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Abstract : 
 
Human alteration of marine ecosystems is substantial and growing. Yet, no adequate methodology 
exists that provides reliable predictions of how environmental degradation will affect these ecosystems 
at a relevant level of biological organization. The primary objective of this study was to develop a 
methodology to evaluate a fish’s capacity to face a well-established environmental challenge, an 
exposure to chemically dispersed oil, and characterize the long-term consequences. Therefore, we 
applied high-throughput, non-lethal challenge tests to assess hypoxia tolerance, temperature 
susceptibility and maximal swimming speed as proxies for a fish’s functional integrity. These whole 
animal challenge tests were implemented before (1 month) and after (1 month) juvenile European sea 
bass (Dicentrarchus labrax) had been acutely exposed (48 h) to a mixture containing 0.08 g L−1 of 
weathered Arabian light crude oil plus 4% dispersant (Corexit© EC9500A), a realistic exposure 
concentration during an oil spill. In addition, experimental populations were then transferred into semi-
natural tidal mesocosm ponds and correlates of Darwinian fitness (growth and survival) were monitored 
over a period of 4 months. Our results revealed that fish acutely exposed to chemically dispersed oil 
remained impaired in terms of their hypoxia tolerance and swimming performance, but not in 
temperature susceptibility for 1 month post-exposure. Nevertheless, these functional impairments had 
no subsequent ecological consequences under mildly selective environmental conditions since growth 
and survival were not impacted during the mesocosm pond study. Furthermore, the earlier effects on 
fish performance were presumably temporary because re-testing the fish 10 months post-exposure 
revealed no significant residual effects on hypoxia tolerance, temperature susceptibility and maximal 
swimming speed. We propose that the functional proxies and correlates of Darwinian fitness used here 
provide a useful assessment tool for fish health in the marine environment. 
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Highlights 

► An ecologically relevant methodology to assess fish health is proposed. ► Dispersant and oil alone 
exposure did not affect fish health. ► Dispersant-treated oil exposure temporarily affected fish health. 
► Health recovery occurred and no long-term ecologically relevant consequences were observed. 

 

Keywords : Fish, Oil spill, Dispersant, Biomarkers, Physiological integrity, Ecological performance, 
Temperature, Hypoxia, Swimming, Growth 
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 CTmax, Critical thermal maximum;  
 DISP, Dispersant;  
 GC–MS/MS, gas chromatography-tandem mass spectrometry;  
 ILOS, Incipient lethal oxygen saturation;  
 NEBA, Net environmental benefit analysis;  
 OIL, Oil;  
 OIL + DISP, Chemically dispersed oil;  
 PAH, Polycyclic aromatic hydrocarbons;  
 TE, Time to exhaustion;  
 TLOE, Time to loss of equilibrium;  
 TPH, Total petroleum hydrocarbon;  
 Umax, Maximal swimming speed 
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1 Introduction 

Human population densities in coastal regions are about three-times higher than 

global average (Small and Nicholls, 2003). This demographic concentration and 

associated activities put considerable pressure on marine ecosystems, as revealed 

by indices of ecological imbalances such as eutrophication, increased number and 

severity of hypoxic events, loss of habitat and loss of biodiversity (UNEP, 2006). To 

preserve the ecological and economical services provided by coastal ecosystems, it 

is crucial that our current understanding of their functioning be improved and 

particularly that the resilience of the species that occupy them be better assessed. 

 

In human medicine, health is viewed as a cumulative outcome that informs clinicians 

about the present capacity of a patient to do what she/he has to do. Yet, health also 

informs about the past of that patient, as her/his current status integrates the latent 

and residual effects of earlier life conditions and experiences. Moreover, health also 

incorporates elements about the future of that person, in relation with her/his 

vulnerability and resilience to everyday life conditions and change (Deem et al., 

2001, Hertzman et al., 2001, Hanisch et al., 2012 and Stephen, 2014). 

 

The notion of health as it is defined in humans provides a valuable conceptual 

framework for methodologies aimed at assessing the impact of anthropogenic 

activities, and mitigation strategies, upon marine organisms. Unfortunately, at present 

time animal health is too poorly defined to be useful in ecotoxicological impact 

assessment. A review of the literature indeed shows that animal health is generally 

limited to present time, is mostly concerned with proximate causes of death or 
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disease, rarely accounts for cumulative effects and commonly fails to include the 

notions of resilience and vulnerability of populations. As a result there is, to date, no 

integrated indicator of “coping ability” that could be used to gauge one animal’s 

health. 

 

In fish, common and long-standing knowledge indicates that hypoxia tolerance, 

thermal susceptibility and swimming capacity are ecologically relevant indicators of 

functional integrity and are, therefore, useful markers of fish health (Fry, 1947, 

Tierney and Farrell, 2004, McKenzie et al., 2007, Claireaux et al., 2005, Claireaux et 

al., 2013 and Castro et al., 2013). For instance, the altered ability to tolerate hypoxic 

conditions observed in the common sole (Solea solea) following fuel exposure (48 h 

in 1/200 v/v fuel No.2) was associated with reduced growth and survival in semi-

natural field mesocosm (Claireaux et al., 2004). Likewise, using the same field site, 

Handelsman et al. (2010) and Claireaux et al. (2013) reported that hypoxia tolerance, 

temperature susceptibility and swimming performances determined survivorship in 

juvenile sea bass. 

 

As recent events continue to show, resorting to chemical dispersants to deal with oil 

spills in coastal environments is a controversial matter. At the centre of this 

controversy is whether the risk of ecological effects increases or decreases when 

chemical dispersants are used, and whether the response strategy should favour the 

preservation of landscape and surface organisms by using dispersant or should 

protect the water column by refraining from treating with chemicals. However, lacking 

for a proper risk assessment is an adequate understanding of the mechanisms 

through which toxic effects, classically observed at subcellular level, ripple through 
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higher organisational levels to affect fish populations and ecosystems (Brander et al., 

2015). Cellular and molecular biomarkers indeed dominate toxicological 

assessments and it remains common practice to extrapolate effects at higher levels 

of biological complexity from information derived from these lower level indicators. 

Yet, it has long been recognized that the best approach for establishing causalities 

across hierarchical scales is to proceed from observation of emergent properties at a 

given organisational level through to studying the underlying mechanisms occurring 

at organisational levels situated below (Rosen, 1969). Implementing such 

approaches is one key to successfully bridge the gap between toxicology and 

ecology (Solomon et al., 2008). 

 

To this background, and by combining measurements of hypoxia tolerance, thermal 

susceptibility and swimming performance, the aim of the present work was to design 

a methodology to assess the health of a fish population in the form of an integrated 

evaluation of individual’s capacity to face everyday life challenges. We validated this 

methodology by monitoring, over a year, and under laboratory and field conditions, 

the effect of exposure to chemical dispersant, crude oil and a mixture of both upon 

the health of a population of 718 juveniles European sea bass (Dicentrarchus labrax). 

 

2 Materials and methods 

 

2.1 Animals 

Juvenile European sea bass (Dicentrarchus labrax; age 1+; N = 718) were obtained 

from a local fish farm (Aquastream, Lorient, France). On arrival in the laboratory 

(Ifremer, Brest, France) fish (11.27 ± 1.06 cm in length and 17.74 ± 4.96 g in body 
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mass) were placed in a 2000-L indoor tank and acclimated for two months to local 

photoperiod, temperature and salinity. They were fed daily ad libitum with a 

commercial diet (Neo Start Coul 2, Le Gouessant, France). Two weeks before 

experiments started, fish were anaesthetized (phenoxyethanol; 0.2 mL L-1) and 

individually implanted subcutaneously with an identification tag (RFID; Biolog-id, 

France). Fish were starved for 24 h before any manipulation or experiment. The 

animal care protocols were in conformity with current rules and regulations in France. 

 

2.2 Experimental protocol 

The experimental schedule is outlined in Fig. 1. Fish health was assessed via a suite 

of challenge tests conducted 1 month before (February, T °C = 10), 1 month after 

(May, T °C = 15) and 10 months after (January, T °C = 11) a 48-h exposure to one of 

four experimental treatments (control, dispersant, oil alone and oil + dispersant 

mixture). During the period June–October (3–7 month post-exposure) fish were held 

in a field mesocosm to assess the effect of experimental treatments upon fish 

capacity to thrive under semi-natural conditions. During the entire experimental 

period, fish were submitted to the natural temperature (9–20 °C), photoperiod and 

salinity (30–32 PSU) seasonal cycles. 

 

2.3 Fish transport 

Experimental fish were transported between experimental sites in a 1 m3 covered 

tank. Fish were first anaesthetized (phenoxyethanol; 0.2 mL L-1) and transferred to 

the transport tank where a light dose of anaesthetic was added (phenoxyethanol; 

0.05 mL L-1) to reduce stress. Water temperature (seasonal value) and oxygen level 

(> 95 % air saturation) were monitored continuously during the journeys. 
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2.4 Challenge tests for functional indicators 

Hypoxia challenge tests and temperature challenge tests were performed in the 

rearing tank according to Claireaux et al. (2013). In these tests, fish from the four 

experimental treatments were tested in one single run. 

 

2.4.1 Hypoxia challenge test 

The hypoxia challenge test involved a rapid decrease of water oxygen level from 

around 100–20% air saturation over 1 h, after which oxygen level was reduced at a 

much slower rate (2% decrease in air saturation h-1) until the experiment was 

terminated. Hypoxia was controlled by introducing nitrogen into the tank using a 

submersible pump. The water oxygen level was monitored using a calibrated oxygen 

meter (Odeon, Ponsel Mesure, France). As individual fish lost their ability to maintain 

equilibrium, they were quickly removed from the experimental arena, identified (tag 

reading) and placed in a fully aerated recovery tank. The corresponding time (time to 

loss of equilibrium; TLOE) and oxygen level (incipient lethal of oxygen saturation; 

ILOS) were also recorded. 

 

2.4.2 Temperature challenge test 

The temperature challenge test involved an initial rapid increase of water 

temperature (from ambient temperature to 27 °C in typically 2.5 h), after which 

temperature was increased more slowly (0.5 °C h-1) until the end of the experiment. 

Water temperature was controlled using two 3000 W heaters (Profi heater, 

Netherlands). A submersible pump (Eheim universal pump 2400, Germany) placed in 

the tank ensured thermal homogeneity. One hundred percent air saturation was 
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maintained by bubbling a controlled mixture of oxygen and air in the tank. As 

individual fish lost their ability to maintain equilibrium, they were quickly removed 

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

recovery tank at the ambient temperature. The corresponding time (TLOE) and 

critical thermal maximum (CTmax) were also recorded. 

 

2.4.3 Swimming challenge test 

The swimming challenge test employed a custom-made swimming flume comprising 

two translucent swimming chambers (length: 2 m, diameter: 20 cm). Water velocity in 

these swimming chambers was controlled using a pump (80/16-DE, Calpeda) 

connected to a frequency regulator (Mitsubishi, F700, Japan). During swimming trials 

water velocity was monitored continuously using a flow meter (HFA, Höntzsch 

GmbH, Germany). Seawater was supplied to the swimming chambers from a tank 

containing thermoregulated and aerated water. Water flow in the swimming 

chambers was made laminar by passage through two honeycomb sections (length = 

50 cm) placed upstream from each swimming chamber. 

 

Fish were swum in groups of approximately 60 individuals haphazardly dip-netted 

from the rearing tank. Following transfer into the swimming flume, fish were 

habituated for 3 h at slow water velocity (8 cm s-1) before the swimming trial was 

initiated. Swimming trials started by continuously increasing the water velocity from 

acclimation (8 cm s-1) to 40 cm s-1 over approximately 30 min. Water velocity was 

then increased incrementally by 5 cm s-1 every 10 min until all the fish present in the 

chamber had reached exhaustion (typically < 120 cm s-1). Fish were considered to be 

exhausted when they would not remove themselves from the grid place downstream 
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from the swim chamber. At that time, they were removed from the flume via a hatch 

situated above the back grid, identified and placed in a recovery tank. The 

corresponding time (time to exhaustion; TE) and water velocity were recorded. 

Maximal swimming speed (Umax; see Farrell, 2008) was calculated according to Brett 

(1964). No correction for potential blocking effect was applied. 

 

One week was allowed for recovery between each of the above challenge tests. 

During these periods, no mortality was observed. 

 

2.5 Experimental exposure 

In March 2013, fish (mass: 21.0 ± 0.2 g, length: 12.16 ± 0.03 cm) were transported 

from Ifremer laboratory to the fish rearing facilities of the Centre of Documentation, 

Research and Experimentation on Accidental Water Pollution (CEDRE, Brest, 

France; 12 km) where temperature, salinity, photoperiod and feeding conditions were 

identical to those previously described. 

 

A set of 12 polyethylene tanks (300 L) was used for fish exposure (Milinkovitch et al., 

2011). Four experimental conditions were tested in triplicate (190 fish per condition, 

≈60 fish per replicate): control (CONT), 1 g of dispersant per 300 L (DISP), 25 g of oil 

per 300 L (OIL) and 1 g of dispersant plus 25 g of oil per 300 L (OIL + DISP). Before 

being used in the exposure set up, Arabian light crude oil was bubbled with air until 

its mass was reduced by approximately 10% to mimic a 12-h ageing of an oil slick at 

sea (Nordvik, 1995). The oil concentration used in this study aimed to reproduce 

conditions encountered in the vicinity of an oil slick (Sammarco et al., 2013). The 

dispersant (Corexit® EC9500A, Nalco) was used in accordance with the 
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manufacturer’s recommendation. Fish were allocated to the various exposure tanks 

in such a way that no statistically significant difference in Umax, ILOS and CTmax was 

found among the tanks. 

 

Exposure tanks were equipped with a custom-made water mixing devices comprising 

a funnel and a 12 V submersible bilge pump (L450-500GPH; Johnson). These 

devices were adjusted in such a manner that any surface water and floating oil would 

be sucked into the funnel, homogenized and delivered to the bottom of the tank. 

During the 48-h exposure period, the water in the tanks was not renewed and 

aeration was maintained via air bubbling. 

 

Following the 48-h exposure period, fish were bathed in clean seawater to remove 

any obvious oil contamination and transferred to their original rearing tank where they 

remained for one week before being transported back to Ifremer laboratory. Fish from 

the different treatments were identifiable (RFID-tag) and so they were mixed together 

in one common-garden 2 m3-tank where water and feeding conditions were similar to 

those described above. No mortality occurred during exposure and the following 

weeks. 

 

To characterize the exposure conditions, water total petroleum hydrocarbon 

concentration was measured immediately before and 4, 24 and 48 h after fish 

introduction into the exposure tanks. Moreover, 9 fish per treatment were sacrificed 

to measure white muscle PAH concentrations at 48 h and 1 month post-exposure to 

confirm PAH initial uptake and subsequent elimination. 
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2.6 Chemical analyses 

Total petroleum hydrocarbon concentration ([TPH]) in each exposure tank was 

measured in triplicate with a seawater sample volume of 100 mL taken at 0, 4, 24 

and 48 h after the fish were introduced in the tank. The seawater samples were 

extracted 3 times using 10 mL of dichloromethane Pestipur quality (SDS, Carlo Erba 

Reagent, France) and the combined organic phases of the extracts were dried by 

filtering through anhydrous sodium sulfate (pesticide grade). The absorbance of the 

organic phase was measured using a spectrophotometer at 390 nm (Evolution 600 

UV-VIS; Thermo Fisher Scientific) as described in Fusey and Oudot (1976). 

 

The concentrations of 21 polycyclic aromatic hydrocarbons (PAH) (including US EPA 

compounds) in the white muscle samples taken at 48-h and 1-month post-exposure 

were assessed by gas chromatography-tandem mass spectrometry (GC–MS/MS) 

using a procedure described in Lacroix et al. (2014). PAH were extracted from 

muscles samples using alkaline digestion combined with stir-bar sorptive extraction 

(SBSE) before analysis by GC–MS/MS. Briefly, samples were individually crushed 

and 1 g wet weight of minced muscle was added to 10 mL of HPLC-grade anhydrous 

ethanol (Carlo Erba Reagents, France) containing 10 ng of 7 deuterated internal 

standards and 0.5 g (0.05 g mL-1) of potassium hydroxide (analytical grade). Samples 

were subsequently digested for 3 h at 80 °C in hermetic flasks. The digested samples 

were then cooled to room temperature before addition of 100 mL of reverse osmosis 

water. Polydimethylsiloxane stir-bars (Twister 20 mm × 0.5 mm, Gerstel, Germany) 

were then placed in the solutions and stirred at 700 rpm. After 2 h of extraction, stir-

bars were removed from solutions, rinsed with reverse osmosis water and dried over 

a blot paper. The stir-bars were stored at −20 °C until GC–MS/MS analysis using 
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agilent 7890A coupled to an Agilent 7000 Triple Quadrupole (Agilent, USA). 

Calibration solutions were obtained by dilutions (in ethanol) of a custom standard 

solution containing the analytes and provided by Ultra Scientific (USA). PAH levels 

were quantified relatively to deuterated PAH. Samples water content was determined 

after drying a sample aliquot for 48 h at 80 °C. Results were expressed as ng PAH/g 

dry weight. 

 

2.7 Field mesocosm exposure 

On May 31st 2013 i.e., approximately 3 months after the experimental exposures, 

fish (N = 680, 170 per treatment) were transported to the “French National Center for 

Scientific Research (CNRS)” field station in L’Houmeau (450 km from Brest). 

L’Houmeau mesocosms have been described previously ( Nelson and Claireaux, 

2005, Claireaux et al., 2007 and Handelsman et al., 2010). Briefly, 200-m2, 1-m deep 

earthen ponds are connected to the nearby ocean via a canal which allows partial 

seawater renewal with each incoming tide. A set of standpipes prevented fish from 

escaping. Moreover, netting placed above the ponds prevented avian predation. 

Previous experiments and empirical observations have shown that a natural food 

web develops in these ponds which can sustain 2–3 kg of fish. A complete 

description of these earthen pond’s fauna can be found in de Montaudouin and 

Sauriau (2000). During the experiment, water conditions in the ponds were measured 

once a week between 11:00 and 14:00. 

 

Immediately upon arrival at L’Houmeau field station, fish were distributed among 7 

mesocosm ponds (96 fish per pond, i.e., 24 fish per treatment). To assess 

survivorship and growth, ponds were individually drained on July 11th, September 
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9th and finally October 31st when all survivors (N = 470) were transported back to 

Brest and returned to their original rearing facility at the Ifremer laboratory. 

 

2.8 Data analysis and statistics 

The temporal stability of performance at challenge tests was tested using Spearman 

rank-order correlation between challenge tests set #1 and #2 (3-months repeatability) 

and between challenge tests set #1 and #3 (11-months repeatability). Total 

petroleum hydrocarbon concentration in water and PAH concentrations in white 

muscle were compared among exposure treatments using an ANOVA. In order to 

compare the performance at the challenge tests, a Kaplan-Meier survival analysis 

was conducted. Exposure effect was assessed using log-rank test with the Holm–

Šídák method for multiple comparisons. Fish survival in the ponds was analysed 

using the same procedure. Growth rate measured during the field experiment were 

analysed using a 2-way mixed ANOVA with pond defined as a random effect. 

Functional performance of the fish that died and fish that survived the mesocosm 

exposure were compared using an ANOVA. Values are presented as a mean ± SEM 

and significance was accepted at p < 0.05. All statistical analyses were performed 

using R (R Development Core Team, 2008) and SigmaPlot 13 (Ritme). 
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3 Results 

 

3.1 Exposure conditions 

As expected, water total petroleum hydrocarbon concentration ([TPH]) in the control 

(CONT) and the dispersant-added (DISP) tanks were below the quantification limit 

(Fig. 2). On the other hand, [TPH] in the oil (OIL) and oil + dispersant (OIL + DISP) 

tanks were, respectively, 6- and 10-times higher than the quantification limit and they 

remained at that level throughout the exposure period. 

 

Similarly, the white muscle tissue concentrations of 21 polycyclic aromatic 

hydrocarbon compounds ([21 PAH]) measured 2 days post-exposure in fish from the 

CONT and DISP treatments were below the quantification limit, while concentrations 

measured in fish from the OIL and OIL + DISP treatments were nearly 250-times that 

limit (Fig. 3). No significant difference in white muscle tissue [21 PAH] was observed 

between the OIL and OIL + DISP treatments (ANOVA; p = 0.2565). At 1 month post-

exposure, white muscle [21 PAH] was below the quantification limit in all four 

treatments. It must be noted that among the 21 compounds measured, only four 

(naphthalene, fluorene, dibenzothiophene, phenanthrene) were above the 

quantification limit (Appendix A). At 1 month post-exposure, white muscle [21 PAH] 

was below the quantification limit in all four treatments. 

 

3.2 Repeatability of individual performance 

Individual performance of the CONT fish at the hypoxia challenge test (time to loss of 

equilibrium, TLOE) was repeatable when this challenge was repeated 3 and 11 

months apart (Fig. 4A; rs = 0.2931, p = 0.0001 and rs = 0.2531, p = 0.0437 
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respectively). Similarly, swimming performance (time to reach exhaustion, TE) of the 

CONT group was stable over 3- and 11-month periods (Fig. 4C; rs = 0. 3652, p < 

0.0001 and rs = 0. 2897, p = 0.0392, respectively). Critical temperature (time to loss 

of equilibrium, TLOE) of the CONT fish was also repeatable after 3 months (Fig. 4B; 

rs = 0.2178, p = 0.0058), but not after 11 months (rs = 0.1377, p = 0.2742). 

 

Performance stability over time of fish exposed to dispersant, oil alone or chemically 

treated oil are summarized in Fig. 4D. Performances of fish from the DISP treatment 

at hypoxia and temperature challenge test were repeatable or marginally repeatable 

when these challenges were repeated 3-month apart (p = 0.0639 and 0.0023). 

However, performances were not stable over an 11-month period (p = 0.2089 and 

0.5927). Swimming performance of fish exposed to dispersant was stable over 3- 

and 11-month periods (p < 0.0001; 0.0116 respectively). Concerning fish exposed to 

oil, individual performances at hypoxia and swimming challenge tests were 

repeatable over 3- and 11-month periods (p = 0.0016; < 0.0001 and 0.0307; 0.0386 

respectively). Temperature susceptibility of these fish was stable over a 3 month 

period (p = 0.0034) but not over 11 months (p = 0.2054). Finally, fish from the 

OIL + DISP treatment displayed stable performance when hypoxia and swimming 

challenge tests were repeatable over a 3-month period (p = 0.0035; < 0.0001, 

respectively). Performance repeatability of fish from this treatment at temperature 

challenge test was also marginally significant (p = 0.0681). However, performances 

of fish exposed to chemically dispersed oil at the three challenge tests were not 

stable over an 11-month period (p > 0.2). 
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3.3 Short-term effects of the treatments on fish performance 

Fish performance in the hypoxia challenge tests is summarized in Fig. 5A. Mean time 

to loss of equilibrium (TLOE) of the control fish was 9.2 ± 0.03 h, which corresponded 

to a mean ILOS of 4.00 ± 0.06% air saturation. No significant difference with the 

DISP and OIL treatments was observed (Log-rank; p = 0.33 and 0.13, respectively). 

However, the OIL + DISP fish were significantly less tolerant to hypoxia than the 

CONT group with a mean TLOE of 9.10 ± 0.02 h (i.e., mean ILOS = 4.22 ± 0.05% air 

saturation; p = 0.007). 

 

During the temperature challenge test (Fig. 5B), CONT fish mean TLOE was 9.16 ± 

0.07 h, which corresponded to a mean CTmax of 32.50 ± 0.04 °C. Again, no significant 

difference with DISP, OIL and OIL + DISP treatments was observed (Log-rank; p = 

0.34). 

 

For the swimming challenge test (Fig. 5.C), CONT mean time to exhaustion (TE) was 

1.84 ± 0.03 h, which corresponded to a swimming velocity (Umax) of 80.4 ± 0.8 cm s-1. 

No significant difference was observed with the DISP and OIL treatments (Log-rank; 

p = 0.85 and p = 0.17 respectively). However, the OIL + DISP fish had a significantly 

lower swimming performance than the CONT group (TE = 1.72 ± 0.02 h; Umax = 77.7 

± 0.6 cm s-1; Log-rank; p = 0.008). 

 

3.4 Field mesocosm study 

Water conditions in the earthen ponds over the 5-month field experiment are 

summarized in Fig. 6. The observed fluctuations in water temperature are typical of 

this type of ecosystem, temperature being the lowest in early June (15.8 °C) and the 
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highest at the end of July (25.1 °C). Salinity also fluctuated from a low of 30.8‰ in 

early June to a high of 40.0‰ in late August. Water oxygen content varied between 8 

and 10 mg L-1 during most of the field experiment, except in early August when 

values as low as 4.6 mg L-1 were measured. Water pH fluctuated within a broad 

range i.e., 7.5–8.7. All variables considered, August was possibly the most 

challenging period when high temperature coincided with high salinity, low 

oxygenation and low pH. 

 

Sea bass growth varied over the 5-month period, but no statistically significant 

difference was observed among the ponds (ANOVA; p < 0.001 and p = 0.12, 

respectively) (Fig. 7A). The summer period (July–August) was associated with best 

growth. During autumn (September–October), fish growth was markedly suppressed, 

with fish from ponds 2, 4 and 7 even losing weight. No difference between 

experimental treatments was noted (ANOVA; p = 0.90) (Fig. 7B). 

 

Survivorship was >60% at the end of the field experiment and no statistically 

significant difference was observed among experimental treatments (p = 0.63; data 

not shown). 

 

Hypoxia tolerance, susceptibility to heat and swimming capacity of the fish that 

survived the field mesocosm were compared to those of the fish that died (Fig. 8). To 

make this comparison we used the challenge tests conducted just before fish were 

transferred to the mesocosms, i.e., 1-month post-exposure. Fish that died during the 

spring and summer periods had swimming performance, hypoxia tolerance and 

thermal susceptibility that were not statistically different from those of the fish that 
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survived (swimming TE: spring 1.82 ± 0.02 vs 1.78 ± 0.03, summer 1.81 ± 0.02 vs 

1.92 ± 0.12; hypoxia TLOE: spring 9.15 ± 0.01 vs 9.11 ± 0.03, summer 9.15 ± 0.02 vs 

9.16 ± 0.05; temperature TLOE: spring 9.02 ± 0.04 vs 9.09 ± 0.10, summer 9.02 ± 

0.04 vs 8.98 ± 0.14). During the autumn, on the other hand, fish that did not survive 

had a lower hypoxia tolerance and lower swimming performance than fish that did 

survived (swimming TE: 1.82 ± 0.02 vs 1.69 ± 0.04; hypoxia TLOE: 9.17 ± 0.01 vs 

9.05 ± 0.04). No difference in thermal tolerance was, however, observed (TLOE: 9.00 

± 0.05 vs 9.16 ± 0.11). 

 

3.5 Long-term effects of the treatments and validation of the field 

observations 

Approximately 10 months post-exposure and 4 months after the survivors (460 fish) 

had returned from the field mesocosm, the suite of challenge tests was repeated. No 

significant differences were observed among the four treatments (Log-rank; hypoxia 

challenge test: p = 0.760; temperature challenge test: p = 0.232; swimming challenge 

test: p = 0.295). Mean time to loss of equilibrium of the control fish was 7.89 ± 0.08 h 

(2.3 ± 0.1% air saturation) for the hypoxia challenge test and 5.23 ± 0.13 h (CTmax: 

28.12 ± 0.09 °C) for the temperature challenge test. Mean time to exhaustion for the 

swimming challenge test was 1.22 ± 0.05 h (Umax: 62.6 ± 1.5 cm s-1). 

 

4 Discussion 

Using the chemical treatment of an oil spill and an acute exposure scenario as a 

case study, this experiment aimed at testing a methodology to evaluate the health 

status of a fish population following a toxicological insult. We used incipient lethal 

oxygen saturation (ILOS), critical thermal maximum (CTmax) and maximal swimming 
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speed (Umax) as markers of fish ability to cope with natural contingencies, and based 

on the definition given for humans, we considered that they were proper indicators of 

fish health. The suite of challenge tests showed that 1 month after exposure, fish 

from the dispersant alone and oil alone treatments displayed no functional 

impairments, while fish exposed to chemically dispersed oil had residual effects of 

reduced hypoxia tolerance and swimming capacity. Transfer of our experimental 

populations to the field revealed that, under selective feeding condition (autumn), 

predetermined swimming performance and hypoxia tolerance were higher in 

individuals that survived than in individuals that did not, validating the ecological 

relevance of these biomarkers. However, values of thermal susceptibility were not 

predictors of individuals’ survival during our mesocosm experiment. No difference in 

field survival and growth was observed among the experimental treatments, 

suggesting that recovery had occurred at the whole animal level. Correspondingly, 

when hypoxia tolerance, temperature susceptibility and swimming performance were 

tested 10 months post-exposure i.e., as surviving fish were returned from the field 

site into the laboratory, no difference among the treatments was observed, 

confirming that they had recovered from the functional impairments observed one 

month post-exposure. 

 

4.1 Exposure conditions and white muscle [21 PAH] 

Water concentration in total petroleum hydrocarbon ([TPH]) was monitored in all 

tanks and throughout fish exposure period in order to characterize the exposure 

conditions and ensure that they were realistic. Mean [TPH] in the oil and oil + 

dispersant exposure tanks (28.5 ± 5.0 and 49.4 ± 2.3 mg L-1 respectively) 

corresponded to concentrations reported following oil spills such as Tarut Bay (Saudi 
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Arabia, 1970), Hebei Spirit (South Korea, 2007) and Deepwater Horizon (USA, 2010) 

(1–750 mg L-1; Spooner, 1970, Kim et al., 2010 and Sammarco et al., 2013). 

Moreover, the 30% higher [TPH] measured in the oil + dispersant exposure tanks 

compared to the oil-alone tanks, indicated that dispersant increased the potential 

bioavailability of the oil components (Ramachandran et al., 2004). 

 

Polycyclic aromatic hydrocarbon concentrations ([21 PAH]) were measured in fish 

white muscle 2 days and 1 month post-exposure, the latter corresponding to a few 

days before the second suite of challenge tests was conducted. Two days post-

exposure, fish from the control and dispersant treatments displayed white muscle [21 

PAH] below the quantification limits (1 ng g-1 dry weight). On the other hand, fish from 

the oil and chemically dispersed oil treatments displayed white muscle [21 PAH] 

considerably in excess of the quantification limit (253 ± 20 and 224 ± 11 ng g-1 dry 

weight, respectively). It must be emphasised, however, that fish can rapidly 

metabolize PAH and so the muscle tissue samples from 2 days post-exposure may 

underestimate maximal white muscle PAH concentration (Hellou and Warren, 1997 

and Varanasi, 1989; Dussauze et al., 2015). Nevertheless, these concentrations are 

very similar to those measured in the white muscles of the rockfish (Sebastes 

schlegeli) 5 days following the Hebei Spirit oil spill (284 ng g-1 dry weight; Jung et al., 

2011) and are in line with a previous experiment that investigated similar oil exposure 

conditions (148 ± 46 ng g-1 dry weight; Danion et al., 2011). A closer look to individual 

PAH concentrations in fish muscle reveals that tricyclic PAH (fluorene, 

dibenzothiophene, phenanthrene) represent approximately 98% of the total [PAH]. 

This is attributable to the weathering process, which is recognized to bring a shift in 

PAH composition. The fraction of the tricyclic PAH within the total dissolved PAH 
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measured in water indeed increase relative to the smaller two-rings compounds 

when spilled oil is weathered ( Carls et al., 1999, Heintz et al., 1999 and Short and 

Heintz, 1997). One month after exposure, white muscle [21 PAH] concentrations in 

all four experimental treatments had been restored to a background level. 

 

4.2 Repeatability of individual’s performance 

In order to assess our capacity to standardize the testing protocols, and to 

demonstrate the ecological relevance of our markers of functional integrity, the long-

term temporal stability (3 and 11 months) of the hypoxia tolerance, temperature 

susceptibility and swimming performance was examined. In the control group, we 

observed that time to loss of equilibrium (TLOE) at the hypoxia challenge test and 

time to reach exhaustion (TE) at the swimming challenge test were both repeatable 

after 3-month and 11-month periods, whereas TLOE at the temperature susceptibility 

challenge test was repeatable after a 3-month period but not after 11 months. This 

observation validates our capacity to standardize the challenge tests. Short-term 

temporal stability of fish swimming performance has been documented by several 

authors including Kolok (1992 and Claireaux et al. (2007. Moreover, an earlier study 

by Claireaux et al. (2013) documented the 2-month repeatability of hypoxia and heat 

tolerance in sea bass. This temporal stability under changing environmental 

conditions, combined with the fact that hypoxia tolerance, temperature susceptibility 

and swimming performance have been shown to be heritable (Garenc et al., 1998 

and Anttila et al., 2013), substantiate the view that these traits are potential targets 

for natural selection (Hayes and Jenkins, 1997 and Dohm, 2002). It is important to 

note that Spearman's rank correlation coefficients were lower when considering 

performance measured 11 months apart than those measured 3 months apart. This 
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suggests a progressive loss of repeatability over time. This observation is explained 

by the fact that this study was conducted using juveniles. Growth and ageing, and 

associated rearranging of phenotypic architecture, are processes that are likely to 

blur repeatability (Killen et al., 2016). Moreover, the 11-month period includes the 

field experiment during which fish were submitted to a large variety of conditions 

including a major change in food source. This is liable to affect intra-population 

variability and, potentially, the degree to which our targeted performances remain 

stable over time (Killen et al., 2016). 

 

The effect of exposure to dispersant, oil alone or a mixture of both upon individual 

performances temporal stability was also examined. We observed that repeatability 

over a 3-month period was maintained in all the four treatments. On the other hand, 

performances measured 11-months apart were not necessarily repeatable. It is 

important to note, however, that this loss of repeatability is not readily attributable to 

the exposure treatments as several confounding factors including ageing, sexual 

maturation, growth and change in environmental conditions may have contributed in 

modifying the phenotypic architecture within our experimental populations (Killen et 

al., 2016). 

 

4.3 One-month post-exposure functional tests 

At one month post-exposure, performance in the hypoxia challenge test of the 

dispersant-exposed fish was not statistically different from that of the control fish. 

This result is in line with Claireaux et al. (2013), who reported no effect of dispersant 

alone (Finasol© OSR-52) on fish hypoxia tolerance. Hypoxia tolerance of fish from 

the oil alone treatment also was not statistically different from that of the control fish. 
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This result of juvenile sea bass to Arabian light crude (CAL; [TPH] = 56 ± 5.2 mg L-1). 

is, however, not in line with Davoodi and Claireaux (2007), who reported reduced 

hypoxia tolerance in juveniles of the common sole (Solea solea). In this latter study, 

however, sole were exposed to a dose of No-2 fuel which was approximately 50-

times higher than in the present study (4 g L-1 vs 0.08 g L-1). 

 

In our experiment, the deleterious effect of oil exposure on seabass hypoxia 

tolerance was only revealed in the OIL + DISP treatment, as the increase in water 

[TPH] induced by the dispersant was associated with reduced ILOS. This observation 

confirmed that dispersant reinforces the effect of oil in the short term (Ramachandran 

et al., 2004 and Anderson et al., 2009). The few studies that have examined the 

impact of oil exposure upon hypoxia tolerance suggest a relationship via altered 

cardio-respiratory function (Claireaux et al., 2004 and Davoodi and Claireaux, 2007). 

This hypothesis is consistent with established histomorphological alterations to the 

gills, leading to reduced oxygen diffusion across the respiratory epithelium and into 

the vascular system (McKeown and March, 1978 and Engelhardt et al., 1981). 

 

Thermal tolerance of fish from the DISP, OIL and OIL + DISP treatments were not 

statistically different from fish from the control group. This is in line with Claireaux et 

al. (2013), who reported no effect of the same exposure conditions upon sea bass 

temperature susceptibility 4 weeks post-exposure. The underlying mechanisms to 

temperature susceptibility remain unclear (Beitinger and Lutterschmidt, 2011; 

Schulte, 2015). However, the oxygen and capacity limited thermal tolerance (OCLTT) 

theory, even if still debated, suggests that functional integrity at high temperature 

may be limited by a mismatch between tissues oxygen demand and the capacity of 
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the cardiovascular system to supply them with oxygen (Pörtner and Knust, 2007). 

Cardiac function is central to both hypoxia and heat tolerance and one could have 

expected a correlation between an individual’s ILOS and CTmax. The fact that we did 

not find such correlation (data not shown) suggests that other functions and 

processes are involved in shaping inter-individual variability in these performance 

traits, e.g., energy metabolism, anaerobic pathways, oxygen extraction and diffusion 

at the gill, sensitivity of the central nervous system to anaerobic metabolism by-

products ( Shoubridge and Hochachka, 1980, Hochachka and Somero, 2002 and 

Nilsson and Östlund-Nilsson, 2008). The lack of relationship between ILOS and 

CTmax could also result from the ILOS measuring principle. Incipient lethal oxygen 

saturation determination is indeed based on exposing fish to an oxygen level which is 

far below sea bass critical oxygen level (20% of air saturation at 15 °C). Therefore, 

ILOS may be an index which reflects fish anaerobic capacities (Claireaux and 

Chabot, 2016), while heat tolerance rather reflects oxygen uptake and transport 

capacities. 

 

Swimming performance of fish exposed to either dispersant or oil alone did not differ 

from the control. This result is in line with McKenzie et al. (2007), who showed that 

carp (Cyprinus carpio) caged for 3 weeks in sites heavily polluted with cocktails of 

bioavailable organics including PAH (12.4 μg of PAH collected on semipermeable 

membrane) displayed similar swimming capacity as fish from a control, unpolluted 

site. Our findings are, however, contradictory with Kennedy and Farrell (2006) who 

reported a 25% decrease in the maximal swimming speed of the Pacific herring 

(Clupea pallasi) 8 weeks after a 4-day exposure to the water-soluble fraction (WSF) 

of North Slope crude oil ([TPH] = 120 μg L-1). Likewise, Oliveira et al. (2012) reported 
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reduced swimming performance immediately after a 96-h exposure to pyrene 

(concentrations ranging from 0.125 to 1 mg L-1). Thomas and Rice (1987) also 

reported a 12% decrease in swimming performance of juvenile coho salmon 

(Oncorhynchus kisutch) within hours of a 48-h exposure to the WSF of Cook Inlet 

crude oil [>2.5 mg L-1]. The detrimental effect of hydrocarbon exposure upon fish 

swimming performance was confirmed by our observation that chemically treated oil 

treatment impaired sea bass capacity to swim maximally. This strengthens the view 

that, although not directly affecting fish performance, dispersants potentiate oil 

toxicity. The mechanisms by which petroleum hydrocarbon exposure might affect 

swimming capacity are largely unknown as a large set of physiological processes are 

potentially involved. It has been shown, for instance, that swimming capacity is 

sensitive to changes in maximal aerobic capacity, cardiac output, function of red and 

white muscle fibers, as well as anaerobic metabolism ( Farlinger and Beamish, 1977, 

Beamish, 1978, Thorarensen et al., 1996, Alsop and Wood, 1997 and Burgetz et al., 

1998). Impaired swimming performance may also be the result of the aerobic cost of 

the detoxification, resulting in reduced scope for activity ( Beamish, 1978, Alsop and 

Wood, 1997 and Gregory and Wood, 1999). Although not specifically examined here, 

gill damage caused by oil exposure ( McKeown and March, 1978, Engelhardt et al., 

1981, Khan, 2003 and Simonato et al., 2008) could also result in impaired oxygen 

delivery tissues during swimming exercise. 

 

4.4 Field observations 

The field study aimed to ascertain the link between performance in the challenge 

tests and components of Darwinian fitness, by establishing whether the functional 

impairments observed shortly after exposure had some subsequent ecological 
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relevance under natural conditions. Water conditions observed in the experimental 

mesocosms during spring, summer and autumn were in accordance with previous 

observations (Claireaux et al., 2013). With the noticeable exception of water pH, low 

inter-pond variability in water conditions was observed. We have no satisfactory 

explanation for the marked among-ponds variability in water pH, but combined with 

observations of ponds’ vegetal groundcover, it points towards variability in pond 

ecology, with possible consequences in terms of qualitative and quantitative food 

availability. 

 

Compared with previous studies, the observed fish survival rate was high overall 

(>60%). For instance, preceding work using the same field site yielded survival rates 

ranging between 20 and 30% (Claireaux et al., 2013). As might be expected, these 

remarkable survival records during spring and summer were associated with the 

highest growth rates, which ranged between 0.10 and 0.20% d-1 (Fig. 7a). These 

growth rates are indeed remarkable if one considers that the growth rate of sea bass 

under food unlimited, farming conditions is 0.25% d-1 (Guillaume, 2001). 

 

Despite favourable environmental and feeding conditions, mortality still occurred 

during spring (16%) and summer (5%). Examination of the predetermined 

performances at the challenge tests did not allow a conclusion concerning a possible 

link with survivorship during these periods. This suggests that, at least during the 

spring period, the relatively higher mortality recorded possibly resulted from the 

inability of certain individuals to acclimate following the transfer from the lab to the 

field. In September–October, on the other hand, food availability decreased and 

competition for food became selective, as illustrated by the nearly 90% reduction in 
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growth rate observed during that period. Interestingly, fish that died during that period 

(mortality 12%) displayed lower swimming performance, suggesting that high 

swimming capacity to capture scarce prey was key to survival. More intriguing is the 

observation that non-survivors also displayed lower tolerance to hypoxia than 

survivors. During autumn, oxygenation conditions were optimal and they cannot be 

considered as a direct source of selective mortality (Fig. 6). Alternatively, it can be 

hypothesized that the fact that fish that died were less tolerant to hypoxia than fish 

that survived resulted from a potential link between hypoxia tolerance, routine 

metabolic rate and starvation tolerance. Dupont-Prinet et al. (2010) investigated the 

link between tolerance of food deprivation, metabolic rate and growth rate in the 

European sea bass. They found that fast growing animals were also less tolerant to 

starvation than the slow growing individuals. However, contrary to the above 

functional hypothesis, these authors found no difference in routine metabolic rate 

between the starvation-tolerant and the starvation-sensitive phenotypes. Deciphering 

the functional basis of the relationship between environmental conditions, growth and 

survivorship clearly requires further study. 

 

No significant difference in survivorship and growth was observed among the four 

exposure treatments, even during the period when natural selection was potentially 

the strongest (September–October). This result suggests that fish recovered from the 

impairments observed one month after exposure and that no long-term loss in 

individual fitness occurred in relation with exposure to either dispersant, oil and oil + 

dispersant mixture. 
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4.5 Eleven-month post-exposure challenge tests 

The motive for the long-term assessment conducted in this study was to verify 

whether the functional impairments observed shortly after exposure were long 

lasting. The fact that we observed no significant difference in fish performance 10 

months post-exposure is remarkable and cannot be attributed to selective mortality 

during the field phase of the experiment as survivorship was in excess of 60%. 

Moreover, a reanalysis of our challenge test data, excluding fish that died in the field, 

confirmed the effect of chemically dispersed oil observed one month post-exposure 

(hypoxia challenge test: p = 0.036; swimming challenge test: p = 0.0009) and that the 

lack of treatment-related effects observed 10-month post-exposure resulted from 

individuals recovering and not, for instance, from the culling of the most intoxicated 

ones during the field stage. 

5 Conclusion 

The main purpose of the research was to design and validate an ecologically relevant 

fish health assessment approach that could be applied to an acute toxicological 

exposure. Even though mild selective pressure was observed during the field 

exposure, hypoxia tolerance and maximal swimming speed measured in the 

laboratory were found to be predictors of survival. These results suggest that this 

methodology is liable to bridge the gap between sub-organismal toxicological 

disturbances and effects at population level. 

 

We applied our health assessment methodology to a case of an acute oil exposure. 

Our study highlighted that exposure to dispersant and to oil alone does not affect fish 

health. Exposure to the oil and dispersant mixture was associated with temporarily 
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impaired health. However, recovery occurred and no ecologically relevant 

consequences where observed when fish were transferred to a semi-natural field 

mesocosm. Fish health recovery was confirmed by the absence of long-term effects 

(almost 1 year post-exposure). We suggest that health-centred approach should be 

promoted and conducted using more fish species, life stages and environmental 

contexts in order to develop even further the notion of fish health. Such development 

would allow bridging the gap between toxicology and ecology and should prove 

highly valuable for the future safeguarding of the marine environment and the 

development of legislation for an integrated management of marine resources and 

services.  
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Figures legends 

Fig. 1: Study timeline. 

 

Fig. 2: Water total petroleum concentration (mg/L) measured throughout the 48 h-

exposure period in tanks from the control (CONT; white bar), dispersant (DISP; white 

hatched bar), oil (OIL; grey bar) and chemically dispersed oil (OIL + DISP; grey 

hatched bar) treatments. N = 9 (3 samples × 3 replicate tanks). The error bars 

indicate the calculated SEM. 

 

Fig. 3: Sum of the concentration (ng/g dry weight) in 21 PAH measured two (d+2) 

and 31 days post-exposure (d+31) in fish white muscle from the control (CONT; white 

bar), dispersant (DISP; white hatched bar), oil (OIL; grey bar) and chemically 

dispersed oil (OIL+DISP; grey hatched bar) treatments. N = 9 (3 samples × 3 

replicate tanks). The error bars indicate the calculated SEM. 

 

Fig. 4: Three months (1) and 11 months (2) repeatability of time to loss of equilibrium 

of control fish at hypoxia (A); temperature challenge tests (B) and time to reach 

exhaustion at swimming challenge test (C). Performance repeatability of fish from the 

four treatments is summarized in D. Blank cells: significant correlation (p < 0.05), light 

grey cells: marginally significant correlation (p < 0.07); grey cells: no significant 

correlation. rs corresponds to the Spearman's rank correlation coefficient. 
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Fig. 5: Fish count throughout the challenge test set #2 (A: Hypoxia challenge test, p = 

0.01; B: Temperature challenge test, p = 0.03; C: Swimming challenge test p = 0.51). 

Solid thick line: CONT; solid thin line: DISP; dashed line: OIL; pointed dashed line: 

OIL + DISP. Insets: barplots correspond to the median time to loss equilibrium 

(TLOE) or to reach exhaustion (TE). Error bars indicate the 95% confidence interval 

calculated with the Kaplan-Meier survival analysis and * indicate statistical difference. 

 

Fig. 6: Water condition in the earthen ponds. Measurements were made weekly in 

the 7 ponds (: pond #1, Δ: pond #2, : pond #3, : pond #4, : pond #5, ,  : 

pond #6, ▲: pond #7). 

   

Fig. 7: Daily relative growth rate measured for the 3 different periods according to A) 

the different ponds, B) the exposure condition. Black bars correspond to the May–

June period, grey bars to the July–August period and white bars to the September–

October period. 

 

Fig. 8: Comparison of fish performances at challenge tests of fish that survived (white 

bars) or died (black bars) during each period in the ponds. The number of fish 

present in each group is indicated above the bars. The error bars indicate the 

calculated SEM and * indicates statistically significant difference (p < 0.05). 
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Fig. 1 
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Fig. 2 
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Fig. 3  
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Fig. 4 
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D 

Challenge test Set 
CONT DISP OIL OIL+DISP 

rs p value rs p value rs p value rs p value 

Hypoxia 
1 vs 2 0.2931 0.0001 0.1437 0.0615 0.2412 0.0016 0.2224 0.0035 
1 vs 3 0.233 0.0457 -0.102 0.3226 0.2332 0.0307 0.1234 0.2464 

Temperature 
1 vs 2 0.2403 0.0024 0.2425 0.0019 0.2306 0.0034 0.1446 0.0681 
1 vs 3 0.1435 0.258 0.06377 0.5436 -0.1387 0.2054 -0.04411 0.6904 

Swimming 
1 vs 2 0.3652 < 0.0001 0.3524 < 0.0001 0.3217 < 0.0001 0.3146 < 0.0001 
1 vs 3 0.2897 0.0392 0.3021 0.0116 0.2613 0.0386 0.008588 0.9459 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Appendix 
Appendix 1: Concentration of 21 PAHs (alkylated and parents) in fish white muscle 
from the four treatments measured 2 and 31 days post-exposure. The 21 PAHs 
represent the 16 US-EPA PAHs and five supplementary PAHs (benzo[b]thiophene, 
biphenyl, dibenzothiophene, benzo[e]pyrene, perylene). LOQ: Limit Of Quantification. 

 

PAH Concentration ± sem (ng.g-1) at 2 and 31 days post-exposure 

 
d+2 

 
d+31 

 
CONT DISP OIL OIL+DISP 

 
CONT DISP OIL OIL+DISP 

Naphtalene  < LOQ < LOQ 6 ± 1 6 ± 1 
 

< LOQ < LOQ < LOQ < LOQ 
Benzothiophene  < LOQ < LOQ < LOQ < LOQ 

 
< LOQ < LOQ < LOQ < LOQ 

Biphenyl   < LOQ < LOQ < LOQ < LOQ 
 

< LOQ < LOQ < LOQ < LOQ 
Acenaphtylene  < LOQ < LOQ < LOQ < LOQ 

 
< LOQ < LOQ < LOQ < LOQ 

Acenaphtene  < LOQ < LOQ < LOQ < LOQ 
 

< LOQ < LOQ < LOQ < LOQ 
Fluorene  < LOQ < LOQ 23 ± 7 8 ± 3 

 
< LOQ < LOQ < LOQ < LOQ 

Dibenzothiophene  < LOQ < LOQ 203 ± 17 185 ± 11 
 

< LOQ < LOQ < LOQ < LOQ 
Phenanthrene   < LOQ < LOQ 28 ± 3 25 ± 2 

 
< LOQ < LOQ < LOQ < LOQ 

Anthracene  < LOQ < LOQ < LOQ < LOQ 
 

< LOQ < LOQ < LOQ < LOQ 
Fluoranthene  < LOQ < LOQ < LOQ < LOQ 

 
< LOQ < LOQ < LOQ < LOQ 

Pyrene  < LOQ < LOQ < LOQ < LOQ 
 

< LOQ < LOQ < LOQ < LOQ 
Benzoaanthracene  < LOQ < LOQ < LOQ < LOQ 

 
< LOQ < LOQ < LOQ < LOQ 

Chrysene  < LOQ < LOQ < LOQ < LOQ 
 

< LOQ < LOQ < LOQ < LOQ 
Benzo[b]fluoranthene  < LOQ < LOQ < LOQ < LOQ 

 
< LOQ < LOQ < LOQ < LOQ 

Benzo[k]fluoranthene  < LOQ < LOQ < LOQ < LOQ 
 

< LOQ < LOQ < LOQ < LOQ 
Benzo[e]pyrene  < LOQ < LOQ < LOQ < LOQ 

 
< LOQ < LOQ < LOQ < LOQ 

Benzo[a]pyrene  < LOQ < LOQ < LOQ < LOQ 
 

< LOQ < LOQ < LOQ < LOQ 
Perylene  < LOQ < LOQ < LOQ < LOQ 

 
< LOQ < LOQ < LOQ < LOQ 

Indeno[1,2,3-cd]pyrene  < LOQ < LOQ < LOQ < LOQ 
 

< LOQ < LOQ < LOQ < LOQ 
Dibenzo[a, h]anthracene  < LOQ < LOQ < LOQ < LOQ 

 
< LOQ < LOQ < LOQ < LOQ 

Benzoperylene < LOQ < LOQ < LOQ < LOQ 
 

< LOQ < LOQ < LOQ < LOQ 
Mean of individual's [21 PAH] / / 259 ± 24 224 ± 33 
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