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Abstract : 
 
The explosion of the Deepwater Horizon (DWH) oil platform resulted in large amounts of crude oil and 
dispersant Corexit 9500A® released into the Gulf of Mexico and coincided with the spawning season of 
the oyster, Crassostrea virginica. The effects of exposing gametes and embryos of C. virginica to 
dispersant alone (Corexit), mechanically (HEWAF) and chemically dispersed (CEWAF) DWH oil were 
evaluated. Fertilization success and the morphological development, growth, and survival of larvae were 
assessed. Gamete exposure reduced fertilization (HEWAF: EC201 h = 1650 μg tPAH50 L− 1; CEWAF: 
EC201 h = 19.4 μg tPAH50 L− 1; Corexit: EC201 h = 6.9 mg L− 1). CEWAF and Corexit showed a similar 
toxicity on early life stages at equivalent nominal concentrations. Oysters exposed from gametes to 
CEWAF and Corexit experienced more deleterious effects than oysters exposed from embryos. Results 
suggest the presence of oil and dispersant during oyster spawning season may interfere with larval 
development and subsequent recruitment. 
 

Highlights 

► C. virginica gametes and embryos were exposed to oil and/or Corexit for 96 h. ► Adverse effects 
occurred during fertilization and early development. ► At equivalent nominal concentrations, CEWAF 
(oil+Corexit) and Corexit alone induced similar toxic responses to early life stages. ► Presence of oil 
and dispersant during oyster spawning season may interfere with subsequent recruitment. 
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1. Introduction  1 

 2 

The Eastern oyster, Crassostrea virginica (Gmelin, 1791), is one of the most commercially 3 

and ecologically important shellfish species propagating along the East Coast of the United 4 

States, from Maine to the Gulf of Mexico (Galtsoff, 1964; Volety et al., 2014). In 2012, total 5 

landings of C. virginica represented a value of $104 million in the United States from which 6 

$74 million originated in coastal regions of the northern Gulf of Mexico (National Marine 7 

Fisheries Service, 2012). In addition to its economic value, C. virginica is also an 8 

ecologically vital species. Oyster reefs, which have been built through successive 9 

reproduction and settlement of larvae onto existing reef structure, provide food, shelter, and 10 

habitat for many fish and shellfish species; improve water quality; stabilize bottom areas; and 11 

influence water circulation patterns within estuaries (Coen et al., 2007; Newell, 2004; 12 

Peterson et al., 2003; Volety et al., 2014; Wells, 1961). In the northern part of the Gulf of 13 

Mexico, the oyster spawning season typically occurs from mid-spring through late fall (Ingle, 14 

1951). On April 20, 2010, the explosion of the Deepwater Horizon (DWH) oil platform in the 15 

Gulf of Mexico led to the release of millions of barrels of crude oil 80 km off the coast of 16 

Louisiana (McNutt et al., 2012). The oil leak was discovered two days after the incident at a 17 

depth of 1544 m. After almost three months and several attempts to stop the leak, the well 18 

was finally cemented on July 15, 2010 (Crone and Tolstoy, 2010). Approximately 7 million L 19 

of the chemical dispersant Corexit 9500A® were used directly at the wellhead and at the 20 

surface to disperse the oil slicks (Kujawinski et al., 2011). The DWH oil contaminated first 21 

the Louisiana coast and then the Mississippi, Alabama, and Florida coasts (Rosenbauer et al., 22 

2010). 23 

Petroleum hydrocarbon contaminants pose a severe ecological risk to marine origanisms. 24 

They can affect organisms by physical action (light reduction, asphyxia), by modification of 25 

habitat [change in pH (Neff, 1987), decrease of dissolved oxygen, decrease in food 26 

availability], and by toxic effects. Crude oil constituents are of particular concern because of 27 

their high chemical stability, low degradation, and lipophilic nature. Most toxic effects of 28 

crude oil are typically attributed to the aromatic fraction, particularly polycyclic aromatic 29 

hydrocarbons (PAHs); PAHs are known to be persistent in the environment and are 30 

potentially mutagenic, genotoxic, and carcinogenic to organisms (Albers and Loughlin, 2003; 31 

Neff, 1985; Roesijadi et al., 1978). 32 
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Chemical dispersants are complex mixtures, primarily containing surfactants (dioctyl sodium 1 

sulfosuccinate, also known as DOSS) and solvents (propylene glycol), which reduce the 2 

interfacial tension at the oil-water interface, and therefore facilitate the mixing of oil into the 3 

water (Canevari, 1973; Li and Garrett, 1998). Therefore, oil slicks can be dispersed to 4 

concentrations below toxicity thresholds for most marine and benthic species (Lessard and 5 

DeMarco, 2000; Page et al., 2000) and become more accessible to hydrocarbon-degrading 6 

bacteria (Venosa and Zhu, 2003). Because of the higher exposure of aquatic organisms to 7 

petroleum compounds in coastal areas and estuaries, the manufacturer recommends using 8 

chemical dispersants at a minimum water depth of 20 m, with a current speed greater than 1 9 

m s-1, and at a minimum distance from the shore or from off-shore islands of 2 km 10 

(Ramachandran et al., 2004). According to manufacturers, new dispersants, such as Corexit 11 

9500A®, are considered non-toxic and bio-degradable when used on their own and at 12 

recommended concentrations. However, aquatic organisms are likely to be exposed to both 13 

dispersant and oil in combination, which may alter the toxic effects (Almeda et al., 2013; 14 

Barron et al., 2003; Getter and Baca, 1984; Gulec et al., 1997; Ramachandran et al., 2004; 15 

Rico-Martinez et al., 2013). Moreover, little is known about the behavior and combined 16 

effects of oil and dispersants in the near-shore environment (Allen, 1984).  17 

The prolonged turbulent mixing of crude oil by wind, currents, and waves results in the 18 

production of water accommodated fraction (WAF) (Barron et al., 1999; Rossi et al., 1976). 19 

WAF toxicity is commonly assessed by measuring early larval growth, survival, and 20 

morphological abnormality in marine organisms such as fish (Couillard et al., 2005), starfish 21 

(Davis et al., 1981), crustaceans (Cucci and Epifanio, 1979), or bivalves (Fucik, 1994; Saco-22 

Alvarez et al., 2008). Early life stages are typically more sensitive than adult stages and 23 

represent a critical period in the life cycle (Chapman and Long, 1983; Connor, 1972; His and 24 

Beiras, 1999; Huffman Ringwood, 1991). 25 

In an aquatic ecosystem, the physiological and ecological effects of environmental stress are 26 

numerous. Although the ultimate effect is mortality, sub-lethal effects include the alteration 27 

of normal physiological activities (Beiras and His, 1994; His and Robert, 1985) and increased 28 

expenditure of energy reserves affecting fecundity, as well as reduced fertilization success 29 

and larval viability and growth (Capuzzo, 1996; McDowell et al., 1999; Thompson et al., 30 

1996). The Deepwater Horizon oil spill occurred at the beginning of the C. virginica 31 

spawning season. Sperm and eggs were therefore likely exposed to toxicants, as were adult 32 

and early life stage (ELS) of oysters. Research on the effects of Alaskan crude oil reported 33 

severe abnormalities in the developing embryos of Pacific oyster, Crassostrea gigas 34 
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(Le Gore, 1974). PAHs, either alone or associated with sediments, as well as other organic 1 

chemicals, negatively affected C. gigas sperm motility, embryonic development, larval 2 

growth, and survival (Akcha et al., 2012; Geffard et al., 2002b, 2003; His and Robert, 1983; 3 

Laramore et al., 2014; Lyons et al., 2002; Pelletier et al., 2000; Renzoni, 1975). Moreover, 4 

the exposure of Pacific oysters to PAHs significantly reduced fertilization success and larval 5 

development (Jeong and Cho, 2005). Finally, ELS of C. virginica were adversely affected by 6 

acute exposure to dispersed oil (CEWAF), with decreased fertilization success (≥ 100 ppm 7 

CEWAF) and increased developmental abnormalities (≥ 100 ppm CEWAF) and mortalities 8 

(LC5096h = 24.8 ppm CEWAF) of D-larvae observed after incubation with a surrogate of 9 

Macondo oil dispersed with 1:10 of Corexit 9500A (Laramore et al., 2014). Therefore, 10 

fertilization success and subsequent embryogenesis and larval development of C. virginica 11 

might have been negatively affected by the exposure to oil, dispersed oil, and Corexit 12 

9500A®, all of which were found in the Gulf of Mexico at the time of the spill. Although 13 

oysters have been used as a model organism in numerous ecotoxicological studies (Chapman 14 

and Long, 1983; Chapman, 1989; His et al., 1997; Thain, 1991, 1992; Woelke, 1972), little 15 

literature exists on the toxicity of dispersant and dispersed oil to C. virginica gametes and 16 

embryos; therefore, effects of these toxicants on fertilization success and early development 17 

need further investigation. 18 

 19 

The purpose of this study was to examine the lethal and sub-lethal effects of acute exposure 20 

to surface-collected DWH oil (HEWAF), dispersant (Corexit 9500A®), or dispersed oil 21 

(CEWAF) on the two sensitive early life stages – gametes and embryos – of C. virginica. 22 

Fertilization success, morphological development, shell lengths, and survival were assessed 23 

at different time points (1 h, 24 h, and 96 h). In addition, lethal and sub-lethal concentration 24 

ranges were also determined. Research on the differences in gamete and embryo 25 

susceptibility to oil and dispersant may contribute to understanding the mechanisms of 26 

toxicity on sensitive early life stages of bivalves. 27 

 28 

2. Material and Methods 29 

 30 

Separate preliminary range-finding tests were performed to establish the definitive test 31 

concentrations that cause lethal effects on oyster gametes and embryos, as well as sub-lethal 32 

effects, such as developmental abnormalities and reduced growth of gametes and embryos. 33 



6 
 

Exposure designs were based on standardized protocols described in “U.S. EPA. 1996. 1 

Ecological Effects Test Guidelines: OPPTS 850.1055: Bivalve Acute Toxicity Test (embryo 2 

larval).”  3 

 4 

2.1. Water Accommodated Fractions 5 

Crude oil was obtained from Stratus Consulting under chain of custody during the Deepwater 6 

Horizon NRDA efforts. The DWH surface slick oil (“Slick A”) was collected near the source 7 

on July 29, 2010, from the hold of barge number CTC02404, which received surface slick oil 8 

from various skimmer vessels near the Macondo well (sample CTC02404-02). The dispersant 9 

Corexit 9500A® (NALCO Environmental Solutions LLC, Sugarland, TX) was obtained from 10 

Stratus Consulting / Abt Associates. For all exposure solutions, we added contaminants to 11 

UV-sterilized and 0.1 µm-filtered seawater (FSW), maintained at a salinity of 20–25 PSU.  12 

 13 

2.1.1 HEWAF 14 

The oil-only exposure solutions or high energy water accommodated fractions (HEWAFs) 15 

were prepared at 25˚C under fluorescent lights to avoid photo-reactivity (Landrum et al., 16 

1987). We artificially recreated the action of waves and currents by adding 2 L of filtered 17 

seawater (FSW) and 4 g of slick oil (with a gastight syringe) to a stainless steel blender 18 

pitcher (Waring™CB15, Waring Commercial, Torrington, CT). After 30 s at the lowest 19 

blending speed, the solution was transferred to a 2-L aspirator bottle and left to settle for at 20 

least 1 h to separate the residual floating oil (Incardona et al., 2013). The bottom layer of the 21 

mixture (or accommodated fraction) was then carefully drained from the aspirator bottle and 22 

FSW was added to this stock to prepare dilutions for exposure treatments. We did not filter 23 

preparations, so dilutions contained particulate oil in addition to dissolved PAHs. 24 

 25 

2.1.2 CEWAF 26 

The oil/dispersant mixtures or chemically enhanced water accommodated fractions 27 

(CEWAFs) were also prepared at 25˚C under fluorescent lights. Two grams of slick oil and 28 

200 mg of dispersant (10:1 v:v) were added to an aspirator bottle filled with 2 L of FSW. 29 

Contaminants were added with a gastight syringe, and stirred at a vortex adjusted to 25% 30 

using a stirring rod and a magnetic stirrer for 18 h. To allow for the separation of the solution 31 

from the residual floating oil, the oil and dispersant mixture was left to stand for 3 h prior to 32 

use and the stock solution (or accommodated fraction) was carefully drained. 33 

 34 
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 1 

2.1.3 Corexit  2 

Dispersant exposure solutions were prepared as described for CEWAF above, except that no 3 

oil was added and the mixture was not settled. The dispersant stock was collected by draining 4 

the aspirator bottle and, to obtain different exposure concentrations, the stock solution was 5 

diluted with FSW. Samples for DOSS concentrations became contaminated, so nominal 6 

dispersant concentrations were reported for these tests. 7 

 8 

Nominal concentrations used for exposure  to  HEWAF, CEWAF, and dispersant, as well as 9 

corresponding tPAH50 contents, are listed in Table 1; PAH profiles of the stock solution of 10 

CEWAF and HEWAF are shown in Figure 1. 11 

 12 

2.2. Oyster broodstock conditioning 13 

Adult specimens of Crassostrea virginica (average weight of 75 g ± 20) were collected in 14 

June 2011 and in October 2013 from natural populations in the same general location in 15 

Estero Bay, Florida (Lat. 26˚19’50’’N, Long. 81˚50’15’’W). Adult oysters were held in the 16 

experimental hatchery at 23˚C ± 1, in a flow-through system supplied with coarsely filtered 17 

(30-µm sand filter) seawater, at ambient salinity (20–30 PSU), under natural light conditions, 18 

and fed a mixture of laboratory-cultured fresh microalgae (Chaetoceros sp., Tetraselmis chui, 19 

and Tisochrysis lutea) at a daily ration of 3% of oyster dry body weight for conditioning 20 

(Utting and Millican, 1997). Ten oysters were periodically sampled and examined for 21 

ripeness under a microscope. 22 

 23 

2.3. Spawning and gamete recovery  24 

Gamete and embryo exposures to CEWAF and dispersant were performed with offspring 25 

obtained from the same stock of adult oysters, at the end of August 2011. HEWAF exposures 26 

were conducted in December 2013, with offspring obtained from different broodstock.  27 

Mature oysters were thermally induced to spawn by alternating an immersion in seawater at 28 

18˚C and 30˚C for 30 min each time. To collect oocytes, spawning females were isolated in 29 

1-L beakers filled with about 500 mL of FSW. To obtain a dense sperm solution, spawning 30 

males were isolated in approximately 200 mL of FSW in 1-L beakers. Oocytes and sperm 31 

were examined under a microscope to select the best gametes; we particularly examined 32 

sperm for mobility and oocytes for shape and absence of atresia. After filtration through a 55-33 

µm mesh to remove debris, sperm from several males (n ≥ 3) was pooled in a 1-L sterile 34 
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beaker. Eggs from several females (n ≥ 3), after successive sieving through 150-µm and 55-1 

µm mesh to remove tissue and debris, were rinsed in a 20-µm sieve and transferred into a 2 

sterile beaker filled with 2 L of FSW. Five 50 µL subsamples of FSW/egg mixture were 3 

taken from the beaker after continuous and gentle mixing. Subsamples of eggs were stained 4 

with 1% Lugol and counted using a Sedgwick-Rafter® cell and a dissecting microscope.  5 

 6 

2.4. Acute exposure of gametes  7 

 8 

2.4.1. Fertilization assay 9 

Before fertilization, sperm and oocytes were exposed separately to various concentrations of 10 

HEWAF, CEWAF, or dispersant for 30 min (n = 4 replicates for each concentration) 11 

(Table 1). Controls consisted of exposure to FSW only. Each 10-mL replicate of sperm 12 

(dense solution of 1.5 x 107 to 2.5 x 107 cells mL-1) was incubated in the test solution (40 mL 13 

HEWAF, CEWAF, or dispersant solution in 50-mL beakers). Oocytes (4,000–4,400) were 14 

also incubated in the test solution (200 mL HEWAF, CEWAF, or dispersant in 400-mL 15 

beakers).  16 

After the 30-min incubation, oocytes from each exposure replicate were fertilized with 10 mL 17 

of sperm from corresponding sperm-exposure replicates. Fertilization beakers were 18 

maintained in darkness at 26 ± 1˚C and at a salinity of 22 ± 2 PSU for 96 h (4 days). Each test 19 

chamber was subsampled 1-h post-fertilization and samples were preserved in 10% buffered 20 

formalin for later examination. To determine fertilization success, at least 100 embryos per 21 

treatment were examined for cell cleavage.  22 

 23 

2.4.2. Embryogenesis and larval development 24 

The progress of embryogenesis and larval development was monitored after fertilization for 25 

96 h and the exposure solutions were not renewed. Fresh cultured phytoplankton was added 26 

to each beaker at day 1 (5 x 104 cells mL-1) and day 3 (1 x 105 cells mL-1) post-fertilization. 27 

One day (24 h) and 4 days (96 h) after fertilization, a subsample was removed from each 28 

beaker and fixed in 10% buffered formalin for later examination of abnormalities and larval 29 

shell lengths (see Section 2.6 for more details). Exposures were completed after 96 h. 30 

 31 

2.5. Acute exposure of embryos 32 

While the gametes were incubated in exposure solutions, the remaining unexposed oocyte 33 

solution (around 5 million eggs in 2 L) was fertilized with 50 mL of the remaining unexposed 34 
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sperm. Forty-five minutes later, the fertilization success was verified by microscopic 1 

examination using the same method as previously described in Section 2.4.1. Fertilized 2 

oocytes were then gently mixed with FSW, 50-µL subsamples (n = 5) were taken, and the 3 

number of fertilized oocytes was counted as previously described. One hour after 4 

fertilization, when the two- to four-cell stage was reached, embryos were transferred 5 

volumetrically using a micropipette into 400-mL beakers filled with 200 mL of the different 6 

exposure concentrations of HEWAF, CEWAF, or dispersant (Table 1) (4 replicates per 7 

condition). Embryos were distributed at a targeted density of ≈ 20 mL-1 (4,000–4,400 8 

individuals per beaker) and incubated for 96 h in the dark at 26 ˚C ± 1 and 22 PSU ± 2. 9 

Freshly cultured phytoplankton (T. lutea) was added to each exposure beaker at day 1 (5 x 10 

104 cells mL-1) and day 3 (1 x 105 cells mL-1).  11 

 12 

2.6 Subsampling, final survival assessment, and measurements 13 

Twenty-four hour and 96 h after fertilization, a 5–10 mL subsample was collected from each 14 

exposure beaker and preserved with 10% buffered formalin for later observation of 15 

abnormalities and shell measurements. After 96 h of exposure, the content of each beaker was 16 

filtered through a 20-µm nylon mesh and larvae were re-suspended in 20-mL FSW. The final 17 

survival was assessed by taking 200-µL subsamples (n = 3) from the concentrate (20 mL) of 18 

each replicate and staining with 1% Lugol. The remaining samples were preserved in 10% 19 

buffered formalin for later observation of abnormalities and shell sizes at 96 h. At each of the 20 

two sampling times, a minimum of 50 randomly selected individuals from each replicate 21 

were examined under a microscope to determine the percentage of normal, abnormal, and 22 

dead larvae; dead larvae had translucent, non-stained shells. Final survival of larvae was 23 

extrapolated from the number of larvae counted alive in the 96-h subsamples. To assess 24 

mortality, the extrapolated number of larvae counted alive was compared to the estimated 25 

number of larvae stocked at the test initiation. The percent fertilized and the volume of test 26 

mixture removed at earlier sampling time points were accounted for in the extrapolations. 27 

Categories of abnormal larvae included (Fig. 4): (1) segmented eggs, normal embryos, or 28 

malformed embryos that did not reach the D-larval stage; and (2) D-larvae with either a 29 

convex hinge, indented shell margins, incomplete shells, a protruded velum, or an extrusion 30 

of mantle (from His et al., 1997). In addition, at each sampling time, shell lengths of 25 31 

randomly selected larvae from each beaker were measured under a microscope equipped with 32 

an ocular micrometer. 33 

 34 
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2.7. Water quality and analytical chemistry 1 

Temperature, dissolved oxygen, salinity, and pH were measured daily using a Pro ODO optic 2 

probe (YSI), a refractometer, and a “Pinpoint” pH monitor (American Marine, Inc.), 3 

respectively. Total ammonia was measured at the start and the end of each exposure 4 

experiment using a Seal Analytical Auto Analyzer 3 and the G-171-96 method. Chemical 5 

analyses of the stock solutions, HEWAFs, CEWAFs, dispersant concentrations, and the FSW 6 

control were performed by ALS Environmental (ALS; formerly Columbia Analytical 7 

Services) and validated by Ecochem (Kelso, WA, USA). Polycyclic aromatic hydrocarbons 8 

(PAHs), including alkylated homologues, were determined by gas chromatography with low-9 

resolution mass spectrometry using selective ion monitoring (GC/MS-SIM) and a sum of 10 

50 different PAHs [tPAH50] were quantified (Fig. 1). The analytical procedure was based on 11 

EPA Method 8270D with the GC and MS operating conditions optimized for separation and 12 

sensitivity of the targeted analytes. 13 

 14 

2.8. Statistical analyses 15 

Dose-response curves were fitted with the drc package in R version 3.1.1 (2014) (Ritz and 16 

Streibig, 2005; Ritz, 2010) using log-logistic models and effect concentrations (ECx/LCx) 17 

were estimated. For binomial response variables (mortality, abnormality, and fertilization), 18 

we fitted a three-parameter log-logistic model and reported the profile-likelihood based on 19 

95% confidence intervals (Faraggi et al., 2003; U.S. EPA, 2013; Venzon and Moolgavkar, 20 

1988) using the bbmle package (Bolker, 2013; R Development Core Team, 2014). Reported 21 

effect concentrations accounted for control responses.  22 

In addition to fitting nonlinear curves, analyses of variance (ANOVA) were performed on 23 

fertilization success and shell lengths data to obtain lowest observed effective concentrations 24 

(LOECs). To characterize differences in toxicity among life stages tested (gamete vs 25 

embryos), two-way ANOVAs were also conducted on shell lengths data. Before ANOVA 26 

analysis, all percentage data were arcsine-square root transformed to improve normality. 27 

Normality (Shapiro-Wilk test) and homogeneity of variances (Levene’s test) were checked 28 

using the SPSS® 19.0 statistical package. When significant effects of treatment were found 29 

(ANOVA: p≤0.05), post-hoc tests were performed. We used Tukey post-hoc tests unless data 30 

did not meet homogeneity of variances requirements. In those cases, we used Dunnet’s T3 31 

post-hoc tests.   32 
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3. Results 1 

 2 

3.1. Water quality and analytical chemistry 3 

 4 

Temperature and salinity throughout the experiments ranged from 24.8 to 26.1˚C and from 22 5 

to 25 PSU, respectively. The pH averaged 7.8 ± 0.5 and dissolved oxygen never decreased 6 

below 6 mg L-1 or 90% saturation. For each tested concentration of HEWAF, CEWAF, and 7 

dispersant, total ammonia concentrations remained at safe levels (0.21 mg L-1 ± 0.095). The 8 

FSW used for the control contained very low levels of PAHs at background levels (tPAH50 = 9 

0.008 µg.L-1 ± 0.01). The PAH composition of the HEWAF was similar to the CEWAF 10 

profile (Fig. 1). 11 

 12 

Table 1: Range of nominal concentrations (mg L-1) used for HEWAF, CEWAF, and dispersant 13 
exposures and corresponding PAH content (in µg L-1 = sum of 50 PAHs or tPAH50 analyzed by 14 
GC/MS-SIM). 15 
 16 

  HEWAF CEWAF Dispersant 

Nominal  

oil  

(mg L-1) 

tPAH50  

(µg L-1) 

Nominal  

oil 

(mg L-1) 

tPAH50 

(µg L-1) 

Nominal  

Corexit 

(mg L-1) 

0 0.008 0 0.008 0 

62.5 108.3 6.25 1.3 0.62 

125 198.1 12.5 3.3 1.25 

250 417.0 25 6.4 2.5 

500 839.4 50 14.2 5 

1000 1634.5 100 26.2 10 

 17 

  18 
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1 

 2 

Figure 1: PAH composition of (A) HEWAF stock (2000 mg oil L-1 corresponding to 3209 µg 3 
tPAH50 L-1) and (B) CEWAF stock (1000 mg oil L-1 corresponding to 262 µg tPAH50 L-1) used for 4 
gamete and embryo acute exposure, expressed in percent. N0-4: Napthalene; B: Biphenyl; AY: 5 
Acenaphtylene; AE: Acenaphtene; F0-3: Fluorene; A0: Anthracene; PA0-4: Phenanthrene; DBT0-4: 6 
Dibenzothiophene; BF:Benzo(b)fluorine; FLO: Fluoranthene; PY0: Pyrene; FP1-4: 7 
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Fluoranthene/Pyrene; NBT0-4: Naphtobenzothiophene; BAO: Benz(a)anthracene; C0-4: Chrysene; 1 
BBF: Benzo(b)fluoranthene; BJKF: Benzo(j+k)fluoranthene; BAF: Benzo(a)fluoranthene; BEP: 2 
Benzo(e)pyrene; BAP: Benzo(a)pyrene; IND: Indeno(1,2,3)pyrene; DA: Dibenz(a,h)anthracene; GHI: 3 
Benzo(g,h,i)perylene. Parent compound is indicated by a 0 (e.g., N0); numbers of additional carbons 4 
for alkylated homologs are indicated as N1, N2, etc. 5 
 6 

3.2. Effects on fertilization  7 

 8 

Fertilization success was significantly reduced following exposure to oil/HEWAF (F5,18 = 9 

10.8, p<0.001), dispersed oil/CEWAF (F5,18 = 23.1, p<0.001), or dispersant/Corexit (F5,18 = 10 

19.7, p<0.001) for 30 min before fertilization (Fig. 2). Effective levels for fertilization 11 

inhibition (EC201h and EC501h) are listed in Table 2. Fertilization success was inhibited by 12 

CEWAF and Corexit in a similar manner and at equivalent nominal concentrations. These 13 

results suggest that the dispersant is likely responsible for the majority of the fertilization 14 

inhibition observed in the CEWAF exposure (Fig. 2, Table 2). 15 

 16 

Table 2: Concentration causing 20% and 50% inhibition (EC20/EC50) of fertilization success for 17 
gametes exposed for 1 h to HEWAF, CEWAF, and dispersant (± 95% confidence intervals). Data are 18 
expressed as measured concentrations of a sum of 50 PAHs (µg tPAH50 L-1) for oil (HEWAF and 19 
CEWAF) or nominal dispersant levels for Corexit (mg L-1).  20 
***: the effect concentration exceeded the range tested. 21 
 22 
 23 

 
HEWAF 

(µg tPAH50 L-1) 

CEWAF 

(µg tPAH50 L-1) 
Dispersant 

(mg Corexit L-1) 

EC20 
  1650*** 

(1450-2050) 

19.4 

(17.1-21.4) 
6.9 

(6.3-7.6) 

EC50 
   2250*** 

(1770-6460) 

   29.9*** 

(27.2-35.6) 
 11.5*** 

(10.2-12.7) 

 24 

 25 

 26 
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Figure 2: Fertilization success of C. virginica gametes (eggs and sperm) exposed to (A) high energy 4 
water accommodated fraction (HEWAF), (B) chemically enhanced water accommodated fraction 5 
(CEWAF), and (C) dispersant (Corexit 9500A®). Data are presented as mean percentage ± standard 6 
deviation (SD). Different letters denote a significant difference at p≤0.05 (ANOVA, Tukey HSD post-7 
hoc test).   8 
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 1 

3.3. Effects on embryogenesis and early larval development 2 

 3 

Percentages of abnormal larvae in the controls were relatively low and ranged from 0 to 15%. 4 

Larval abnormalities increased with dose regardless of the exposure timing (Fig. 3). 5 

Continuous exposure of gametes before fertilization until 24 h after fertilization to HEWAF, 6 

CEWAF, or Corexit 9500A® resulted in a dose-dependent increase in abnormal larvae (Fig. 7 

3). In a similar way, the continuous exposure of newly segmented embryos for 24 h to all 8 

HEWAF, CEWAF, and dispersant concentrations affected embryo and early larval 9 

development (Fig. 3). By comparing ECx values and their 95% confidence limits for gamete 10 

and embryo exposure, with the exception of the CEWAF exposure (EC2024h, Table 3), 11 

abnormalities in 24 h-old larvae resulting from gamete exposure were generally not 12 

statistically different from that of 24 h-larvae resulting from embryo exposure (Table 3, Fig. 13 

3).  14 

Oysters in the highest doses sometimes experienced too much mortality to be included in this 15 

analysis, although some of those mortalities may have been caused by abnormal 16 

development. High larval mortalities at the highest dose of dispersant tested in the gamete 17 

exposure did not allow the calculation of EC50 value (Table 3). 18 

 19 

Table 3: Effective concentrations causing 20 % and 50 % of observed abnormality (EC20 & EC50) in 20 
1 day-old larvae previously exposed for 24 h to HEWAF, CEWAF and dispersant from gamete and 21 
embryo. Data are expressed as measured concentrations of a sum of 50 PAHs (µg tPAH50 L-1) for oil 22 
(HEWAF and CEWAF) or nominal dispersant levels for Corexit (mg L-1) ± 95% Confidence interval.  23 
 ***: Effect concentration higher than 100% lethal concentration. NC: Not Calculated 24 
 25 

Initial 

Stage 
Gamete Embryo 

 
HEWAF 

(µg tPAH L-1) 

CEWAF 

(µg tPAH L-1) 

Dispersant 

(mg L-1) 

HEWAF 

(µg tPAH L-1) 

CEWAF 

(µg tPAH L-1) 

Dispersant 

(mg L-1) 

EC20 

 

186 

(108-362) 

9.7 

(8.7-11.0) 

   7.39*** 

(5.3-15.5) 

218 

(107-401) 

12.2  

(11.6-12.8) 

5.3 

(5.2-5.5) 

EC50  
267 

(202-367) 

     14.9*** 

(13-19.1) 
NC 

 

342 

(242-504) 

  15.6 

(14.9-16.5) 

5.67 

(NC) 
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 1 

Figure 3: Mean percentages (±SD) of abnormal larvae derived from gametes and embryos exposed to 2 
HEWAF (A), CEWAF (B), and dispersant (C) at 24-h post-fertilization. Horizontal lines on curves 3 
represent 95% CI of EC50. In some high exposures, oysters died and disintegrated, and abnormality 4 
rates could not be determined. Model for CEWAF abnormality (B) was fitted to tPAH50 exposure 5 
concentration (µg L-1), and the corresponding nominal concentration of dispersant (mg L-1) is shown. 6 

 7 

After 24 h of incubation with oil, visual observations revealed morphological abnormalities 8 

ranging from severely moribund to atrophied larvae (Fig. 4D), absence of shells, individuals 9 

with a convex-hinge, shell deformities (Fig. 4E), velums abnormally extended, incomplete 10 

shells and mantle extrusions (Fig. 4F), or indented shell margins.  11 

 12 

 13 

C 



18 
 

Figure 4: Normal embryo (A), normal 24-h-old (B), and normal 96-h-old larvae (C); abnormal larvae 1 
(D, E, F) observed after 24 h exposure to HEWAF. 2 
 3 
 4 
 5 

3.4. Effects on larval size   6 

 7 

Control treatments showed an increase of mean shell lengths from 5 to 10 µm over 3 days. 8 

Mean shell lengths of larvae exposed as gametes or embryos to CEWAF, HEWAF, or 9 

dispersant for 24 and 96 h consistently declined as exposure concentrations increased. 10 

Regarding exposure to HEWAF, the mean size of larvae derived from exposed gametes was 11 

significantly impaired at 198.1 µg tPAH50 L-1 from 24 h onward (F3,12 = 54.2, p=0.024) 12 

(Fig. 5A), whereas the mean size of larvae developed from exposed embryos was inhibited 13 

significantly at 108.3 µg tPAH50 L-1 compared to control (F4,15 = 58.3, p<0.001) (Fig. 5B). 14 

In addition, two-way ANOVA showed that the mean size of larvae exposed for 96 h from the 15 

embryo stage was significantly smaller than larvae exposed from the gamete stage (F9,30 = 16 

8.1, p=0.008), possibly due to increased mortality in the gamete exposure. 17 

After 24 h of exposure to all concentrations of CEWAF, means shell length of larvae 18 

developed from exposed gametes were significantly affected compared to the control (F4,15 = 19 

45.7, p<0.001) (Fig. 5C). Concentrations as low as 1.3 µg tPAH50 L-1 significantly reduced 20 

the mean shell length of larvae exposed to CEWAF from the gamete stage (F4,15 = 45.7, 21 

p=0.002). However, even though 24 h exposure to CEWAF had a significant effect on the 22 

mean shell size of larvae exposed from embryos (F4,15 = 45.4, p<0.001), only the highest 23 

concentration (i.e. 14.2 µg tPAH50 L-1) affected the mean shell lengths compared to the 24 

control (F4,15 = 45.4, p=0.012) (Fig. 5D). Regarding shell lengths measured after 96 h of 25 

exposure to CEWAF, similar trends to the 24 h exposure were observed for larvae derived 26 

from both exposed gametes and embryos (Fig. 5C and D). These results reflected an increase 27 

of sensitivity to CEWAF when exposure occurred before fertilization (e.g. embryos 28 

compared to gametes).  29 

Corexit exposure induced a dose-response effect in shell length at 24 h and 96 h for larvae 30 

exposed from the gamete stage, with a LOEC value of 2.5 mg L-1 (Fig. 5E). No effect on the 31 

mean size of larvae, compared to the control, was observed after 24 h of exposure to 32 

dispersant from the embryo stage (F4,15 = 2.8, p=0.063), whereas mean shell lengths were 33 

significantly inhibited after 96 h of exposure to concentrations of 0.63 mg L-1 and above (F4,15 34 
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= 44.8, p≤0.01) (Fig. 5F). The absence of data at the highest concentrations was due to high 1 

mortalities. 2 

 3 
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Figure 5: Mean shell lengths (µm) ± standard deviation of larvae (n=100) derived from gametes (eggs 8 
and sperm) and embryos exposed to HEWAF (A, B), CEWAF (C, D), and dispersant (E, F). Letters 9 
denote statistical difference at p≤0.05 (ANOVA, Dunnett’s post-hoc test). N/A: no live larvae were 10 
observed and/or measured. 11 
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 1 

3.5. Effects on survival after 96 h 2 

 3 

Mortalities for every exposed group were dose-dependent. In the highest concentrations, dead 4 

larvae were noted with extruded and granulated tissues (“exploded” larvae). Compared to the 5 

control, HEWAF, CEWAF, and dispersant significantly reduced larval survival after 96 h 6 

exposure, regardless of whether the exposure occurred before or after fertilization (data not 7 

shown). According to the LC5096h values for CEWAF, larvae that were exposed as gametes 8 

were approximately twice as sensitive as larvae that were exposed as embryos (8.5 vs 17.7), 9 

suggesting an increase in tolerance to pollutants with age (Table 4). However, according to 10 

the LC5096h values for HEWAF exposures, larvae that were exposed as embryos were more 11 

sensitive than those that were exposed as gametes (220 vs 307) (Table 4). Values of LC5096h 12 

for Corexit exposure of embryos could not be calculated due to the high control mortality. 13 

For all exposures, it is important to mention that we accounted for the initial fertilization 14 

success in the LC5096h calculations.  15 

 16 

Table 4: Concentrations causing 50% mortality (LC50) of larvae exposed for 96 h to HEWAF, 17 
CEWAF, or dispersant as gamete and embryo (± 95 % CI). Data are expressed as measured 18 
concentrations of a sum of 50 PAHs (µg tPAH50 L-1) for oil (HEWAF and CEWAF) or nominal 19 
dispersant levels for Corexit (mg L-1). For the gamete test, non-fertilized eggs were accounted for by 20 
being subtracted from the total number.  21 
NC: Not calculated (high control mortality). 22 
 23 

Initial Stage Gamete Embryo 

 
HEWAF 

(µg tPAH50 L-1) 

CEWAF 

(µg tPAH50 L-1) 

Dispersant 

(mg L-1) 
HEWAF 

(µg tPAH50 L-1) 
CEWAF 

(µg tPAH50 L-1) 

Dispersant 

(mg L-1) 

LC50 
        307 

     (303-312) 

8.5 

(8.4-8.7) 

2.7 

(2.6-2.8) 

      220 

  (216-224) 

       17.7 

(17.5-17.9) 

NC 

 

 24 

4. Discussion 25 

 26 

The explosion of the Deepwater Horizon (DWH) oil platform on April 20, 2010, resulted in 27 

the largest marine oil spill in United States history (National Commission, 2011). This oil 28 

spill coincided with the spawning season of the eastern oyster, Crassostrea virginica. 29 

Because of their ecological importance, their filter-feeding activity, sessile nature, and 30 

ubiquity, oysters have been employed as a model organism in eco-toxicological studies and 31 
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for bio-monitoring the marine environment. However, the information concerning the toxicity 1 

of crude oil, dispersed oil, and dispersant itself on C. virginica gametes and embryos is 2 

limited. A detrimental effect of the oil and the associated dispersants on the reproduction and 3 

early development of C. virginica could affect oyster recruitment and reduce natural stocks in 4 

the affected areas. 5 

 6 

4.1. Effects on fertilization  7 

 8 

Results of the present study showed that exposures of sperm and eggs of Crassostrea 9 

virginica to HEWAF, CEWAF, or dispersant significantly reduced fertilization in a dose-10 

dependent manner. Our study showed that mechanically mixed water accommodated 11 

fractions (HEWAF) reduced the fertilization success in a dose-dependent way, with an 12 

EC201h value reaching 1650 µg tPAH50 L-1. The high-energy preparation (HEWAF) method 13 

might be a good surrogate for oil slicks subject to currents, wind, and waves, as demonstrated 14 

by Incardona et al. (2013), with an EC501h value reaching 2250 µg tPAH50 L-1 (equivalent to 15 

a nominal dose of ≈ 1400 mg DWH oil L-1). In the same way, Renzoni (1975) found that, 16 

after exposing C. virginica sperm and eggs separately to crude oils prepared in a similar way 17 

to the HEWAF for an hour before fertilization, fertilization success was depressed in a dose-18 

dependent way, with fertilization success falling to ≈ 68% (± 5) at nominal concentration of 19 

1000 mg oil L-1.  20 

After adding Corexit 9500A® to the DWH oil, concentrations of CEWAF that inhibited 21 

fertilization success were relatively low, with EC201h reaching 19.4 µg tPAH50 L-1
. Lowest 22 

observed effective concentration (LOEC) and effective concentration (ECx) results indicated 23 

that fertilization success followed similar trends after exposure to CEWAF or dispersant only. 24 

Consequently, one can suggest that most of the toxic effect induced by the dispersed oil can 25 

be attributed to the dispersant fraction of the CEWAF (i.e., 1:10). Toxicity of Corexit 26 

dispersants on the fertilization success of marine invertebrates has long been reported 27 

(Hagström and Lonning, 1977; Law, 1995). Negri and Heyward (2000) found that by 28 

dispersing oil chemically using Corexit 9527, fertilization capabilities were significantly 29 

reduced for coral species. However, it can become challenging to dissociate the contribution 30 

of dispersant from the toxic action of PAHs; as a consequence, an interactive/synergistic 31 

action of PAHs on the fertilization process following chemical dispersion must not be ruled 32 

out. According to Jeong and Cho (2005), movements of sperm cells from Crassostrea gigas 33 

were greatly affected upon exposure to 10 individual PAHs at concentrations as low as 50 µg 34 
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L-1), with viability and motility significantly decreased with increasing concentrations of 1 

PAHs (from 50 to 200 µg L-1). As a result, the inhibition of gamete fertilization observed in 2 

the present study could be explained by a potential direct effect of dispersant and oil/PAHs 3 

on the swimming behavior of the sperm cells and a decrease in the rate of collision between 4 

eggs and spermatozoa, as Lewis et al. (2008) showed with a polychæte species, Arenicola 5 

marina, exposed to crude oil.  6 

Our results are consistent with those of Donaghy et al. (2012), who found that exposure of 7 

C. virginica sperm to HEWAF, CEWAF, or Corexit 9500A® had detrimental effects on 8 

cellular mechanisms that are potentially involved in fertilization processes. Donaghy et al. 9 

(2012) observed morphological modification of sperm cells, such as changing size and 10 

increased internal complexity with increasing oil concentrations, alteration of acrosomal 11 

integrity, and inhibition of intracellular ROS production and mitochondrial metabolism. The 12 

physiological impairment of sperm cells could affect their motility and hence reduce their 13 

fertilization capabilities. In the same way, the spermiotoxicity of the herbicide Diuron® on 14 

C. gigas sperm induced an oxidative stress and affected directly intracellular ATP content, 15 

potentially reducing the motility of sperm cells (Akcha et al., 2012), but fertilization success 16 

was not measured concomitantly.  17 

 18 

4.2. Effects on embryogenesis  19 

 20 

Sensitive and drastic physiological processes occur during embryogenesis. For instance, shell 21 

formation begins early in embryogenesis through the secretion of the very first shell material 22 

by shell field epithelial cells (Eyster and Morse, 1984). Our results indicated that continuous 23 

exposure of gametes from pre-fertilization until 24-h post-fertilization to HEWAF, CEWAF, 24 

or Corexit 9500A® negatively affected embryogenesis in a dose-dependent manner. Exposed 25 

gametes produced fewer embryos, and those embryos had higher percentages of 26 

morphological abnormalities than the control treatments. Similarly, continuous exposure of 27 

newly segmented embryos for 24 h to HEWAF, CEWAF, and dispersant adversely affected 28 

embryonic development, suggesting that both oil and dispersant may impair the mechanisms 29 

involved in shell secretion. Similar results were reported on C. gigas embryos contaminated 30 

with Alaskan crude oil, which led to severe abnormalities, such as deformed and incomplete 31 

shells, with an EC5048h value of 1000 ppm or 1 ml L-1 (Le Gore, 1974). In a similar way, Le 32 

Pennec and Le Roux (1979) showed that the exposure of early developing embryos to a 33 
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different type of crude oil for only 1 h induced high instances of shell abnormalities in 1 

Mytilus edulis larvae, which exhibited both severe modifications of the hinge and 2 

crystallization of the shell. Because morphological effects of CEWAF, HEWAF, and Corexit 3 

were only apparent after 24 h of exposure in the present work, it appears that calcification 4 

during oyster embryogenesis is one of the processes most sensitive to oil and dispersant.  5 

Hayakaze and Tanabe (1999) revealed that the organic matrix of the mussel Mytilus 6 

galloprovincialis shell began to be secreted by the shell gland during the late trocophore 7 

larval stage (≈ 12 h post-fertilization), and calcification was localized on the inner side of the 8 

organic matrix in the early veliger stage. The early veliger calcification follows the same 9 

process in the European flat oyster, Ostrea edulis (Waller, 1981). Other aspects, such as 10 

protein synthesis and metabolism, require further investigation. Oil, PAHs, or the dispersant 11 

itself could also interfere and inhibit certain enzymatic activities; this has already been 12 

reported with oyster embryos exposed to heavy metals, such as the effects on carbonic 13 

anhydrase, which is involved in shell formation and calcium-transport pathways (Hinkle 14 

et al., 1987). Finally, Wessel et al. (2007) stated that the exposure of C. gigas embryos to the 15 

PAH benzo[α]pyrene (BaP) could cause high rates of abnormal larvae and DNA strand 16 

breakage. 17 

Overall, there were few significant differences in the percentage of abnormalities between the 18 

larvae that were exposed at pre- or post-fertilization stages to HEWAF, CEWAF, and 19 

Corexit. These results suggest that negative effects of PAH and dispersant on early larval 20 

development mainly occurred during embryogenesis. This finding contradicts results reported 21 

by Geffard et al. (2001), who found that larvae derived from C. gigas embryos (post-22 

fertilization) exposed to PAH-polluted sediment exhibited more developmental abnormalities 23 

than larvae derived from exposed sperm (pre-fertilization). However, these authors exposed 24 

only sperm to PAHs, while in the present study both oocytes and sperm were exposed 25 

simultaneously, which could cause further damage to subsequent embryogenesis. From this, 26 

one may speculate that oocyte exposure to oil/PAHs and dispersant may be more likely to 27 

result in abnormal embryonic development than sperm exposure. 28 

 29 

4.3. Effects on larval shell lengths 30 

 31 

In addition to the significant effects of oil/PAHs and Corexit 9500A® on Crassostrea 32 

virginica developmental success, HEWAF, CEWAF, or dispersant can subsequently inhibit 33 

shell growth. Shell lengths were significantly smaller for larvae reared in exposure solutions 34 
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compared to the control. As mentioned previously, PAHs released from oil preparations as 1 

well as dispersant chemical compounds can disrupt normal embryogenesis, particularly shell 2 

formation, resulting in the reduction or inhibition of larval shell growth. Our results also 3 

demonstrated that levels of tPAH50 as low as 1.3 µg L-1 affected negatively the growth of 4 

larvae after 24 h exposure to CEWAF (Fig. 5C), a concentration of PAHs lower than that 5 

caused appreciable larval abnormality (EC2024h = 9.7 µg tPAH50 L-1). This finding suggests 6 

that larval growth is a sensitive and valid indicator of the toxicity of oil and dispersant. Hidu 7 

(1965), His and Robert (1985), and Geffard et al. (2002b) all showed that the larval growth 8 

assay with oysters was more sensitive than the embryo assay, using abnormality as endpoint. 9 

A marked reduction in larval growth may increase chances of death by predation or other 10 

factors (Calabrese et al., 1973; Davis and Hidu, 1969). Moreover, Strathman and Hart (1987, 11 

1995) postulated that smaller larvae encounter and clear less food than larger larvae, and are 12 

therefore more prone to starvation. Hence, oil and dispersant may reduce the fitness of the 13 

affected larvae by reducing feeding efficiency, even if the concentrations they are exposed to 14 

are not lethal. Oil droplets resulting from dispersion could also have a negative physical 15 

effect, such as clogging the gills, binding to the velum (Anderson et al., 1974; Renzoni, 1975; 16 

Sigler and Leibovitz, 1982) or inhibiting respiration by coating membranes, particularly 17 

during HEWAF exposure. It is hypothesized that these droplets may also aggregate with algal 18 

cells (Muschenheim and Lee, 2002). This may significantly reduce food availability such as 19 

increasing the size of particles, flocculation, and emulsification; and affect filtration rates of 20 

larvae, resulting in starvation and death. To address this issue, it would be interesting to 21 

monitor additional endpoints such as swimming activity and feeding behavior, to get a more 22 

complete and sensitive approach.  23 

 24 

4.4. Effects on larval survival 25 

 26 

Preliminary range-finding experiments showed that DWH oil, prepared as low-energy WAF 27 

(LEWAF or WAF), had little effect on the survival of early stages of oysters, with LOEC 28 

values ranging from 11.7 to 25 µg tPAH50 L-1 (equivalent to 1000 to 2000 mg oil L-1) (data 29 

not shown). However, following exposure to mechanically dispersed DWH oil (HEWAF), 30 

larval survival was reduced by 50% from 220 to 307 µg tPAH50 L-1 (equivalent to 130 to 184 31 

mg oil L-1). In light of these results, the high-energy preparation (HEWAF) method seems to 32 

be a good surrogate for oil slicks subject to the action of current, wind, and waves, as 33 
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demonstrated by Incardona et al. (2013). Moreover, concentrations of CEWAF and Corexit 1 

that inhibited larval survival by 50% were relatively low, i.e. 8.5 to 17.7 µg tPAH50 L-1 2 

(equivalent to 32/3.2 to 67/6.7 mg CEWAF L-1), and 2.7 mg dispersant L-1 respectively. 3 

Various studies found that, compared to oil alone (WAF), the addition of Corexit 9500A® to 4 

oil (CEWAF) decreased survival during exposure of amphipods (Gulec et al., 1997), 5 

copepods (Lee et al., 2013), mussels and sea urchins (Saco-Alvarez et al., 2008), and coral 6 

species (Negri and Heyward, 2000). Similarly, Rico-Martinez et al. (2013) indicated that the 7 

addition of Corexit 9500A® to Macondo oil (or DWH oil) at a ratio realistically encountered 8 

in the Gulf at the time of the spill (1:10), increased toxicity to the rotifer Brachionus plicatilis 9 

by 52-fold compared to LEWAF. It cannot be excluded that the increased toxicity observed 10 

in these studies could be mainly attributed to dispersant alone. However, at the highest 11 

nominal doses tested in the present study (above 50 mg oil L-1 and 5 mg dispersant L-1), 12 

CEWAF exposure resulted in a higher percentage of abnormal larvae than with Corexit alone 13 

(at 5 mg L-1) (Fig. 3B and C). 14 

According to the U.S. National Research Council (1989), the acute lethal toxicity of 15 

chemically dispersed oil resides not only in the dispersant but primarily in the bioavailability 16 

of oil droplets (for some species) and the low molecular weight and dissolved aromatic 17 

fractions of the oil (for most species). Apart from larval abnormalities observed at the highest 18 

doses of CEWAF previously mentioned, the present study did not demonstrate an 19 

exacerbated effect of CEWAF on larval survival compared to Corexit 9500A alone. In fact, at 20 

equivalent nominal doses tested, our results demonstrated that in most cases, CEWAF was 21 

even less toxic than dispersant alone (Table 4). Fucik (1994) reported similar results with 22 

eastern oyster embryos that he exposed to Corexit 9527A alone or mixed with Gulf of 23 

Mexico crude oil, with nominal LC50 of 4.9 mg L-1 and 11.2 mg CEWAF L-1 respectively. 24 

This finding suggests that most of the toxic effect of the dispersed oil is likely imputable to 25 

some of the chemical characteristics of the Corexit. Because of the DOSS compound and its 26 

surfactant properties (NALCO, 2012), dispersant can break down oil into very small particles 27 

(NRC, 2005), which may make oil droplets more likely to affect filter-feeding organisms like 28 

eastern oyster larvae through ingestion or by clogging of the gills. Additionally, the acute 29 

toxicity of dispersant alone is usually attributed to its surface-active effect on bio membranes, 30 

including the disruption of respiratory cells resulting from electrolytic and osmotic 31 

imbalances (Abel, 1974; Singer et al., 1991, 1996). Accordingly, microscopic observations of 32 

organisms in 96-h samples of the present study exhibited severe damages, such as membrane 33 
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rupture, “explosion” of cells, and extrusion of larval tissues, which could be attributed to the 1 

dispersant. Overall, it can become challenging to dissociate the contribution of dispersant 2 

from the toxic action of PAHs; as a consequence, an interactive/synergistic action of PAHs 3 

on the embryogenesis process following chemical dispersion must not be ruled out. Thus, 4 

caution should be used when deciding to use chemical dispersion as a remedial action for an 5 

oil spill, especially in a coastal marine environment. 6 

 7 

Overall, our results demonstrated a stage-dependent response to CEWAF, with PAH and 8 

dispersant inducing more retardation of growth and more mortality in larvae derived from 9 

exposed gametes than embryos. However, long-term exposure to HEWAF (96 h) seemed to 10 

affect further growth and survival of larvae derived from exposed embryos than gametes. 11 

This difference of stage sensitivity to HEWAF may be caused by a high variability between 12 

treatments. Perhaps the exposure to droplet-associated PAHs contained in the HEWAF may 13 

be more toxic to embryos than sperm and oocytes. To answer this question, additional 14 

research on the toxicity related to the dissolved and particulate fraction of HEWAF, and 15 

particularly on the interaction of these droplets with various life stages of oysters, is needed.  16 

The purpose of this study was to determine lethal and effective concentrations on different 17 

life stages of oysters. From these data, it is now possible to compare our findings with field-18 

collected data and predict acute effects likely to occur to eastern oysters as well as other 19 

filter-feeding species in field situations and improve the management of water quality of 20 

coastal zones worldwide. It is important to note that, in the natural environment, the toxicity 21 

of crude oil not only depends on the concentrations of oil and the duration of exposure but 22 

also on environmental conditions. As a result, the impact of accidental oil spills on early life 23 

stages of oysters will vary depending on the specific circumstances of each catastrophe. For 24 

instance, a factor that we did not consider in this study is photo-induced toxicity. Ultraviolet 25 

radiation may increase the toxicity of petroleum hydrocarbons (e.g., PAHs) on exposed 26 

marine organisms, including oysters (Landrum et al., 1987; Lyons et al., 2002; Pelletier et al., 27 

1997). Although speculation and extrapolation of laboratory findings to the field need to be 28 

taken cautiously, experimental studies are a reliable way of determining major toxic effects of 29 

hydrocarbons on sensitive aquatic organisms such as oyster larvae.  30 

Harmful effects of PAHs on marine organisms including bivalves such as oysters have long 31 

been documented (Geffard et al., 2002b, 2003; Jeong and Cho, 2005; Lyons et al., 2002; 32 

Pelletier et al., 2000; Wessel et al., 2007). The present study provided evidence that oil 33 

released during the DWH explosion, and particularly the application of dispersants, can 34 
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seriously impair the early development of the eastern oyster, even at very low concentrations. 1 

Oil spills could pose long-term effects on aquatic animals and their ecosystem. Oyster larvae 2 

may bio-accumulate various PAHs (especially those with high molecular weights) by 3 

ingestion through the filtration of previously dispersed oil micelles, as shown in other 4 

zooplankton species (Almeda et al., 2013; Lee et al., 2013). Thus, further research needs to 5 

be done on the potential for PAHs to bio-accumulate in bivalve larvae. 6 

 7 

5. Summary 8 

 9 

The present study determined the potential effects of the DWH oil spill and the application of 10 

dispersant to treat oil slicks on early life stages of the eastern oyster via short-term exposure 11 

experiments. Results revealed that the exposure of oyster gametes and embryos to oil 12 

preparations and dispersant impaired fertilization success, the normal development of 13 

embryos to the larval stage, and the growth of the resulting larvae. It also induced larval 14 

death, with dispersed oil and dispersant alone producing the highest impact. These results 15 

suggest that oil spills and employing dispersants to disperse oil at the time of the oyster 16 

spawning season could affect oyster recruitment and, ultimately, oyster resources in affected 17 

regions. 18 
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