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Abstract:  
 
An individual's environmental history may have delayed effects on its physiology and life history at 
later stages in life because of irreversible plastic responses of early ontogenesis to environmental 
conditions. We chose a marine fish, the common sole, as a model species to study these effects, 
because it inhabits shallow marine areas highly exposed to environmental changes. We tested 
whether temperature and trophic conditions experienced during the larval stage had delayed effects 
on life-history traits and resistance to hypoxia at the juvenile stage. We thus examined the combined 
effect of global warming and hypoxia in coastal waters, which are potential stressors to many 
estuarine and coastal marine fishes. Elevated temperature and better trophic conditions had a positive 
effect on larval growth and developmental rates; warmer larval temperature had a delayed positive 
effect on body mass and resistance to hypoxia at the juvenile stage. The latter suggests a lower 
oxygen demand of individuals that had experienced elevated temperatures during larval stages. We 
hypothesize that an irreversible plastic response to temperature occurred during early ontogeny that 
allowed adaptive regulation of metabolic rates and/or oxygen demand with long-lasting effects. These 
results could deeply affect predictions about impacts of global warming and eutrophication on marine 
organisms. 
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1. Introduction 

 
Global climate warming is presently causing a monotonic decrease in dissolved oxygen 
concentration in numerous coastal and estuarine ecosystems around the world, resulting in 
the increased frequency, intensity and length of hypoxia episodes in shallow areas [1-4]. A 
primary consequence of sea water warming for marine fish is the progressive widening of the 
gap between the availability of dissolved oxygen in the water and their metabolic oxygen 
demand [5]. In shallow coastal and estuarine ecosystems, this situation is made even more 
stressful by concomitant eutrophication-related oxygen depletion. As temperature reaches 
the upper limit of a fish species’ tolerance range, the cardio-respiratory system cannot meet 
the organism's increasing oxygen demands and its capacity to perform aerobic activities is 
diminished [6]. In such instances, key physiological performance traits are affected, with 
potential consequences for locomotion, behaviour, growth, reproduction and, ultimately, the 
fate of the species [7].  
 
In marine fish, early ontogenesis is associated with a sequence of life-history transitions 
characterized by critical changes in morphology, physiology and behaviour generally coupled 
with shifts in habitat or diet. Apart from exerting selection pressures, environmental 
conditions also influence ontogeny itself [8], through phenotypically plastic responses [9, 10]. 
Plastic responses provide species with a first important means of coping with changing 
environmental conditions without altering their genetic constitution, and they may have long-
term consequences for population dynamics and evolution [11]. However, these delayed 
physiological and life-history effects resulting from irreversible plastic responses of early 
ontogenesis to environmental conditions remain poorly understood. One explanation for this 
situation could be that, with the exception of short-lived species [12], experimental 
approaches are generally unable to examine the long-term, fitness determining, delayed 
consequences of environment effects on ontogenesis [13]. Only long-term experiments can 
adequately address questions about the cohort effects that may occur in wild fish 
populations. Cohort effects occur when common environmental conditions experienced by 
individuals of a given year-class induce differences in their future physiological performance 
and life-history that make them distinguishable from those of other individuals.  
 
Most marine fish species have a pelagic larval stage that takes place offshore, where 
temperature is generally recognized as the most influential environmental factor in 
determining ontogenic trajectories. As larvae age and develop, they classically drift to 
inshore shallow nurseries where eutrophication-related hypoxia represents a new 
environmental constraint. Eutrophication also influences trophic conditions since it stimulates 
nutrient-based primary production and thus secondary production available as food for fish 
larvae and juveniles with a direct effect on lipid storage, particularly in estuarine areas [14]. 
 
The combination of global warming and eutrophication may, therefore, affect marine fish both 
through temperature-related effects at the larval stage and hypoxia-related effects at the 
juvenile stage, with potential consequences for population structure and dynamics [15]. 
 
Here we report on an original approach for examining how environmental conditions 
experienced during early ontogeny affect physiological performance traits at later ontogenetic 
stages. The present study was designed to mainly consider the adaptive role of 
phenotypically plastic responses rather than that of genetic (evolutionary) ones. We 
examined how temperature and nutritional conditions experienced during larval development, 
in addition to juvenile dietary regime, affect hypoxia tolerance at the juvenile stage within a 
population of common sole Solea solea. Our results make an important contribution to 
understanding and predicting the consequences of the combined trends in climate and 
eutrophication for marine fish populations. 
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2.  Material and methods 

 

2.1. Specimen collection and rearing treatments 

2.1.1. Phase 1: Larval rearing and treatments (from hatching until day 30 post-hatching) 
 
Forty thousand North Sea sole (Solea solea) eggs, resulting from crossing 11 females with 
25 males, were purchased from a commercial hatchery (SOLEA BV, Ijmuiden, Netherlands) 
and put in two 60L-incubators at 14°C (water temperature) until hatching. To achieve the 
crosses that produced these eggs, breeders had been put in several tanks with roughly 3 
females and 6 males each and allowed to mate with each other freely. This procedure 
insured that the progeny included a representative sample of genetic variability within the 
wild population despite potential differential contribution of breeders to the eggs collected 
within a tank. One day post-hatching (dph) larvae were distributed among 12 cylindrical 
fibreglass 67-L tanks (5300 larvae per tank). Throughout the experiment, water salinity and 
oxygenation were maintained at 35‰ and >6 mg L-1, respectively. Water temperature was 
progressively increased from 14°C to 16°C and then to 20°C between 1 and 5 dph for 
acclimation purposes.  
 
From 10 dph, larvae were exposed to four treatments, three replicate tanks each, according 
to a factorial design between two water temperature levels, 16°C and 20°C, and two feeding 
regimes, standard one-day-old (A1) Artemia (named A) or A1 Artemia enriched in 
polyunsaturated fatty acids (named AE). Details on larvae rearing parameters and equipment 
are given in [16]. In each treatment, larval metamorphosis was assessed at 18, 22 and 26 
dph by counting the number of metamorphosed individuals in a random sample of circa 15 
individuals. In each treatment, post-metamorphic standard length was measured on 
approximately 20 individuals sampled randomly at 26 dph. In each tank, larval survival 
probability was assessed at 30 dph, as the ratio of the number of individuals alive to the 
initial number. 
 

2.1.2. Phase 2: Juvenile rearing treatments 
 
Following phase 1, replicate tanks were pooled in one 300-L raceway tank per treatment 
(approximately 1200 juveniles/tank). Fish were then fed a commercial diet and maintained at 
16°C for 7 months. 
 
After this intermediate growing phase, 160 individuals were randomly drawn from each tank, 
tagged subcutaneously (passive integrated transponder; PIT-tag) and randomly distributed 
among eight 67-L tanks i.e., two tanks per larval treatment. For two months, these fish were 
maintained at 16°C and fed with commercial diets containing either 11% lipids or 20% lipids: 
one tank per larvae group. The experimental design was therefore a 3-way full factorial 
design between two larval rearing temperatures, two larval feeding regimes and two juvenile 
dietary lipid contents.  
 
In each treatment, initial (just after the intermediate growing phase) and final juvenile body 
mass were measured on all individuals.  
 

2.2. Hypoxia challenge tests (HCT) 

Individuals (268 dph) were pooled in a single tank (1 m3) and left undisturbed and unfed for 
48 h. Water oxygenation was then decreased from 100 % to 10 % within one hour, followed 
by a slower descent at 2 %.hr-1 to 4%. Ambient oxygenation was controlled by bubbling 
nitrogen at the intake of a submersible pump placed in the tank. As fish lost their equilibrium, 
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they were removed, identified (PIT-tag reading) and quickly placed in fully aerated 
conditions. The corresponding time and oxygenation level were recorded. The HCT ended 
when the last fish was removed to aerated conditions.  
 
Based on the frequency distribution of tolerance time during HCT, fish situated below the 20th 
percentile (tolerance time: 3 h from the beginning of the challenge) or above the 80th 
percentile (tolerance time: 5 h) were identified as hypoxia sensitive and hypoxia tolerant, 
respectively.   
 

2.3.  Blood biochemical analyses 

One month later, the response of blood parameters to hypoxia was compared between 
hypoxia-sensitive and hypoxia-resistant animals. Only soles that were fed on plain Artemia 
(A) during the larval stage were considered, as preliminary analyses had shown that Artemia 
enrichment (AE) had no effect on resistance to hypoxia (see Results section). 10 hypoxia 
sensitive and ten hypoxia resistant animals were selected from each relevant experimental 
treatment. Among these, five resistant and five sensitive individuals were submitted to a 
second HCT as above. As water oxygenation reached 11%, five resistant and five sensitive 
individuals were removed from the tank, weighed and a blood sample was taken from their 
caudal vein. The remaining five resistant and five sensitive individuals were maintained in 
normoxia and samples were taken in the same way. 
 
Blood samples were used to measure three biochemical parameters. Haematocrit was 
measured using heparinized micro-capillaries (Becton Dickinson & Co, NJ, USA, ref 
361021). Commercial kits were used for measuring glucose (Glucose RTU ref 61269, from 
bioMérieux, Marcy l'Etoile, France) and lactate (Lactate PAP ref 61192, from bioMérieux) 
levels in blood plasma. 
 
All experiments were conducted in strict compliance with the Guide for the Care and Use of 
Laboratory Animals [17]. A diagram illustrating the main steps of the experimental design is 
given in Figure 1. 
 

2.4. Statistical analyses 

2.4.1. Larval and juvenile life-history traits 
 
Larval and juvenile life-history traits were analysed using generalized linear (mixed) effect 
models (see Electronic Supplementary Material for details). Larval traits (survival probability, 
proportion of metamorphosed individuals, and post-metamorphic standard length) were 
modelled according to a two-way full factorial design between larval rearing temperature T  
(16°C/20°C) as a continuous effect and larval feeding regime F  (A/AE) as a factor. Juvenile 
traits (body mass during Phase 2 and final body mass) were analysed following a three-way 
full factorial design based on T , F  and juvenile dietary lipid content L  (11%/20%) as a 
continuous effect. Models of the proportion of metamorphosed individuals and juvenile body 
mass during Phase 2 also included time t  (days) as a continuous effect, with the two slopes 
representing the increase in the proportion of metamorphosed individuals with age and 
growth rate in juvenile body mass, respectively, and interactions with the factors examined in 
the experiment. Larval survival was considered as Bernoulli data, the proportion of 
metamorphosed individuals as binomial data, and post-metamorphic standard length and 
juvenile body mass as Gaussian data. Analyses were performed using the ʻstatsʼ, ʻnlmeʼ [18], 
ʻlme4ʼ [19], and ʻcarʼ [20] packages in the statistical environment R. 
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2.4.2. Resistance to hypoxia at the juvenile stage 
 
HCTs generate data similar to those of survival studies: data are expressed as waiting times 
until loss of equilibrium for HCTs and until death for survival studies. Therefore, time of 
resistance to hypoxia during HCT was analysed using survival analysis techniques [21]. We 
used a Cox proportional hazards model to analyse hypoxia resistance following a three-way 
full factorial design based on T , F , and L  with body mass as an additional continuous 
covariate. The latter was intended to control for any potential independent effect of body 
mass on hypoxia resistance. Cox models allow the hazard rate to be modelled, here the rate 
of occurrence of equilibrium loss, as being affected proportionally (multiplicatively) by the 
explanatory variables. In practice, a logarithmic transformation of the hazard rate allows a 
linear predictor to be obtained (see Electronic Supplementary Material for details). Analyses 
were performed using the “survival” [22] and “car” packages in the statistical environment R. 
 

2.4.3. Blood biochemical correlates of resistance to hypoxia 
 
Haematocrit, lactate level and glycemia were analysed using linear models. The 3 
transformed blood biochemical parameters (see Electronic Supplementary Material for 
details) were modelled according to a four-way full factorial design between the hypoxia 
sensitivity group S  (resistant/sensitive) as a factor, oxygenation level at sampling 2O  
(100%/11%) as a factor, T , and L . Model terms excluding oxygenation level 2O  allowed 
the effects of S , T , and L  to be tested under normoxia, while those involving 2O  allowed 
evaluating their effects on the response to hypoxia. Analyses were performed using the 
ʻstatsʼ and ʻcarʼ packages in the statistical environment R. 
 

2.4.4. Significance tests and effect estimates 
 
Significance of the effects at 5% was tested by likelihood ratio tests (LRTs) (larval and 
juvenile traits, and resistance to hypoxia) or F tests (blood biochemical parameters) between 
nested models respecting marginality of the effects (type II tests) [20]. The effects of active 
covariates were then estimated from the reduced models obtained by backward elimination 
on the basis of the significance at 5% of LRTs or F tests, according to the parameter, 
between nested models.  
 
For all analyses in this paper, larval rearing temperature T  and juvenile dietary lipid content 
L  were centred on 16°C and 11%, respectively, and plain A1 Artemia ( AF ) was defined 
as the reference larval feeding regime. Consequently, the model intercepts represent mean 
values for individuals that were reared with all of these three conditions. As T  and L  had 
only two levels each, it makes no difference whether they were modelled as continuous 
effects or discrete factors. The reason for choosing the first option was to express their 
effects proportionally to their values. 
 
 
3. Results 

 

3.1. Effect of experimental treatments on larval and juvenile life-history traits: 

Graphs illustrating larval and juvenile life-history traits are given in Electronic Supplementary 
Material, Figure S1. 
 
Larvae metamorphosed at a significantly younger age at warmer temperature (age at which 
50% of individuals are metamorphosed, 50A : 22.9 ± 1.10 dph versus 18.9 ± 1.36 dph at 16°C 
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and 20°C, respectively; positive T  effect, Table 1; Fig. S1a) or with an enriched feeding 
regime ( 50A : 21.8 ± 2.65 dph versus 20.1 ± 2.90 dph for A and AE feeding regimes, 
respectively; positive F  effect, Table 1; Fig. S1a). Post-metamorphic standard length was 
significantly larger at warmer temperatures (11.1 ± 1.05 mm versus 12.4 ± 2.25 mm; positive 
T  effect, Table 1; Fig. S1b), which indicates faster average growth rate throughout the larval 
stage. Larval survival (0.47 ± 0.14) was unaffected by the experimental treatments (Table 1; 
Fig. S1c). 
 
Initial juvenile body mass (i.e., just after the intermediate growing phase) was significantly 
higher for individuals that had experienced warmer larval rearing temperature (9.5 ± 1.15 g 
versus 10.9 ± 1.02 g; positive T effect, Table 1; Fig. S1d) and this effect was stronger as 
larval feeding regime was enriched (positive FT  effect, Table 1; Fig. S1d). Subsequent 
juvenile growth rate, estimated by terms involving time t, was significantly slower for 
individuals that had an enriched larval feeding regime (negative Ft  effect, Table 1; Fig. 
S1d) or higher juvenile dietary lipid content (negative Lt  effect, Table1; Fig. S1d). 
Consequently, final juvenile body mass was significantly higher in individuals that had 
experienced warmer larval rearing temperature (13.2 ± 2.83 g versus 14.524 ± 2.85 g; 
positive T  effect, Table 1; Fig. S1d), a non-enriched larval feeding regime (14.2 ± 3.00 g 
versus 13.5 ± 2.79 g dph; negative F  effect, Table 1; Fig. S1d) or a low juvenile dietary lipid 
content (14.7 ± 3.12 g versus 13.0 ± 2.43 g at 11% and 20% dietary lipid content, 
respectively; negative L  effect, Table1; Fig. S1d).  
 

3.2. Effect of experimental treatments on resistance to hypoxia at the juvenile stage 

Thermal conditions during the larval stage significantly affected fish tolerance to hypoxia at 
the juvenile stage (negative T  effect, Table 2). Fish reared at 16°C were significantly less 
tolerant to hypoxia than those reared at 20°C (Fig. 2a), with a diminution of 7.5% of the 
instantaneous rate of equilibrium loss for each additional degree (Table 2). In contrast, 
feeding conditions during the larval stage did not affect fish resistance to hypoxia (Fig. 2b; F  
effect, Table 2). Dietary lipid content during the juvenile stage also significantly affected 
hypoxia tolerance, those individuals fed a 11%-lipid diet resisting better than those fed a 
20%-lipid diet with an estimated increase of 6% of the instantaneous rate of equilibrium loss 
for each additional % of lipid (Fig. 2c; positive L  effect, Table 2). None of the interactions 
affected hypoxia tolerance, nor did body mass within the size range tested. 
 

3.3. Blood biochemical correlates of resistance to hypoxia 

Haematocrit increased significantly with exposure to hypoxia (Fig. 3; positive 2O  effect, 
Table 3) but neither its level under normoxia (Fig. 3; S , T  and L  effects, Table 3) nor its 
response to hypoxia (Fig. 2; SO 2 , TO 2 , LO 2  effects, Table 3) depended on the 
hypoxia-tolerance group or the experimental treatment considered. 
 
Lactate under normoxia was significantly higher in sensitive individuals (Fig. 3; positive S  
effect, Table 3), but this difference lessened as juvenile dietary lipid content increased (Fig. 
3; negative LS   effect, Table 3). Lactate under normoxia was lower for individuals that 
experienced warmer larval rearing temperature and low juvenile dietary lipid content (Fig. 3; 
negative T  effect and positive L  effect, Table 3), but these effects were not fully additive 
(Fig. 3; positive LT   effect, Table 3). Lactate level increased significantly with hypoxia (Fig. 
3; positive 2O  effect, Table 3) and this was more pronouncedly in sensitive individuals (4-
fold) than in tolerant ones (2-fold) (Fig. 3; positive SO 2  effect, Table 3). 
 
Glycemia under normoxia was significantly higher in sensitive individuals (Fig. 3; positive S  
effect, Table 3). It was significantly lower in individuals that had experienced warmer larval 
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temperature and low juvenile dietary lipid content (Fig. 3; negative T  effect and positive L  
effect, Table 3), but the effects acted non-additively (Fig. 3; positive LT   effect, Table 3). 
The increase in glycemia under hypoxia (Fig. 3; positive 2O  effect, Table 3) was significantly 
stronger for sensitive soles (2.6 fold) than for tolerant ones (1.8 fold) (Fig. 3; positive SO 2  
effect, Table 3). In addition, this response was significantly higher in animals that had 
experienced warmer larval rearing temperature (Fig. 3; positive TO 2  effect, Table 3).  
 
 
4. Discussion 

 
Realistic scenarios of global change require, from a conservation perspective, integrated 
analyses based on multiple stressors acting simultaneously on organisms [23]. From a 
mechanistic perspective, however, responses to multiple stressors are poorly understood 
although crucial for defining the capacity of fish to adapt to climate change. One puzzling 
issue relates to the fact that early environmental stresses could potentially affect the ability of 
fish to face environmental constraints at later developmental stages. This study specifically 
addressed this question by considering the combined effect of two major abiotic factors 
affected by global warming and eutrophication, temperature and water oxygenation, acting at 
two different life stages, larvae and juveniles. We found that elevated temperature and better 
trophic conditions had a positive effect on larval growth and developmental (earlier 
metamorphosis) rates; warmer temperature experienced during larval stage had a positive 
delayed effect on body mass and resistance to hypoxia at juvenile stage. We hypothesize 
that an irreversible plastic response to temperature occurred during early ontogeny that 
allowed adaptive regulation of metabolic rates and/or oxygen demand with long-lasting 
effects. Also, lower levels of lactate and glycemia in blood were associated with better 
hypoxia tolerance both within and between experimental treatments, suggesting respectively 
a genetic and an environmental source of variation in individuals' hypoxia resistance. 
 

4.1. Ecological relevance of the model species and tested temperatures 

Common sole (Solea solea) is a coastal benthic species that is exposed to global change 
(warming and eutrophication). Geographical distribution of this species ranges from the 
Mediterranean Sea to the Baltic Sea (see Electronic Supplementary Material for details on 
the main life events of this fish species). Common sole is a batch-spawner. Spawning occurs 
in coastal waters from winter to spring, in temperature ranges from 14°C to 22°C depending 
on the geographical location and season [24, 25]. The temperatures tested in the present 
experiment, 16°C and 20°C, therefore fall within the likely seasonal thermal amplitude in 
coastal temperate sea water, from winter to spring. 
 

4.2. Immediate effects of environmental conditions on larval life-history traits 

In common sole, the duration of metamorphosis (period during which larvae switch from a 
pelagic to a benthic life mode) is approximately 10 days depending on temperature. 
Settlement occurs about 25 days after hatching [24]. In the present experiment, 
metamorphosis occurred earlier at warmer temperature and in enriched trophic conditions, 
and lasted less than 6 days irrespective of treatment. Body lengths at the end of the larval 
period (post-metamorphic standard length) were greater at warmer temperature, thus 
revealing faster average growth rate throughout the larval stage, but very similar to those 
reported in the field or in laboratory conditions [24, 26]. Unfortunately, size at metamorphosis 
per se could not be assessed because of the lack of length-at-age data during the 
metamorphosis period. 
 
It has been proposed that, in wild populations of flatfishes, year-class strength is determined 
during larval and early post-settlement stages [25] and that the availability of suitable food is 
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a strong determinant for survival. Our finding indicates that, contrary to other marine fish 
species, food lipid content did not directly influence larval sole survival.  
 

4.3.  Delayed effects of larval environmental history on juvenile life-history traits and 
tolerance to hypoxia 

At the end of Phase 2, soles were 10 months old, which corresponds to 0-group fish present 
on nursery grounds at the end of the summer. Fish lengths found in the present experiment 
were comparable to field reports [25], i.e., approximately 10 cm, and were lower than those 
observed in farmed individuals of the same age [27]. Therefore, juvenile growth occurred 
normally in our 10 month experiment, without any negative impact of the rearing protocol that 
would have impaired the validity of our observations and findings.  
 
Several growth-related traits were influenced by individuals' environmental history. For 
instance, juveniles that had experienced elevated temperature during their larval period 
exhibited higher initial and final body masses. Therefore, the observed advantage in terms of 
juvenile body mass was mainly due to a long-lasting body size consequence of faster larval 
growth and not to enhanced juvenile growth potential.  
 
Hypoxia tolerance is a complex performance trait that integrates the functioning of a series of 
convective and diffusive processes known as the oxygen cascade [3]. This cascade allows 
oxygen to move down the pressure gradient from ambient water to the mitochondria. 
Impairments at any step in this cascade are liable to affect the ability of an organism to meet 
its oxygen requirement when faced with reduced oxygen availability. Moreover, metabolic 
rate and efficiency also contribute to fixing individual oxygen demand and, therefore, 
individual susceptibility to limiting oxygenation conditions.  
 
Although often alleged, the link between initial thermal and dietary conditions and metabolic 
performance at later developmental stages is poorly documented. The present investigation 
sheds a new light on this aspect by suggesting that metabolic rates at the juvenile stage are 
lower for individuals that have experienced warm larval temperature. This result is the 
opposite of the immediate positive effect of temperature on metabolic rates [28] and 
suggests that increased temperature during early ontogeny may trigger an irreversible plastic 
response that compensates for the temperature-induced elevation in metabolic rates.  
 
The acute effect of water temperature on fish metabolism has been documented in 
numerous studies and is generally considered as the strongest environmental determinant of 
fish performance [29]. What is less documented, however, is the effect of temperature on the 
phenotype of developing fish. Fish plastic responses to early thermal conditions have been 
reported to have long-lasting repercussions upon sex determination [30], muscles structure 
[31] and swimming performance [32]. The present investigation increases current knowledge 
by documenting the fact that hypoxia tolerance is a phenotypic trait under thermal control. 
This result profoundly changes our perception of contemporary environmental trends upon 
fish adaptation ability [33] and the possible repercussions at population and ecosystem levels 
[34]. Hypoxia tolerance is a determinant of Darwinian fitness for many coastal fish species, 
and the demonstration that early thermal and dietary history affects this performance clearly 
deserves further study. This would be particularly important for improving the predictive 
ability of current models of the impact of climate change and eutrophication of coastal areas 
on fish stock production, dynamics and evolution. 
 

4.4. Other sources of variation of sensitivity to hypoxia: trophic conditions and 
genetic variability 

Nutritional conditions, particularly dietary lipid content, had a short-term impact on sole 
tolerance to hypoxia. Juvenile sole exhibited a lower tolerance to hypoxia when fed a lipid-
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rich diet. Relationships among diet lipid content and fish metabolic rate and aerobic 
performance have been clearly established in juvenile fish [35, 36]. High dietary lipid 
contents are known to adversely affect growth and nutrient utilization of flatfish, and 
particularly sole, which is considered to have low lipid tolerance [37]. The relative difficulty 
that sole have at handling high dietary lipid contents was confirmed in our study by their 
slower growth, and it is reasonable to consider that this difficulty has a metabolic cost. High 
dietary lipid levels, when not correctly metabolized by the organism, increase lipid 
peroxidation and affect mitochondria functioning through the production of reactive oxygen 
species. They are likely to impair tolerance to hypoxia [38].  
 
One interesting result of this study is that individuals that had experienced the same 
environmental history could exhibit varying levels of sensitivity to hypoxia (as shown by our 
classification of "tolerant" vs. "sensitive" individuals). This diversity likely has a genetic basis 
and possibly relates to individuals’ capacity to extract oxygen by increasing the water flow 
over their gills and/or a higher capacity to reduce their oxygen consumption. Recently, Flight 
et al. [39] revealed a highly significant effect of sex on survivorship under hypoxic conditions, 
with females surviving longer than males. Reasons for this difference were not fully 
uncovered although not related to size. Variation in individuals' reproductive state could be 
potentially responsible for the observed difference between sexes, but this explanation 
cannot apply to our results as the fish had not started sexual maturation within the time of the 
experiment.  
 

4.5. Physiological aspects of resistance to hypoxia 

As expected, haematological variables (i.e., haematocrit, lactate and glucose) rose during 
the hypoxia challenge. The increase in haematocrit is classically reported during acute 
hypoxia. It is aimed at increasing oxygen transport capacities [40]. This adaptive response 
was not influenced by any of the environmental conditions tested (temperature at early 
stages or trophic conditions) nor by the degree of resistance to hypoxia of individuals.  
 
Conversely, plasma lactate and glucose levels were influenced by fish environmental history. 
During hypoxia, plasma levels in these two metabolites rose to a lesser extent in animals that 
had experienced 20°C than in those that had only experienced 16°C during their larval 
period. Inversely, the levels of these two metabolites under normoxia and hypoxia conditions 
increased with dietary lipid content and/or an individuals' sensitivity to hypoxia. The high 
plasma level of glucose could be due to lipid-induced insulin resistance, since high levels of 
dietary fat impair glucose homeostasis in fish [41]. The impairment of glucose homeostasis 
could be a sign of the metabolic cost of high dietary lipid levels on sole metabolism, 
particularly during hypoxia. The better resistance to hypoxia of fish that experienced warmer 
temperatures during their larval period was unexpected since these animals also exhibited 
larger body masses at the juvenile stage. Fast growing fish tend to have higher standard 
metabolic rate and therefore higher oxygen requirements. They should, therefore, be less 
tolerant to hypoxia than slow growing individuals [38]. We suggest that thermal conditions 
during early developmental stages may have affected cellular actors involved in hypoxia-
dependent paths [42], such as those activated by the hypoxia-inducible factor (HIF) or 
associated with the activation of the unfolded protein response (UPR), to an extent that they 
distorted the relationship between body size and hypoxia tolerance. A set of multiple 
transcription factors are regulated by HIF and UPR, and it would not be surprising if their 
potential activation during early developmental stages could have led to metabolic 
programming of some genes (involved in metabolism and/or mitochondria biogenesis), with 
long-term effects on hypoxia tolerance during the juvenile stage. 
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4.6. Conclusion 

This study clearly demonstrates that environmental conditions experienced during early 
developmental stages are important in controlling environmental adaptation performance at 
later life stages. In particular, soles that had experienced elevated temperatures during their 
early-life exhibited higher body masses and tolerance to hypoxia, likely through long-term 
programming of metabolic pathways. Such a cohort effect on growth performance and 
hypoxia tolerance could have major implications for population dynamics. Our study also 
indicates that developmental plasticity in animals may allow adaptation to changing 
environment conditions to have delayed effects, and that this may attenuate some of the 
more severe predictions about organisms' responses to global warming and eutrophication. 
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Tables 

 

Table 1. Analysis of the effect of experimental treatments on larval and juvenile traits by 
generalized linear (mixed effect) modelling.  
Results shown concern reduced models issued from backward elimination. For each trait and 
covariate, the following elements are provided: the effect estimate  together with its 
standard error ).(. es   in the reduced model; the 2  statistic (with 1 degree of freedom for 
all tests) and the resulting p value for the type II test from the complete model. Larval survival 
probability: generalized linear mixed effect model for Bernoulli data with logit link, and 
replicate tanks as a random effect; Probability of metamorphosis: generalized linear model 
for binomially distributed data with logit link; Post-metamorphic standard length: generalized 
least squares model with residual variance differing across T×F levels to account for 
heteroscedasticity. Juvenile body mass growth and final juvenile body mass: generalized 
least squares models with residual variance differing across T×F×L and t×T×F×L 
combinations to account for heteroscedasticity. For juvenile body mass growth, terms 
excluding time t  measure effects on initial body mass just after the intermediate growing 
phase, since t  was set at 0 on this date, while terms including t  evaluate effects on body 
mass growth rate. 
 

Trait  Covariate   ).(. es  
2
1  p value 

Larval survival 

  0  - 0.141 0.180 n.a. n.a. 

Proportion of metamorphosed individuals 

  0  - 24.702 3.828 n.a. n.a. 

  t  1.034 0.160 129.763 <0.001 

  T  1.095 0.208 54.333 <0.001 

  F  1.572 0.580 8.540 0.003 

Post-metamorphic standard length 

  0  11.114 0.184 n.a. n.a. 

  T  0.274 0.099 6.939 0.008 

Juvenile body mass growth 

 Initial body mass 

  0  9.993 0.082 n.a. n.a. 

  T  0.132 0.027 209.742 <0.001 

  F  - 1.012 0.116 3.148 0.076 

  FT   0.445 0.038 125.733 <0.001 

 Growth rate 

  t  0.069 0.003 540.040 <0.001 

  Ft   - 0.009 0.003 8.225 0.004 

  Lt   - 0.003 0.000 59.410 <0.001 

Final juvenile body mass 

  0  14.859 0.252 n.a. n.a. 

  T  0.109 0.081 56.591 <0.001 

  F  - 1.795 0.267 15.549 <0.001 

  L  - 0.193 0.024 59.410 <0.001 

  FT   0.532 0.103 23.732 <0.001 

0 : intercept; T : larval rearing temperature (continuous); F : larval feeding regime (factor: 

A/AE); L : juvenile dietary lipid content (continuous); t : time (dph); n.a.: not applicable 
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Table 2. Analysis of the effect of experimental treatments on resistance to hypoxia at the 
juvenile stage by a Cox proportional hazards model.  
The reduced model resulting from backward elimination is presented. For each covariate, the 
following elements are provided: its effect estimate   together with its standard error ).(. es  
and the corresponding multiplicative effect )exp(  on instantaneous hazard rate in the 
reduced model; the 2  statistic (with 1 degree of freedom for all tests) and the resulting p 
value for the type II test from the complete model. 
 
 

Covariate   ).(. es  )exp(  2
1  p value 

T  0.077 0.021 0.925 11.732 <0.001 

L  0.059 0.010 1.060 30.455 <0.001 

T : larval rearing temperature (continuous); L : juvenile dietary lipid content (continuous). 
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Table 3. Analysis of the blood biochemical correlates (hematocrit, lactate level and glycemia) of 
sensitivity to hypoxia (R and S individuals) at two oxygen concentration levels (100% and 11%) by 
linear modeling.  
Results shown concern reduced models issued from backward elimination. For each blood 
biochemical parameter and covariate, the following elements are given: its effect coefficient   
together with its standard error ).(. es  in the reduced model; the associated F statistic with its 
degrees of freedom (at numerator and denominator as indices) and the resulting p value for the type II 
test from the complete model. Terms excluding 2O  test effects on the constitutive levels of the blood 
biochemical parameters under normoxia, while terms involving 2O  test effects on the response of 
blood biochemical parameters to hypoxia.  
 
 

Parameter Covariate   ).(. es  F p value 

Hematocrit  

 Under normoxia 

  0  2.159 0.036 n.a. n.a. 

 Response to hypoxia 

  2O  0.181 0.049 F1,52=12.110 0.001 

Lactates  

 Under normoxia 

  0  - 1.360 0.169 n.a. n.a. 

  S  0.353 0.200 F1,63=10.826 0.002 

  T  - 0.070 0.041 F1,63=0.019 0.892 

  L  0.0001 0.022 F1,63=0.322 0.572 

  LS   - 0.051 0.025 F1,63=4.017 0.050 

  LT   0.016 0.006 F1,63=6.054 0.017 

 Response to hypoxia 

  2O  1.453 0.162 F1,63=217.026 <0.001 

  SO 2  0.510 0.228 F1,63=4.614 0.036 

Glycemia  

 Under normoxia 

  0  - 2.592 0.174 n.a. n.a. 

  S  0.033 0.169 F1,62=6.157 0.016 

  T  - 0.024 0.052 F1,62=0.550 0.461 

  L  0.034 0.018 F1,62=26.780 <0.001 

  LT   0.018 0.007 F1,62=7.304 0.009 

 Response to hypoxia 

  2O  1.408 0.206 F1,62=120.686 <0.001 

  SO 2  0.533 0.235 F1,62=4.732 0.033 

  TO 2  - 0.163 0.059 F1,62=6.965 0.011 

0 : intercept; S : sensitivity group (factor: sensitive/resistant); T : larval rearing temperature 

(continuous); L : juvenile dietary lipid content (continuous); 2O : water concentration level 

(factor: 100%/11%); n.a.: not applicable 
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Figure captions 

 

Figure 1. Main steps of the experimental design for soles that were fed (A)-regime during the 
larval period. Soles that were fed (AE)-regime during the larval period underwent the same 
treatments in the same experimental design until the first hypoxic challenge. See the text for 
more details. 
 

Figure 2. Resistance of juvenile soles to hypoxia according to experimental treatment.  
Thick lines represent the percentage of individuals that resisted hypoxia up to the time point 
considered (also called the Kaplan-Meier estimator in survival analysis) and thin lines 
represent the associated 95% confidence intervals. (a) Effect of larval rearing temperature 
(16°C or 20°C); (b) Effect of larval feeding regime (plain or enriched Artemia, A or AE); (c) 
Effect of juvenile dietary lipid content (11% or 20%).  
 

Figure 3. Response of blood biochemical parameters to water oxygenation level (100% vs. 
11%) in resistant (R) and sensitive (S) individuals according to experimental treatment.  
Circles and triangles represent individuals that had experienced 16°C and 20°C, respectively, 
during larval rearing. Grey symbols/lines and black symbols/lines represent individuals that 
were fed 11% and 20% lipid diets, respectively, during juvenile rearing. Means ± standard 
deviations are given (n=5). Successive treatment curves are slightly shifted along the x-axis 
to ease visualization. 
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Figure S1. Effect of experimental treatments on larval and juvenile life history traits.  
In all panels, dots are data points, vertical bars are associated standard errors when 
applicable, thick curves are fitted value of the final model (see Table 1) and thin curves are 
the corresponding 95% confidence interval. Successive treatment curves are slightly shifted 
along the x-axis to ease visualization. 
(a) Proportion of metamorphosed individuals; (b) Final larval standard length; (c) Larval 
survival probability; (d) Juvenile weight 
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S1. STATISTICAL ANALYSES 

(a) Testing the effect of experimental treatments on life history traits at larval and 

juvenile stage 

Larval survival probability and post-metamorphic standard length were modelled according to 

a two-way full factorial design between larval rearing temperature T  (16°C/20°C) as a 

continuous variable and larval feeding regime F  (A/AE) as a factor, 

TTY TFFT ,0   , 

whereas the model of the proportion of metamorphosed individuals also included time t  

(days) as a continuous variable, the slope representing the increase in the proportion of 

metamorphosed individuals as they age, plus interactions with the full factorial design, 

tTttTtTTY tTFtFtTtTFFT   ,,,0  , 

with Y  denoting the linear predictor. Larval survival was analyzed using a generalized linear 

mixed effect model for Bernoulli data with a logit link and replicate tanks as random effect. A 

generalized least squares model was used for post-metamorphic standard length with 

residual variance differing across combinations of FT   to account for heteroscedasticity in 

the residuals. The proportion of metamorphosed individuals was analyzed using a 

generalized linear model for binomially distributed data with a logit link. 

Final juvenile body mass was modelled according to a three-way full factorial design between 

T , F , and juvenile dietary lipid content L  (11%/20%) as a continuous variable with  

LTLLTTLTY LTFLFLTTFLFT   ,,,0   

whereas the model of juvenile body mass during Phase 2 of the study also included time t  

(days) as a continuous variable, the slope representing growth rate, plus interactions with the 

full factorial design  

tLTtLtLT

tTtTttTtTTY

tLTFtLFtLT

tTFtLtFtTtTFFT









,,

,,,0




. 

It is worth noticing that, in this last model, terms that exclude time t  allow testing the effect of 

treatments on initial juvenile body mass, i.e. just after the intermediate growing phase, while 

terms that involve t  allow considering the effect of treatments on juvenile growth in body 

mass. Note also that, in this model, L  was only involved in interactions with t  since the 

juvenile dietary lipid content was only varied after the intermediate growing period and thus 



should affect growth rate only and not initial body mass. Both variables were analysed using 

a generalized least squares model with residual variance differing across combinations of 

LFT   for the former and of LFTt   for the latter to account for heteroscedasticity in 

the residuals.  

After performing relevant model fitting diagnostics according to the method used (see [1] for 

generalized linear models and [2] for generalized linear mixed effect models and generalized 

least squares models), significance of the effects at 5% was tested by likelihood ratio tests 

between nested models respecting marginality of the effects that are supposed to follow a 
2  distribution under the null hypothesis (type II tests) [3]. The effects   of active covariates 

were estimated from the reduced model obtained by backward elimination (Fox and 

Weisberg 2011) on the basis of the significance at 5% of likelihood ratio tests between 

nested models. The same results were obtained by model selection based on the Akaike 

Information Criterion (AIC) [4] with a delta threshold of 2 [5]. Analyses were performed using 

the ʻstatsʼ, ʻnlmeʼ [6], ʻlme4ʼ [7], and ʻcarʼ [3] packages in the statistical environment R. 

 

(b) Testing the effects of experimental treatments on resistance to hypoxia at juvenile 

stage 

HCT generated data similar to those of survival studies. In both cases, data are expressed 

as waiting time until the occurrence of a predefined event: waiting time until loss of 

equilibrium for HCT and waiting time until death for survival studies. Therefore, time of 

resistance to hypoxia during HCT was analyzed using survival analysis techniques [8]. We 

used the Cox proportional hazards model to test for difference in hypoxia resistance 

functions according to the different experimental conditions during larval and juvenile stage. 

More precisely, in this model the hazard rate )(th , i.e., the rate of occurrence of the loss of 

equilibrium, is considered as being affected proportionally (multiplicatively) by the different 

covariates or explanatory variables. The complete Cox model included a three-way full 

factorial design between larval rearing temperature T , juvenile dietary lipid content L , and 

larval feeding regime F  plus individual body mass m  as an additional continuous covariate. 

This additional covariate was meant to control for potential differences in hypoxia tolerance 

related to variation in body mass as metabolism is generally proportional a power function of 

body mass. The resulting hazard rate model was  

)exp()()( ,,,0,,, LTLLTFTLTmthth LTFLFLTTFLFTmLFTm     

where )(0 th  is the baseline hazard when all covariates are zero and the  's are coefficients 

measuring the effect of the different covariates m , T , F , and L . A logarithmic 

transformation was used to linearize the model as is customary when fitting a Cox model, 



LTLLTFTLTmthth LTFLFLTTFLFTmLFTm   ,,,0,,, ))(ln())(ln(  . 

Proportional hazards diagnostic was carried out by checking the absence of trend in scaled 

Schoenfeld residuals versus time transformed according to the Kaplan-Meier estimator for 

each covariate on the basis of both of correlation statistics and visual inspection [3, 8]. The 

absence of influential observations was assessed based on visual inspection of dfbeta 

residuals plotted against each covariate [3, 8]. The linearity of the relationship between the 

log-transformed hazard rate and covariates (i.e., the multiplicative nature of the covariate 

effects on the hazard rate) was checked by visual inspection of martingale residuals plotted 

against each covariate [3, 8]. After performing diagnostics, significance of the effects at 5% 

was tested by partial likelihood ratio tests between nested models respecting marginality of 

the effects that are supposed to follow a 2  distribution under the null hypothesis (type II 

tests). In a second step aiming at estimating the effect   of active covariates, we reduced 

the model by backward elimination on the basis of the significance at 5% of partial likelihood 

ratio tests between nested models. Model selection based on the AIC gave exactly the same 

results. Analyses were performed using the ʻsurvivalʼ [9] and ʻcarʼ packages in the statistical 

environment R. 

 

(c) Testing for blood biochemical correlates of resistance to hypoxia 

Hematocrit, lactate level and glycemia were analyzed using linear models to assess how 

they differed between sensitive and resistant individuals, how they responded to water 

oxygenation level and how they were affected by experimental treatments. The two first 

blood biochemical parameters were log-transformed whereas we applied a Box-Cox 

transformation with parameter 6.0  to glycemia [10] to achieve normality. The 3 

transformed blood biochemical parameters, denoted as iY  for an individual i , were modeled 

as four-way full factorial design between the individual's sensitivity group iS  (resistant vs. 

sensitive) and oxygenation level 2O  at sampling (100% vs. 11%) taken as factors, and its 

larval rearing temperature iT  and its juvenile dietary lipid content iL  as continuous variables, 

plus a residual term i  following a centred normal distribution: 

iiiLTOSiLOSTOSiLOiTOOSO

iiLTSiiLTiLSiTSiLiTSi

LTLTLT

LTLTLTLTY

iiiiiiiiiii

iiii













,2,2,2,2,222

,,,0
. 

Note that only soles fed plain A1 Artemia (A) were sampled for blood parameters, thus the 

absence of larval feeding regime F  in the model. Model terms excluding water oxygenation 

level 2O  allowed testing the effect of the sensitivity group and the experimental treatments 



on the constitutive level of blood biochemical parameters under normoxia while those 

involving 2O  tested their effects on the response of blood biochemical parameters to 

hypoxia.  

Normality of the residuals was tested by the Shapiro-Wilk normality test. The absence of 

trends in the residuals and their homoscedasticity were assessed by visual inspection of the 

residuals plotted against predicted values and each covariate. The absence of influential 

observations was assessed by visual inspection of studentized residuals plotted against 

observations' leverage values and Cook's distances [3]. After diagnostics, significance of the 

effects at 5% was tested by F tests while respecting marginality of the effects (type II tests). 

The effects   of active covariates were estimated from the reduced model obtained by 

backward elimination on the basis of the significance at 5% of F tests between nested 

models. The same results were obtained by model selection based on the AIC with a delta 

threshold of 2. Analyses were performed using the ʻstatsʼ and ʻcarʼ packages in the statistical 

environment R. 
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S2. Main events of common sole life (Solea solea) 

 
The common sole, Solea solea, is an important commercial flatfish species usually found in 
shallow waters (between 10 and 60 m; but also down to 200 m) of the eastern Atlantic 
Ocean. Its distribution ranges from the Mediterranean Sea and the north-western coast of 
Africa to the northern coast of Scotland and the southern coast of Norway [1]. The common 
sole is a batch-spawner. Spawning occurs in coastal waters from winter to spring depending 
on the geographical location. Fertilized eggs are pelagic and generally hatch after 1 to 2 
weeks. The larval stage is also pelagic and commonly lasts 3 to 7 weeks [2]. Because of 
their pelagic life style, eggs and larvae can disperse relatively widely and may experience 
strong environmental variability as they drift inshore, notably in terms of temperature and 
food abundance. The larval stage is also characterized by a metamorphosis implying critical 
ontogenic morphological, physiological, and behavioral changes [3]. At the end of 
metamorphosis, juvenile individuals settle, i.e., they change from a pelagic to a benthic 
habitat and colonize coastal shallow waters in estuaries and bays [2]. In this new habitat, 
sole are likely to experience strong temperature and salinity fluctuations but also hypoxia 
episodes. Juveniles spend roughly 2 years on these coastal nursery grounds where they can 
feed on abundant epibenthic and endobenthic preys [2]. The pelagic larval and the juvenile 
stage on nursery grounds have been shown to be determinant for common sole recruitment 
[1, 4]. Sexual maturity is reached between 2 and 6 years old [5]. 
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