydbated to oxygen supply constraints
related to body size (Dahlke et al., 2020; Pérateal., 2017; Portner and Farrell, 2008).
Moreover, it may also relate to different levelgptdsticity through epigenetic
regulation of the genome in response to the enmient that each life stage inhabits
(Webster et al., 2013). This could lead to différexpression of phenotypic plasticity
and thus life-stage specific phenotypic landscapash phenotypic plasticity could be
adaptive, given that it has an effect on fithnessp&d et al., 2019) (for instance
allowing juveniles to mature and return to spawranggs to reproduce). Still,

phenotypic plasticity has costs, limits and traffe-GArnold et al., 2019; Fox et al.,
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2019), possibly related to energy budgets of osyasiand physiological constraints.
Ultimately the capacity to be plastic at the indival level and the capacity to adapt at
the population level will determine winners andelissin the Anthropocene (Fox et al.,

2019).

While embryonic and mature adult stages of demésakpecies may depend on stable
environmental conditions in their spawning hab(tht Dahlke et al., 2018), planktonic
larval stages switch from oceanic into coastalsbu@&ine habitats in spring, during or
following metamorphosis. The eurythermal and eurgkaraits known for seabream
and similar fishes (e.g. seabass) enable thesafmigratory behavior (Moyano et al.,
2017). For example, the Critical Thermal MaximunT ) calculated for seabream
larvae is ~30°C (Madeira et al., 2016), increasm85.5 °C in juvenile stages (Madeira
et al., 2014). In seabass, Gt values range from 28 to 33 °C during early ontggen
increasing up to 35 °C during juvenile stages ( diadet al., 2012; Moyano et al.,
2017). Growth as juveniles during summer months bawever, be stressful especially
considering a difference of 4 to 6 °C between oilceamd estuarine waters, not to
mention the selective pressure that will be impdsetieat waves in the next century
(Stillman, 2019). However, migration into estualigsot obligatory for the species to
complete its life cycle. Hence, populations thaaen in coastal waters may have more

thermal refugia to escape extreme conditions.

One could argue that the higher surface-to-voluatie of early life stages could lead to
a more efficient uptake of oxygen and respiratese(Leiva et al., 2019), especially
given that larvae can respire through skin (Yufdral., 2011). Skin respiration
balances oxygen demand while circulatory and vatiotiy capacities of larval fish
develop. However, at high temperature extremesrosghs may not be able to sustain

metabolic needs, and thus performance and fitegsto a mismatch between supply
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and demand. Energy homeostasis depends on physallt@its (oxygen intake
capacity, surface-area-specific assimilation rat efficiency of food-ATP

conversion), volume-specific somatic maintenancscand energy allocation trade-
offs, ultimately determining tolerance limits anetabolic strategies (compensation vs
conservationsensuPetitjean et al., 2019) upon exposure to stresstés et al., 2010;
Sokolova, 2013; Sokolova et al., 2012). Moreovarafel increases in protein
denaturation, disturbance to neural function anghitochondrial membrane integrity
(Clark et al., 2017; Portner, 2012) might be obsdrguring stress, contributing to
performance decrements. Thus, respiration dynameygy balance and cellular

defenses are factors paramount in stress tole(@actner, 2012; Sokolova, 2013).

Previous studies on seabream larvae showed thattetetemperature induces cellular
changes such as cytoskeleton reorganization, prdeanage and lowered oxygen
transport (Madeira et al., 2016), following thenfimvork of the oxygen and capacity
limited thermal tolerance hypothesis OCLTT (Poérteteal., 2017). Other studies also fit
well within the concepts described above; for ins&a Truebanet al. (2018)
summarized that early life stages may be more ptibteto heat stress (especially
acute) due to several complementary reasons imgudi energy is mostly allocated to
growth and cellular rearrangements, (ii) thermbdremce mechanisms such as the heat
shock response may be underdeveloped in earlgthiges possibly because
overexpression impairs developmental process@s;€llular defenses prioritize
developmental stability and acute stress may dighgse defenses leading to altered
development and mortality. Therefore, all of thederlinked processes combined with
high mass-specific oxygen consumption rates tymtéikh larvae (see Hess et al.,
2015; Motani and Wainwright, 2015) contribute tasé the performance of early life

stages in warming seas.
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Overall, we conclude that the susceptibility of @esal sea breams to ocean warming
can be ranked as larvae > adults > juveniles. Despme study imitations such as the
somewhat short laboratory acclimation period amddiffficulty in analyzing target
organs in larval stages, we highlight that larvagnation to coastal and estuarine waters
might be the most crucial phase of demersal fighclycle. This migration enables fish
to exploit new resources but may coincide with eled exposure to warm periods,
despite the widened thermal ranges of seabreams.eshowed that larvae are quite
sensitive to future estuarine temperatures dudaokaof biochemical acclimation,
damage to muscle and kidneys and associated nipreties. Moreover, larvae could
not cope with warming for more than a few daysp@sosed to juveniles and adults
which were able to endure stressful events for moieper timeframes. Sub-lethal
effects of temperature in seabream larvae can atis22°C (D Madeira et al., 2016;
Polo et al., 1991) supporting the idea that futgastal (~16-23°C during spring and
summer) and estuarine thermal regimes (~20-26°Dglapring and summer; heat
waves 30°C) will impose temperatures beyond thertakenvelope of larvae,
negatively affecting sea bream populations thraduigh mortality and lowered
recruitment success. Thus, life cycle closure mepedd on the success of the first
spawning events (autumn/winter) and subsequentatogrto nursery grounds before
heatwaves strike shallow water environments. Adelformance was also strongly
affected by extreme warming, with vital organs simgathe greatest tissue injury
suggesting damage rather than a plastic respomsee\t¢r, adult fish may revert to
behavioral thermoregulation (Grans et al., 2010g&hwet al., 1999; Thums et al., 2012;
Ward et al., 2010) and have thermal refugia avkal&t®them in open water to
counterbalance the loss of plasticity with age sTdauld be involved in eliciting return

to deep water environments and spawning habitaenie breams, which are confined
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to estuaries, proved to be metabolically more cdemdo deal with warming, showing
the greatest survival and acclimation potentiaghl&stic response to temperature
enables juveniles to cope with their habitat's liating conditions and lack of thermal
refugia. Recent reports highlight the importancesihg physiological data to inform
and direct future research and conservation plafishees, directing management
actions towards the most vulnerable life stagesi¢feos et al., 2019). Based on GLMs,
the best biomarkers to assess thermal stresssetiedeabreams were Hsp70, TUB and
LPO. Thus, their potential use in monitoring pragsashould be addressed in future
studies. Finally, it must be pointed out that sesaims and similar demersal species are
main targets of traditional fisheries and aquacaltn southern Europe and part of the
basic Mediterranean diet. Thus, the successfulitecent and population viability of
wild and cultured seabreams will have impacts ah legosystems and human society.
Climate-smart strategies in resource managemena@unaculture production are thus
also paramount to the blue bioeconomy, ensuringais&inability of fish supply and

food security.
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Highlights

Life-cycle assessments are crucia to forecast global change impacts on biota
Heatwave effects were tested in seabreams across their life cycle

Sub-cellular, cellular and whole organism indicators were assessed

The vulnerability of life cycle stages can be ranked as larvae>adults >juveniles
Life-cycle closure may bein jeopardy due to the sensitivity of larvae to heat
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