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Abstract:

The worldwide increasing recourse to chemical dispersants to deal with oil spills in marine coastal
ecosystems is a controversial issue. Yet, there exists no adequate methodology that can provide reliable
predictions of how oil and dispersant-treated oil can affect relevant organism or population-level
performance. The primary objective of the present study was to examine and compare the effects of
exposure to untreated oil (weathered Arabian light crude oil), chemically dispersed oil (Finasol, TOTAL-
Fluides) or dispersant alone, upon the ability of fish for environmental adaptation. To reach that goal, we
implemented high-throughput, non-lethal challenge tests to estimate individual hypoxia and heat tolerance
as surrogate measures of their capacity to face natural contingencies. Experimental populations were then
transferred into semi-natural tidal ponds and correlates of individuals’ fithess (growth and survival) were
monitored over a period of 6 months. In accordance with our stated objectives, the contamination conditions
tested corresponded to those observed under an oil slick drifting in shallow waters. Our results revealed
that the response of control fish to both challenges was variable among individuals and temporally stable
(repeatable) over a 2-month period. Exposure to chemical dispersant did not affect the repeatability of fish
performance. However, exposure to oil or to a mixture of oil plus dispersant affected the repeatability of
individuals’ responses to the experimental challenge tests. At population level, no difference between
contamination treatments was observed in the distribution of individual responses to the hypoxia and
temperature challenge tests. Moreover, no correlation between hypoxia tolerance and heat tolerance was
noticed. During the field experiment, hypoxia tolerance and heat tolerance were found to be determinants of
survivorship. Moreover, experimental groups exposed to oil or to dispersant-treated oil displayed
significantly lower survival than control or dispersant-exposed groups. Finally, from the four experimental
populations tested, the one exposed to chemically dispersed oil presented the lowest growth rate.

Highlights
» Fish were exposed to petroleum hydrocarbon and/or dispersants. » Environmental adaptation ability

was assessed in laboratory. » Fish were transplanted in the field. » Proxies of Darwinian fitness were
assessed.
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1. Introduction

For much of their activities, raw materials and food supply, human populations are dependent upon
coastal ecosystems and catchment basins of large rivers. As a result, industrial and domestic
wastes accumulate in these systems, impacting their biological, economic and social value (Moore
et al.,, 2004). To manage this problem, substantial effort has been devoted to developing
methodologies to accurately assess the impacts, and predict the consequences, of chemical
contaminants loading upon ecosystem functioning. Using biomarkers, initial objectives were to
validate early warning signals that would indicate that organisms have been or are being exposed
to toxic compounds or that they are suffering or will suffer impairments of ecological significance
(Forbes et al., 2006). Unfortunately, these objectives remain largely unattained, leaving available
methodologies incapable of providing detection and useful predictions about how contaminants
may influence organisms and populations (Van der Oost et al., 2003; Forbes et al. 2006).

Numerous reasons have been put forward to explain current shortfall of biomarkers to inform about
the impact of contaminants upon ecologically, socially and economically relevant levels of
biological organization i.e., population, community, and ecosystem (Forbes et al., 2006). These
include the difficulty to distinguish between a true early warning signal and a false alarm, the lack
of integrated mechanistic basis for interpretation, complicated time- and dose-responses, unclear
link to Darwinian fitness, confounding influences of external conditions. While it is recognized that
high levels of biological organization are too far removed from the causative toxicological events to
be used as early warning signals of environmental stress, these levels are of considerable
importance to human activities, economy and well being. Central to the present paper is therefore
the need to decipher the links between contaminant exposure and population-level effects.

Recent events show that resorting to chemical dispersants to manage oil spills in coastal
environments is a highly controversial matter. At issue is whether the risk of ecological effects to
marine species from toxic oil components increases or decreases when oil slicks are dispersed
before they reach the shoreline (Fucik, 1994). The main outcome of dispersant use is indeed the
transfer of oil from the water surface into the water column. As a result, exposure for surface
dwelling and intertidal species is potentially decreased, while it is increased for water-column and
benthic organisms. Thus, inherent to the recourse to dispersant is the implicit trade-off among
different habitats and species having different ecological, social, and economical values.

Fish comprise water-column and benthic species and they are an ecologically, socially and
economically valuable resource. Consequently, fish are pivotal when deciding upon the most
appropriate response strategy following an oil spill. Unfortunately, data about the effect of
dispersant and dispersant-treated oil upon fish are too sparse to fully inform decisions (Linden,
1975; Getter and Baca, 1984; Gagnon and Holdway, 2000; Cohen et al. 2001; Ramachandrana et
al., 2004). In particular there is nearly no information about how these compounds may affect the
ability of fish to exploit their habitat and how these impairments may transpose into population or
community-level impacts (Depledge, 1993).

The physiology of an animal determines the range of environmental conditions under which it can
persist without fitness impairments (Fry, 1947 and 1971; Prosser, 1950; Wikelski and Cook, 2006).
Through bioenergetics, traits involved in environmental adaptation have well established ties with
determinants of individual fithess such as survival, growth and reproduction (Wikelski and Ricklefs,
2001). This has led to the proposal that these performance traits could be useful indicators of
aquatic pollution (Brett, 1958; Sprague, 1971; Rice, 1990; McKenzie et al., 2007) since they would
link contaminant exposure to ecologically relevant, population-level impacts (Claireaux and
Lefrangois, 2007). In aquatic environments, temperature and oxygenation conditions are subject to
large fluctuations and alterations in the ability of fish to face these natural contingencies are
believed to directly affect their fitness (Somero, 2005; Mandic et al., 2009). On that basis, the
incipient lethal oxygen saturation and upper incipient lethal temperature have been generally
thought to be potential biomarkers of fish functional integrity and success in the field (Beitinger and
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McCauley, 1990; Davoodi and Claireaux, 2007; Portner and Knust, 2007; Wang and Overgaard,
2007; Claireaux and Davoodi, 2010).

To address the concern, and inform the decision, over the use of chemical dispersant in coastal
waters, we implemented a high-throughput, non lethal method to screen a fish population on the
basis of individual incipient lethal oxygen saturation and upper incipient lethal temperature.
Experimental fish populations were submitted to an hypoxia and temperature challenge test before,
shortly after and 1 month after fish had been exposed to one of four experimental conditions i.e.,
control, mechanically dispersed oil, dispersant-treated oil and dispersant alone. Following the
challenge tests, experimental populations were transferred to the field and correlates of individual
fitness (growth and survival) were monitored over a period of 6 months. The relationships between
individuals’ responses to the challenge tests and their performance under field conditions were
examined with the double objective of validating the diagnosis ability of the challenge tests and
evaluating their interest for prognosticating the long term consequences of fish population
exposure to untreated and dispersant-treated oil. Exposure conditions were assessed by
measuring water total petroleum hydrocarbon concentration, while fish contamination status was
evaluated through the presence of PAH in the bile using a semi-quantitative fluorimetric method.

2. Materials and methods

2.1. Animals

Five hundred juvenile European sea bass (Dicentrarchus labrax) were obtained from a commercial
fish farm (Aquastream, Ploemeur, France). These fish were issued from the crossing of 15 females
and 20 males which originated either from a several-generation domestication program or from the
wild. They were transported to institut francais de recherche pour I'exploitation de la mer (lfremer)
rearing facility in Brest, where they were maintained 4 months under natural photoperiod and
temperature conditions. As they reached the required size (February 2011), fish were tagged
subcutaneously with a passive integrated transponder (PIT-Tag, Ordicam, Rambouillet, France)
and transported to nearby centre de documentation, de recherche et d'expérimentations sur les
pollutions accidentelles des eaux (CEDRE) where they were held in a 12 m® tank supplied with
aerated, re-circulated and bio-filtered natural sea water. A one-month acclimation period, under
natural photoperiod and temperature conditions, was allowed before experiment began. Fish were
fed daily with commercial pellets (Le Gouessant, Lamballe, France) and feeding was interrupted at
least 24 h before manipulations and experimentation. One week prior to starting the experiment,
fish were lightly anaesthetized using clover oil (1.25 ml L™'; Omega Pharma, Plélo, France) and
measured for standard length (11.23 £0.12 cm; mean +SEM) and mass (25.31 21 g). It must be
noted that fish handling protocol conformed to in force French government standards and
regulations.

2.2. Experimental protocol

Fish were attributed at random to four experimental groups labeled CONT (n = 112), OIL (n = 95),
OIL+DISP (n = 104) and DISP (n = 97). The CONT group was used as control. It was never
exposed to chemicals and it allowed us to monitor temporal stability (repeatability) of individual
physiological performance. The OIL group was destined to be exposed to mechanically dispersed
oil, the OIL+DISP group consisted of fish meant to be exposed to chemically dispersed oil and the
DISP group was intended to be exposed to the chemical dispersant alone. Using two
environmental challenge tests, individuals’ physiological ability for environmental adaptation was
assessed approximately 2 weeks before (pre-exposure), within a week after (early post-exposure)
and 1 month after (late post-exposure) fish had been exposed (groups OIL, DISP and OIL+DISP),
or not exposed (group CONT), to chemicals (Table 1). Fish relative contamination level was
assessed via bile fluorescence. Two weeks after the last challenge test was conducted (May
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2011), fish groups were transported by road to a set of experimental tidal ponds located in
L’Houmeau (400 km from Brest) to assess and compare their ecological performance (growth and
survival) under semi-natural conditions.

2.3. Chemicals, exposure protocol, water and fish contamination assessment

The study was conducted using weathered Arabian light crude oil. The weathering process
consisted in bubbling air through the oil layer until approximately 10 % of the petroleum mass was
lost. Such a treatment of the oil simulated a 12 h ageing of a slick released at sea (Nordvik, 1995).
Our weathered oil contained 54 % of saturated hydrocarbons, 34 % of aromatic hydrocarbons and
12 % of polar compounds. Its API (American Petroleum Institute) gravity was 33.

The oil dispersant used in the current study was a 3™ generation commercial formulation (Finasol;
TOTAL Fluides, Paris, France). Its efficiency and acute toxicity was assessed by CEDRE using
standard testing and approval procedures (respectively NF.T.90-345 and NF.T.90-349).

Experimental exposure protocol is described in details in Milinkovitch et al. (2011). Briefly, 48 h
before exposure, experimental groups were split in two subgroups and transferred into 8, 300-I
polyethylene tanks. These tanks were supplied with open flow and aerated sea water and were
regulated at the same temperature than the rearing tank. Exposure tanks were equipped with a
custom made mixing system which allowed the full homogenisation of the water column. Exposure
started by pouring 20 g of weathered fuel oil (OIL) and/or 1 g of dispersant (OIL+DISP and DISP
respectively) at the surface of the tanks. Exposure lasted 48 h during which a close circulation of
aerated water was maintained in each tank. Following exposure, fish were briefly bathed in clean
sea water before being returned into their initial rearing tank. Control fish (CONT) followed the
same procedure but were not exposed to the chemical compounds. At the end of the exposure
phase, 10 individuals were sampled from each tank and euthanized by a sharp blow on the head.
The gall bladder was quickly excised, put in a microtube (Eppendorf, Hamburg, Germany) and
quickly frozen in liquid nitrogen. Gall bladders were then stored at -80 °C until analysed.

Total petroleum hydrocarbon concentration ([TPH]; sum of dissolved hydrocarbons + oil droplets)
was measured in triplicate (sample volume 100 ml) from each contamination tank, at the beginning
and at the end of the exposure period. Water samples extraction was repeated 3 times using 10 ml
of dichloromethane Pestipur quality (Carlo Erba Reactifs, SDS). The combined extracts (organic
phases) were then dried by filtering through anhydrous sodium sulphate (pesticide grade). The
absorbance of the organic phases was measured using a spectrophotometer at 390 nm (UVeVis,
Unicam, France) as described in Fusey and Oudot (1976).

The presence of PAH metabolites in the fish bile was assessed with a semi-quantitative fluorimetric
method (Aas et al., 2000) using a fluorescence spectrophotometer with a 5 nm slit width on
emission and excitation channels (Jasco FP-6200, Tokyo, Japan). Analyses were performed using
two excitation-emission wavelengths i.e., 343-383 nm (four-ringed PAH compounds) and 380-430
nm (benzo[a]pyrene-type metabolites) (Krahn et al., 1984, Lin et al., 1996; Aas et al., 2000).

2.4. Challenge tests

To avoid unnecessary stress and additional sources of variation, challenge tests were conducted in
the fish rearing tank. These tests were conducted approximately two weeks before exposure to
chemicals (pre-exposure), within a week and approximately 1 month after chemical exposure
(early and late-post-exposure respectively; Table 1). Water salinity didn’t change significantly over
the duration of the experiment. However, water temperature was intentionally not controlled and it
therefore followed the natural seasonal cycle (Table 1).



2.5. Hypoxia challenge test (HCT)

HCT consisted in a rapid decrease in water oxygenation (from nearly 100 % to 20 % air saturation
in about one hour) followed by a much slower descent (approximately 2 % air saturation per hour)
until the experiment ended (Fig.1 top panel). Ambient oxygenation was controlled by bubbling
nitrogen in the input of a submersible pump placed in the tank. Nitrogen flow in the pump was
manipulated using a controller and solenoid valve connected to a cylinder (Oxy-REG; Loligo
Systems, Tjele, Denmark). As fish lost their ability to maintain balance i.e., when the incipient
lethal level was reached, they were quickly removed from the experimental arena, identified (pit tag
reading) and placed in a fully aerated recovery tank. The corresponding time and oxygenation level
(incipient lethal oxygen saturation, ILOS) was also recorded. Challenge ended as the last fish was
removed and it must be noted that less than 1 % mortality was observed.

2.6. Temperature challenge test (TCT)

A minimum 5-day recovery period was allowed between HCT and TCT. TCT consisted in a period
of rapid temperature increase (from acclimation to 27 °C in about 2.5 hours) followed by a slower
increase (approximately 0.5 °C per hour) until the experiment ended (Fig.1 bottom panel). Water
temperature was control using a 2500 w heater (JULABO, Seelbach, Germany). A submersible
pump placed in the tank ensured water homogeneity and air saturation was maintained via strong
air bubbling. As fish lost equilibrium, they were quickly removed from the tank, identified (pit tag
reading) and placed in a recovery tank at acclimation temperature. The corresponding time and
temperature (upper incipient lethal temperature, UILT) was also recorded. As for HCT, less than 1
% mortality was recorded in the days that followed TCT.

2.7. Fish performance under semi-natural conditions

On May 15" 2011, fish were transported to Ifremer field station in L’Houmeau (transportation time:
5 h) and distributed among 7 tidal earthen ponds. The characteristics of these ponds have been
described on various occasions (Nelson and Claireaux, 2005; Claireaux et al., 2007; Handelsman
et al., 2010). Briefly, ponds (area 200 m?% depth 0.8-1.2 m) are connected to the nearby ocean
(Bay of Biscay) via a tidal canal. This canal allows natural prey (mainly grass shrimp Palaemonetes
varians, common prawn Palaemon serratus and crangonid shrimp Philocheras triptinosus) to arrive
at each incoming tide, while standpipes and meshing prevent fish from escaping. Avian predation
was avoided by covering the ponds with bird nets. At regular interval (June 17", July 30", August
31% and October 14™ 2011), ponds were drained and fish recovered for individual identification
(assessment of survival) and measures of length and mass (calculation of growth). Water
temperature and salinity were measured on occasion from day 56 until the experiment was
terminated (Conductivity meter 340i, WTW, Weilheim, Germany). Since water conditions were
identical in all ponds, these measures were only taken from pond #4. As the experiment
progressed, we noticed that ponds were not strictly identical regarding the vegetation present at
the bottom. Moreover, accidental escapes during the monthly draining of the ponds resulted in the
partial loss of 3 experimental groups, potentially affecting density-dependant foraging and
competing conditions. To limit these sources of inter-ponds variability, at each monthly sampling,
fish were randomly reallocated to each pond and the number of ponds used was adjusted
accordingly (Table 2).

2.8. Data analysis and statistics

Laboratory phase: Pearson’s product-moment correlation coefficient was used to assess the
repeatability (temporal stability) of individual performance, whereas the coefficient of variation (CV
= standard deviation/mean) was used as an index of the extent of inter-individual variation.

Contaminants: PAH metabolites in the bile were analyzed using one way ANOVA followed by post
hoc HDS Tukey test.



Performances during challenge tests: Fish tolerance to challenge tests was analysed following a
procedure classically used for survival analysis. For each experimental population (CONT, OIL,
OIL+DISP and DISP) the relationship between the percentage of resistance and time was
estimated using Kaplan-Meier procedure followed by Cox F-test.

Field survey: When identified, fish that accidentally died or escaped during experimental operations
in the field were removed from the data set. Fish growth and survival were analyzed by two way
factorial ANOVA with time period and contamination condition as main factors. The relationships
between feeding conditions and survival as well as between performance during challenge tests
and growth or survival at each time period, were examined using one way ANOVA followed by
HDS Tukey post hoc test.

Throughout the manuscript values are given as mean +SEM and significance was accepted at p <
0.05. All statistical analyses were performed using Statistica 9 (Stat Soft).

3. Results

3.1. Water contaminants

Total petroleum hydrocarbon concentration [TPH] was 30-35 % higher in the OIL+DISP tank than
in the mechanically dispersed OIL tank. In both cases, however, a similar decrease in [TPH] was
observed over the 48 h exposure period. In the OIL+DISP tank, [TPH] was 73.2 +3.1 mg I"" at the
beginning of the exposure period and 34.2 +1.9mg I (-52 %) at the end. In the OIL tank, [TPH]
was 56 +5.2 mg I"" at the beginning and 26 +2.4 mg I"" at the end of the exposure period ( -59 %).
Petroleum compounds were below detection limits (1 mg I") in the DISP and CONT exposure
tanks.

3.2. PAH metabolites in the bile

At both wavelength tested, the fluorescence of fish bile was found to be significantly influenced by
chemical exposure conditions (Fig.2; ANOVA, p < 0.00001). Moreover, a posteriori tests showed
that, in both cases, fish from experimental groups OIL and OIL+DISP had significantly higher
fluorescence levels than fish from groups CONT and DISP. However, no significant difference
between the OIL and OIL+DISP groups was found.

3.3. Challenge tests

As exemplified with HTC-3 and TCT-3 (Fig.3), responses to both challenges displayed a noticeable
inter-individual variability. Typically, for both challenges a difference of 2-3 h was found in the time
it took to the least tolerant and the most tolerant individuals to lose their ability to maintain
equilibrium. This corresponded to incipient lethal oxygen saturation (ILOS) ranging from 9 to 3 %
air saturation and to incipient upper lethal temperature (IULT) ranging from 28 to 35 °C. It must be
noted, however, that the coefficient of variation (CV) of individual performances was significantly
higher for the HCT than for the TCT (9.03 £0.44 and 5.97 +0.23 respectively; p < 0.0001). On the
other hand, for a given challenge test, no significant difference among trials was observed (8.41
+0.38; 8.66 £1.08; 10.03 +£0.58 for HCT-1 to 3 and 6.02 +0.039; 5.34 +0.14; 6.57 +0.54 for TCT-1
to 3 respectively).

Despite this noticeable range of inter-individual variation, examination of the responses of the
control fish group (CONT) over time (challenge 1 to 3) demonstrated the repeatability of individual
performance (time to loss of equilibrium) during HCT and TCT (Table 4). Repeatability of
individuals’ responses to both challenges was also observed in the DISP group. Individual
responses to HCT of fish from the OIL and OIL+DISP groups were also temporally stable.
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However, their response to TCT appeared altered as repeatability was no longer observed 1 month
post-contaminant exposure (TCT-3).

The possibility of a trade-off between hypoxia tolerance and heat tolerance was also examined by
comparing individuals’ ranking in HCT and TCT (Table 4). Surprisingly, a rather similar pattern
emerged in all four experimental populations. Whereas no relationship was found between HCT-1
or HCT-2 and TCT-1 or TCT-2, fish performance during TCT-3 was positively correlated with their
performances during HCT-1, -2 and -3.

A non-parametric analysis of time to loss of equilibrium (Kaplan-Meier analysis followed by Cox F-
test) showed no significant difference between experimental groups (Fig.4). However, for both
challenge tests, a significant difference in the response curves was observed when trial 1, 2 and 3
were compared (p < 0.0001). Time required to cull half the fish (Ts,) was 494.40 +2.02 min during
HCT-1, 564.71 £2.73 min during HCT-2 and 398.72 +2.14 min during HCT-3. Similarly, Ts, was
494.45 +1.54 min during TCT-1, 500.59 +1.53 during TCT-2 and 423.06 +1.92 during TCT-3.

3.4. Field experiment

Water conditions in the earthen ponds are summarized on Fig.5. Water temperature fluctuated
within a range which is quite typical of this type of ecosystem, with the highest recorded value of
25.2 °C and lowest at 18.3 °C. Salinity also fluctuated (35.9 - 40.0 %) but within a range of values
that were relatively high compared to normal conditions (25 - 30 %o). This was due to the fact that
to ensure vigorous intra-specific competition for food, prey availability was regulated by controlling
tidal water movements into the ponds. As a consequence, water entry did not fully compensate for
evaporation, resulting in appreciably high salinity levels.

Fish growth rate varied significantly over the duration of the experiment (ANOVA, p < 0.0001; Fig.6
top panel). While fish gained nearly 20 % body weight (BW) during the first monitoring period (P1;
May - June), they lost approximately 2, 6 and 5 % BW during periods P2 (June - July), P3 (July -
August) and P4 (August - October) respectively. Moreover, it was observed that the OIL+DISP fish
group experienced significantly lower growth than the other 3 experimental groups (CONT, OIL
and DISP; ANOVA, p < 0.01).

Fish survival significantly varied with both the monitoring period and the initial contaminant
exposure conditions (ANOVA, p < 0.005; Fig.6 bottom panel). Post hoc Tukey-test showed that
survival during the second monitoring period was significantly higher than during periods 1 and 3.
Survival during P4 was the even lower than during P2 and P3. Moreover, fish from the OIL+DISP
group had significantly lower survival than fish from CONT and DISP groups. However, survival in
OIL and OIL+DISP groups was not statistically different.

Growth and survival calculated over the entire experimental period on those fish that were still alive
at the end of the survey are also noted on Fig.6 (hatched bars). Fish overall growth was 14.17
+£1.58 %, 9.45 +3.15 %, 3.07 £+2.30 % and 12.40 +2.48 % BW for group CONT, OIL, OIL+DISP and
DISP respectively. Fish overall survival was 22.98 %, 17.16 %, 15.77 % and 23.63 % for group
CONT, OIL, OIL+DISP and DISP respectively.

Fish performance in the field highlighted an important feature of the natural selection process at
work in our experimental ecosystem. When growth rate during the period of optimal feeding
condition (P1) was compared in the survivors and non-survivors of periods P2, and P3 (i.e.,
periods of limited food supply), those that did not survive during these periods had significantly
higher growth rate during P1 than those that survived (ANOVA, p < 0.02; Fig.7). This was no more
the case when P4 was examined. However, no significant difference among exposure groups was
observed (ANOVA, p > 0.05; data not shown).



Individuals’ performance during challenge tests were examined from the perspective of their link
with proxies of Darwinian fitness namely survival and growth (Fig.8). To conduct this examination,
performance during HCT-3 and TCT-3 were used, with the hypothesis that these performances
provided a more accurate diagnostic of fishes’ physiological status at the time of their transfer into
the tidal ponds. When the performance during HCT-3 and TCT-3 of the fish that survived a given
period, was compared to that of fish that didn’t survive during the same period, we found that
during period P1, fish that died had a significantly lower tolerance to hypoxia and heat than fish
that survived. On the other hand, during P2, P3 and P4, survivors and non-survivors could not be
distinguished on the basis of their responses to HCT-3 and TCT-3.

4. Discussion

4.1. Contamination conditions

The objective of the current study was to reproduce conditions were dispersant would be used to
treat an oil slick in a coastal environment. Observed water total petroleum hydrocarbon
concentration [TPH] did correspond to what has been reported under similar conditions (20 to 60
mg I'; Spooner, 1970; Lewis et al., 1998; Lessard and Demarco, 2000). It must be noted,
however, that when oil was mechanically dispersed (OIL), observed [TPH] was 66 % of the
nominal concentration. This suggests that the mechanical energy allowed the formation of oil
droplets in the water but did not avoid oil adherence to tank wall and homogenization system. In
the case of dispersant-treated oil, (OIL+DISP), on the other hand, measured concentrations were
very close to oil nominal concentration, showing that dispersant lead to the formation of stable,
non-adhering droplets.

The semi-quantitative assessment of PAH metabolites level in fish bile yielded to a pattern very
similar to that observed in previous experiments (Milinkovitch et al., 2011). Whereas OIL and
OIL+DISP displayed the highest fluorescence level, DISP and CONT groups showed a
background level corresponding to normal auto-fluorescence of fish bile.

4.2. Challenges tests

As observed for other traits of environmental adaptation (Jobling and Baardvik, 1994; Carter et al.,
1996; Cooke et al., 2005), our study revealed a significant degree of standing inter-individual
variation in sea bass responses to HCT and TCT. The coefficient of variation (CV) is a classical
index for assessing the extent of inter-individual variability. In the present experiment, CV of
individual responses ranged between 8 and 11 % for HCT and from 5 to 7 % for TCT (Table 3).
Although noteworthy, these values are relatively modest compared to what has been reported for
other complex traits of physiological performance e.g., growth (20 %; Millot et al., 2008), swimming
(15 - 18 %; Nelson and Claireaux, 2005; Claireaux et al., 2007; Marras et al., 2010), escape
response (22 — 41 %; Marras et al., 2011). The fact that our experimental fish were issued from the
crossing of 15 females and 20 males, some of which being sampled from the wild, suggests that
this narrow range of inter-individual variability is not link to the genetic structure of our experimental
fish population. This rather limited inter-individual variation is, however, in line with the view that
water oxygenation and temperature are potent determinants of fish physiological performance, and
that tolerance to fluctuations in these environmental factors is under severe selection (Webb, 1986;
Reznick et al., 2004; Facchin et al., 2009; Domenici, 2009). This view is further strengthened by
the fact that in control fish (CONT), responses to both challenge tests were repeatable over a
period of 60 days. This temporal stability of incipient lethal oxygen saturation (ILOS) and upper
incipient lethal temperature (UILT) is indeed one prerequisite for these traits to be targets for
natural selection and evolution (Arnold, 1983; Bolnick et al., 2003; Sears et al., 2009).



No correlation was found between individual responses to HCT and TCT for challenge 1 and 2.
This result points to the absence of a functional trade-off between ILOS and UILT, and highlights
the possibility that hypoxia and heat tolerance may follow independent evolutionary trajectory.
However, a significant correlation between individual responses to HCT-3 and TCT-3 was also
noticed (Table 4), which contradicts the above hypothesis. We have no explanation for this
conflicting observation, but the fact that it was observed in all experimental groups suggests that a
seasonal, temperature driven shift in ILOS and UILT may be involved. However, the nature of the
underlying mechanisms remains to elucidate.

4.3. Exposure to contaminants

Exposure to oil (OIL) and to a mixture of oil and dispersant (OIL+DISP) did not affect the short term
repeatability of individual responses to HCT and TCT. In these experimental groups, however,
long-term repeatability was affected as no correlation was found between TCT-1 and TCT-3 (Table
4). On the other hand, long term repeatability of hypoxia tolerance was observed in these groups
(HCT-1 versus HCT-3; Table 4).

Contradicting with individual-level responses is the observation that, 1 week after contaminant
exposure (second series of challenges), the overall responses of OIL and OIL+DISP populations
were marginally (HCT) or significantly (TCT) different from CONT or DISP populations (Fig.4).
However, these differences in population-level responses were no more observed in the third
series of challenges (4 weeks post-exposure). This discrepancy between population- and
individual-level responses is intriguing but confirms that the effect of an environmental change on
individuals’ performance is poorly predictable from the mean population result (Nelson, 1989;
Nelson et al., 1996). An element of explanation may lie in the interaction between contaminant-
related change in fish performance and the seasonal temperature acclimatization process.
Experimental challenge tests indeed spanned over a 2-month period, during which water
temperature naturally increased from 13 to 17 °C. This temperature range is associated with the
largest thermal sensitivity of sea bass metabolism (Qq = 6; Claireaux and Lagardére, 1999). It
could be hypothesized that whereas seasonal conditions set the overall envelop of population
response, individual variation in the response to contaminant, and possibly in the seasonal
acclimatization process, may affect within population distribution of individual performances.
Contradicting with this hypothesis is the report that, following the 4-week acclimation of 12 °C-
reared juvenile sea bass to 22 °C, the mean sprint speed of the population increased from 1.7 to
2.0 m s™ without affecting individuals’ ranking within that population (Claireaux et al., 2007).

4.4. Field survey

Water salinity and temperature in the ponds were irregularly measured. Nevertheless, observed
conditions were clearly at the upper limit of sea bass tolerance range. Temperature above 22-24
°C is detrimental to sea bass as it is accompanied by a rapid decrease in aerobic metabolic scope
(Claireaux and Lagardére, 1999), impaired cardio-vascular performance (Farrell et al., 2007),
reduced growth (Person-Ruyet et al., 2004), reduced swimming performance (Claireaux et al.,
2006) and by avoidance behavior (Claireaux and Lefrangois, 2007). Within the salinity range 0 to
30 %o, the European sea bass is known for having exceptional osmoregulatory capacity e.g.,
Chatelier et al., (2005). Above 30 %o, on the other hand, a tight inverse relationship between
salinity and survivorship has been reported, 48 h-survival rapidly dropping from 100 % at 30 %o to O
% at 60 %o (Dalla Via et al., 1998). Although not directly measured here, observations suggest that
water oxygenation may also have been a determining factor of fish performance in the ponds. On
occasion, mullet (Liza sp.) present in adjacent ponds were indeed observed performing aquatic
surface respiration. This behavior consists in ventilating the well-oxygenated surface water and it
suggests that in these instances at least, water oxygen saturation was below 10-15 % (Lefrangois
et al., 2005).



Survival data clearly confirmed that conditions in the ponds impacted fish performance. During the
first period of the field survey (P1), feeding conditions were optimal as illustrated by the nearly 20
% weight gain observed in all experimental groups (Fig.6). During that period, we observed that
fish which performed well during HCT and TCT had significantly better survival then fish that did
not (Fig.8). During the subsequent periods (P2 to P4), on the other hand, the culling of hypoxia and
heat sensitive individuals, combined with the progressive deterioration of feeding conditions,
changed the circumstances of natural of selection, survival being then mostly determined by
starvation tolerance. In a recent report is has been shown that individual variation in growth rate in
sea bass reflects a trade-off against tolerance of food deprivation (Dupont-Prinet et al., 2010).
These authors demonstrated that fast growing individuals have physiological and/or behavioral
attributes which lead to larger weight loss when food is not available. Present data clearly support
this view by showing that those individuals that experienced fast growth during P1 were also those
that suffered lower survival when trophic conditions deteriorated (P2 to P4; Fig.7).

Fish groups exposed to oil or to chemically dispersed oil suffered poorer growth compared to
control or dispersant-exposed groups. Moreover, the OIL+DISP population also endured
significantly lower survival rate. These results are largely in line with observations made on the
European common sole (Solea solea) using the same set-up of mesocosms (Claireaux et al.,
2004). This earlier experiment indeed showed that, 3 months after having been exposed (48 h) to
heavy fuel oil #2, contaminated soles displayed reduced survival (33 %) and growth (0.45 mm d™")
compared to control, unexposed individuals (54 % and 0.70 mm d™' respectively). Moreover, after 6
month in the ponds, no sign of recovery was observed, contaminated soles still presenting altered
lipid profiles and heavily depressed triacylglycerol to sterol ratios (0.06 in the contaminated group
versus 2.34 in the control group).

In conclusion, functional physiological bases exist to support the claim that OIL and OIL+DISP fish
groups suffered impaired physiological performance and lessened ability to face environmental
challenges under natural conditions. Although not observed shortly after exposure to contaminants,
these impairments were revealed over time, as fish were exposed to increasingly selective feeding
and physico-chemical conditions. Challenge tests did not discriminate experimental groups shortly
after contaminant exposure, but they turned to be decisive in deciphering the constraints that
occurred under field conditions and their consequences upon determinants of individual fitness
such as growth and survival. Experiments are currently being conducted to examine the long-term
consequences (< 6 months post-exposure) upon fish responses during HCT and TCT. As already
demonstrated in rainbow trout (Oncorhynchus mykiss) by Ramachandrana et al., (2004), chemical
treatment of oil did not directly affect fish ability for environmental adaptation. However, it
contributed to increase exposure to hydrocarbons and therefore increased their detrimental
influence upon fish physiology. From the fact that proxies of Darwinian fitness such as survival and
growth were affected following exposure to oil and to chemically-treated oil, it would be tempting to
speculate that these conditions may interfere with genetic adaptation of sea bass populations.
However, trans-generational experiments, including an assessment of population genetic changes,
need to be conducted before this point is ascertained.
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Tables

Table 1. Time schedule of the experimental protocol. HCT: hypoxia challenge test; TCT:
Temperature challenge test. Prevailing water temperature is given in between parenthesis.

i
March 11
HCT-1 (12.7 °C)
Pre-exposure March 18"
TCT-1 (13.5 °C)
March 26"
Chemical exposure to 27"
(14.2°C) .
March 29
HCT-2 (14.2 °C)
Early April 15
TCT-2 b
Post- (15.5 °C)
exposure HCT-3 April 26"
Late 27?2&2
i pri
TCT-3 (17.1 °C)
May 16" to
i June 17"
P2 June 17" to
Tidal ponds July 30"
(monitoring "
periods) P3 July 30™ to
Aug. 31%
Aug 31 to
P4 Oct. 14"
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Table 2. Stocking condition in earthen ponds. Composition (%) of experimental populations and
total number of fish in each pond at the start of each monitoring sequence. Empty lines indicate
unused ponds (see text for details).

May 16"

June 17"

July 30"

August 31

Pond #

—_

N OO o0 A WON AN PR ODN-_2NOOOPRPOWODN-2NOOOPR,ODN

CONT
26.15
29.31

26.15
29.09
32.14
32.20
26.67

28.00
35.85
40.91
27.59
31.48
27.59

32.00
36.84
24.44
40.48
23.68

36.84
28.21
30.56
31.43

OIL
24.62
22.41
24.62
2545
23.21
23.73
23.33

20.00
20.75
18.18
25.86
18.52
25.86

22.00
18.42
26.67
16.67
18.42

18.42
25.64
19.44
14.29

OIL+DISP
24.62
24.14
21.54
23.64
23.21
22.03
21.67

18.00
18.87
20.45
24.14
25.93
20.69

18.00
21.05
28.89
21.43
18.42

21.05
17.95
19.44
17.14

DISP
24.62
24.14
27.69
21.82
21.43
22.03
28.33

34.00
24.53
20.45
22.41
24.07
25.86

28.00
23.68
20.00
21.43
39.47

23.68
28.21
30.56
37.14

Total
65
58
65
55
56
59
60

50
53
44
58
54
58

50
38
45
42
38

38
39
36
35
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Table 3. Elements of the distribution of performance (time to loss of equilibrium, min) during
hypoxia challenge tests (HCT) and temperature challenge tests (TCT). Min: lowest value; Max:

highest value; CV: coefficient of variation. Numbers in between parenthesis indicate n values.

Mean Min Max CcV
HCT-1 495.28 372.83 551.00 8.04
HCT-2 568.07 165.00 678.16 9.75
CONT HCT-3 400.34 293.00 476.00 10.12
(112) TCT-1 496.39 399.00 538.83 6.01
TCT-2 500.83 410.00 552.00 5.51
TCT-3 427.94 211.00 486.00 7.53
HCT-1 500.51 372.83 548.33 7.61
HCT-2 554.54 464.00 626.00 5.70
oIL HCT-3 403.64 319.00 461.00 8.35
(95) TCT-1 498.10 418.00 538.83 5.93
TCT-2 504.10 438.00 549.10 5.55
TCT-3 426.60 294.00 485.00 7.46
HCT-1 494 .40 375.86 546.58 9.37
HCT-2 575.44 406.00 678.00 10.64
OIL+DISP HCT-3 403.52 318.00 470.50 10.77
(104) TCT-1 492.99 427.00 537.33 6.01
TCT-2 510.98 433.00 552.00 5.38
TCT-3 426.92 336.00 479.50 5.60
HCT-1 489.07 383.28 551.00 8.60
HCT-2 577.10 493.00 678.16 8.56
DISP HCT-3 393.95 293.00 476.00 10.86
(97) TCT-1 496.22 399.00 538.00 6.12
TCT-2 500.73 411.00 535.20 4.92
TCT-3 432.38 358.00 476.00 5.66
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Table 4. Matrix of correlations (Pearson correlation coefficient) of performance (time to loss of
equilibrium) during hypoxia challenge tests (HCT) and temperature challenge tests (TCT).
Challenge-1 and 2 were 3 weeks apart, challenge-2 and 3 were 1 month apart (see Table 1). ns
indicates non significant relationships (p > 0.05).

HCT-2 HCT-3 TCT-1 TCT-2 | TCT-3
HCT-1 0.65 0.58 ns
HCT-2 0.57 ns
CONT HCT-3 0.21
TCT-1 | o068 0.35
TCT-2 0.37
HCT-1 0.71 0.77 ns
HCT-2 0.72 ns
OlL HCT-3 0.43
TCT-1 | o073 ns
TCT-2 ns
HCT-1 0.71 0.60 ns
HCT-2 0.66 ns
OIL+DISP HCT-3 0.31
TCT-1 | o077 ns
TCT-2 ns
HCT-1 0.75 0.66 ns
HCT-2 0.61 ns
DISP HCT-3 0.51
TCT-1 | o068 0.49
TCT-2 0.24
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Figures

Figure 1. Time course of water oxygenation (top panel) and temperature (bottom panel) during

challenge tests. Solid line: Pre-exposure; dashed line: early-post exposure; pointed dashed line:
late-post-exposure.
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Figure 2. Bile fluorescence (relative arbitrary unit) measured at two wavelengths (top panel: 343-
383 nm; bottom panel 380-430 nm) in control fish (CONT) as well as in fish exposed to oil (OIL), to
a mixture of oil and chemical dispersant (OIL+DISP) or to the dispersant alone (DISP). Different
letters in superscript indicate statistically significant difference (p < 0.05).
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Figure 3. Example of inter-individual variability of time to loss of equilibrium during an hypoxia
challenge test (top panel) and temperature challenge test (bottom panel). White bars: CONT; black
bars: OIL; dark grey bars: OIL+DISP; light grey bars: DISP. These challenges were conducted on
April 26" and 29" (HCT-3 and TCT-3; Table 1).
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Figure 4. Kaplan-Meier analysis of time to loss of equilibrium during HCT (Fig.4a) and TCT
(Fig.4b). A: 2 weeks before exposure to contaminants (HTC: p = 0.19; TCT: p = 0.58). B: 1 week
after exposure to contaminants (HCT: p = 0.07; TCT: p < 0.000). C: 1 month following
contaminants exposure (HCT: p = 0.58; TCT: p = 0.42). Solid line: CONT; pointed line: OIL;
dashed line OIL+DISP; pointed dashed line: DISP.
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Figure 4b
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Figure 5. Salinity (close symbols) and temperature (open symbols) conditions in the earthen
ponds. Measurements were made in pond #4. Vertical dashed lines indicate pond draining and fish
recovery (P1 to P4; Table1).
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Figure 6. Relative growth rate (top panel) and survival (bottom panel) as a function of time and
initial contamination exposure. White bars: P1 (May 16" to June 17™); light grey bars: P2 (June
17" to July 30™); dark grey bars: P3 (July 30™ to August 31%); black bars: P4 (August 31% to
October 14™); hatched bars overall experimental period (May 16™ to October 14™). The absence of
standard error above the hatched bars for survival (bottom panel) results from the fact that fish
having been regularly reallocated among ponds during the experiment, ponds are no true replicate
of survival (see Materials and Methods for more details). Results from post hoc tests are also
presented on the side of the figure. A line spanning two groups or periods indicates that they are
not significantly different.
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Figure 7. Relative growth during field survey period P1 of the non survivors (white boxes) and survivors
(black boxes) of field survey periods P2, P3 and P4. An asterisk indicates a statistically significant difference
between
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Figure 8. A posteriori analysis of hypoxia tolerance (hypoxia challenge test; top panel) and thermal sensitivity
(temperature challenge test; bottom panel) of the non survivors (white boxes) and survivors (black boxes) of
field survey periods P1, P2, P3 and P4. An asterisk indicates statistically significant difference between
survivors and non survivors

420

410

400

HCT (min)

390

380

4407

4307 *

420

TCT (min)

4107

400
P1 P2 P3 P4

24



