
Sublethal effects of oil-contaminated sediment to early life stages of the Eastern oyster, 1 

Crassostrea virginica 2 

 3 

Myrina Boulaisa, Julien Vignierb, Ai Ning Loha, Fu Lin E. Chuc, Claire R. Layd, Jeffrey 4 

M. Morrisd, Michelle O. Krasnecd, Aswani Voletya*  5 

 6 
a University of North Carolina Wilmington, Center for Marine Science, 5600 Marvin K. Moss 7 

Lane, Wilmington, NC 28409, USA  8 
b Cawthron Institute, 98 Halifax Street East, Nelson 7010, New-Zealand  9 
c Virginia Institute of Marine Science, College of William and Mary, Department of Aquatic 10 

Health Sciences, Gloucester Point 23062, VA, USA 11 
d Abt Associates, Boulder, C80302, USA 12 

 13 

* Corresponding author. 14 

 E-mail address: voletya@uncw.edu 15 

 16 

Keywords: Deepwater Horizon oil spill, sediment acute toxicity, fertilization, embryogenesis, 17 

larval development 18 

 19 

Abstract 20 

The explosion of the Deepwater Horizon (DWH) oil drilling rig resulted in the release of 21 

crude oil into the Gulf of Mexico. This event coincided with the spawning season of the 22 

Eastern oyster, Crassostrea virginica. Although oil bound to sediments constitutes an 23 

important source of polycyclic aromatic hydrocarbon (PAH) exposure to benthic organisms, 24 

toxicity of sediment-associated DWH oil has not been investigated in any bivalve species. 25 

Here, we evaluated the sublethal effects of acute exposure of gametes, embryos and veliger 26 

larvae of the Eastern oyster to different concentrations of unfiltered elutriates of sediment 27 

contaminated with DWH oil. Our results suggest that gametes, embryos and veliger larvae are 28 

harmed by exposure to unfiltered elutriates of contaminated sediment. Effective 29 

concentrations for fertilization inhibition were 40.6 µg tPAH50 L-1 and 173.2 µg tPAH50 L-1 30 

for EC201h and EC501h values, respectively. Embryo exposure resulted in dose-dependent 31 

abnormalities (EC20 and EC50 values were 77.7 µg tPAH50 L-1 and 151 µg tPAH50 L-1, 32 

respectively) and reduction in shell growth (EC2024h value of 1180 µg tPAH50 L-1). 33 

Development and growth of veliger larvae were less sensitive to sediment-associated PAHs 34 

© 2018 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0269749118307693
Manuscript_65a8dd6fffac4dc75340521185effdcf

http://www.elsevier.com/open-access/userlicense/1.0/
https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0269749118307693


 2 

compared to embryos. Fertilization success and abnormality of larvae exposed as embryos 35 

were the most sensitive endpoints for assessing the toxicity of oil-contaminated sediment. 36 

Bulk of measured polycyclic aromatic hydrocarbons were sediment-bound and caused toxic 37 

effects at lower tPAH50 concentrations than high energy water accommodated fractions 38 

(HEWAF) preparations from the same DWH oil. This study suggests risk assessments would 39 

benefit from further study of suspended contaminated sediment. 40 

 41 

Summary: 42 

Unfiltered sediment elutriates had negative effects on early life-stage oysters. Fertilization and 43 

embryogenesis were the most sensitive endpoints.  44 

 45 

1. Introduction 46 

 47 

The explosion of the Deepwater Horizon (DWH) oil drilling rig resulted in a deep 48 

(approximately 1500 m) subsurface release of an estimated 507 million liters of Louisiana 49 

crude oil into the Gulf of Mexico (GoM) from April 20th until July 15th 2010 (Operational 50 

Science Advisory Team, 2010; U.S. District Court, 2015). This led to the largest marine oil 51 

spill in United States history (National Commission, 2010). Although fractions of this oil 52 

were burned, skimmed from the surface, or chemically dispersed (Operational Science 53 

Advisory Team, 2010), some surface slicks were washed along shorelines of Louisiana, 54 

Mississippi, Alabama, and Florida (Michel et al., 2013; Nixon et al., 2016); and some oil 55 

fractions settled onto sediments of the northern GoM (Wang and Roberts, 2013). Oil remains 56 

in sediments for years or decades (Liu et al., 2012; Neff, 1979; Silliman et al., 2012; Turner et 57 

al., 2014) and oil accumulated in sediment particles exhibits slow weathering, which affects 58 

the chemical composition and toxicity of the oil (Brannon et al., 2006; Di Toro et al., 2007; 59 

Forth et al., 2017; Liu et al., 2012). Aromatic hydrocarbons, including polycyclic aromatic 60 

hydrocarbons (PAHs), are considered to be the most acutely toxic components of crude oil 61 

(Barron, 1999; Neff, 1985) and oil bound to sediments constitutes an important source of 62 

PAH exposure to benthic organisms (Albers, 2003; Geffard et al., 2007). The contamination 63 

of the water column by sediments occurs by diffusion and when sediments are re-suspended 64 

by natural factors (e.g., bioturbation, storms, wave, tide action) and by human activities (e.g., 65 

dredging activities) (Burgess et al., 1993; Chapman et al., 1998; Ciarelli et al., 1999, 2000; 66 

Geffard et al., 2007; Peterson et al., 1996).  67 
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Whole-sediment or unfiltered sediment elutriate (i.e., sediment supernatant) toxicity 68 

tests are commonly used to assess toxicity of oil-contaminated sediment (contaminated 69 

sediment) and bioassays have been developed to investigate the biological effects of 70 

contaminated sediments, using amphipods, copepods, echinoderms, bivalves, or fish (Brown-71 

Peterson et al., 2014, 2015, 2017; Dubansky et al., 2013; Geffard et al., 2001, 2007; 72 

Ghirardini et al., 2005; Lotufo et al., 2016; Matthiessenn et al., 1998). While many studies 73 

have investigated impacts of DWH oil exposures on fish (Brewton et al., 2013; Brown-74 

Peterson et al., 2014, 2015, 2017; Dubansky et al., 2013; Echols et al., 2015), mollusks 75 

(Carmichael et al., 2012; Finch et al., 2016; Langdon et al., 2016; Stefansson et al., 2016; 76 

Vignier et al., 2015, 2016, 2017; Volety et al., 2016), corals (Goodbody-Gringley et al., 77 

2013), arthropod (Echols et al., 2015; Lotufo et al., 2016; McCall and Pennings, 2012), and 78 

zooplankton (Almeda et al., 2013), there is little information to date on the impact of oiled 79 

sediments from the DWH spill on marine species. Exposure to DWH-oiled sediment has been 80 

reported to alter normal embryogenesis and larval developments in fish, such as delayed 81 

hatching and reduced hatching success and growth in the Gulf killifish (Fundulus grandis, 82 

Dubansky et al., 2013) and developmental malformations in zebrafish (Danio rerio) embryos 83 

(Raimondo et al., 2014). Sediment-associated PAHs also reduce growth and survival in 84 

Southern flounder (Paralichthys lethostigma) juveniles (Brown-Peterson et al., 2015, 2017) 85 

and reduce offspring production, survival and growth of benthic amphipods (Leptocheirus 86 

plumulosus, Lotufo et al., 2016). Composition and toxicity of the oil deposited in sediments 87 

can be different than in the water column (Brannon et al., 2006; Di Toro et al., 2007; Forth et 88 

al., 2017; Liu et al., 2012). Though benthic organisms are easily exposed to PAHs in 89 

sediment, the effects of DWH-oiled sediment have not been investigated in any bivalve 90 

species.  91 

The embryo- and larval-toxicity tests with oysters are among the most sensitive tests 92 

for evaluating sediment toxicity to bivalves (Geffard et al., 2002; His et al., 1999; McPherson 93 

and Chapman, 2000; Stefansson et al., 2016). The Eastern oyster (Crassostrea virginica) is 94 

distributed from Canada, along the East Coast of the USA, to the GoM (Galtsoff, 1964). It is 95 

the second most valuable bivalve fishery in the USA (NMFS, 2010), especially in the GoM, 96 

with total landings of this species in the northern GoM representing $74 million in value for 97 

2012 (NMFS, 2012). In addition to its economic significance, the Eastern oyster is also 98 

ecologically important. It is a keystone species which has been the focus of conservation and 99 

restoration efforts because oyster populations have declined worldwide (Beck et al., 2011; 100 

Kirby, 2004), and so have the ecosystem services they provide, including improved coastal 101 
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water quality through filtration, and the creation of complex reefs that represent key habitat 102 

for numerous fish, invertebrate, and bird species (Beck et al., 2011; Coen et al., 2007; Newell, 103 

2004).  104 

In the northern part of the GoM, oyster spawning season occurs from mid-spring 105 

through late fall (Ingle, 1951), a period which coincided with the DWH-oil spill (April 20th 106 

until July 15th). Recent studies have demonstrated an acute toxicity of DWH-oil associated 107 

PAHs to gametes, embryos, and larvae of the Eastern oyster. Surface-collected and 108 

chemically dispersed DWH oil, and dispersant reduce fertilization success and normal 109 

development and survival of embryos and larvae in this species (Finch et al., 2016; Langdon 110 

et al., 2016; Vignier et al., 2015, 2016, 2017; Volety et al., 2016). Toxicity on early life stages 111 

(gamete, embryo, larva) can be evidenced within 1 hour of exposure at low concentration of 112 

PAHs (< 60 µg tPAH50 L-1, Volety et al., 2016). The ecological and economical significance, 113 

and the sensitivity to pollutants of the Eastern oyster make it a suitable model species to 114 

investigate the effects of DWH oiled-sediment on early life stages of bivalve species. 115 

In this study, we investigated i) the sublethal effects of unfiltered sediment elutriates 116 

contaminated with DWH oil on the fertilization success and early life stage development and 117 

growth in the Eastern oyster, and ii) determined the most sensitive life stages and endpoints 118 

for ecotoxicological assessment of contaminated sediment on the Easter oyster.  119 

 120 

2. Materials and methods 121 

 122 

2.1. Collection of sediment 123 

 124 

Uncontaminated (control sediment) and contaminated sediment were collected for the 125 

Deepwater Horizon Natural Resource Damage Assessment (NRDA) (Krasnec et al., 2015). 126 

Contaminated sediment (LAAR38-B0123-SX401) was collected in 2011 from a site called 127 

Black Hole, LA (Lat. 29˚19’689’’N, Long. 89˚03’9’’W), an area that was classified during 128 

the NRDA as having “Heavier persistent” oiling (Nixon et al., 2016). Control sediment 129 

(LAAR42-C0208-SX403) was collected in 2012 from a reference site called Loomis II, LA 130 

(Lat. 29˚12’305’’N, Long. 89˚17’87’’W). Sediment samples were collected from the surficial 131 

layer (6-8”) with a shovel. Additional information regarding the methodology that field crews 132 

used to collect these sediments is provided in the National Oceanic and Atmospheric 133 

Administration (NOAA) DIVER data repository (DIVER, 2015; Krasnec et al. 2015). After 134 

collection, sediment samples were frozen and shipped under chain of custody to the 135 
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laboratory where they were stored at -20°C until needed for toxicity testing.  136 

 137 

2.2. Sediment characteristics and analytical chemistry of elutriates 138 

 139 

After field collection and before toxicity testing, a subsample of uncontaminated and 140 

contaminated sediment was sent to ALS Environmental (Kelso, WA, USA) for chemical 141 

analyses. ALS conducted analyses on PAHs, alkyl PAH homologues, and related hetero-142 

compounds using gas chromatography with low-resolution mass spectrometry and using 143 

selective ion monitoring (GC/MS-SIM), based on U.S. Environmental Protection Agency 144 

(EPA) Method 8270D. These data were used to calculate the sum of 50 PAHs (tPAH50) 145 

(Forth et al., 2017). ALS also analyzed subsamples for other contaminants, including metals 146 

(6010C and 6020A) such as antimony (6020A), silver (6020A), and mercury (747IB); 147 

pesticides (808 IB); and polychlorinated biphenyls (PCBs; 8082A). Analyses describing the 148 

physical characteristics of the sediments [total organic carbon (TOC; ASTM D4129-05, 149 

2013), particle size (PSEP PS), and total solids (TS-MET)] were also performed.  150 

For all experiments, temperature, dissolved oxygen, salinity, ammonia and pH of 151 

elutriates were measured daily using a Pro ODO optic probe (YSI), a refractometer (Fisher 152 

Scientific), or a “Pinpoint” pH monitor (American Marine, Inc.). At the start and at the end of 153 

each exposure experiment, total ammonia was assessed using a Seal Analytical Auto Analyzer 154 

3 and the G-171- 96 method. Water samples of each stock (100% stock) of unfiltered 155 

sediment elutriate, of the different concentrations of unfiltered sediment elutriates used for 156 

toxicity testing, and of control solutions were collected at exposure initiation. Water samples 157 

were not filtered and were stored at 4°C until they were shipped to ALS Environmental 158 

(Kelso, WA, USA) for chemical analysis. tPAH50, were quantified by gas chromatography 159 

with low-resolution mass spectrometry using selective ion monitoring (GC/MS-SIM).  160 

 161 

2.3. Preparation of unfiltered sediment elutriates 162 

 163 

Control sediment and contaminated sediment were thawed at 4°C for 48 hours before 164 

preparing unfiltered sediment elutriates according to modified protocol from Geffard et al. 165 

(2001). In a sterile glass beaker, UV-sterilized and 0.1 µm-filtered seawater, adjusted to 25°C 166 

and 22 PSU (filtered seawater, FSW), was added to control sediment or contaminated 167 

sediment in a ratio of 10:1 (i.e., 100 g of sediment mixed in 1000 mL of FSW) and 168 

mechanically stirred (300 rpm) for 6 hours using a stirring rod and a magnetic stirrer. After 12 169 
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hours of sediment settling, unfiltered contaminated sediment elutriates were prepared. 170 

Supernatant (100% stock) was siphoned off from the top of the beaker and then mixed with 171 

FSW in a dilution series to nominal concentrations of 100 (no dilution of the stock), 50, 25, 172 

12.5, 6.25, 3.125, and 1.5625% of supernatant. The control sediment elutriate was prepared 173 

following the same methodology as the unfiltered sediment elutriates, except supernatant was 174 

not diluted (100% stock used). In addition to the control sediment elutriate, a FSW control 175 

(i.e., no sediment) was also tested. Solutions of sediment were neither filtered nor centrifuged.  176 

 177 

2.4. Collection of oyster gametes 178 

 179 

Oysters Crassostrea virginica were collected in September from natural populations in 180 

Estero Bay, Florida (Lat. 26˚19’50’’N, Long. 81˚50’15’’W). Average weight of oysters was 181 

75 ± 20 g. They were kept under natural light conditions and ambient seawater salinity (20–30 182 

PSU) for 2 weeks at 23˚C ± 1 using a flow-through system. Seawater was sand filtered (30-183 

µm). Animals were fed with cultured fresh microalgae (Chaetoceros muelleri, Tetraselmis 184 

chui, and Tisochrysis lutea) at a daily ration of 3% of oyster dry body weight for conditioning 185 

(Utting and Millican, 1997). Ripeness of oysters was determined by microscopic observation 186 

of gonadal smears. Oocytes and spermatozoa were examined for motility (sperm), shape and 187 

absence of atresia (oocyte), and oysters showing immature gametes were discarded. For each 188 

ripe oyster, gametes were collected by stripping oyster gonad with a scalpel in 50 mL of FSW 189 

(Allen and Bushek, 1992). To remove gonadal and other tissue debris, sperm was sieved 190 

through 55-µm mesh and sperm from 3 males were pooled into 500-mL of FSW in a sterile 191 

beaker. Similarly, oocytes from 3 females were pooled into 2 L of FSW in a sterile beaker, 192 

after successive sieving through 150-µm and 55-µm mesh to remove gonadal tissue and 193 

debris, and collection on 20-µm mesh. Gamete concentration was determined by microscopic 194 

count using a Sedgewick-Rafter® counting cell (3 x 100 µL).  195 

 196 

2.5. Sediment elutriate exposure of early life stages 197 

 198 

2.5.1. Experimental design 199 

 200 

Gametes (oocytes and spermatozoa), embryos, and larvae were exposed to the 201 

different concentrations of unfiltered sediment elutriates from sediment contaminated during 202 

the DWH oil spill, control sediment elutriate, or FSW control (i.e., no sediment).  203 
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Four replicates were set up for each condition. Exposures were conducted at 25 ± 1˚C 204 

and at a salinity of 21.5 ± 0.5 PSU. Elutriate solutions were not renewed, and no aeration was 205 

provided during the experiment, except for the veliger-larval exposure (48-hour exposure): 206 

gentle aeration (≈ 60 bubble min -1) was delivered to maintain dissolved oxygen (DO) 207 

concentrations above 4 mg L-1. 208 

 209 

2.5.2. Gamete exposure 210 

 211 

Sperm (2 x 106 spermatozoa mL-1) and oocytes (20 oocytes mL-1) from the pools were 212 

exposed separately for 30 minutes to unfiltered sediment elutriates, control sediment elutriate, 213 

or FSW. The exposure time was set for 30 minutes for gametes since broadcast spawning in 214 

the field allow fertilization to occur quickly after release of oocytes and spermatozoa in the 215 

surrounding seawater. After 30 minutes of exposure, oocytes were fertilized by adding 10 mL 216 

of exposed sperm from corresponding sperm-exposure replicate (same concentration of 217 

unfiltered sediment elutriate for oocytes and spermatozoa, 4 replicates/treatment).  218 

To determine the fertilization success, a 10 mL aliquot was subsampled 1 hour after 219 

fertilization from each beaker. Samples were preserved with 300 µL of 10% buffered formalin 220 

until later determination of the fertilization success (number of embryos/initial number of 221 

oocytes). This was determined by counting embryos, characterized by first cell cleavage at 1-222 

hour post fertilization, in at least 200 individuals per beaker.  223 

Embryogenesis was assessed 24 hours after fertilization. A 10-mL aliquot was 224 

subsampled from each exposure beaker. Samples were preserved with 10% buffered formalin 225 

for later determination of the percentage of abnormal larval and shell measurements. A 226 

minimum of 100 randomly selected larvae per treatment were examined under a microscope 227 

to assess the percentage of abnormal larvae and shell length. About 24 hours after fertilization 228 

at 25°C, embryos develop to veliger-larvae. Abnormal larvae included: (1) segmented eggs, 229 

normal embryos, or malformed embryos that did not reach the veliger-larval stage; and (2) 230 

veliger-larvae with either a convex hinge, indented shell margins, incomplete shells, a 231 

protruded velum, or an extrusion of mantle as described in Vignier et al. (2015). Only live 232 

abnormal larvae were considered (Chapman, 1989). Shell lengths (the maximum distance 233 

between the anterior and the posterior margin measured parallel with the hinge axis) of 25 234 

randomly selected 24-hour old live larvae from each beaker were measured using an Olympus 235 

IX73 inverted microscope equipped with an Olympus DP73 camera, and the CellSens 236 

Software.  237 
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 238 

2.5.3. Embryo exposure 239 

 240 

Remaining unexposed oocytes from the pool of oocytes (2 L) were fertilized with 20 241 

mL of the pool of unexposed sperm. The success of fertilization was confirmed forty-five 242 

minutes later by microscopic examination of the cell cleavage and the number of embryos 243 

was assessed (3 x 50 µL) as previously described in Section 2.5.2. One hour after fertilization, 244 

when the two- to four-cell stage was reached, embryos were transferred at a density of 15 mL-245 
1 (3,000 individuals per beaker) into 200 mL of each concentration of unfiltered sediment 246 

elutriates, sediment elutriate control, and FSW control (4 replicates/treatment). After 24 hours 247 

of embryo exposure, an aliquot was subsampled from each beaker and fixed in 10% buffered 248 

formalin for later measurements of the percentage of abnormality and larval shell lengths as 249 

described in section 2.5.2. The exposure time was set for 24 hours to allow embryos to reach 250 

the next developmental stage of swimming veliger-larvae. 251 

 252 

2.5.4. Veliger exposure 253 

 254 

The remaining fertilized embryos that were not used for the embryo-toxicity assays 255 

described above were transferred to hatching tank at a final density of 40 embryos mL-1 in 50 256 

L of FSW. At 24 hours post fertilization, veliger-larvae (developed from embryos) were 257 

collected on a 35 µm mesh and concentrated in 2 L FSW. Veliger-larvae were enumerated by 258 

microscopic count and distributed at a density of 11 larvae mL-1 (2,200 larvae/beaker) into 259 

200 mL of the different unfiltered sediment elutriates, sediment elutriate control, or FSW 260 

control (4 replicates/treatment). Larvae were fed with cultured microalgae (T. lutea) at the 261 

start of the exposure at a concentration of 5 x 104 cells mL-1. After 48 hours of exposure, 10-262 

mL subsamples were collected from each beaker and 300 µL of 10% buffered formalin were 263 

added for later measurements of the percentage of abnormality and shell lengths as described 264 

in 2.5.2. The exposure time was set for 48 hours for veliger-larvae since preliminary range-265 

finding experiments revealed that development and growth of veliger larvae are less sensitive 266 

to unfiltered sediment elutriate exposure than gamete and embryo stages.  267 

 268 

2.6. Statistical analyses 269 

 270 
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Results are presented as mean ± SD. Log-logistic models with the drc package in R 271 

version 3.1.1 (2014) were used to fit dose-response curves (Ritz, 2010; Ritz and Streibig, 272 

2005). A three-parameter log-logistic model was fitted for binomial response variables 273 

(fertilization, abnormality), while a 4-parameter log-logistic model was fitted for shell length. 274 

We estimated effective concentrations (ECx) from these fitted models for relevant quantiles. 275 

All results are reported with 95% confidence intervals (CIs) based on profile-likelihood using 276 

bbmle (Bolker and R Development Core Team, 2014).  277 

 278 

3. Results 279 

 280 

3.1. Sediment characteristics and analytical chemistry of elutriates 281 

 282 

The chemical and physical characteristics of field-collected sediments are listed in 283 

Table 1. Temperature of sediment elutriates ranged from 24.2 to 26.4 °C throughout the 284 

exposure experiments. The pH and salinity averaged 7.9 ± 0.2 and 24 ± 4 PSU, respectively. 285 

Dissolved oxygen remained above 5.0 mg L-1. Total ammonia concentrations remained at safe 286 

levels (< 1 mg L−1) (Ferretti and Calesso, 2011; Losso et al., 2007).  287 

The FSW used for the control contained very low levels of PAHs at background levels 288 

(tPAH50 = 0.08 µg L-1 ± 0.03). The composition of PAHs in the 100% stocks of unfiltered 289 

sediment elutriates were similar among the gamete, embryo and larval bioassays. 290 

Additionally, the composition of PAHs in the unfiltered sediment elutriate was very similar to 291 

the composition of PAHs in the field collected DWH contaminated sediment (Fig. 1, 292 

Supplementary Table 1), revealing that the PAHs in unfiltered sediment elutriates were likely 293 

from PAHs on suspended fine-grained particles rather that PAHs from water accommodated 294 

fractions (Supplementary Fig. 1). PAH concentrations were higher in higher concentrations of 295 

unfiltered contaminated elutriate (Supplementary Table 2).  296 

 297 

3.2. Sub-lethal effects on fertilization 298 

 299 

Fertilization successes of gametes exposed to FSW- and control sediment elutriate 300 

were 90 ± 3% and 87 ± 6%, respectively. At the highest dose of unfiltered sediment elutriate 301 

tested (152.8 µg tPAH50 L-1) 54 ± 3% of the oocytes were unfertilized (Fig. 2). Fertilization 302 

decreased with increasing dose (EC201h = 40.6 µg tPAH50 L-1 (95% CI =29.8, 54.1), EC501h 303 

= 173.2 µg tPAH50 L-1 (95% CI =148.1, 209.6)).  304 
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 305 

3.3. Sub-lethal effects on embryogenesis and early larval development 306 

 307 

Continuous 24-h exposure of gametes to control sediment elutriate induced a high 308 

percentage of abnormal larvae compared to FSW control. Percentage of larval abnormality 309 

was 60.4 ± 9.3% and 12.8 ± 3.0% in the sediment elutriate control and FSW control, 310 

respectively (Fig. 3A), therefore we do not report effects concentrations for gamete 311 

abnormality.  312 

Embryo exposure resulted in dose-dependent abnormalities (Fig. 3B). High 313 

percentages of abnormal larvae were observed, with 100% of abnormalities at the highest 314 

dose of unfiltered sediment elutriate from contaminated with DWH oil (989.0 µg tPAH50 L-315 
1). Development of veliger larvae was less sensitive to sediment-associated PAHs compared to 316 

embryos. After 48 hours of exposure at the highest dose of PAHs, 46 ± 7% of the veliger 317 

larvae showed abnormalities (Fig. 3C).  318 

EC20 and EC50 values of observed abnormality in larvae continuously exposed to 319 

unfiltered sediment elutriate from embryo or veliger-larva stages are presented in Table 2. 320 

Abnormality at the highest doses of unfiltered sediment elutriate tested in the veliger exposure 321 

was lower than 50% (Fig. 3C), so we do not report an EC50 value (Table 2). 322 

 323 

3.4. Sub-lethal effects on larval size 324 

 325 

The shell length of oysters exposed to FSW- and sediment elutriate controls were 65.3 326 

± 3 and 63.4 ± 3 µm, respectively, for 24 hour larvae developed from exposed gametes. The 327 

absence of data at the highest concentration of unfiltered sediment elutriate was due to high 328 

mortality. At 72 µg tPAH50 L-1 (i.e., the second highest concentration tested), mean shell 329 

length was 59.8 ± 2 µm (Fig. 4A).  330 

In the 24h embryo exposures, shell lengths of larvae were 71.9 ± 3 and 71.4 ± 3 µm 331 

for FSW- and sediment elutriate controls, respectively, and 58.3 ± 4 µm at the highest 332 

concentration of unfiltered sediment elutriate tested. In the 48 hour exposures of veliger 333 

larvae, sediment-associated PAHs reduced larval shell length to 70.7 ± 1 µm compared to 334 

controls (75.5 ± 3 and 73.8 ± 3 µm for FSW- and sediment- control, respectively).  335 

Unfiltered sediment elutriate exposure induced a dose-response decrease in shell 336 

length for larvae developed from exposed embryos, with an EC2024h value of 1180 µg 337 

tPAH50 L-1 (Fig. 4B). Limited decrease of shell length at the range of tPAH50 L-1 338 
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concentrations in elutriates tested did not allow the calculation of EC20 and EC50 values in 339 

the gamete (Fig. 4A) and veliger-larval (Fig. 4C) exposures, or the calculation of EC50 in the 340 

embryo exposure (Fig. 4B).  341 

 342 

4. Discussion 343 

 344 

In the present study, we investigated the sublethal effects of unfiltered elutriates from 345 

sediment contaminated with DWH oil on fertilization success, embryogenesis, and larval 346 

development and growth of the Eastern oyster early life stages.  347 

 348 

4.1. Sublethal effects of sediment-associated PAHs on early life stages 349 

 350 

Fertilization success was reduced after exposure of gametes to unfiltered sediment 351 

elutriates. Vignier et al. (2015) reported higher values of effective levels of tPAH50 for 352 

inhibition of fertilization for exposure to HEWAF (high energy water accommodated fraction) 353 

prepared from surface DWH oil compared to unfiltered sediment elutriates (present study) in 354 

the same species. EC201h and EC501h values for fertilization inhibition were 1650 and 2250 355 

µg tPAH50 L-1, respectively, for exposure to HEWAF of DWH oil (Vignier et al., 2015); and 356 

40.6 and 173.2 µg tPAH50 L-1, respectively, for exposure to unfiltered sediment elutriates 357 

(present study). Reduced fertilization success is partly related to the negative effects of oil on 358 

marine bivalve spermatozoa (Renzoni, 1973, 1975). PAHs in DWH-oil induce cellular 359 

alterations in Eastern oyster spermatozoa, including changes in reactive oxygen species 360 

production and mitochondrial membrane potential (Vignier et al., 2017; Volety et al., 2016). 361 

These cellular characteristics play a crucial role in fertilizing ability of oyster spermatozoa 362 

(Boulais et al., 2017).  363 

We found that sediment-derived PAHs induced abnormal development and reduced 364 

shell length in 24-h old larvae developed from exposed embryos. Similarly, unfiltered 365 

elutriates of PAH-contaminated sediment (freeze-dried sediment from Arès/Bidassoa region 366 

in France, mixing ratio of 4:1 for 8h at 500 rpm and settled for 8h) were reported to cause 367 

significant abnormalities in Pacific oyster (Crassostrea gigas) 24-h old larvae (EC2024h and 368 

EC5024h values were 5.3 and 22.4 g sediment L-1) and sea urchin (Paracentrotus lividus) 48-h 369 

old larvae (EC2048h and EC5048h values were 16.2 and 42.3 g sediment L-1) developed from 370 

exposed embryos (Geffard et al., 2001). Vignier et al. (2015) reported that HEWAFs of 371 

weathered DWH oils inhibit larval development in exposed embryos, though at higher 372 
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tPAH50 concentrations than unfiltered sediment elutriates in the present study. EC2024h and 373 

EC5024h values for abnormality induction in larvae development from exposed embryos were 374 

218 and 342 µg tPAH50 L-1, respectively, for exposure to HEWAF (water-accommodated 375 

fractions) of DWH oil (Vignier et al., 2015); and 77.7 and 151 µg tPAH50 L-1, respectively, 376 

for unfiltered sediment elutriates (present study). Regarding shell length, the present study 377 

indicated that exposure to sediment-associated PAHs induced a dose-response decrease in 378 

shell length for larvae exposed as embryos, with an EC2024h value of 1180 µg tPAH50 L-1. 379 

Shell length of larvae developed from exposed embryos was also reduced after a 24-h 380 

exposure to HEWAF of oil collected from the DWH incident in the Eastern oyster (Vignier et 381 

al., 2015; no calculation of effective concentrations). Similarly, crude oil adversely affected 382 

shell length of developing embryos at an EC5014d value of 1000 µg L-1 of oil in seawater in 383 

the surf clam, Mulinia lateralis (Renzoni, 1975). Increased developmental malformations 384 

(e.g., hatching success) with exposure to oil-contaminated sediment was also observed in 385 

embryos of fish, such as the fathead minnows Pimephales promelas (Colavecchia et al., 2004) 386 

and the zebrafish Danio rerio (Raimondo et al., 2014; Sogbanmu et al., 2016) (no calculation 387 

of effective concentrations). It was suggested that PAHs impair the mechanism of shell 388 

calcification of newly segmented embryos in the Eastern oyster and could interfere with 389 

protein synthesis, metabolism, and enzymatic activities (Vignier et al., 2015). Finally, PAH 390 

exposure causes high rates of abnormal larvae and DNA strand breakage in Pacific oyster 391 

embryos (Wessel et al., 2007). These mechanisms probably contribute to the observed 392 

abnormal development and the reduction of shell growth of Eastern oyster larvae exposed 393 

during the embryo stage to PAHs of unfiltered sediment elutriates.  394 

Effects of PAHs on development of larvae exposed from the veliger stage have been less 395 

investigated compared to embryogenesis. Geffard et al. (2002) reported that Pacific oyster 396 

larval growth was sensitive to unfiltered elutriates of PAH-contaminated sediment after 5 397 

days of exposure at 0.664 µg tPAH12 L-1 (12 polycyclic aromatic hydrocarbons analyzed), 398 

but not after 3 days of exposure. Similarly, shell length of larvae exposed from the veliger 399 

stage for 4 days was inhibited by HEWAF of DWH oil in the Eastern oyster at an EC20 value 400 

of 106 µg tPAH50 L-1 (Vignier et al., 2016), and water-soluble fractions of Southern 401 

Louisiana Crude oil affected larval growth (2-day old) of the quahog clam (Byrne and Calder, 402 

1977). Effects of PAHs on veliger-larval development may be related to their bio-403 

accumulation in larvae through feeding, which may induce the production of toxic metabolites 404 

during PAH metabolization, such as reactive radical cations (Colavecchia et al., 2004; Geffard 405 
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et al., 2002). Additionally, it was suggested that particulate oil could act on gills and velum, 406 

impairing the normal physiology of larvae (Vignier et al., 2016). 407 

In the present study, the control sediment elutriate induced abnormalities in 24-h old 408 

larvae developed from exposed gametes. Chemical analyses did not reveal any contaminants 409 

(metals, pesticides, PCBs, and tPAH50; Supplementary Table 3) in the sediment elutriate 410 

control but there was a high percentage of fine particles (i.e., silt and clay, 82%) as elutriates 411 

were neither filtered nor centrifuged. Particles in the sediment elutriate control may have 412 

impeded early embryogenesis (i.e., embryo exposed during the first hour post fertilization, 413 

Fig. 3A) without impacting fertilization success and later embryogenesis (i.e., embryo 414 

exposed after the first hour post fertilization, Fig. 3B). Griffin et al. (2009) found a similar 415 

effect in the Pacific herring, Clupea pallasi, for which suspended sediment induced 416 

malformations in larvae developed from embryos exposed during the two first hours of 417 

embryogenesis, but did not reduce fertilization success of exposed gametes or induce larval 418 

malformations in older embryos (> 2-h old embryos). Our results suggest that exposure to fine 419 

particles during the first hour of embryogenesis may cause developmental abnormalities in the 420 

Eastern oyster. Mechanism for this effect of particles is not known but could be related to 421 

particles binding to embryo membranes, disturbing the first embryo cleavage (2 to 4-cell 422 

embryo at 1-hour post fertilization in oysters). However, because the sediment elutriate 423 

control was not necessarily a perfect representation of the physical characteristics of the 424 

contaminated sediment, separating the mechanical effects from the toxic effects of oil on this 425 

endpoint was not feasible. Further testing is warranted to determine whether particulate alone 426 

may have caused the high rates of abnormality in 24-h old larvae developed from exposed 427 

gametes.   428 

 429 

4.2. Toxicity of sediment-associated PAHs compared to HEWAF-derived PAHs on early life 430 

stages 431 

 432 

Material and methods used in the present study were the same as those used in Vignier 433 

et al. (2015), allowing the comparison of effective concentrations for inhibition of fertilization 434 

ability, embryogenesis, and larval development of the Eastern oyster between HEWAF and 435 

unfiltered sediment elutriate preparations from the same DWH oil. Unfiltered sediment 436 

elutriates caused toxic effects at lower tPAH50 concentrations than HEWAF preparations for 437 

fertilization success and embryogenesis of exposed embryos. EC2024h and EC5024h values for 438 

abnormality induction in larvae development from exposed embryos were 218 and 342 µg 439 
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tPAH50 L-1, respectively, for exposure to HEWAF (water-accommodated fractions) of DWH 440 

oil (Vignier et al., 2015). The increase in toxicity in the contaminated sediment elutriate 441 

treatments cannot be explained by the presence of fine particles of sediment in the water column 442 

alone as the control sediment elutriate had the same fertilization success and larval 443 

abnormality as the seawater control, but rather due to the PAHs attached to the fine-grain 444 

particles suspended in the water column. Furthermore, fertilization success was higher than 445 

87% and larval abnormality of exposed embryos was lower than 15% in control seawater and 446 

sediment elutriate control. However, we found almost two-fold higher percentages of 3 ring 447 

PAHs (dibenzothiophenes, DBT4) and 4 ring PAHs (naphthobenzothiophenes: NBT1, NBT2, 448 

and NBT3) in the composition of unfiltered sediment elutriates used in the present study 449 

compared to HEWAF of DWH oil used by Vignier et al. (2015). This is probably due do the 450 

low water-solubility (Djomo et al., 1996; Porte and Albaigés, 1993) and high affinity for 451 

organic carbon of these PAHs, resulting in their adsorption onto sediment particles, possibly 452 

limiting their degradation (Baumard et al., 1999; Dubansky et al., 2013; Raimondo et al., 453 

2014; Turner et al., 2014). Higher toxicity of sediment-derived PAHs compared to HEWAF-454 

associated PAHs may be related to the greater proportion of 3 and 4 ring-PAHs in oiled-455 

sediment elutriates, as it was suggested that higher molecular weight PAHs are more toxic than 456 

lower molecular weight compounds (Achten et al., 2015). Toxicity of individual PAHs on 457 

oyster early life stages remain unknown and further research is needed to better elucidate the 458 

higher toxicity of sediment-derived PAHs compared to HEWAF-derived PAHs to Eastern 459 

oyster fertilization success and larval development from exposed embryos. 460 

 461 

4.3. Choice of sensitive life stages for ecotoxicological assessment 462 

                                                                                                                                                                                                                       463 

The present study reveals that 1-h fertilization success and 24-h abnormality of larvae 464 

exposed as embryos endpoints are more sensitive than shell length (across all bioassays) and 465 

veliger larval abnormality endpoints with respect to sediment-derived PAHs in the Eastern 466 

oyster. Fertilization success was reduced at similar levels of tPAH50 than those affecting 467 

embryogenesis, and both of these endpoints showed strong dose-dependent response for the 468 

unfiltered elutriates of oil-contaminated sediment, indicating that they are both sensitive 469 

sublethal endpoints for assessing the acute toxicity of oiled sediment. Advantage for the 1-h 470 

fertilization success endpoint is that this assay is conducted over a shorter period of time (i.e., 471 

few hours) than the embryo abnormality assay. Endpoints using veliger larvae were less 472 

sensitive to sediment-derived PAHs compared to fertilization success and embryo 473 
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development. Although larval abnormality and shell length of exposed veliger larvae did not 474 

show strong dose-dependent response for concentrations of sediment-derived PAHs tested, it 475 

should be noted that larval abnormalities were more sensitive to sediment-derived PAHs than 476 

larval shell length.  477 

 478 

5. Conclusion  479 

 480 

In the present study, the effect of unfiltered elutriates from sediment contaminated 481 

with DWH oil on the early life stages of a marine bivalve species were investigated for the 482 

first time. The results of our study indicate that gametes, embryos and veliger larvae of the 483 

Eastern oyster can be adversely impacted by oil attached to suspended sediments, which 484 

indicates that sediments should also be evaluated and considered as a possible contaminant 485 

source for this exposure route. Fertilization success and 24-h abnormality of larvae exposed as 486 

embryos endpoints were the most sensitive endpoints for ecotoxicological assessment of oil-487 

contaminated sediment to early life stages of this species.  488 
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Figure captions 766 

 767 

Fig. 1. PAH composition of unfiltered sediment elutriate stock and field-collected 768 

contaminated sediment, expressed in %. Avg: Mean composition of tPAH50 of unfiltered 769 

sediment elutriate stock (stock 100%) used for gamete, embryo, and veliger acute exposures. 770 

PAH abbreviations are provided in Supplementary Table 1.   771 

 772 

Fig. 2. Dose response curve for fertilization success of gametes exposed continuously to 773 

unfiltered elutriates from sediment contaminated with DWH oil. Observed unfertilized 774 

oocytes (in %) were reported 1 hour after fertilization, for 4 replicates per treatment. Modeled 775 

for unfertilized oocytes for unfiltered sediment elutriates was fitted to tPAH50 exposure 776 

concentrations (µg L-1). Gray filled circles represent sediment elutriate control; black filled 777 

circles represent seawater control (on the left) and unfiltered sediment elutriates. Dose-778 

response curve was fitted using seawater control. Horizontal lines on curve represent 95% CI 779 

of EC20 and EC50.  780 

 781 

Fig. 3. Dose response curve for larval abnormality developed from (A) gametes, (B) embryos 782 

and (C) veliger-larvae exposed continuously to unfiltered elutriates from sediment 783 

contaminated with DWH oil. Observed abnormalities (in %) were reported after 24 hours of 784 

exposure for gametes and embryos and 48 hours of exposure for veliger larvae; for 4 785 

replicates per treatment. Modeled for abnormalities for unfiltered sediment elutriate were 786 

fitted to tPAH50 exposure concentrations (µg L-1). Gray filled circles represent sediment 787 

elutriate control; black filled circles represent seawater control (on the left) and unfiltered 788 

sediment elutriates. Dose-response curves were fitted using seawater control. Horizontal lines 789 

on curves represent 95% CI of EC20 and EC50. (A) High percentage of abnormality in larvae 790 

developed from exposed gametes to sediment elutriate control did not allow determining 791 

EC20 and EC50 values. (C) Low percentage of abnormality at the highest doses of sediment 792 

elutriate tested in the veliger exposure did not allow the calculation of EC50 value.  793 

 794 

Fig. 4. Dose response curve for shell length of larvae developed from (A) gametes, (B) 795 

embryos and (C) veliger-larvae continuously exposed continuously to unfiltered elutriates 796 

from sediment contaminated with DWH oil. Observed shell lengths (in µm) were reported 797 

after 24 hours of exposure for gametes and embryos, and 48 hours of exposure for veliger 798 

larvae; for 4 replicates per treatment. Modeled shell lengths for unfiltered sediment elutriate 799 
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were fitted to tPAH50 exposure concentrations (µg L-1). Gray filled circles represent sediment 800 

elutriate control; black filled circles represent seawater control (on the left) and unfiltered 801 

sediment elutriates. Dose-response curves were fitted using seawater control. Limited 802 

decrease of shell length at the range of tPAH50 L-1 concentrations in sediment elutriate tested 803 

did not allow the calculation of EC20 and EC50 values in the (A) gamete and (C) veliger-804 

larval exposures, and the calculation of EC50 in the (B) embryo exposure.  805 

 806 

Tables 807 

Table 1 808 

Chemical and physical characteristics of contaminated sediment (Black Hole 2011) and 809 

sediment control (Loomis II) used for toxicity testing. Sum of 50 PAHs (tPAH50) is 810 

expressed in mg kg-1; Total Organic Carbon (TOC) and Total Solids (TS-MET) are expressed 811 

in %. Fines, corresponding to particle size (silt + clay), is expressed in %. Fines of 812 

contaminated sediment could not be assessed because of high oil content (N/A).  813 

Sediment type 
tPAH50 
(mg kg-1) 

TOC 
(%) 

TS-MET 
(%) 

Fines 
(%) 

Contaminated 
sediment 

3259 69.9 26.2 N/A 

Sediment control 0 0.833 38.0 82.38 

 814 

Table 2 815 

Concentration causing 20% and 50% inhibition (EC20/EC50) of observed abnormality in 816 

larvae continuously exposed to unfiltered elutriates of sediment contaminated with DWH oil 817 

for 24 hours from embryos, or for 48 hours from veliger. Data are expressed as measured 818 

concentrations of a sum of 50 PAHs (µg tPAH50 L-1) for sediment ± 95% confidence 819 

intervals. NC: not calculated. 820 

Initial stage Embryo Veliger larva 

EC20 77.7 (62.8-96.9) 95.9 (42.3-174) 

EC50 151 (134-172) NC 

 821 














