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Abstract : 
 
Environmental conditions, to which organisms are exposed during all their life, may cause possible 
adaptive responses with consequences in their subsequent life-history trajectory. The objective of this 
study was to investigate whether ecologically relevant combinations of hypoxia (40% and 100% air 
saturation) and temperature (15° and 20 °C), occurring during the larval period of European sea bass 
larvae (Dicentrarchus labrax), could have long-lasting impacts on the physiology of resulting juveniles. 
Hypoxic challenge tests were performed over one year to give an integrative evaluation of physiological 
performance. We revealed that juvenile performance was negatively impacted by hypoxia but not by the 
thermal conditions experienced at larval stage. This impact was related to the prevalence of opercular 
abnormalities. The present study indicates that exposure to a moderate hypoxia event during larval 
stage may have adverse carry-over effects, which could compromise fitness and population recruitment 
success. 

 

Highlights 

► Sea bass juveniles exposed to moderate hypoxia at larval stage have lower tolerance to acute 
hypoxia. ► Juveniles with opercular deformities exhibits lower resistance time to acute hypoxia. ► 
Exposure to moderate hypoxia environment at larval stage induces opercular malformation. 
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1. Introduction 25 

Environmental conditions encountered by living organisms including fish during critical windows 26 

of early life stages can affect their development (Burggren and Reyna, 2011; Fokos et al., 2017; 27 

Jonsson and Jonsson, 2014; Lindström, 1999; Monaghan, 2008; Rödel and Monclús, 2011). A “critical 28 

window” for development can be defined as a period when an organism may experience a suite of 29 

morphological and physiological modifications in response to intrinsic or environmental factors 30 

(Burggren and Mueller, 2015; Burggren and Reyna, 2011). The ability of an organism to produce 31 

lasting phenotypes in reaction to an external environmental input is defined as developmental 32 

plasticity (Nettle and Bateson, 2015). Lasting modifications of traits resulting from developmental 33 

plasticity may be adaptive or not.  Indeed, adverse environmental factors may disrupt development 34 

of individuals to produce non-adaptive outcomes affecting their fitness (Bateson et al., 2014; 35 

Lindström, 1999). In contrast, adaptive developmental plasticity define the ability of developing 36 

organisms to fine tune their phenotypes in response to the environmental conditions encountered, 37 

in order to produce animals able to better tolerate similar conditions at later life stages (Bateson et 38 

al., 2014; Nettle and Bateson, 2015).  39 

Coastal marine areas are particularly prone to spatial and temporal fluctuations in terms of 40 

environmental conditions. These fluctuations are intensifying as a result of the multifaceted on-going 41 

global change, which is reflected by several episodes of variable magnitude combining warming and 42 

hypoxia (Díaz and Rosenberg, 2011; Levin and Breitburg, 2015). Marine coastal and estuarine 43 

ecosystems serve as nursery for a large number of fish species which are thus likely to be exposed to 44 

periods of low dissolved oxygen (DO) and high temperature at critical windows for development. 45 

According to that, fish larvae whose morpho- and organogenesis are not fully achieved may be 46 

particularly susceptible to the surrounding environment including oxygen (O2) and temperature 47 

conditions.  48 

Short term effects of temperature and hypoxia on fish performance have been intensively 49 

investigated at early life stages. Within a species thermal tolerance range, temperature controls 50 

growth rate following bell shaped curve (O’Connor et al., 2007).  Beyond thermal tolerance limits of 51 

species, temperature may induce developmental abnormalities with potential sub-lethal or lethal 52 

consequences (Korwin Kossakowski, 2008; Perrichon et al., 2017; Pimentel et al., 2014; Politis et al., 53 

2017). For its part, hypoxia exposure can result in hatch defects (e.g. lower hatch rates, delayed 54 

hatching), metabolic depression, cardiorespiratory physiological regulation and skeletal deformities 55 

which may compromise the growth and survival of early life fish (Bagatto, 2005; Hassell et al., 56 

2008a,b; Mejri et al., 2012; Mendez-Sanchez and Burggren, 2017; Nicholson et al., 2008; 57 
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Vanderplancke et al., 2015b; Wu, 2009). Temperature and O2 conditions encountered during early 58 

life stages have also been shown to induce long term effect on fish performance.  Temperature may 59 

have effects on developmental trajectories in fish including modification of growth, sex 60 

determination/differentiation, age at sexual maturity (Ali et al., 2003; Baroiller et al., 2009; Jonsson 61 

and Jonsson, 2014). In zebrafish (Danio rerio), larvae that survive an exposure to hypoxia can display 62 

reduced swimming capacity (18% DO; Widmer et al., 2006) and altered avoidance reaction to 63 

aggression (10% DO; Marks et al., 2005). Data obtained in zebrafish suggest also that early severe 64 

hypoxia (5% DO) exposure may increase the subsequent hypoxia tolerance at adult stage (Robertson 65 

et al., 2014). Such long term beneficial effects on hypoxia tolerance have only been shown in 66 

freshwater fish model species.  In contrast, recent data obtained in Atlantic salmon (Salmo salar) 67 

indicated that fish exposed to mild hypoxia (50% DO) during early life stages tends to exhibit lower 68 

hypoxia tolerance compared with those raised in normoxia (Wood et al., 2017). While fish with active 69 

locomotive ability may migrate to new suitable habitats to escape a harsh environment, this option 70 

may represent an impossible task in the case of extended hypoxic zones in the coastal area, 71 

especially for fish with reduced active swimming capacity particularly at early life stages. Therefore, 72 

understanding the long term effects of these environmental constraints on fish physiological 73 

performance is essential to better predict potential impacts on juvenile recruitment, particularly in 74 

temperate marine fish species. Indeed, temperate coastal areas mostly experience moderate 75 

environmental episodes, which may not induce immediate visible effects in terms of mortality.  76 

European sea bass (Dicentrarchus labrax) larvae generally enter shallow coastal areas after the 77 

flexion stage and could therefore be exposed to environmental fluctuations, while their larval 78 

development is not totally completed (Dufour et al., 2009). Previous studies on European sea bass 79 

revealed that exposure to moderate hypoxia (40% DO) at the larval stage could induce long lasting 80 

effects on metabolic parameters and on digestive and hemoglobin systems (Cadiz et al., 2017a; Cadiz 81 

et al., 2017b; Vanderplancke et al., 2015a; Zambonino-Infante et al., 2017). However, the global 82 

impact of early exposure to realistic environmental fluctuations, such as combined temperature and 83 

hypoxia, on the overall individual fitness of sea bass remains poorly understood. The present study 84 

investigates hypoxia tolerance in European sea bass juveniles that have been previously exposed to 85 

the combination of different oxygen (40% and 100% air saturation) and temperature (15°C and 20°C) 86 

conditions from flexion stage until end of larval development (i.e. 43-50 days post hatching). These 87 

environmental conditions are realistic and may be found by European sea bass larvae at this 88 

developmental stage in Atlantic coastal and estuarine nursery (Bento et al., 2016; Dufour et al., 89 

2009). Following the larval period, fish experienced a five-month period of common garden (15-17°C, 90 

100% air saturation). Then, fish tolerance to hypoxia challenge was investigated four times at regular 91 
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time intervals over one year to evaluate the global physiological status of juveniles. Hypoxia 92 

challenge was used since the performance of fish to resist to hypoxia challenge depends on the 93 

ability of individuals to regulate physiological processes related to oxygen extraction and transport, 94 

cardiovascular functions and energy metabolism (Roze et al., 2013). The global morphological 95 

appearance of operculum, which contributes to water flow across the gills lamellae and allows O2 96 

extraction, was also examined. The individuals’ responses to the challenge tests were examined in 97 

relation to their early-life environment and to the presence of opercular deformities.  98 

 99 

2. Materials and methods 100 

2.1 Animal rearing and treatments 101 

The present work was performed within IFREMER facilities in accordance with French and 102 

European policies and the guidelines of the French Animal Care Committee (Agreement number: 103 

APAFIS#5173).  104 

One day post hatching (dph) larvae of D. labrax were purchased from a commercial hatchery 105 

(Aquastream, Ploemeur, France).  D. labrax larvae were reared under normal oxygen conditions in 12 106 

tanks at 15 ± 0.4°C water temperature and 35 ± 0.2‰ salinity at an initial density of 80 larvae/L 107 

(20 000 larvae/tank). They were fed daily with Artemia according to Zambonino et al. (1996) until the 108 

end of larval development. Artemia cysts were purchased from Catvis BV (‘s-Hertogenbosch, The 109 

Netherlands). Hatching of Nauplii (Na) was obtained after 24H at 25°C, and 1-day old Artemia (A1) 110 

were produced using (n-3) TOP RICH enrichment (Catvis BV, ‘s-Hertogenbosch, The Netherlands) 111 

following supplier’s recommendations (300 ppm for 16-24h, 25°C, 300-500 A/ml). The feeding 112 

schedule was as follows: days 8-15, 50-300 Na per larva*day1, then from 120 A1 per larva*day-1 for 113 

16-day-old larvae up to 1000 A1 per larva*day -1 for 45-day-old larvae. Water temperature was 114 

progressively increased from 15°C to 20°C in six tanks between 23 and 28 dph for acclimation 115 

purposes. From 28 dph (flexion stage), three replicate tanks of larvae were exposed to each 116 

combination of temperature and oxygenation levels: i) 15°C [40% air saturation (3.2 mg O2 L
−1

)]; 117 

ii)15°C [100% saturation (8.2mg O2 L
−1

)]; iii) 20°C [40% air saturation (2.95 mg O2 L
−1

)] and iv) 20°C 118 

[100% air saturation (7.35 mg O2 L
−1

)]. Hypoxic conditions were created by bubbling N2 in a gas 119 

equilibration column placed upstream of the experimental tank. Dissolved O2 was monitored daily 120 

using an Odeon oxygen meter (ODEON Classic OPTOD; Caudan, France). Other water quality 121 

parameters (pH, 7.9 ± 0.1; salinity: 35 ± 0.2‰) were also checked daily in each tank during the 122 

experiment. It had previously been determined that the level of hypoxia used did not induce 123 
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mortality; thus, genetic selection during larval exposure was avoided. Larvae were returned to 124 

normal oxygen conditions (100% air saturation) at 43 dph (745°C·day), for larvae exposed at 20°C, 125 

and at 50 dph (750°C·day), for larvae exposed to 15°C, to ensure that larval treatments were applied 126 

at the same stage of development. Replicate tanks were then pooled into one 1 m
3
-tank per 127 

treatment and kept under normoxic conditions at 15-17 °C. At this stage, the fish were fed with a 128 

commercial diet (NeoSupra; Coopérative Le Gouessant, Lamballe, Côtes-d’Armor, France). The 129 

quantity of feed distributed per day was not recorded. At 152 dph, 100 fish from each of the 130 

treatment tanks were selected and tagged subcutaneously to identify the early stage treatments 131 

(Passive Integrated Transponder; PIT-tag) for individual identification. The fish were then fed with 132 

NeoGrower commercial diet (Coopérative Le Gouessant; Lamballe, Côtes-d’Armor, France) and 133 

pooled in a 4-m
3
 tank.  134 

2.2 Mass monitoring 135 

Larval mass was evaluated on 150 larvae per group (50 larvae from each replicate tank) at the 136 

beginning (22 dph) and at the end of the exposure (43/50 dph). Larvae were euthanized with an 137 

excess of anesthetic (Tricaine methane-sulfonate 100 mg L-1, Pharmaq; Hampshire, United Kingdom) 138 

and transferred to formaldehyde for fixation (4%) until individual mass measurement. All the 139 

juveniles from each experimental group (n≈80) were weighed at 549 dph after light anesthesia 140 

(Tricaine methane-sulfonate 10 mg L-1). 141 

 142 

2.3 Hypoxia challenge  143 

Four standardized hypoxia challenge tests were conducted over one year (summer/autumn at 144 

176 dph, winter at 296 dph, spring at 420 dph and summer/autumn at 547 dph) on all fish from each 145 

treatment tanks according to the protocol described in Roze et al (2013). To avoid unnecessary stress 146 

and additional sources of variation, challenge tests were conducted in the fish rearing tank and 48 h 147 

prior to challenge, individuals were unfed. Water salinity did not change significantly over the 148 

duration of the experiment. Water temperature was intentionally not controlled and it therefore 149 

followed the natural seasonal cycle (17° at 176 dph; 10° at 296 dph; 13°C at 420 dph and 17° at 547 150 

dph). 151 

Hypoxia challenge consisted in a rapid decrease in water oxygenation (from nearly 100% to 20% 152 

air saturation in about 1 h) followed by a much slower descent (approximately 2% air saturation per 153 

hour) until the experiment ended. Ambient oxygenation was controlled by bubbling nitrogen in the 154 

input of a submersible pump placed in the tank. The water oxygen level was monitored using a 155 
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calibrated Odeon oxygen meter. As individual fish lost their ability to maintain equilibrium, they were 156 

quickly removed from the experimental arena, identified (tag reading) and placed in a fully aerated 157 

recovery tank. The corresponding time (loss of equilibrium; LOE) and oxygen level (incipient lethal of 158 

oxygen saturation; ILOS) were also recorded. The hypoxia challenge ended when the last fish was 159 

recovered. 160 

2.4 Identification of opercular deformities  161 

Two weeks after the last hypoxia challenge test, juveniles from experimental groups were 162 

slightly anesthetized (Tricaine methane-sulfonate 20 mg L-1). Then, individuals were examined 163 

macroscopically to identify unilateral and bilateral opercular deformities. Attention was paid to gill-164 

cover abnormalities without going in their deep characterization. Example of opercular deformity 165 

revealing gill-cover abnormality is illustrated in Fig.1.     166 

2.5 Data analysis and statistics 167 

The resistance of sea bass juveniles to hypoxia challenge was measured as the fraction of 168 

individuals without equilibrium loss as a function of time under hypoxic conditions using the Kaplan-169 

Meier estimator of survival time (LOE), referred to as resistance time thereafter, being equivalent to 170 

time to death (Kaplan and Meier, 1958). 171 

Firstly, the effects of early-life hypoxic and warming exposure on juvenile resistance to hypoxia 172 

challenge were examined by the  modification of the log-rank test, which is a non-parametric test 173 

allowing to compare survival (here resistance) time distribution between samples (Peto and Peto, 174 

1972). Tests were stratified according to dates to account for temporal variability in global resistance 175 

time distribution across the four hypoxia challenge tests. The effects of early-life temperature and 176 

oxygen level were tested both jointly (i.e. differences between cross-factorial treatments) and 177 

independently (i.e. differences between the two modalities of each factor separately). As the test 178 

consists in across sample comparison, interactions could not be tested. 179 

Secondly, the effect of opercular deformities on juvenile tolerance to hypoxia challenge was 180 

estimated by parametric survival regression models where the hypoxia resistance time follows a 181 

parametric distribution. Various classical resistance time distributions were tested and the AIC 182 

(Akaike Information Criterion) was used to compare the performance of the corresponding models 183 

and choose one distribution. Models included opercular malformation as a factor (with three 184 

modalities corresponding to the number of opercules affected: no, unilateral or bilateral deformity) 185 

to test its effect on hypoxia resistance, date as a strata to account for temporal variability, and their 186 
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interaction. Significance of the effects was tested by likelihood ratio tests between nested models 187 

respecting marginality of the effects (type II tests; (Fox and Weisberg, 2011). Post-hoc pairwise 188 

comparisons between opercular deformity modalities at each date were performed using 189 

simultaneous tests for general linear hypotheses in parametric models (Hothorn et al., 2008). Based 190 

on our AIC analysis, parametric model with a Weibull distribution was the most appropriate to 191 

describe the data. Hypotheses underlying Weibull survival regression models were checked (Fox and 192 

Weisberg, 2011).  193 

Finally, the incidence of opercular malformation in relation to early-life hypoxic and warming 194 

exposure was assessed by multinomial regression models that allow modelling categorical variables 195 

with more than two modalities as response variables. More precisely, we used these models to 196 

analyse how the probability being undeformed, unilaterally or bilaterally deformed was influenced by 197 

early-life temperature as a continuous variable, early-life oxygen level as a categorical variable and 198 

their interaction. Significance of the effects was again tested by likelihood ratio type II tests. 199 

Throughout analyses, differences were considered significant at the 95% confidence level (p-200 

value < 0.05). All statistical analyses were performed using R software (R Core Team 2016). Survival 201 

analyses were performed using the ‘survival’ package (Therneau and Grambsch, 2000; Therneau, 202 

2015), post-hoc pairwise comparisons with the ‘multcomp’ package, Weibull survival regression 203 

diagnostics with the package ‘SurvRegCensCov’ (Hubeaux and Rufibach, 2015), and multinomial 204 

regressions with the package ‘nnet’ (Venables and Ripley, 2002). Mass data were log-transformed to 205 

fit a normal distribution and they were checked for normality (Shapiro test) and equality of variances 206 

(Levene test). Two-way ANOVAs were used to determine the effects of larval treatments (oxygen and 207 

temperature) on larval and juvenile body mass. Tukey’s test (p < 0.05) was performed for post-hoc 208 

comparisons.  209 

 210 

3. Results 211 

3.1 Effect of early-life hypoxic and warming exposure on larval and juvenile mass  212 

Whereas larval mass was similar among experimental groups at the beginning of the exposure 213 

period (≈ 1.8 mg, data not shown), it was significantly different at the end of the exposure period 214 

(43/50 dph) (table 1). The highest mass was observed for larvae reared at 20°C (2 times higher than 215 

at 15°C; p < 1*10
-6

) and those reared in normoxia exhibited significantly higher mass than those 216 

exposed to hypoxia (1.3 times higher; p < 1*10
-5

). Sixteen months after the end of the exposure 217 
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period (at 549 dph), juveniles previously exposed to 20°C still exhibited the highest mass (1.05 higher 218 

than 15°C Normoxia; p=0.015). There was no significant difference in juveniles’ mass related to 219 

previous exposure to hypoxia.  220 

  221 

Table 1. Results of two-way ANOVA for effects of larval treatments (Temperature (Temp.) and 222 

Hypoxia (Hyp.)) on larval (22 and 43/50 dph) and juvenile (549 dph) body mass. Df means degrees of 223 

freedom. n for each group= 150 larvae and 100 juveniles. Standard deviation was indicated for each 224 

value. Significant differences between groups are identified with different letters (Tukey’s test). 225 

 
15°C 

Normoxia 

15°C 

Hypoxia 

20°C 

Normoxia 

20°C 

Hypoxia 
Df Temp. Hyp. 

Temp. x 

Hyp. 

22 dph 

(mg) 

1.74 

±0.29 

1.82 

±0.37 

1.77 

±0.31 

1.81 

±0.27 
1 

F=0.01 

p=0.92 

F=2.27 

p=0.13 

F=0.93 

p=0.33 

43/50 dph 

(mg) 

17.57 

±0,25b 

13.86 

±0.89a 

35.51 

±1.43d 

31.95 

±1.83c 
1 

F=514.68

p< 1*10
-6

 

F=75. 46     

p< 1*10
-5

 

F=0.55 

p=0.48 

549 dph  

(g) 

143.6 

±29.36a 

143.9 

±36.7a 

148.5 

±40.12b 

151.7 

±34.73b 
1 

F=9.4       

p =0.015 

F=0.7  

p=0.43 

F=0.5 

p=0.51 

 226 

3.2 Effect of early-life hypoxic and warming exposure on juvenile tolerance to hypoxia challenge 227 

test 228 

Despite the variability of the response over the four challenge tests, juveniles that experienced 229 

early-life hypoxia event showed lower resistance to hypoxia than individuals from the control group 230 

(log-rank test: p = 1.5*10
-5

, Fig.2). In contrast, the four challenge tests did not reveal any effect of 231 

temperature on the ability of fish to tolerate hypoxia; p = 0.07 (Fig.3).  232 

 233 

3.3 Effect of opercular deformities on juvenile tolerance to hypoxia challenge test  234 

Macroscopic analysis of opercular regions revealed gill-cover abnormality. Juveniles with 235 

opercular deformities exhibited a significant decrease in resistance time to hypoxia challenge test 236 

compared to undeformed fish (significant opercular deformity effect; Fig.4) but this effect varied 237 

according to the date considered (significant interaction between opercular deformity and date, 238 

Fig.4). However, post-hoc pairwise comparisons between opercular deformity modalities (no vs 239 

unilateral, no vs bilateral, and unilateral vs bilateral deformity) at each date were all significant and 240 
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showed that deformity always reduces resistance time, and that resistance time is lowest when fish 241 

exhibit bilateral deformities (table 2; Fig. 4). More precisely, fish with unilateral opercular deformities 242 

exhibited a decrease in resistance time compared to undeformed fish ranging from 18% to 30% 243 

depending on dates (table 2) while those with bilateral opercular deformities has a resistance time 244 

decreased by 34% to 56% according to the date. 245 

 246 

Table 2. Effects of opercular deformities upon resistance time to the hypoxia challenge test at the 247 

different dates. Data are given in percentage of resistance time relative to undeformed individuals 248 

(columns unilateral and bilateral). Post-hoc pairwise comparisons of resistance time between no, 249 

unilateral and bilateral opercular deformities were evaluated using simultaneous tests for general 250 

linear hypotheses in parametric models. 251 

 unilateral bilateral undeformed

vs. unilateral 

undeformed vs. 

bilateral 

unilateral

vs. 

bilateral 

176 dph  21% 39% p< 1*10
-4

 p< 1*10
-4

 p< 1*10
-4

 

296 dph  19% 43% p< 1*10
-4

 p< 1*10
-4

 p< 1*10
-4

 

420 dph 18% 34% p< 1*10
-4

 p< 1*10
-4

 p< 1*10
-4

 

549 dph 30% 56% p< 1*10
-4

 p< 1*10
-4

 p=0.04 

 252 

3.4 Effect of early-life hypoxic and warming exposure on the presence of opercular malformations 253 

The percentages of juveniles exhibiting opercular malformations in each experimental group are 254 

indicated in table 3. According to the multinomial regression model on opercular deformities, 255 

hypoxia exposure at the larval stage strongly increased the risk of developing an opercular deformity 256 

at juvenile stage (Chisq = 69, df =2, p = 1.2*10
-15

). The relative risk of a unilateral and a bilateral 257 

opercular malformation was 4 or 5 times higher, respectively, when juveniles experienced an early-258 

life hypoxia  event (8.68% and 1.35% of the total population) compared to those reared in normoxia 259 

(2.17% and 0.31% of the total population). Early temperature condition also significantly influenced 260 

the prevalence of opercular malformation (Chisq = 13, df = 2, p = 0.0017). However, the effect was 261 
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inconsistent between unilateral and bilateral opercular malformation: while the relative risk of 262 

unilateral malformations at 20°C was 1.2 fold higher than at 15°C, it was 5 fold lower for the relative 263 

risk of bilateral malformations.   264 

 265 

Table 3. percentages of juveniles with gill cover abnormalities (unilateral or bilateral) for each 266 

experimental group (N: normoxia; H: Hypoxia) 267 

 15°C N 15°C H 20°C N 20°C H Total H Total N 
Total 

15°C 

Total 

20°C 
Total 

Unilateral 1.24% 3.73% 0.93% 4.95% 8.68% 2.17% 4.97% 5.88% 10.85% 

Bilateral 0.31% 1.24% 0 0,31% 1.35% 0.31% 1.35% 0.31% 1.86% 

Total 1.55% 5.17% 0.93% 5.26% 10.03% 2.5% 6.32% 6.19% 12.71% 

 268 

4. Discussion 269 

European sea bass larvae are likely to be exposed to environmental fluctuations when they 270 

enter shallow coastal and estuarine waters just after the flexion stage. In this context, the present 271 

study evaluated whether thermic and oxygen conditions encountered during sea bass larval 272 

development could have long-lasting impacts on physiological performance, particularly related to 273 

hypoxia tolerance. Present data reveal compensatory growth following larval exposure to moderate 274 

hypoxia and lower temperature. This result is in good agreement with known phase of accelerated 275 

gowth when favourable conditions are restored after a period of growth depression in fish (Ali et al., 276 

2003).  Moreover, our data revealed that early exposure to moderate hypoxia from day 28 to day 277 

45/50 post hatching had a negative effect on the subsequent capacity of fish to tolerate a hypoxic 278 

constraint. This effect is explained by an increase in the prevalence of opercular malformation. Even 279 

if early exposure to moderate hypoxia did not induce any significant mortality, we hypothesized that 280 

it produces adverse carry-over effects which are likely to affect fish fitness.   281 

Our data revealed that European sea bass juveniles previously exposed to chronic moderate 282 

hypoxic water showed lower tolerance compared to control fish. This long term impact was globally 283 

observed throughout the four hypoxia challenges regularly performed for one year at juvenile stage 284 

despite the variability of response observed among dates. This variability is likely due to variations of 285 
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factors related to hypoxia challenge procedure (water temperature, repeatability of the procedure) 286 

and phenotypic shuffling among tests (Killen et al., 2016). Early-life exposure to low dissolved oxygen 287 

at larval stage has modified developmental trajectories of European sea bass producing phenotypes 288 

that were not able to cope with hypoxia. Adaptive plasticity may prime an organism exposed to 289 

environmental constraints during early life stage to develop phenotypes that will allow coping better 290 

with similar situations later in life (Nettle and Bateson, 2015); Sheriff and Love, 2013). In contrast, 291 

early exposure to constraint may also have detrimental effects on developmental process with 292 

lifelong morphological or physiological impairment and, ultimately, negative impact on fitness 293 

(Hassell et al., 2008b; Lupien et al., 2009). Our results indicating negative effect of early exposure to 294 

hypoxia on subsequent hypoxia tolerance are consistent with recent data obtained in Atlantic 295 

salmon, Salmo salar, exposed to mild hypoxia (50% DO) during early life stages (Wood et al., 2017) 296 

but contrasts with the adaptive developmental plasticity revealed in zebrafish adults that benefited 297 

from exposure to low dissolved oxygen (5% DO) at embryonic stage (Robertson et al., 2014). 298 

Responses to early-life exposure to hypoxia appear likely to be highly species-specific and may also 299 

depend on the developmental window and on the intensity and duration of the early hypoxic 300 

constraint.  301 

The mechanisms underlying long lasting responses to early hypoxia exposure are largely 302 

unknown in fish. In zebrafish, adaptive developmental plasticity of hypoxia tolerance resulted in a 303 

modification of the sex ratio in favor of males which exhibit a lower critical oxygen tension and 304 

higher hypoxia tolerance compared to females (Robertson et al., 2014). In the present study, hypoxia 305 

tolerance test was performed on European sea bass juveniles that did not exhibit any secondary 306 

sexual characters. In this species, sex differentiation takes place from 7 months old but testicular and 307 

ovarian maturation start from 2 and 3 years old, respectively (Piferrer et al., 2005). Therefore, the 308 

potential link between early-life exposure of European sea bass larvae to hypoxia and the sex 309 

determination/differentiation processes and its potential consequence with later lower hypoxia 310 

tolerance cannot be evaluated. During the exposure window, European sea bass larvae exhibit many 311 

morphological and physiological developments (e.a. ossification of bone structures, muscular 312 

development) (Darias et al., 2008; Koumoundouros et al., 2001). Thus, the adverse carry over effects 313 

observed on hypoxia tolerance was expected to be due to disruption of a developmental process. 314 

Hypoxia tolerance depends partly at least upon the capacity of fish to acquire oxygen from its 315 

environment (Mandic et al., 2009). According to that, our data provide evidence that hypoxia 316 

tolerance was particularly low in juvenile fish exhibiting apparent opercular malformation. In 317 

particular, we demonstrated that the highest the opercular malformation (bilateral > unilateral), the 318 

lowest tolerance to hypoxia. It is admitted that opercular malformation can negatively affect 319 
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biological performance of fish and reduce their resistance to oxygen drops (Koumoundouros et al., 320 

1997). In the present work, deformities consist in gill-cover abnormality which anatomically is 321 

attributed to the inside folding of operculum and suboperculum (gill cover elements), and a 322 

simultaneous curvature of the branchiostegal rays, corresponding to types I and III defined by 323 

Beraldo et al., 2003. Such deformities likely impair the pump function of opercular cavity and water 324 

flux across gills lamellae resulting in lower oxygen extraction capacities. Interestingly, our data 325 

revealed that prevalence of opercular malformation was significantly higher in juveniles previously 326 

exposed to moderate hypoxia. This effect, which concerned 10% of the population, explained the 327 

lower hypoxia tolerance observed in juveniles previously exposed to hypoxia. Indeed, no more 328 

significant impact of early hypoxia exposure on hypoxia tolerance was observed when considering 329 

juveniles without apparent opercular malformation. That means that compensatory growth, revealed 330 

for juveniles that were exposed to hypoxia and/or 15°C at larval stage, did not influence hypoxia 331 

tolerance.   332 

Molecular and cellular processes underlying hypoxia-induced opercular deformities during sea 333 

bass larvae development still need to be deciphered. However, a possible alteration of the 334 

ossification process in the operculum induced by hyperventilation during hypoxia exposure can be 335 

hypothesized. The ossification of gill-cover elements is continuous, especially during fish larval stage.  336 

Previous work performed on the gilthead sea bream (Sparus aurata) suggested that an increase in 337 

ventilation frequency during larval development (i.e. 400°C.days) resulted in gill-cover deformities 338 

(Beraldo et al., 2003). The hypothesis is reinforced by the fact that process of ossification continues 339 

in the bone structures of the gill-cover at around 500°C·day in European sea bass, the period in which 340 

larvae were exposed to hypoxia in the present study (Darias et al., 2010).  341 

Our results also showed an impact of warmer temperature at larval stage on the incidence of 342 

opercular deformities in sea bass juveniles. This effect depends on the number of deformities 343 

considered. While we could hypothesize that the increase of unilateral deformity prevalence may 344 

likely be explained by an increase in the ventilation frequency due to the higher metabolism resulting 345 

from warmer temperatures, the decrease of bilateral deformities with warmer temperature remains 346 

difficult to explain. However, this last result must be considered with caution as only 6 individuals out 347 

of 325 exhibited bilateral opercular deformities and more confidence can be put in the result on 348 

unilateral deformities. 349 

In conclusion, we assume that exposure to moderate hypoxia and to a lesser extent to warm 350 

temperature in European sea bass larvae impact the fitness of part of the future juveniles.  Indeed, it 351 

has to be pointed out that, in addition to the adverse effect on hypoxia tolerance, opercular 352 
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deformities may also predispose gills to pathological infections, which could induce delay in growth 353 

and high mortality rates in fish juveniles as a consequence of parasite infestation (Abdel et al., 2004).  354 

Impact on opercular formation associated to decrease in hypoxia tolerance confirms that 355 

developmental, morphological and physiological responses to the early-life environment do not 356 

always allow a beneficial adaptive tuning of physiological functions, which should produce animals 357 

best suited for the environment they are likely to find later as juveniles or adults. Nevertheless, we 358 

cannot exclude other potential effects of early oxygen and temperature conditions on key 359 

physiological function (e.g. reproduction) not investigated in the present study. Physiological trade 360 

off associated with compensatory growth could particularly be addressed. Future research will help 361 

to better characterize the long term impact of early hypoxic and thermal conditions on components 362 

of fitness which could influence population recruitment success.        363 
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• Sea bass juveniles exposed to moderate hypoxia at larval stage have lower tolerance to acute 

hypoxia  

• Juveniles with opercular deformities exhibits lower resistance time to acute hypoxia 

• Exposure to moderate hypoxia environment at larval stage induces opercular malformation 

 


