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Abstract

The in vitro toxicities of three crude oils of the Hebei Spirit were examined on laboratory grown plankton, with a focus on
the effects of a dispersant. The specific growth rate of phytoplankton and the mortalities of two zooplankton were measured
in response to exposure to various concentrations of water accommodated oil, dispersant or both. The effects of the oils
varied among the plankton, but were generally low within the range of the oil concentrations used, with little difference in
toxicity among the three oils. Such low toxicity appeated to be associated with weathering of the crude oils. Exposure to the
dispersant, however, dramatically increased the mortality of zooplankton, with complete inhibition of phytoplankton growth.
No synergistic toxic effect was observed with the crude oil and dispersant combination. A better decision making process
could be crafted for future application of dispersant in the event of an oil spill in Korean waters to better protect the marine

plankton community from the excessive use of dispersant.
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1. Introduction

A collision between a barge and an oil tanker, the
Hebei Spirit, on December 7, 2007, released an
estimated 12,000 tons of light crude oil into the
waters approximately 10 km off the Taean Peninsula
on the west coast of Korea (Joint UNEP/OCHA
Environment Unit, 2008). The spill was recorded as
the most disastrous in Korean waters with respect to
the volume of crude oil discharged, at more than
twice that in the Sea Prince spill in 1995, South
Korea's previous worst spill, which leaked over 5,000
tons of crude oil into the southern sea of Korea and

destroyed over 3,000 ha of marine aquaculture area,
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with significant reduction in the number of benthic
species (MOERI, 2002).

Three different medium grade crude oils (specific
gravity of 0.85), UAE Upper Zakum, Kuwait Export
and Iranian Heavy, were reported to be released from
the Hebei Spirit, with nearly 261 m’ of dispersant
(Type I) being sprayed overnight over the spill area
to disperse the oil from the surface (Joint UNEP/
OCHA Environment Unit, 2008). The initial efforts;
however, failed to contain the spill, partly due to the
bad weather conditions in the winter. The emulsified
oil and tar balls spread further south over the
following weeks, reaching as far as Jeju lIsland
(approximately 375 km south of the spill site) by early
January 2008 (Kannan, 2009).

One of the areas most affected by the oil spill was
Taean National Marine Park, immediately adjacent to
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the east of the spill location, which is significant for
fishing, aquaculture and tourism, with more than 21
million people per year, as well as the inhabiting
endangered wild populations (e.g., Neophocaena
Pphocaenoides, finless porpoise) in and around the
habitats (Shin et al., 2009). A macrofauna survey
conducted in December 2007 and January 2008 in the
subtidal sediments of the Tacan area showed a drastic
decrease of 40 % in the numbers of species recorded,
63 % in density and 77 % in biomass compared to the
levels for the same period of 2006, with the greatest
decline observed in Mollusks (Shin et al., 2009). An
initial assessment using laboratory toxicity tests was
also conducted during January and February, 2008,
which showed that the benthic
Monocorophium sp., exposed to the oil-contaminated
sediment resulted in 90-100 % mortality within 10
days of exposure (Shin et al., 2009). Fertilized fish

eggs exposed to the oil contaminated sediment

amphipod,

pore-water showed variable mortality in the affected
regions, ranging from no impact to 90 % mortality
(Shin et al., 2009).

Although the affected marine community on the
shore is often the most visible, the planktonic community
is also a major group affected by an oil spill from the
onset. The coastal area around Taean is a highly
productive ecosystem, with a high density of zooplankton,
larvae of crabs and other benthic organisms (Shin et
al., 2009). The impact of the water accommodated oil
fraction on marine plankton is highly variable,
depending on the type of oil, the species and life
stage being studied ( Al-Yamani et al., 1998; Cowles
and Remillard, 1983; O'Brien, 1989; Seikai and
Nakamuro, 2002). The concentrations of the crude
and refined oils tested suppressed photosynthesis to
varying degrees (Anderson et al., 1974; Gordon and
Prouse, 1973) found that the water soluble fraction of
two different crude oils were toxic to crustacean and
fish species at concentrations ranging from 10 to 19
ppm (Anderson et al., 1974). A reduction in the

brood size of the harpacticoid copepod, Nitocra
affinis, was observed in the water-soluble fraction of
crude oil at a concentration of 200 ppb and found total
mortality of a harpacticoid copepod within three days
with 1 ppm of diesel oil (Barnett and Kontogiannis,
1975; Ustach, 1979). Berdugo et al (1977) observed
considerable zooplankton mortality in three days, even
with a lower concentration of water-soluble fraction
of crude oil (< 1 ppm). Centropages hamatus, a
calanoid copepod, showed a marked decline in
ingestion rate and egg hatching success in response to
exposure to crude oil (Cowles and Remillard, 1983).

Meanwhile, there have been reports of no effects
on plankton due to oil (Joint UNEP/OCHA Environment
Unit, 2008; McGinnis, 1971; Oguri and Kanter, 1971).
Studies following the Santa Barbara blowout at an
offshore drilling rig in 1969 detected no harmful
effects on phytoplankton productivity (Oguri and
Kanter, 1971) or zooplankton populations from the
spill (McGinnis, 1971), although it would be difficult
to discern effects in the field, especially in open
waters. Boesch et al. (1974) and Varela et al. (2006)
reported no detectable effects on phytoplankton in the
spring following the Prestige spill accident that the
changes in chlorophyll varied within the range of
previous years. The lack of impact was attributed to
the low solubility and concentration of aromatic
hydrocarbons in the oil (Varela et al., 2006). An oil
spill can even stimulate growth of plankton (Fleeger
and Chandler, 1983; Naidu et al., 1978). Copepod
density was higher in experimentally oiled sites in an
Alaskan mudflat than at control sites (Naidu et al.,
1978). At a very low oil concentration, the growth of
phytoplankton was stimulated, although it was
repressed at higher concentrations (Gordon and Prouse,
1973).

These variable results suggest the necessity to test
the ecological impact in each oil spill event and of
the dispersant used. Investigation of the post-spill

effects on the marine community is underway, which
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should reveal the full scale of the impact on marine
ecosystems. In the interim, the in vitro the acute
effects of the seawater accommodated oil were
examined, with specific focus on the dispersant used,
on commonly found coastal phytoplankton and
zooplankton. We did not measure the hydrocarbon
concentration in the oil-water mixture. Rather this
study was aimed at the relative effect of dispersant
compared with oil. This study may provide an insight
to the ecological impact in open waters that may have
occurred in the aftermath of the spill.

2. Materials and Methods

2.1. Culturing test organisms

One phytoplankton and two zooplankton were
used in this experiment testing oil toxicity. Isochrysis
galbana, a phytoplankton, was obtained from Korea
Microalgae Culture Center (KMCC), and has been
maintained in /2 media at 23-24 °C under continuous
illumination (3,000-4,000 Lux) in the laboratory for
over 1 year. Cysts of Brachionus plicatilis, a rotifer,
were hatched in the laboratory at 25 °C, a salinity of
10-15 and 500-2,000 Lux, and then were maintained
on Chlorella vulgaris as food. Both male and female
Tigriopus japonmicus, a harpacticoid zooplankton
(commonly known as tide pool copepod), were
placed together in containers, and fed twice daily a
mixture (2:1) of two phytoplankton, Tetraselmis
suecica and Isochrysis galbana. Mating produced
nauplii of Tigriopus japonicus, which also remained
in the same container as the adults.

2.2, Preparation of water accommodated oil

Three different oils, Upper Zakum, Kuwait Export
and Iranian Heavy, were collected from oil tanks of
the Hebei Spirit on December 24, 2007, about two
weeks after the spill occurred. The oil samples and
dispersant used in the spill area were sent to our
laboratory on January 27 2008. The water- accommodated
fraction of crude oil (WAF) was prepared within a

day of arrival of the samples. One part (30 ml) of
each of the three oils was placed over 9 parts (670
ml) of filter-sterilized seawater in a 1 1 bottle, which
was then shaken vigorously on a shaker for 8 hr. The
water accommodated dispersant-oil fraction (WADF)
was prepared by mixing 24 ml of Upper Zakum crude
oil with 6 ml of dispersant and 670 ml of seawater,
which was treated in the same way as the WAF. The
mixture was allowed to stand for six hours for
separation of the oil from seawater; the separated
aqueous phase was drained into a second container
and used as a stock solution for the toxicity tests.
These stock solutions of WAF or WADF were then
serially and geometrically diluted with filtered
seawater, ranging from no dilution to the lowest
concentration of 0.78 % of WAF or WADF.

2.3. Dilution series exposures

The toxicity test of the plankton was conducted on
Jan. 29, 2008. WAF, WADF or dispersant was serially
diluted with autoclaved seawater (salinity of 30.5 %),
with autoclaved seawater serving as the negative
control. Isochrysis galbana was inoculated into 30 ml
of the treated seawater for 72 hr under the same
conditions used for culturing the phytoplankton, with
three replicates conducted for each treatment. The
specific growth rate of the phytoplankton was
computed from the net change in the cell concentration
between the beginning and the end of the incubation
(Lee et al., 2008).

Ten rotifers were placed in each well of 6 well
plates, with three replicates conducted for each
treatment concentration, with 5 ml of treated seawater
in each well. Only those that hatched within 2 hr
from the cysts (83 um in length) were used in the
experiment. The rotifers in the well plates were
incubated, without food, for 24 hr at 25 °C in the
dark. The number of dead animais was enumerated at
the end of the experiment using microscopy (Park et
al., 2008).
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Nauplii of Tigriopus japonicus, produced by
mating of adult males and females in the culture bath,
were screened to obtain only those in the range
100-200 /m. Twenty were added to each of twelve
6-well plate vessels, with three replicate vessels for
each oil treatment, plus three control vessels
receiving uncontaminated autoclaved seawater. The
nauplii were incubated for 48 hr at 25 °C, without food,
under a 16 hr-light and 8 hr-dark illumination cycle.

2.4, Statistical analyses

A Dunnet's test was performed to estimate the no
observed effect concentration (NOEC) and lowest
observed-effect concentration (LOEC). A generalized
linear model was used to calculate the half maximal
effective concentration (ECsp) for phytoplankton
growth or the lethal concentration of toxicant at
which half the test organisms died (LCsp) for the two
zooplankton and their 95 % confidence limits (R
Development Core Team, 2006).
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2.5, Quality control of the tests

Care was taken to ensure the measurements in the
controls met the required conditions, that being a
phytoplankton growth rate in the controls exceeded
0.04 h™' (Lee et al., 2008), with mortality of zooplankton
in the controls did not exceed 10 % by the last day of
the experiment (Park et al., 2008). Survival rate of
the zooplankton in the controls was good, with only
one animal lost out of 10 individuals in each batch by
the last day of the experiment for the two zooplankton.

3. Results

The results of the in vitro bioassays of the oil and
dispersant toxicities on plankton were rather complex.
The specific growth rate of 1. galbana was negatively
affected only at WAF concentrations of 50 %
(equivalent to 21 %, of WAF) or higher (Fig. 1 and
Table 1). Kuwait Export crude oil was apparently less
deleterious to phytoplankton growth than the Upper
Zakum and Iranian Heavy. Exposure of the phytoplankton

Table 1. No observed effect concentration (NOEC) and lowest observed-effect concentration (LOEC) for the test plankton,
with the half maximal effective concentration (ECso) and lethal concentration of toxicant at which half the test
organisms died (LCso) and the 95% binomial confidence limit (CL)

1 0,
Zj;‘ i, NOEC (%)  LOEC (%) li%?)((o/;,))/ 95% CL
Isochrysis galbana
Upper Zakum 25 50
Kuwait Export 50 100
Iranian Heavy 25 50
dispersant 0 <0.78
Upper Zakum + dispersant 0 <0.78
Brachionus plicatilis
Upper Zakum 100 >100
Kuwait Export 100 >100
Iranian Heavy 12.5 25.0
dispersant <1.56 1.56 14 0.9-2.2
Upper Zakum + dispersant 0.78 0.78 24 2.0-3.0
Tigriopus japonicus
Upper Zakum 25.0 50.0
Kuwait Export <6.25 6.25
Iranian Heavy 6.25 12.5
dispersant <1.56 1.56 19 1.3-2.8
Upper Zakum + dispersant <0.78 1.56 3.1 2.4-4.0
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Fig. 1. Specific growth rate (D'} of Isochrysis galbana
exposed for 72 hrs to various concentrations of the
three different water-accommodated fraction of
crude oil (WAF) or water accommodated dispersant-
oil fraction (WADF).

to the dispersant was striking, completely inhibiting
the growth of the phytoplankton at the lowest
concentration used (<1 %, equivalent to 130 ppm of
WAF), with no difference shown in the toxicity from
the phytoplankton batch cultures exposed to WADF.

The mortality of the rotifer, Brachionus plicatilis,
at all WAF concentrations tested for the Upper
Zakum aforKuwait m aftt oils showed no difference
from those of the controls (i.e., those exposed to sr
water onls), but the the Upper Za oil showed greater
mortality, with UppLOmC at 25r (Fig. 2, Taby, 1).
The nauplii of Tigriopus japonicus weKuwsusceptiby,
to all three oils, but affected most by Iranian Heavy
oil, followed by Kuwait Export and then Upper
Zakum,

Consistent with the response of the phytoplankton,
the addition of dispersant to the culture drastically
increased the mortalities of the two zooplankton, with
little difference in toxicity from the batches exposed
to WADF (Fig. 2 and 3). The mean LCso was
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Fig. 2. Mortality (%) of Brachionus plicatilis exposed for
24 hrs to various concentrations of the three
different water-accommodated fraction of crude oil
(WAF) or water accommodated dispersant-oil fraction
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Fig. 3. Mortality (%) of Tigriopus japonicus nauplii
exposed for 48 hrs to various concentrations of the
three different water-accommodated fraction of
crude oil (WAF) or water accommodated dispersant-
oil fraction (WADF).
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generally higher for the batches exposed to dispersant
than the zooplankton treated with WADF, with the
95 % confidence limit for LCso overlapping between
the two treatments, suggesting there was no
synergistic toxicity effect toward both zooplankton
by the crude oil and dispersant combined.

5. Discussion

The toxicity of the oil was positively correlated
with the concentration of low-molecular weight
hydrocarbons rather than the total hydrocarbon
concentration (Di Toro et al, 2007). Immediately
after a spill, the lightest fractions and the most toxic
components of oil, composed of polycyclic aromatic
hydrocarbons (PAHs), generally evaporate less than a
day after a spill (Walker et al., 2001), with possibly
low ecological impact due to their limited time to mix
with seawater. The total hydrocarbon concentration
in seawater rapidly decreases, by more than 50 % in
the first few days (Dalla Venezia and Fossato, 1977).
Intermediate molecular weight aromatics (three to
four rings PAHs), the next most toxic components,
are more persistent, with their solubility in water
being high enough to cause toxicity to pelagic
organisms (Bellas and Thor, 2007). High molecular
weight PAHs generally pose no short-term risk to
pelagic organisms due to their extremely low
solubility in water (Albers, 1995). The replacement of
more with less toxically potent compounds lowers the
toxicity (Di Toro et al., 2007).

The physical effect of the dispersants in
emulsifying oil often results in increased toxicity.
Many studies have found that the PAH (with benzen
rings of 3-4) concentration is much higher in
chemically-dispersed oil than that for physically-
dispersed oil (Fingas, 2008), with higher toxicity
(Fingas, 2008; Michel et al., 2005) and faster
bioaccumulation of PAH (Wolfe et al., 1998).

Combining oil with dispersants has been found to

increase the toxicity of the oil to a crab species by a
factor of 16 (Ahsanullah et al., 1982). A dispersant
without oil showed low toxicity, but become more
toxic in the presence oil, in that nearly 100 % of
larvae were deformed after hatching when exposed to
a combination of 50 ppb of dispersant and 200 ppb of
heavy C-oil (Seikai and Nakamuro, 2002).

In the present study, the toxicity of the three
different oils was limited, and did not exceed 25 % of
the mortality of the highest concentration used
(approximately 40 parts per thousands), even for the
nauplii of T. japonicus (Fig. 2 and Table 1), the life
stage considered most susceptible to toxicants.
Furthermore, there appeared to be no synergistic
toxicity effect from the combination of dispersant and
oil. Instead, much of the toxicity came from the
dispersant, which may, in part, have resulted from the
high concentration of dispersant used (130 ppm for
the lowest concentration used) in this study.
However, some dispersants resulted in lower toxicity,
even at higher concentrations than that used in this
study (Wilson, 1977). Most dispersants available in
Korea consist of surfactants (30 %) and hydrocarbon
solvents (70 %) (Shin, 2008), implying potentially
high toxicity, although formulae with less toxicity are
also available. The low impact of the crude oil on the
plankton observed in this study and the lack of a
synergistic effect of the combination may be
associated with the weathering of the crude oils
(Bobra et al., 1983; Di Toro et al., 2007) during the
month since the sampling of the oils on board the
Hebei
assessments on other organisms was high by the same

Spirit, given that the initial toxicity

spilled crude oils from the Hebei Spirit (Shin et al.,
2009).

Their toxic effects aside, the efficacy of dispersant
on spills is controversial (Fingas, 2008), varying with
environmental factors, such as water temperature and
viscosity. The viscosity of oil increases rapidly with
weathering (Committee, 2005), with the oil becoming
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more difficult to disperse. It is important, therefore,
to add dispersant within a few hours to obtain
maximum efficiency (Duke and Petrazzuolo, 1989). The
oil dispersion efficacy becomes reduced at low
temperatures (e.g., in winter; the season time of this
spill event) (Duke and Petrazzuolo, 1989). From a
reviewing over 430 papers on oil spill dispersant,
published between 1997 and 2008, it was concluded
that dispersants somewhat inhibit oil biodegradation
or have no effect on biodegradation, with no evidence
of enhanced biodegradation as a result of dispersant
use (Fingas, 2008). Taken together, these observations
indicate potentially limited efficacy of the dispersant
applied during the aftermath of the oil spill from the
Hebei Spirit.

The post-spill impact of the water extract of crude
oil on the plankton community is difficult to be
estimated. However, a couple of field observations
support the adverse effects on zooplankton community.
Cho et al. (2008) surveyed the zooplankton community
in January 2008, about the time our laboratory tests
were performed. Their results showed a lower
zooplankton abundance in the vicinity of the spill
area than in the southern waters further from the spill
center. In addition, a post-spill zooplankton survey
off the Taean Peninsula, conducted in December
2007 and the following January, also showed that the
total zooplankton abundance had decreased compared
to the level during the same sampling period in 2006
(Shin et al., 2009). It is not clear if in 200n impact on
the zooplankton community could be attributed to
crude oil, or more to the dispersants applied on the
sea-surface, having a much higher toxicity impact
than that manifested by the dispersants in the
laboratory study (Fig. 2 and 3). Dispersants are likely
to be toxic to marine organisms, given their chemical
composition, with serious consequences to some
marine organisms, as demonstrated in this in vitro
toxicity study. Better decision making processes
could be crafted for future applications of dispersants,

with particular reference to their toxicity and
efficacy, in the event of an oil spill in Korean waters
to better protect the marine life from excessive

dispersant use.
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