
Marine Pollution Bulletin xxx (2015) xxx–xxx
Contents lists available at ScienceDirect

Marine Pollution Bulletin

journal homepage: www.elsevier .com/locate /marpolbul
Improving environmental assessments by integrating Species
Sensitivity Distributions into environmental modeling: Examples with
two hypothetical oil spills
http://dx.doi.org/10.1016/j.marpolbul.2015.01.022
0025-326X/� 2015 Elsevier Ltd. All rights reserved.

⇑ Corresponding author. Tel.: +1 803 254 0278x328, +1 803 256 7322; fax: +1 803
254 6445.

E-mail address: abejarano@researchplanning.com (A.C. Bejarano).

Please cite this article in press as: Bejarano, A.C., Mearns, A.J. Improving environmental assessments by integrating Species Sensitivity Distributio
environmental modeling: Examples with two hypothetical oil spills. Mar. Pollut. Bull. (2015), http://dx.doi.org/10.1016/j.marpolbul.2015.01.022
Adriana C. Bejarano a,⇑, Alan J. Mearns b

a Research Planning, Inc., 1121 Park Street, Columbia, SC 29201, USA
b National Oceanic and Atmospheric Administration, 7600 Sand Point Way NE, Seattle, WA 98115, USA

a r t i c l e i n f o a b s t r a c t
Article history:
Available online xxxx

Keywords:
Trajectory modeling
General NOAA Oil Modeling Environment
Species Sensitivity Distributions
Proportion of species affected
Chemical dispersants
Oil spill
A three dimensional (3D) trajectory model was used to simulate oil mass balance and environmental con-
centrations of two 795,000 L hypothetical oil spills modeled under physical and chemical dispersion sce-
narios. Species Sensitivity Distributions (SSD) for Total Hydrocarbon Concentrations (THCs) were
developed, and Hazard Concentrations (HC) used as levels of concern. Potential consequences to
entrained water column organisms were characterized by comparing model outputs with SSDs, and
obtaining the proportion of species affected (PSA) and areas with oil concentrations exceeding HC5s
(AreaPHC5). Under the physically-dispersed oil scenario 677% of the oil remains on the water surface
and strands on shorelines, while with the chemically-dispersed oil scenario 667% of the oil is entrained
in the water column. For every 10% increase in chemical dispersion effectiveness, the average PSA and
AreaPHC5 increases (range: 0.01–0.06 and 0.50–2.9 km2, respectively), while shoreline oiling decreases
(62919 L/km). Integrating SSDs into modeling may improve understanding of scales of potential impacts
to water column organisms, while providing net environmental benefit comparison of oil spill response
options.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Modeling is an essential component of environmental assess-
ments, as it can help guide and scale the mobilization of resources,
prioritize protection or mitigation strategies, and inform manage-
ment decisions (e.g., Castanedo et al., 2006). Oil spill trajectory
and effects models, for example, can be used to quantitatively pre-
dict the behavior and movement of oil in the environment by using
algorithms describing fate processes, while providing information
on the relative spatial and temporal extent of potential ecological
consequences. These models have proven useful in pre-planning
emergency response (MacFadyen et al., 2011; Mearns et al.,
2001, 2003), as well as in natural resource damage assessment
(French-McCay, 2003; French McCay et al., 2004). Within the con-
text of oil spills, modeling can facilitate analyses of impact to bio-
logical resources by considering a set of oil recovery actions and
response strategies (e.g., Reed et al., 1999), including the use of
chemical dispersants.
With the exception of the Deepwater Horizon oil spill, where an
unprecedented volume of dispersants was used, dispersants have
rarely been used in response to oil spills. In the US and prior to
the Deepwater Horizon oil spill, chemical dispersants were used
in the Gulf of Mexico in eight occasions between 1990 and 2005
(Gugg et al., 1999; Henry, 2005; Stoermer et al., 2001) and in
two occasions in 2009 (NOAA, 2014). Dispersants were also used
during the 1984 Puerto Rican vessel incident off San Francisco
Bay (Zawadzki et al., 1987). The use of dispersants has also been
approved but never used during other oil spills in the US (17 total;
e.g., 2004 MV Selendang Ayu and 2006 MV Cougar Ace oil spills,
Alaska), and were minimally used during the 1989 Exxon Valdez
oil spill due to limited availability of dispersant products and ade-
quate application equipment, among other reasons (NOAA, 2014).
Notable examples of dispersant use outside the US include the
1996 Sea Empress oil spill in Wales (Lunel et al., 1997), the 1996
Braer tanker spill in Scotland (Lunel, 1995), the 2006 Solar 1 tanker
oil spill in the Phillipines (Yender and Stanzel, 2010), the 2007 con-
tainer ship MSC Napoli incident in the UK (Law, 2008), and the
2009 Montara wellhead platform incident in Western Australia
(Tan, 2011).
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One important premise on the use of chemical dispersants is that
by reducing the surface tension of oil, dispersants reduce the
amount of floating oil on the water surface reducing exposure risks
to wildlife and sensitive shoreline habitats, and increasing microbial
degradation (NRC, 1989, 2005). However, chemical dispersion of oil
at the water surface enhances the rate of partitioning of oil into the
top few meters of the water column, particularly of the lighter oil
fractions (e.g., benzene, toluene, ethylbenzene, xylenes, etc.), result-
ing in higher oil concentrations compared to oil physically dispersed
by currents, wind and waves (NRC, 1989, 2005). As a result, organ-
isms entrained in water masses containing chemically dispersed oil
are exposed to potentially toxic oil concentrations, though expo-
sures may generally be of short duration because of the rapid dilu-
tion and water column mixing occurring in open waters. In addition,
the use of dispersants increase the concentration of small oil dro-
plets (generally <70 lm in diameters), which are not only readily
biodegradable but also remain entrained in the water column
because of their slow rising velocities (Cormack and Nichols,
1977; NRC, 2005). Yet, the relative contribution of oil droplets to
the overall toxicity to entrained water column organisms is largely
unknown partially because little empirical information exists on the
link between oil droplet size and concentration, and toxicological
effects (reviewed in Bejarano et al., 2014b).

Characterizing in situ impacts to entrained water column organ-
isms is challenging, resulting in reliance of laboratory toxicity tests
with a small number of species to infer potential impacts to a
broader number of species. Comparisons of relative sensitivities
across species and derivation of levels of concern can be achieved
via cumulative distributions of existing physically or chemically
dispersed oil toxicity data (e.g., median lethal, LC50 and effects
concentrations, EC50), commonly known as Species Sensitivity
Distributions (SSDs) (Posthuma et al., 2002). This type of approach
has been used in oil spill research and assessments (Barron et al.,
2013; Bejarano et al., 2013; de Hoop et al., 2011), but have not pre-
viously been incorporated into oil trajectory models. Consequently,
the primary objective of this study is to demonstrate how SSDs can
be used to improve model-based assessments of oil spill impacts
under different chemical dispersant use scenarios. For the purpose
of these analyses, hypothetical spill scenarios were developed for
two areas: off San Francisco Bay, and off Charleston Harbor, South
Carolina, and modeled oil concentrations in the water column
compared to SSDs.

2. Methods

2.1. Oil mass balance and environmental concentrations

One of the tools used to model the fate, surface and subsurface
transport, and three dimensional trajectories of spilled oil is the
General NOAA Oil Modeling Environment (GNOME) (NOAA/ERD,
2013). While a number of related models are also available (e.g.,
SIMAP, French-McCay, 2004), the selection of GNOME was driven
by its availability in the public domain. GNOME predicts the
Table 1
Model inputs of two hypothetical oil spills, each involving the release of 795,000 L of oil (m
only (no dispersants), and chemical dispersion with dispersant effectiveness of 35% (oper

Characteristics Off San Francisco Bay, CA

Location 37�510N, 122�460W
25 km WNW Golden Gat

Oil type IFO 380 (API 18.3)
Wind velocity (knots) 10 West
Water column mixing depth/pycnocline depth (m) 10
Breaking wave height (m) 1
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trajectory and spreading of oil, and generates trajectory outputs
based on site-specific parameters, wind-driven currents and
horizontal and vertical mixing (i.e., wind, local hydrodynamics,
water column turbulence), while accounting for best guess (trajec-
tories created assuming that all model inputs are correct) and mini-
mum regret (trajectories created accounting for possible forecast
errors in model inputs) forecast solutions (Beegle-Krause, 2001;
Simecek-Beatty et al., 2002). Because GNOME incorporates oil-
specific fate and behavior information (e.g., evaporation, dispersion,
sedimentation) from an oil weathering model (Automated Data
Inquiry for Oil Spills, ADIOS2) (Lehr et al., 2002), oil trajectories
can be used to quantitatively describe the distribution of oil across
several components (i.e., air, surface water and water column,
shorelines), including estimates of average oil concentrations (Total
Hydrocarbon Concentration, THC; hereafter) in the water column.
Consequently, GNOME models environmental concentrations of
physically or chemically dispersed oil in the water column, allowing
for quantitative estimates of the potential footprint of oil impacts.

Oil trajectories for two hypothetical spills involving the release
of 795,000 L (5000 barrels) of oil (major spill volume) were devel-
oped using GNOME with site-specific input parameters. For the
purpose of demonstrating the flexibility of this approach, two oils
with different chemical and physical characteristics (intermediate
fuel oil [IFO] and Qua Iboe oil) were used in simulations. Only one
oil type was used at each spill location: the Gulf of the Farallones
(an area offshore San Francisco Bay), and an area offshore Charles-
ton Harbor, South Carolina. Each of these hypothetical spills was
modeled under two scenarios: a scenario involving natural
(physical) dispersion of oil, and a scenario involving the use of che-
mical dispersants. The latter was further modeled assuming a 35%
dispersant operational effectiveness, which is the upper level of
dispersant effectiveness reported under field conditions (5–30%;
NRC, 2005), and assuming a 80% dispersant effectiveness, which
is considered to be an extreme case scenario under field conditions.
Here, dispersant effectiveness is defined, from an operational per-
spective (not laboratory), as the amount of oil that is dispersed into
the water column relative to the amount of oil that is dispersed by
physical processes alone (wind, currents, waves). Modeled condi-
tions, and oil and dispersant characteristics (e.g., oil type, physico-
chemical characteristics, dispersant effectiveness) are summarized
in Table 1. For each of these scenarios, GNOME was used to pro-
duce outputs containing information on oil trajectory, oil mass bal-
ance, oil concentrations in the water column (from the water
surface to the pycnocline), and oil loadings on shorelines over
space and time (120 h ). Because of model uncertainty, oil concen-
trations in the water column were bounded by upper and lower
limits defined as 5� and 0.2� of the mean value, respectively.
GNOME generates oil concentrations by grid summarized as mean
and maximum THC concentrations. Grid sizes ranged from 0.25 to
1.0 square kilometers (km2) in the case of Gulf of the Farallones
scenario, and from 0.25 km2 near the source to 3–5 km2,
10–15 km down coast in the case of the Charleston Harbor
scenario.
ajor spill volume). In all cases, models scenarios were run under physical dispersion
ational case) or 80% (extreme case).

Off Charleston Harbor, SC

32�41.60N, 79�45.720W
e (39 m isobath) 11.4 km SE Charleston Harbor entrance (10 m isobath)

Qua Iboe (API 35.8)
15 South
5
1
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Fig. 1. GNOME outputs for the hypothetical 795,000 L oil spill off San Francisco Bay at 0, 24, 48 and 96 h post-release (left to right) for the physically (top) and chemically-
dispersed oil scenarios (35% dispersant effectiveness only; operational case) (bottom). Panels on right show estimated average and maximum oil concentrations in the top
5 m of the water column as a function of time post-release for grid cells that contain oil. In all cases, the symbol ‘‘+’’ shows the location of the spill site.

Fig. 2. GNOME outputs for the hypothetical 795,000 L oil spill off Charleston Harbor at 0, 24, 48 and 96 h post-release (left to right) for the physically (top) and chemically-
dispersed oil scenarios (35% dispersant effectiveness only; operational case) (bottom). Panels on right show estimated average and maximum oil concentrations in the top
5 m of the water column as a function of time post-release for grid cells that contain oil. In all cases, the symbol ‘‘+’’ shows the location of the spill site.
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Fig. 3. GNOME’s estimated oil mass balance of physically (left) and chemically (middle, right) dispersed oil from hypothetical spills of 795,000 L of oil off San Francisco Bay
(top) and off Charleston Harbor (bottom). The chemically-dispersed oil scenario includes dispersant effectiveness set at 35% (operational case) or 80% (extreme case).
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Physically 
Dispersed Chemically Dispersed

Physically 
Dispersed

35% Effect. 80% Effect. 35% Effect. 80% Effect.
Chemically Dispersed

E
st

im
at

ed
 O

il 
 C

on
ce

nt
ra

tio
n 

(m
g/

L
)

Fig. 4. Density distribution of average and maximum GNOME’s estimated oil concentrations (mg THC/L) entrained in the top 5 m of the water column for the hypothetical
spills off San Francisco Bay (left) and off Charleston Harbor (right). The chemically-dispersed oil scenarios include dispersant effectiveness set at 35% (operational case) or 80%
(extreme case). Red dots represent median values, while embedded black lines display the first and third quartile values of a standard box-plot. The length of the density plots
represents the minimum and maximum values, while the widths represent their frequency distributions. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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2.2. Toxicity data and Species Sensitivity Distributions

For the scenarios at hand, acute toxicity data were compiled and
used to develop Species Sensitivity Distributions (SSD). SSDs are
cumulative distributions of acute toxicity data that allow for com-
parisons of the relative sensitivities of aquatic species to the same
chemical (e.g., petroleum hydrocarbons) (Posthuma et al., 2002),
where each point on the SSD represents the geometric mean of
acute toxicity values for individual species. Data used in the devel-
opment of SSDs were queried from a recently developed toxicity
database (Bejarano et al., 2014a), and included toxicity data (medi-
an lethal concentration, LC50; effective median concentration,
EC50) reported on the basis of THC (milligrams per liter [mg/L])
from tests performed with oil physically (e.g., water accommodated
fraction, WAF) and chemically (e.g., chemically enhanced water
accommodated fractions, CEWAF) dispersed. Combination of
CEWAF and WAF data for the development of SSDs was deemed
appropriate as recent analyses (Bejarano et al., 2014b) and previous
data compilations (NRC, 1989, 2005) have shown no scientific evi-
dence that the toxicity of CEWAF (dispersed with current gen-
eration dispersants) is substantially greater than that of WAF.
Toxicity data from medium and light oils, and from CEWAF pre-
pared using Corexit 9500 or Corexit 9527 under recommended dis-
persant to oil ratios (DOR 1:P10, v:v) were included. Toxicity data
for heavy fuels (e.g., IFO 380) are lacking in the database, and there-
fore, data from medium and light oils were used as surrogates.

Time-varying SSDs were developed using all available acute
toxicity data from tests performed under <24, 24, 48 and 96 h
exposure durations. For the purpose of these analyses, it was
assumed that the 1st and 5th percentiles of the SSD represent con-
centrations protective of 99% and 95% of the species in the SSD
curve (i.e., Hazard Concentrations 1 and 5, HC1 and HC5). SSDs
and their associated HC values were derived by fitting the data
to a log-normal distribution function, and re-sampling this func-
tion 2000 times to derive central tendencies and 95% confidence
intervals (95% CI) (Bejarano and Farr, 2013).

2.3. Characterization of potential ecological risks

Model outputs from GNOME, specifically estimated maximum
oil concentrations within the few top meters (5 m) of the water
column and area of potential impacts (km2), were used to demon-
strate the use of SSDs in characterizing potential adverse
Please cite this article in press as: Bejarano, A.C., Mearns, A.J. Improving enviro
environmental modeling: Examples with two hypothetical oil spills. Mar. Pollu
toxicological consequences. Maximum oil concentrations from
GNOME were used as a precautionary approach biased towards
overprotection of aquatic species. For the purpose of the analyses
presented here, it is assumed that all aquatic species entrained
and transported with the water mass containing physically or
chemically dispersed oil are at potential risk of adverse effects.
Within the context of these analyses, physically-dispersed oil sce-
narios are defined as those where oil is dispersed and entrained in
the water column by natural physical processes (e.g., currents,
wind, waves in open waters); while chemically-dispersed oil sce-
narios are defined as those where oil is treated with chemical dis-
persants at the water surface to enhance its dissolution and
partitioning into the water column.

Two approaches were used to characterize effects to entrained
water-column organisms: a time-varying (varying concentrations
with time) and a time-static (static concentrations with time)
approach. The time-varying approach compared estimated maxi-
mum oil concentrations at each time post-release (e.g., 1–120 h)
with time-varying SSDs from the closest exposure duration (e.g.,
time post-release <24 h vs. <24 h-SSD). This approach may be con-
sidered more environmentally realistic as concentrations under
field conditions are expected to decrease over time, due to water
column mixing, dilution and biodegradation. With the time-static
approach, comparisons were made of the estimated maximum oil
concentrations at each time post-release with the SSD from the
longest exposure duration (i.e., time post-release <24 h vs. 96 h-
SSD). This approach may be preferred when there are concerns
about particularly sensitive aquatic species, but it is biased towards
overprotection of aquatic species. Both approaches allowed the
estimation of the proportion of species affected (PSA; a.k.a. Poten-
tially Affected Fraction, PAF) (Posthuma et al., 2002) as a function
of time post-release, and area (km2) with maximum oil concentra-
tions exceeding HC5 values (AreaPHC5) (e.g., time-varying
approach: area at 20 h post-release vs. HC5 from 24 h-SSD; time-
static approach: and area at 20 h post-release vs. HC5 from 96 h-
SSD).

3. Results

3.1. Oil mass balance and environmental concentrations

A total of six GNOME models were developed to illustrate how
site specific conditions, oil types, as well as the use of chemical
nmental assessments by integrating Species Sensitivity Distributions into
t. Bull. (2015), http://dx.doi.org/10.1016/j.marpolbul.2015.01.022
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dispersants, influence oil fate (see Supplementary Content Informa-
tion of oil spill scenario animations). Representative examples of
GNOME trajectory outputs (snap shots), along with estimates of
average and maximum oil concentrations in the top 5 m of the
water column as a function of time, are shown in Figs. 1 and 2. Oil
mass balance from GNOME are compartmentalized into oil floating
at the water surface, entrained in the top few meters of the water
column, evaporated into the atmosphere, and stranded on shoreli-
nes (Fig. 3).

For the hypothetical spill off San Francisco, and under the
physically-dispersed oil scenario, 63% of the total oil volume is
estimated to remain on the water surface and strand on shorelines.
Under this scenario, 5% of the oil is entrained in the water column,
while the remaining volume volatilizes into the atmosphere (32%).
By comparison, and assuming 35% and 80% dispersant effective-
ness, 42% and 13% of the total oil volume, respectively, would
remain on the water surface and strand on shorelines, while 31%
and 65%, respectively, would be entrained in the water column
(mostly offshore). The remaining oil volume would volatilize into
the atmosphere (27% and 22%, respectively).

For the hypothetical spill off Charleston Harbor, and under the
physically-dispersed oil scenario, 56% of the total oil volume would
remain on the water surface and strand on shorelines. Under this
scenario, 5% of the oil is entrained in the water column, while
the remaining volume volatilizes (39%). By comparison, and
assuming 35% and 80% dispersant effectiveness, 36% and 11% of
the total oil volume, respectively, would remain on the water
and strand on shorelines, while 32% and 67%, respectively, would
be entrained in the water column (mostly offshore). The remaining
oil volume would volatilize into the atmosphere (32% and 22%,
respectively).

These hypothetical spill simulations show that the use of chemi-
cal dispersants, and particularly increased dispersant effectiveness,
can reduce the amount of oil on the water surface ultimately strand-
ing on shorelines, while increasing the partitioning of oil into the
water column. For the San Francisco spill and under the physical-
ly-dispersed scenario, average estimated oil concentrations in the
upper 5 m of the water column over 120 h (Fig. 4) are
0.15 ± 0.11 mg THC/L. Under the assumption of 35% or 80% disper-
sant effectiveness, average oil concentrations are 1.5 and 3.2 times
higher (0.49 ± 0.30 mg THC/L and 0.89 ± 0.62 mg THC/L) over the
same period, respectively, than concentrations under the physical
dispersion scenario. Maximum oil concentrations are 4–6 times
higher than the average concentrations over the same period.
Similarly, for the Charleston Harbor spill and under the physically-
dispersed oil scenario average estimated oil concentrations in the
upper 5 m of water column over 120 h are 0.04 ± 0.05 mg THC/L.
Under the assumption of 35% or 80% dispersant effectiveness, oil
concentrations are 8 and 17 times higher (0.22 ± 0.35 mg THC/L
and 0.94 ± 0.77 mg THC/L), respectively, than concentrations under
the physical dispersion scenario. Maximum oil concentrations are 3
times higher than average concentrations.

While it is clear that each scenario produces different oil con-
centrations in the water column, these concentrations decrease
in space and time, and therefore analyses discussed further, take
into account this variability. Because of model uncertainty, assess-
ments of potential ecological consequences to entrained water col-
umn organisms use a precautionary approach biased towards
overprotection of aquatic species by assuming maximum oil con-
centrations in the water column.

3.2. Toxicity data and Species Sensitivity Distributions

Most of the acute toxicity data (LC50 and EC50) currently avail-
able were from tests performed with early life stages of several
aquatic species. Time-varying SSDs were developed from toxicity
Please cite this article in press as: Bejarano, A.C., Mearns, A.J. Improving enviro
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data collected from <24, 24, 48 and 96 h exposure duration tests
(Fig. 5). While there were less species-specific toxicity data for
exposures <24 h (5 species total), estimated HC1 and HC5 values
(mg THC/L) decrease over time, with <24 h HC values being 7 times
larger (lower toxicity) than HC values for 96 h exposures. Based on
these time-varying SSDs, HC1 and HC5 values can be estimated as a
function of exposure duration (h) with the following equations:
HC1 = 4.43 ⁄ Exp(�0.03⁄h) (Adj. R2 = 0.65); HC5 = 5.67 ⁄ Exp(�0.03⁄h)

(Adj. R2 = 0.71). Both the concentrations associated with PSA on
the SSDs, and estimated HC5 values, are used to characterize
potential effects to aquatic species entrained and transported with
the water mass containing physically or chemically-dispersed oil.

3.3. Characterization of potential ecological risks

GNOME’s estimated maximum oil concentrations in the top 5 m
of the water column as a function of time post-release and area
with estimated oil concentrations were used to characterize poten-
tial risks to entrained water column organisms. Assessments were
based relative to both time-varying SSDs and time-static SSDs (i.e.,
96 h-SSD; conservative approach). The former may be considered
more environmentally realistic as environmental concentrations
are expected to decrease with time, while the latter may be pre-
ferred when there are concerns about particularly sensitive aquatic
species, but it is overprotective. In both instances, PSA was esti-
mated by comparing oil concentrations in the top 5 m of the water
column with equivalent concentrations on the SSD, and by esti-
mating the total area (km2) exceeding HC5 values (AreaPHC5).

Under the physically-dispersed oil scenario for the hypothetical
spill off San Francisco Bay, most concentrations in the top 5 m of
the water column, with the time-varying approach (declining con-
centrations with time), are below the assumed protective concen-
tration (HC1 and HC5), with maximum PSA and AreaPHC5 of 0.05
(77 h post-release) and 0.22 km2 (73 h post-release), respectively.
In contrast, the time-static approach (static concentrations with
time) produced estimated values that are at least 5 times higher
(maximum PSA = 0.19 [36 h post-release]; maximum AreaPHC5 of
1.79 km2 [8 h post-release]). Both PSA and AreaPHC5 are higher with
the use of chemical dispersants. Assuming 35% dispersant effective-
ness (operational case), the time-varying approach (Fig. 6) produced
average PSA and AreaPHC5 of 0.13 ± 0.08 and 8.68 ± 5.60 km2,
respectively, with the greatest potential for adverse effects occur-
ring between 75 and 77 h post-release, when the maximum PSA
and AreaPHC5 are 0.35 and 18 km2, respectively. In contrast, the
time-static approach had values that are on average 5 times higher,
with most pronounced differences occurring 624 h post-release
(average PSA = 0.30 ± 0.15 and average AreaPHC5 = 13.73 ± 3.76 -
km2). Under this approach, the greatest potential for impact to a
larger number of species would be 16 h post-release (maximum
PSA = 0.61), but the greatest areal extent would occur 66 h post-re-
lease (maximum AreaPHC5 = 19.49 km2). Assuming 80% dispersant
effectiveness (extreme case), the time-varying approach produced
average PSA and AreaPHC5 of 0.38 ± 0.13 and 19.01 ± 10.3 km2,
respectively. In contrast, the time-static approach had values that
are on average 2 times higher, with most pronounced differences
624 h post-release (average PSA = 0.49 ± 0.14; average
AreaPHC5 = 24.31 ± 7.9 km2). Under both approaches, the greatest
potential for impact to a larger number of species would be 624 h
post-release (maximum PSA), but the greatest areal extent would
occur 112 h post-release (maximum AreaPHC5).

Under the physically-dispersed oil scenario for the Charleston
Harbor spill, all concentrations in the top 5 m of the water column,
using the time-varying approach (declining concentrations with
time), are below the assumed protective concentrations (HC1 and
HC5). In contrast, the time-static approach (static concentrations
with time) produced estimated values that are at least 5 times
nmental assessments by integrating Species Sensitivity Distributions into
t. Bull. (2015), http://dx.doi.org/10.1016/j.marpolbul.2015.01.022
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higher (maximum PSA = 0.09 [8 h post-release]; maximum
AreaPHC5 of 0.34 km2 [21 h post-release]). Assuming 35% disper-
sant effectiveness (operational case), the time-varying approach
(Fig. 7) produced average PSA and AreaPHC5 of 0.002 ± 0.01 and
17.71 ± 11 km2, respectively. Under this approach, the greatest
potential for impact to a larger number of species would occur
4 h post-release (maximum PSA = 0.54), but the greatest areal
extent would occur 38 h post-release (maximum AreaPHC5 = 24
km2). In contrast, the time-static approach had values that are on
average 5 times higher, with most pronounced differences occur-
ring within the 624 h post-release (average PSA and AreaPHC5

are PSA 0.06 ± 0.12 and 25.34 ± 7.10 km2, respectively). Assuming
80% dispersant effectiveness (extreme case), the time-varying
approach produced average PSA and AreaPHC5 0.11 ± 0.08 and
35.28 ± 19.71 km2, respectively. In contrast, the time-static
approach had values that are between 2 and 5 times higher, with
most pronounced differences occurring 624 h post-release (aver-
age PSA = 0.27 ± 0.20; average AreaPHC5 = 42.56 ± 15.49 km2).
Under both approaches, the greatest potential for impact to a larg-
er number of species would occur 610 h post-release (maximum
PSA), but the greatest areal extent would occur 115 h post-release
(maximum AreaPHC5).

While it is clear that there are differences between the time-
varying (declining concentrations with time) and time-static
(static concentrations with time) approaches in terms of PSA,
AreaPHC5 and timing of potential effects, the greatest differences
are scenario driven (Fig. 8). For both hypothetical spills, the PSA
Please cite this article in press as: Bejarano, A.C., Mearns, A.J. Improving enviro
environmental modeling: Examples with two hypothetical oil spills. Mar. Pollu
and AreaPHC5 of the physically-dispersed oil scenario are consid-
erable smaller than those of the chemically-dispersed oil scenar-
ios. Both average PSA and AreaPHC5 increase linearly as a function
of dispersant effectiveness such that for every 10% increase in
dispersant effectiveness, average PSA increases between 0.01
and 0.06, while AreaPHC5 increases between 0.50 and 2.9 km2.
More pronounced changes across scenarios are noted in PSA for
the spill off San Francisco, and in AreaPHC5 for the spill off Char-
leston Harbor.

While thus far discussions have focused on potential impacts to
aquatic species entrained and transported with the water mass
(top 5 m of the water column) containing physically or chemical-
ly-dispersed oil, it is important to recognize that one of the
assumed benefits of chemical dispersant use deals with the reduc-
tion of oil impacts on shoreline habitats. For the hypothetical spills
off San Francisco Bay and off Charleston Harbor, a total of 19.6 km
and 98.2 km of shoreline, respectively, were assessed for stranded
oil under each scenario (Fig. 9).

The physically-dispersed oil scenario off San Francisco Bay
resulted in shorelines with an average oiling of 29,061 ± 45,936 L
oil/km and 485,499 L of total stranded oil. By contrast, the use of
dispersants under the 35% and 80% dispersant effectiveness
assumptions reduced the estimated shoreline oiling by 33%
(19,426 ± 30,645 L oil/km) and 81% (5604 ± 8168 L oil/km), respec-
tively. Under the 35% and 80% dispersant effectiveness assump-
tions, the total volume of oil stranded on shorelines are
323,295 L and 93,279 L, respectively.
nmental assessments by integrating Species Sensitivity Distributions into
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Similarly, the physically-dispersed oil scenario off Charleston
Harbor resulted in shorelines with an average oiling of
3621 ± 5703 L/km and 441,247 L of total stranded oil. By contrast,
the use of dispersants under the 35% and 80% dispersant effective-
ness assumptions, respectively reduced the estimated shoreline
oiling by 53% (1728 ± 2783 L oil/km) and 79% (756 ± 1217 L oil/
km), respectively. Under the 35% and 80% dispersant effectiveness
assumptions, the total volume of oil stranded on shorelines are
207,753 L and 90,892 L, respectively.

Approximately, for every 10% increase in dispersant effective-
ness, average estimated shoreline oiling for the spills off San Fran-
cisco Bay and off Charleston Bay were reduced by 2919 L/km and
1405 L oil/km, respectively, equivalent to 49,125 L and 42,963 L
of total oil stranded on shorelines, respectively. A reduced oiling
of shoreline habitats with offshore use of chemical dispersants
may translate into lower impacts from oil to shorelines, and shore-
line and nearshore biological communities, as well as reduced
impacts from potentially invasive and physically disruptive oil
cleanup activities.

4. Discussion

GNOME has been used in trajectory simulations (e.g., Marta-
Almeida et al., 2013; Yang et al., 2013), ecological risk assessments
with focus on the use on dispersant use (Mearns et al., 2001, 2003),
and decision support during real oil spills (MacFadyen et al., 2011).
Please cite this article in press as: Bejarano, A.C., Mearns, A.J. Improving enviro
environmental modeling: Examples with two hypothetical oil spills. Mar. Pollu
Here, GNOME was used as a platform to demonstrate the practical
integration of trajectory modeling with SSDs to facilitate the quan-
tification of potential adverse effects to entrained water column
organisms. Modeled oil concentrations and assessments of poten-
tial effects based on maximum oil concentrations in the top 5 m
of the water column are assumed to be conservative relative to
assessments following sea trials testing and actual oil spills.
Because the goal of these analyses was to demonstrate the use of
SSDs in oil trajectory modeling, the starting spill volume
(795,000 L) is higher than those from field trials (379–1,895 L
range) (e.g., Cormack and Nichols, 1977; Lunel, 1994; McAuliffe
et al., 1980, 1981; Strom-Kristiansen et al., 1997). As a result, high
oil concentrations within the first 24 h (up to 15.88 mg/L) exceed
concentrations measured in the top 1–2 m of the water column
immediately following chemical dispersion of oil (generally
61 mg/L) (Cormack and Nichols, 1977; Lunel, 1994; McAuliffe
et al., 1980, 1981; Strom-Kristiansen et al., 1997; reviewed in
Bejarano et al., 2014b). Comparable concentrations to the maxi-
mum modeled concentrations reported here are typically achieved
within the first 30 min of dispersant application (Cormack and
Nichols, 1977; Lunel, 1994; McAuliffe et al., 1981; Strom-
Kristiansen et al., 1997). As an example, oil concentrations at 1 m
depth following surface dispersant use during the Deepwater Hori-
zon oil spill were up to 2 mg/L approximately 30 min of dispersant
use (Bejarano et al., 2013), though this oil was substantially weath-
ered before dispersants were applied.
nmental assessments by integrating Species Sensitivity Distributions into
t. Bull. (2015), http://dx.doi.org/10.1016/j.marpolbul.2015.01.022
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Regardless of the artificially high oil concentrations in the water
column of the two hypothetical spills, as demonstrated here, SSDs
can provide additional information to environmental assessments
of dispersant use. Ecological risk assessments that support eval-
uations of spill response actions, including the use of dispersants,
have commonly relied on a consensus or best professional judg-
ment approach to derive concentrations of concern to characterize
potential impacts to water column organisms (Aurand, 1995;
Mearns et al., 2001, 2003). Under the consensus approach, a 24 h
exposure to 1 mg/L of oil would be a medium to high level of con-
cern for sensitive life stages, while 2 mg/L would be a medium
level of concern for adult crustaceans (e.g., Mearns et al., 2001).
With the alternate approach presented here, developed primarily
with data from early life stages, the 24 h SSD-based HC1 and HC5
Please cite this article in press as: Bejarano, A.C., Mearns, A.J. Improving enviro
environmental modeling: Examples with two hypothetical oil spills. Mar. Pollu
values for a wide range of species would be 2.12 mg/L and
2.64 mg/L, respectively. Interestingly, both the consensus and the
SSD-based levels of concern concentrations are within factors of
2–3. However, one advantage of the alternate approach presented
here is that it is based entirely on quantitative data, increasing the
certainty of environmental assessments.

Furthermore, because of uncertainties in species sensitivities,
SSDs developed here are conservative as toxicity data included
results from tests using a high dispersant to oil ratios (1:P10).
While a 1:10 ratio is required for toxicity testing under the Nation-
al Contingency Plan Subpart J (USEPA, 2006), the standard ratio
needed to achieve effective oil dispersion under field conditions
is at least 1:20 (based on manufacturer’s recommendations) (e.g.,
Lessard and DeMarco, 2000). Consequently, toxicity data derived
nmental assessments by integrating Species Sensitivity Distributions into
t. Bull. (2015), http://dx.doi.org/10.1016/j.marpolbul.2015.01.022
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from aqueous media preparation using a 1:10 ratio would result in
higher oil concentrations in the exposure media (e.g., smaller HC
values), and hence greater toxicity, compared to tests performed
with media prepared using a lower ratio (e.g., 1:20). Conversely,
SSDs developed based on 1:20 dispersant to oil ratios would likely
have larger HC values, which in turn would result in smaller PSAs
and AreaPHC5s than those reported here.

Although SSDs-based PSA have been used in environmental
assessments in the past (e.g., Carriger and Rand, 2008; Klepper
et al., 1998; Posthuma and De Zwart, 2006; Posthuma et al.,
2002) they have not been used to improve or support assessments
based on oil trajectory modeling. As shown here, modeled environ-
mental concentrations of oil as a function of time can be compared
to concentrations associated with toxicity summarized in the form
of SSDs such that PSA can be estimated. This is an improvement
over comparisons relative to static thresholds as it facilitates a
greater understanding of the potential scale of adverse effects to
water column organisms under different scenarios. Moreover, esti-
mates of the areal extent with oil concentrations exceeding specific
levels of concern (e.g., AreaPHC5) are also valuable in that these
provide a measure of spatial scale of potential impacts.

SSD incorporation into trajectory modeling is also useful in
characterizing potential impacts to species of concern. Analysis of
toxicity data using early life stages of red abalone (Haliotis rufes-
cens) (Singer et al., 1996, 1998) as a surrogate for the endangered
white and back abalone (Haliotis sorenseni and Haliotis cracherodii)
showed that the placement of this species was towards the upper
end of a SSD derived from spiked exposures with larvae (Bejarano
et al., 2014b). Based on GNOME outputs, none of the maximum oil
concentrations from the hypothetical spill off San Francisco Bay
reached concentrations associated with toxicity effects to this spe-
cies (22 mg THC/L). As a reference this species falls within a PSA of
0.6 and P0.8 based on the 624 h SSD and 24–96 h SSDs, respec-
tively. Similarly, while the area of the Gulf of the Farallones
through which the hypothetical dispersed oil travels over several
days is over 800 km2, the maximum estimated AreaPHC5 under
worst case exposure conditions was 19.49 km2. This AreaPHC5 like-
ly represents a small fraction of the distribution of abalone larvae
within the water column. Consequently, integration of SSD infor-
mation into GNOME and similar oil trajectory models may help
provide a more quantitative representation (spatial/temporal scal-
ing) of potential adverse effects to water column organisms. How-
ever, future refinements are needed to incorporate SSDs of toxic
fractions (namely polycyclic aromatic hydrocarbons, PAH) into tra-
jectory modeling, as PAHs are the fractions in oil that drive acute
toxic responses (Carls et al., 2008; Couillard et al., 2009; French-
McCay, 2002; Pelletier et al., 1997). However, comparable model
development has been hindered by the lack of availability of
detailed analytical chemistry for PAHs in the scientific literature
related to oil toxicity testing (reviewed in Bejarano et al., 2014b).

In the current analyses, comparisons were made between
potential impacts to entrained water column organisms versus
impacts to shoreline habitats based on several dispersant use sce-
narios. This is the crux of the tradeoff decision process. Similar
assessments are routinely undertaken in analyses of Net Environ-
mental Benefits (NEBA) of different oil recovery actions (e.g., in-situ
burning, use of chemical dispersants, mechanical oil recovery) in
response to oil spills. NEBA assessments generally indicate shifting
risks from the use of dispersants between wildlife/shoreline habi-
tats and aquatic organisms (Mearns et al., 2001). As shown here,
the use of chemical dispersants and their increased effectiveness
results in greater PSA and AreaPHC5 compared to physically-
dispersed oil scenarios, but also resulting in a considerable reduc-
tion of oil volume (L oil/km and L of total stranded oil) in shoreline
habitats. However, similar analysis including levels of concern
specifically developed for shoreline oiling need to be considered
Please cite this article in press as: Bejarano, A.C., Mearns, A.J. Improving enviro
environmental modeling: Examples with two hypothetical oil spills. Mar. Pollu
to truly quantify the magnitude of shifting risks from shoreline
habitats (physical dispersion) to water column impacts (chemical
dispersion). While it is clear that modeled oil concentrations under
the chemically-dispersed scenarios have a greater potential to
cause impacts to entrained water column organisms, continued
dilution in open water, and increased biodegradation potential
reduces exposure to elevated oil concentrations. This is one of
the premises supporting the use of dispersants in offshore waters
(NRC, 1989, 2005).

While quantitative analyses shown here demonstrate the
potential use of SSDs in oil trajectory modeling, these exercises
are not intended to replace, but rather to augment knowledge from
field quantification of potential impacts arising from oil spills and
the use of dispersants. Future efforts will focus on exploring the
use of SSDs in modeling undertaken to support natural resource
damage assessment and related activities.
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Trajectory modeling movies from GNOME for each scenario
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j.marpolbul.2015.01.022.

References

Aurand, D., 1995. The application of ecological risk assessment principles to
dispersant use planning. Spill Sci. Technol. Bull. 2, 241–247.

Barron, M.G., Hemmer, M.J., Jackson, C.R., 2013. Development of aquatic toxicity
benchmarks for oil products using species sensitivity distributions. Integr.
Environ. Assess. Manage. 9, 610–615.

Beegle-Krause, J., 2001. General NOAA Oil Modeling Environment (GNOME): A New
Spill Trajectory Model. In: International Oil Spill Conference, American
Petroleum Institute, pp. 865–871.

Bejarano, A.C., Farr, J.K., 2013. Development of short acute exposure hazard
estimates: a tool for assessing the effects of chemical spills in aquatic
environments. Environ. Toxicol. Chem. 32, 1918–1927.

Bejarano, A.C., Levine, E., Mearns, A., 2013. Effectiveness and potential ecological
effects of offshore surface dispersant use during the Deepwater Horizon oil
spill: a retrospective analysis of monitoring data. Environ. Monit. Assess. 185,
10281–10295.

Bejarano, A.C., Chu, V., Farr, J., Dahlin, J., 2014a. Development and application of
DTox: A quantitative database of the toxicological effects of dispersants and
chemically dispersed oil. In: International Oil Spill Conference, American
Petroleum Institute, pp. 733–746.

Bejarano, A.C., Clark, J.R., Coelho, J.M., 2014b. Issues and challenges with oil toxicity
data and implications for their use in decision making: a quantitative review.
Environ. Toxicol. Chem. 33, 732–742.

Carls, M.G., Holland, L., Larsen, M., Collier, T.K., Scholz, N.L., Incardona, J.P., 2008.
Fish embryos are damaged by dissolved PAHs, not oil particles. Aquat. Toxicol.
88, 121–127.

Carriger, J.F., Rand, G.M., 2008. Aquatic risk assessment of pesticides in surface
waters in and adjacent to the Everglades and Biscayne National Parks: II.
Probabilistic analyses. Ecotoxicology 17, 680–696.

Castanedo, S., Medina, R., Losada, I., Vidal, C., Méndez, F.J., Osorio, A., Juanes, J.,
Puente, A., 2006. The Prestige oil spill in Cantabria (Bay of Biscay). Part I:
Operational forecasting system for quick response, risk assessment, and
protection of natural resources. J. Coast. Res., 1474–1489

Cormack, D., Nichols, J., 1977. The concentrations of oil in sea water resulting from
natural and chemically induced dispersion of oil slicks. In: International Oil Spill
Conference, American Petroleum Institute.

Couillard, C.M., Lee, K., Légaré, B., King, T.L., 2009. Effect of dispersant on the
composition of the water-accommodated fraction of crude oil and its toxicity to
larval marine fish. Environ. Toxicol. Chem. 24, 1496–1504.

de Hoop, L., Schipper, A.M., Leuven, R.S., Huijbregts, M.A., Olsen, G.H., Smit, M.G.,
Hendriks, A.J., 2011. Sensitivity of polar and temperate marine organisms to oil
components. Environ. Sci. Technol. 45, 9017–9023.
nmental assessments by integrating Species Sensitivity Distributions into
t. Bull. (2015), http://dx.doi.org/10.1016/j.marpolbul.2015.01.022

http://dx.doi.org/10.1016/j.marpolbul.2015.01.022
http://dx.doi.org/10.1016/j.marpolbul.2015.01.022
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0005
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0005
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0010
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0010
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0010
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0030
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0030
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0030
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0035
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0035
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0035
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0035
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0025
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0025
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0025
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0040
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0040
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0040
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0045
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0045
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0045
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0050
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0050
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0050
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0050
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0060
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0060
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0060
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0065
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0065
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0065
http://dx.doi.org/10.1016/j.marpolbul.2015.01.022


A.C. Bejarano, A.J. Mearns / Marine Pollution Bulletin xxx (2015) xxx–xxx 11
French McCay, D., Rowe, J.J., Whittier, N., Sankaranarayanan, S., Schmidt Etkin, D.,
2004. Estimation of potential impacts and natural resource damages of oil. J.
Hazard. Mater. 107, 11–25.

French-McCay, D.P., 2002. Development and application of an oil toxicity and
exposure model, OilToxEx. Environ. Toxicol. Chem. 21, 2080–2094.

French-McCay, D., 2003. Development and application of damage assessment
modeling: example assessment for the North Cape oil spill. Mar. Pollut. Bull. 47,
341–359.

French-McCay, D.P., 2004. Oil spill impact modeling: development and validation.
Environ. Toxicol. Chem. 23, 2441–2456.

Gugg, P.M., Henry, C., Glenn, S., 1999. Proving dispersants work. In: American
Petroleum Institute (Ed.), Proceedings of the 1999 International Oil Spill
Conference, Seattle, Washington, pp. 1007–1010.

Henry, C., 2005. Review of dispersant use in US Gulf of Mexico waters since the Oil
Pollution Act of 1990. In: International Oil Spill Conference, American
Petroleum Institute, pp. 439–442.

Klepper, O., Bakker, J., Traas, T.P., van de Meent, D., 1998. Mapping the potentially
affected fraction (PAF) of species as a basis for comparison of ecotoxicological
risks between substances and regions. J. Hazard. Mater. 61, 337–344.

Law, R., 2008. Environmental monitoring conducted in Lyme Bay following the
grounding of MSC Napoli in January 2007, with an assessment of impact.
Science Series, Aquatic Environment Monitoring Report, Cefas Lowestoft, p. 36.

Lehr, W., Jones, R., Evans, M., Simecek-Beatty, D., Overstreet, R., 2002. Revisions of
the ADIOS oil spill model. Environ. Model. Soft. 17, 189–197.

Lessard, R.R., DeMarco, G., 2000. The significance of oil spill dispersants. Spill Sci.
Technol. Bull. 6, 59–68.

Lunel, T., 1994. Dispersion of a large experimental slick by aerial application of
dispersant, Arctic and Marine Oil Spill Program Technical Seminar. Ministry of
Supply and Services, Canada, pp. 951–951.

Lunel, T., 1995. The Braer Spill: Oil fate governed by dispersion. In: International Oil
Spill Conference, American Petroleum Institute, pp. 955–956.

Lunel, T., Rusin, J., Bailey, N., Halliwell, C., Davies, L., 1997. The net environmental
benefit of a successful dispersant operation at the Sea Empress incident. In:
International Oil Spill Conference, American Petroleum Institute, pp. 185–194.

MacFadyen, A., Watabayashi, G.Y., Barker, C.H., Beegle-Krause, C.J., 2011. Tactical
modeling of surface oil transport during the Deepwater Horizon spill response.
In: Monitoring and Modeling the Deepwater Horizon Oil Spill: A Record-
Breaking Enterprise. American Geophysical Union, pp. 167–178.

Marta-Almeida, M., Ruiz-Villarreal, M., Pereira, J., Otero, P., Cirano, M., Zhang, X.,
Hetland, R.D., 2013. Efficient tools for marine operational forecast and oil spill
tracking. Mar. Pollut. Bull. 71, 139–151.

McAuliffe, C., Johnson, J., Greene, S., Canevari, G., Searl, D., 1980. Dispersion and
weathering of chemically treated crude oils on the ocean. Environ. Sci. Technol.
14, 1509–1518.

McAuliffe, C., Steelman, R., Leek, W., Fitzgerald, D., Ray, J., 1981. 1979 Southern
California dispersant treated research oil spills. In: International Oil Spill
Conference, American Petroleum Institute, pp. 269–282.

Mearns, A., Watabayashi, G., Lankford, J., 2001. Dispersing oil near shore in the
California current region. Rep. CA Coop. Ocean. Fish. Invest. 42, 97–109.

Mearns, A., Watabayashi, G., O’Connor, C., 2003. Using a new dispersed oil model to
support ecological risk assessment. In: International Oil Spill Conference,
American Petroleum Institute, pp. 523–530.

NOAA, 2014. ResponseLINK – Webbased Emergency Response Communications
System. <https://responselink.orr.noaa.gov/> (accessed 25.06.13).
Please cite this article in press as: Bejarano, A.C., Mearns, A.J. Improving enviro
environmental modeling: Examples with two hypothetical oil spills. Mar. Pollu
NOAA/ERD, 2013. General NOAA Operational Modeling Environment (GNOME
model). <http://response.restoration.noaa.gov> (accessed 18.12.13).

NRC, 1989. Using Oil Spill Dispersants on the Sea. National Academy Press,
Washington, DC.i.

NRC, 2005. Oil Spill Dispersants: Efficacy and Effects. National Academy Press,
Washington, DC.i.

Pelletier, M.C., Burgess, R.M., Ho, K.T., Kuhn, A., McKinney, R.A., Ryba, S.A., 1997.
Phototoxicity of individual polycyclic aromatic hydrocarbons and petroleum to
marine invertebrate larvae and juveniles. Environ. Toxicol. Chem. 16, 2190–
2199.

Posthuma, L., De Zwart, D., 2006. Predicted effects of toxicant mixtures are
confirmed by changes in fish species assemblages in Ohio, USA, rivers. Environ.
Toxicol. Chem. 25, 1094–1105.

Posthuma, L., Suter II, G.W., Traas, T.P., 2002. Species Sensitivity Distributions in
Ecotoxicology. Lewis, Boca Raton, FL.

Reed, M., Ekrol, N., Rye, H., Turner, L., 1999. Oil spill contingency and response
(OSCAR) analysis in support of environmental impact assessment offshore
Namibia. Spill Sci. Technol. Bull. 5, 29–38.

Simecek-Beatty, D., O’Connor, O.C., Lehr, W.J., 2002. 3-D Modeling of Chemically
Dispersed Oil, In: Proceedings of Twenty-Fifth Arctic and Marine Oilspill
Technical Seminar, Calgary, Alberta, Canada. Environment Canada. Ottawa,
Ontario, Canada, pp. 1149–1159.

Singer, M., George, S., Jacobson, S., Weetman, L., Tjeerdema, R., Blondina, G., Sowby,
M., Aurand, D., 1996. Evaluation of the Aquatic Effects of Crude Oil, Dispersants,
and Their Mixtures, Arctic and Marine Oil Spill Program Technical Seminar.
Ministry of Supply and Services, Canada, Alberta, Canada, pp. 497–514.

Singer, M., George, S., Lee, I., Jacobson, S., Weetman, L., Blondina, G., Tjeerdema, R.,
Aurand, D., Sowby, M., 1998. Effects of dispersant treatment on the acute
aquatic toxicity of petroleum hydrocarbons. Arch. Environ. Contam. Toxicol. 34,
177–187.

Stoermer, S., Butler, G., Henry, C., 2001. Application of dispersants to mitigate oil
spills in the Gulf of Mexico: The Poseidon Pipeline spill case study. In:
International Oil Spill Conference, American Petroleum Institute, pp. 1227–
1299.

Strom-Kristiansen, T., Hokstad, J., Lewis, A., Brandvik, P., 1997. NOFO 1996 Oil On
Water Exercise-Analysis of Sample Material, Data Report. SINTEF Report No.
STF. SINTEF, Trondheim, Norway, p. 53.

Tan, S.H., 2011. In-situ Fluorometry and SMART Protocol – The Montara Wellhead
Experience. In: International Oil Spill Conference, American Petroleum Institute,
pp. 1–15.

USEPA, 2006. Title 40 CFR Part 300, Subpart J. Appendix C to Part 300 – Swirling
Flask Dispersant Effectiveness Test, Revised Standard Dispersant Toxicity Test,
and Bioremediation Agent Effectiveness Test.

Yang, Y., Chen, Z.L., Li, Y., Xiao, X., Dan, Q., Yang, T.H., Ren, Z.J., 2013. Numerical
simulation of oil spill in the Gulf of Mexico based on the GNOME and ADIOS.
Appl. Mech. Mater. 295, 1535–1542.

Yender, R., Stanzel, K., 2010. . Tanker SOLAR 1 oil spill, Guimaras, Philippines:
Impacts and Response Challenges. In: Fingas, M. (Ed.), Oil Spill Science and
Technology. Gulf Professional Publishing, pp. 1133–1149.

Zawadzki, D., Stieb, J.D., McGee Jr., S., 1987. Considerations for dispersant use: tank
vessel Puerto Rican incident. In: International Oil Spill Conference, American
Petroleum Institute, pp. 341–345.
nmental assessments by integrating Species Sensitivity Distributions into
t. Bull. (2015), http://dx.doi.org/10.1016/j.marpolbul.2015.01.022

http://refhub.elsevier.com/S0025-326X(15)00059-4/h0085
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0085
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0085
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0075
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0075
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0070
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0070
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0070
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0080
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0080
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0100
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0100
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0100
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0110
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0110
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0115
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0115
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0255
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0255
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0255
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0255
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0140
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0140
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0140
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0145
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0145
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0145
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0155
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0155
https://responselink.orr.noaa.gov/
http://response.restoration.noaa.gov
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0260
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0260
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0265
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0265
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0185
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0185
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0185
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0185
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0190
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0190
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0190
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0200
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0200
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0200
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0215
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0215
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0215
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0215
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0240
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0240
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0240
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0280
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0280
http://refhub.elsevier.com/S0025-326X(15)00059-4/h0280
http://dx.doi.org/10.1016/j.marpolbul.2015.01.022

	Improving environmental assessments by integrating Species  Sensitivity Distributions into environmental modeling: Examples with two hypothetical oil spills
	1 Introduction
	2 Methods
	2.1 Oil mass balance and environmental concentrations
	2.2 Toxicity data and Species Sensitivity Distributions
	2.3 Characterization of potential ecological risks

	3 Results
	3.1 Oil mass balance and environmental concentrations
	3.2 Toxicity data and Species Sensitivity Distributions
	3.3 Characterization of potential ecological risks

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


