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Abstract In order to simulate an offshore oil spill event, we

assessed the acute toxicity of the non-dispersed and the

chemically dispersed water-accommodated fraction (WAF) of

crude oil using Louisiana sweet crude and Corexit� 9500A

with juvenile Harris mud crabs (Rhithropanopeus harrisii), an

important Gulf of Mexico benthic crustacean. The chemical

dispersion of crude oil significantly increased acute toxicity of

the WAF in juvenile mud crabs compared to naturally dis-

persed oil. The majority of the mortality in the chemically

dispersed treatments occurred within 24 h. While higher

concentrations of chemically dispersed WAF had no survivors,

at lower concentrations surviving juvenile crabs displayed no

long-term effects. These results suggest that if the juvenile

crabs survive initial exposure, acute exposure to dispersed or

non-dispersed crude oil may not induce long-term effects.
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harrisii � Oil spills � Louisiana sweet crude oil

Beginning April 20, 2010, the Deepwater Horizon disaster

(DWH) began leaking crude oil off the Louisiana coastline.

For 87 days the well leaked at an average flow rate of

6.8 9 104 barrels per day (Crone and Tolstoy 2010), spilling

an estimated 4.4–4.9 million barrels of Louisiana sweet crude

oil (LSC) into the Gulf of Mexico and creating the largest oil

spill to date in U.S. history (Benner Jr. et al. 2010; Crone and

Tolstoy 2010). LSC is less toxic than other crude due to its low

amounts of sulfur, low polarity, moderate amounts of poly-

cyclic aromatic hydrocarbons (PAHs), and high levels of

alkanes. However, an oil spill of this magnitude still poses a

severe threat to the environment (Roth and Baltz 2009; NOAA

2010). Low molecular weight aromatic hydrocarbons are

acutely toxic components of crude oil and have been shown to

be toxic to marine organisms (McIntosh et al. 2010), but are

highly volatile and may have limited bioavailability. High

molecular weight PAHs are less soluble but are more resistant

to biodegradation. Measurement of PAH concentrations in the

water-accommodated fraction (WAF) is often used in oil spill

monitoring programs as a potential measurement of crude oil

impacts (Klerks et al. 2004).

Waves, currents, and wind mix oil at the surface resulting in

a WAF of naturally dispersed oil, which then becomes bio-

available to marine organisms (McIntosh et al. 2010). Alter-

natively, chemical dispersants can be used to disperse oil

resulting in a chemically-enhanced water-accommodated

fraction (CEWAF). In an effort to mitigate negative impacts of

surface oil along shorelines, two chemical dispersants, Cor-

exit� 9500A and Corexit� 9527, were used extensively fol-

lowing the DWH spill at the surface and the wellhead.

Corexit� 9527 and 9500A have known toxic effects to marine

organisms and are composed primarily of petroleum aliphatic

hydrocarbons, propylene glycol, and diocytl sodium sulfo-

succinate (DOSS) (Singer et al. 1996; George-Ares and Clark

2000). The direct effect of dispersion is to reduce the risk of oil

slick formations (George-Ares and Clark 2000; Kujawinski

et al. 2011). However, using chemical dispersants to disperse

oil can impose its own risks on aquatic organisms. Not only

can the chemical dispersant itself induce toxicity, but chem-

ical dispersion of crude oil dramatically increases the
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concentration of toxic crude oil hydrocarbon compounds in

the water column (Khan and Payne 2005; McIntosh et al.

2010; Kujawinski et al. 2011). The increase in the bioavail-

ability of these crude oil hydrocarbons can result in toxicity of

the CEWAF being over 100-fold greater than that of the WAF

(Schein et al. 2009; McIntosh et al. 2010).

A common estuarine xanthoid crab, the Harris mud crab,

Rhithropanopeus harrisii (Gould 1841), is widely distributed

along the East Coast of North America from Canada to south

Florida and the Gulf of Mexico to Veracruz, Mexico. It is

commonly found along the Louisiana coast (George-Ares and

Clark 2000; Roth and Baltz 2009). Like many estuarine crabs,

adults and juveniles are found amongst the benthos, while

larvae are planktonic (Forward 2009). The life history and

distribution of the Harris mud crab makes it probable that R.

harrisii larvae could have come into contact with plumes of

WAF or CEWAF from the DWH event. Knowing the acute

toxicity of short term crude oil WAF exposure and corre-

sponding dissolved PAH concentration may then be used to

estimate the impacts of key coastal species after a spill. The

current experiment was designed to simulate an offshore oil

spill event. Therefore, this study’s purposes were (1) to assess

the acute effects of non-dispersed and chemically dispersed

LSC and (2) to identify any long-term survival effects from an

acute exposure in a common benthic estuarine crab.

Materials and Methods

Passive larval collectors were suspended at the Sea Grant

Oyster Hatchery on the bayside of Grand Isle, LA, USA

(29.239189 N–90.002961 W) on June 27, 2011 and retrieved

August 26, 2011. This area was exposed to oil from DWH spill

in 2010 and has residual tar balls from natural seeps and oil, a

common occurrence across the Gulf of Mexico. Larvae col-

lected would not have been exposed to fresh oil from the DWH

event in 2010, but they could have encountered weathered oil

and tar balls at this location, as is likely at most sites across the

Gulf. The larval collectors consisted of an artificial hog hair

filter wrapped around a 1-m long piece of 10.16 cm PVC. The

collectors were weighted and suspended below the water

surface. After being pulled from the water, the collection fil-

ters were removed from the PVC and immediately placed in

saltwater collected at Grand Isle with aeration and transported

back to Louisiana State University in Baton Rouge, LA. The

juveniles were isolated and held under control conditions (20

psu salinity, 14:10 h light:dark photoperiod, and 25�C) for

1 month to verify species identification and check for disease.

At the start of the experiments, stage one juvenile crabs

weighed an average of 0.033 g ± 0.026 (SD) with a carapace

width of 4.4 mm ± 1.1 (SD). Crabs were fed crushed dense

feed sinking pellets (Aquatic Ecosystems, 43 % protein) and

frozen artemia (Artemia franciscana) several times a week.

Crabs were not fed 48 h prior to the start of the experiment. All

water used was artificial saltwater (ASW) made using Instant

Ocean and deionized water.

The static acute toxicity test methods (EPA Test Method

821-R-02-012) were followed with slight modifications

using non-weathered Louisiana sweet crude oil (LSC, Shell

platform) and Corexit� 9500A (Nalco, Naperville, IL, USA)

(Hemmer et al. 2010). LSC was obtained directly from Shell

Oil in 2010 in 500 mL amber bottles following chain of

custody (Unit LUI, Sample 200-1). Corexit� 9500A was

shipped directly to Louisiana State University from the

manufacturer and maintained according to chain of custody.

All protocols were followed according to Hemmer et al.

(2010). WAF and CEWAF were prepared in glass aspirator

bottles. Each bottle was filled with 2 L of ASW leaving at least

20 % headspace. Each bottle contained a magnetic stir bar and

was placed on a stir plate within a fume hood. LSC was added

into ASW at 25 g/L using a long funnel to reduce bubbles. The

stir plates were adjusted to create an oil vortex 25 % of the

total volume of solution. Once the 25 % vortex was achieved,

Corexit� 9500A was then added at 1:10 dispersant (2.5 g/L) to

oil ratio to obtain the chemically dispersed treatment. As

dispersant manufacturers recommend a 1:50–1:10 dispersant

to oil application ratio, the high end of the spectrum was used

as recommended in the EPA Dispersed Oil Toxicity Testing

methods to test the maximum effect (Hemmer et al. 2010).

Both were securely covered and mixed on a stir plate for 18 h.

Following mixing, each mixture was then allowed to settle for

6 h. The water portion was then siphoned out from below the

oil slick providing the 100 % water-accommodated fraction

of oil (WAF) and chemically dispersed water-accommodated

fractions (CEWAF). Dilution with 20 psu ASW was used to

create 100 %, 50 %, 25 %, 12.5 %, and 6.25 % treatments of

each WAF and CEWAF. This created 10 oil treatments and a

20 psu ASW control.

In the static, non-renewal assay, crabs were held in 60 mL

individual vials (to prevent cannibalism and group effects,

allowing each crab to serve as a replicate increasing statis-

tical power. Each vial was filled with 50 mL of WAF, CE-

WAF, or control solution. Crabs were randomly assigned to

one of eleven treatments, and each treatment had 17 repli-

cates (replicate = one crab per vial; n = 187 crabs). Crabs

were held at 25�C, with a 14:10 light dark cycle, and were not

fed during the experiment. Crabs were checked every 24 h

from 0 to 96 h for molting, death, or other changes. Water

quality including ammonia, nitrate, nitrite, pH, and alkalinity

was checked at 0, 48, and 96 h using colorimetric tests.

Salinity and temperature were monitored daily.

Long-term effects following an acute exposure were

analyzed in all surviving mud crabs (n = 126). Juveniles

were removed from treatment vials after 96 h and placed into

new vials containing fresh 20 psu ASW. Crabs were moni-

tored for several months for additional mortality. Juveniles

376 Bull Environ Contam Toxicol (2014) 92:375–380

123



were fed frozen artemia immediately after the acute exper-

iment and midweek to satiation with three complete water

changes per week. Crabs were maintained under the same

static control conditions as the acute experiment (25�C,

14:10 h light:dark cycle). Due to 100 % mortality in the two

highest CEWAF acute experiment treatment groups and

partial mortality in others, treatments included: 12.5 %

(n = 12), and 6.25 % (n = 13) CEWAF; 100 % (n = 17),

50 % (n = 17), 25 % (n = 17), 12.5 % (n = 16), and

6.25 % (n = 17) WAF; and control (n = 17).

Water samples were frozen at -20�C in 50 mL aliquots in

replicate from all 10 treatments and the control at the start of

the acute exposure experiment. These samples were shipped

frozen on ice overnight to Columbia Analytical, Kelso, WA

for testing. CEWAF aliquots were tested for DOSS by high

performance liquid chromatography/tandem mass spec-

trometry (HPLC/MS/MS) per the laboratory’s certified

standard operating procedures. All CEWAF, WAF, and

control samples were tested for extended PAHs (parent and

alkyl homologs) as determined by EPA method 8270C

(semivolatile organic compounds by gas chromatography/

mass spectrometry) as part of Columbia Analytical’s MC252

analytical quality assurance plan (US Environmental Pro-

tection Agency 1996) and according to the testing laboratory

standard operating procedures (‘‘Appendix’’).

Nominal median lethal dosages (LD50s) were estimated

using Probit Analysis (Version 1.5, US EPA 1992) for

calculating LC/EC values at 24 and 96 h, and were

reported as the mean and 95 % confidence limits.

For the acute experiment, a one-way analysis of variance

(ANOVA) was used to explore survival within the 96 h

exposure time for R. harrisii. Tukey’s HSD post hoc test was

used to differentiate groups if the ANOVA was significant.

ANOVA was also used to test for differences among treat-

ment groups based on time living after the acute exposure.

All assumptions of the statistical models were met, and

a = 0.05. Statistical analyses were run separately for each

experiment (IBM SPSS Statistics 20, Chicago, IL, USA).

Results and Discussion

This experiment was designed to test the acute toxicity of WAF

and CEWAF on juvenile mud crabs. During the 96 h exposure,

only one crab died in the 12.5 % WAF treatment, and there was

no mortality in the other WAF concentrations or the control

(Fig. 1). While exposure occurred for 96 h, effects were very

acute. The majority of the deaths occurred within the first 24 h

(Fig. 2). Results indicated a significant effect of treatment

(p\ 0.001) on survival over 96 h. Post hoc analysis showed

that survival time for juveniles exposed to 100 %, 50 %, and

25 % CEWAF was significantly lower than survival time for

juveniles exposed to any other treatment (Figs. 1 and 2). Except

for 6.25 % (the lowest) CEWAF treatment, juveniles exposed

to any CEWAF treatment had significantly lower survival than

juveniles exposed to any of the WAF treatments or the control.

Due to the lack of mortality in the WAF treatments, no LD50

could be determined. For CEWAF, the LD50 at 96 h was

13.87 % (25 g/L), with a corresponding 95 % confidence

interval of 10.18 %–18.15 %. The LD50 at 24 h was 15.01 %

with a 95 % confidence interval of 11.05 %–19.69 %. Nitrite,

nitrate, and ammonia levels remained at zero during the 96 h,

and pH ranged from 6.5 to 7. However, the control treatment

also had a pH of 6.5, indicating no effect on survival.

The surviving crabs were monitored for additional mor-

tality past the 96 h exposure. However, due to a lab error with

Fig. 1 The survival time of R. harrissii after exposure to chemically

enhanced water-accommodated fractions (CEWAF, black bars);

water-accommodated fractions (WAF, grey bars); and the control

(white bar). Error bars represent standard error, and common letters

indicate no statistical difference (p B 0.05) determined by Tukey’s

HSD multiple comparison test

Fig. 2 Mean percent survival of R. harrisii over 96 h during acute

exposure to five concentrations of chemically enhanced water-

accommodated fractions (CEWAF)
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the control group, all treatments could only be statistically

compared over the first week. After 7 days, there was very

little additional mortality, and no significant effect of treat-

ment on survival (p = 0.402). The overall mean of survival

for all treatments was 6.94 days ± 0.33 (SD). While the lack

of a control group impeded statistical comparison among the

treatments, the WAF and CEWAF treatments had no dif-

ferences in mortality over 6 months with high survival.

Total PAH concentration was calculated using 24 con-

stituents based on Overton (2004; US Environmental Pro-

tection Agency 1996), with the exception that 2,3,5-

trimethylnapthalene was substituted for 1,6,7-trimethyl-

napthalene. Expanded total PAHs was based on total analysis

by Columbia Analytical Services with 74 PAHs (‘‘Appen-

dix’’). The total PAHs (Overton et al. 2004) increased 600 %

from 18.03 lg/L in the WAF to 126.80 lg/L in the CEWAF

fraction, while the expanded total PAH (74 constituents)

increased over 2,200 % from 32.99 lg/L in the WAF to

786.00 lg/L in the CEWAF (Table 1). The top five PAH

constituents in the CEWAF were the smaller more soluble

compounds including homologs of naphthalene (C2 –

47.9 lg/L, C3 – 43.9 lg/L, and C1 – 37.4 lg/L) and

dibenzothiophene (C3 – 47.7 lg/L and C2 – 46.8 lg/L). The

most prevalent PAH in the WAF was naphthalene at 9.99 lg/

L. The DOSS concentrations were 19,000 lg/L in 100 %

CEWAF; 10,000 lg/L in 50 % CEWAF; 5,600 lg/L in

25 % CEWAF; 2,600 lg/L in 12.5 % CEWAF; 1,100 lg/L

in 6.25 % CEWAF; and 0 lg/L in the control.

The results of this experiment showed that the addition of

dispersant Corexit� 9500A to LSC oil significantly

increased acute mortality in juvenile mud crabs R. harrisii

compared to non-dispersed oil. Since the Exxon Valdez oil

spill in 1989 in the Gulf of Alaska, dispersants have been a

growing area of research. Additional life stages of common

species are now being tested in order to better evaluate the

cost-benefit of dispersant use. However, many of these

experiments are still focused on planktonic invertebrates and

fish (Khan and Payne 2005; Schein et al. 2009; McIntosh

et al. 2010). Other studies with crustaceans have used

extended exposure times (i.e. 21 days). The current experi-

ment focused on the acute and long-term effects on an eco-

logically important estuarine crustacean following an

exposure regime designed to simulate an offshore oil spill

event. Juvenile crabs were exposed to lightly weathered

chemically dispersed and non-dispersed crude oil WAFs for

96 h. The short duration of the exposure simulates move-

ment of oil into an estuary for a limited time until tidal

flushing, storm events, or other environmental events wash

the crude oil back to sea. Crude oil and the crude oil WAF

were slightly weathered to simulate loss of highly volatile

hydrocarbons immediately following an offshore spill event

prior to movement into the estuarine environment. The total

PAH concentration in the water significantly increased with

the addition of the dispersant and increased mortality.

However, this response appears to be very acute. If juvenile

R. harrisii survived the initial 24 h exposure, long-term

survival did occur at low concentrations of CEWAF and all

WAF concentrations. Overall, if the mud crabs were not

exposed to an oil slick on the surface, there would be minimal

acute toxicity from non-chemically dispersed oil or very low

concentrations of chemically dispersed oil.

In the DWH response, the application of Corexit� 9500,

containing 10 % DOSS by weight, varied from 12 to 80 kl per

day (Kujawinski et al. 2011). An approximation of 47 kl per

day applied to the Gulf of Mexico during the DWH spill

resulted in 2 to 12 lg/L concentrations of DOSS in subsurface

water (Kujawinski et al. 2011). In this study, the CEWAF

contained Corexit 9500A at a 1:10 dispersant to oil ratio. A

1:50–1:10 ratio is recommended by the manufacturers of dis-

persants (Hemmer et al. 2010). A 1:20 ratio, or 0.05 % by

weight dispersant to oil ratio was used in the DWH event

(Kujawinski et al. 2011). This resulted in much higher disper-

sant concentrations in the CEWAF than seen in waters after the

DWH. DOSS ranged from 1.1 to 19 mg/L. However, this level

of DOSS was probably not a major factor in the toxicity

compared to the large increase in PAHs. While no dispersant

data exist for this species, other crustaceans experience acute

toxicity at higher levels of DOSS (Singer et al. 1996).

This is the first study to look specifically at crude oil and

dispersant with R. harrisii. After a 96 h exposure, there

was no mortality in the highest concentration of non-dis-

persed oil. Future research should explore long-term

physiological or reproductive effects of exposure to natu-

rally and chemically dispersed oil, but in this study

chemically dispersed oil was significantly more toxic than

non-chemically dispersed oil.
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Appendix

Full list of 74 target PAHs used to calculate the expanded

total PAH concentration.

Table 1 Concentrations of total and expanded total PAHs in 100 %

WAF and CEWAF in LSC oil, and percentage increases of PAHs in

the CEWAF over the WAF

100 % WAF

(lg/L)

100 % CEWAF

(lg/L)

Increase from

WAF (%)

Total PAH 18.03 126.80 603

Expanded PAH 32.99 786.00 2,283
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