1duosnue Joyiny vd3 1duosnuel Joyiny vd3

1duosnuel Joyiny vd3

EPA Public Access

Author manuscript
Environ Sci Technol. Author manuscript; available in PMC 2021 June 02.

About author manuscripts | Submit a manuscript

Published in final edited form as:
Environ Sci Technol. 2020 June 02; 54(11): 6456—6467. doi:10.1021/acs.est.9b05020.

Long-term ecological impacts from oil spills: comparison of
Exxon Valdez, Hebei Spirit and Deepwater Horizon

Mace G. Barronl, Deborah N. Vivianl, Ron A. Heintz2, Un Hyuk Yim3
1U.S. EPA, Office of Research and Development, Gulf Breeze, FL USA

2Sjtka Sound Science Center, Sitka, AK USA

SKorea Institute of Science and Technology, Geoje, Republic of Korea

Abstract

1.

The long-term ecological impacts of the Exxon Valdez oil spill (EVOS) are compared to two
extensively studied and more recent large spills: Deepwater Horizon (DWH) and the Heber Spirit
oil spill (HSOS). Each of the three spills differed in magnitude and duration of oil released,
environmental conditions, ecological communities, response and clean up measures, and
ecological recovery. The EVOS began on March 24, 1989 and released 40.8 million liters of
Alaska North Slope crude oil into the cold, nearly pristine environment of Prince William Sound,
Alaska. EVOS oiled wildlife and rocky intertidal shorelines and exposed early life stages of fish to
embryotoxic levels of polycyclic aromatic hydrocarbons (PAH). Long-term impacts following
EVOS were observed on seabirds, sea otters, Killer whales, and subtidal communities. The DWH
spill began on April 10, 2010 and released 507 million liters of light Louisiana crude oil from
1600 m on the ocean floor into the Gulf of Mexico over an 87-day period. The DWH spill exposed
a diversity of complex aquatic communities in the deep ocean, offshore pelagic areas, and coastal
environments. Large scale persistent ecological effects included impacts to deep ocean corals,
failed recruitment of oysters over multiple years, damage to coastal wetlands, and reduced
dolphin, sea turtle, and seabird populations. The HSOS began on December 7, 2007 and released
approximately 13 million liters of Middle Eastern crude oils into ecologically sensitive areas of the
Taean area of western Korea. Environmental conditions and the extensive initial cleanup of HSOS
oil stranded on shorelines limited the long-term impacts to changes in composition and abundance
of intertidal benthic communities. Comparison of EVOS, DWH, and HSOS show the importance
and complexity of the interactions among environment, oil spill dynamics, the affected ecological
systems, and response actions.

INTRODUCTION

Although the number and total volume of oil spilled annually continues to generally decline,
catastrophic releases continue to occur from the production and transport of petroleum (1,2).
Three of the largest global oil spills over the last three decades have received intensive
scientific study: The March 1989 Exxon Valdez oil spill (EVOS) in Prince William Sound,
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Alaska; the December 2007 Hebei Spiritoil spill (HSOS) off the western coast of the
Republic of Korea; and the 2010 Deepwater Horizon (DWH) release in the northern Gulf of
Mexico. In reviewing spills prior to HSOS and DWH, Kingston (3) concluded that oiling
from large scale spills can persist for several years, with impacts in salt marshes and
mangrove swamps potentially persisting for decades such as in the case of the West
Falmouth release (Massachusetts, USA,; 4). Environmental recovery from large scale oil
spills typically occurs within 2 to 10 years, with long-term impacts generally confined to
changes in community structure that persist because of the longevity of the affected species
(3, 5). In contrast, spills without extensive releases of oil and limited duration and spatial
extent have been generally considered to not have long-term environmental impacts (3).

Enough time has passed to determine longer term impacts of the DWH spill, and to put it in
historical context with EVOS and HSOS as two other catastrophic and intensively studied
spills over the last three decades. Each of the three spills differed in magnitude and duration
of oil released, environmental conditions, ecological communities, response and clean up
measures, and ecological recovery. HSOS is less known and unique among the world’s
catastrophic oil spills because the massive emergency cleanup responses limited long-term
ecological impacts and facilitated more rapid ecosystem recovery than other global spill
events. Recent reviews of the ecological impacts of oil major oil spills have focused on
either single spills or only in North America (6, 7, 8, 9). Comparing these three large-scale
oil spills can provide insights into the complex interactions among environment, spill
dynamics, ecological systems, and response that single spill assessments may not provide.

2. EXXON VALDEZ OIL SPILL

2.1 Summary of Spill

On March 24, 1989 the TV Exxon Valdez left Port Valdez, Alaska and ran aground on Bligh
Reef, about 43 km to the southwest in Prince William Sound, AK USA. Prince William
Sound is a subarctic semi enclosed sea surrounded by mountains, glaciers, rivers, bays and
fjords in south central Alaska. Sea surface temperatures in the affected areas range from 4 to
13 °C. The vessel spilled at least 40.8 million liters (35,500 tonnes) of Alaska North Slope
crude oil (10), a medium weight crude with PAHs comprising approximately 1.1% of the
unweathered mass. Qil leaked from the vessel into calm seas for 2.5 days before a storm
drove the slick towards the southwest where 47% to 56% of it made landfall (11) (Fig. 1).
Oil contaminated 738 km of shoreline in Prince William Sound and then exited into the Gulf
of Alaska where it oiled another 2100 km of shoreline along the Alaska Peninsula through
Shelikof Strait including Cook Inlet and Kodiak Island (12, 13) (Figure 1). By 1991, only
14% of the spilled oil had been recovered during clean-up operations (10), but surface
deposits had substantially decreased (14) indicating the importance of storm and tidal action
in oil removal (10). However, surveys conducted 12 years after the spill continued to find
surface deposits in Prince William Sound (15).

2.2 Long-term Ecological Effects and Recovery

EVOS can be viewed historically as a large-scale ecosystem experiment because the absence
of substantial existing anthropogenic impacts in the spill area facilitated the identification of
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adverse effects (19). The identified impacts and associated mechanisms altered the
prevailing view of oil spill impacts (13) by highlighting the persistence of oil in
contaminated habitats, the effects of environmentally persistent 3-5 ring PAH, and the
duration of impacts in affected species. At the time of the spill, conventional reasoning was
that impacts would be limited to the narcotic effects of the single ring aromatics (benzene,
toluene, ethylbenzene and xylenes; BTEX). Consequently, the rapid dissolution of volatile
single ring aromatics led to some initial conclusions of minimal biological impacts in the
water column (20). The remote location of Prince William Sound and limited response
preparation resulted in marginal oil recovery during the initial phase of the spill when seas
were calm. The subsequent storm mixed the oil with sea water before it made landfall.
Samples of the stranded oil collected within 11 d of the spill demonstrated that the most
volatile aromatics had evaporated from the oil (21). Stranded oil was characterized by only
trace levels of single ring aromatics and relatively high concentrations of PAH with two or
more alkyl substitutions. However, mortality among pink salmon (Oncorhiynchus gorbuscha)
embryos incubating in the intertidal zone of contaminated beaches remained elevated for
four years after the spill, indicating that subsurface oil was exerting toxic effects (22,23,24).

Acute toxic effects from oil ingestion, inhalation, smothering, drowning and hypothermia
included mortality of 250,000 seabirds, 2,800 sea otters, 300 harbor seals, 250 bald eagles,
up to 22 killer whales, and billions of salmon and herring eggs (13). In some cases, these
acute impacts may have led to long-term demographic injury. For example, the AT1 pod of
killer whales (Orcinus orca) in Prince William Sound were observed surfacing in the oil
slick. The pod suffered high mortality rates following the spill and has had no recruitment
since 1989 and is not expected to recover (25). In addition to acute toxicity, PAHSs likely
exerted embryotoxic effects in fish that included teratogenesis, chromosomal aberrations,
and acute mortality through photo-enhanced toxicity (26,23,27,28,29). In 1996 the Exxon
Valdez Qil Spill Trustee Council established criteria for categorizing the recovery status of
many of the affected species (30). The rate at which species recovered from the spill varied
(Fig. 2) and several have remained in unrecovered status. Incongruencies in recovery status
in some EVOS impacted taxa (e.g., inconsistent trend between not recovering to recovered
status; Fig. 2) highlight the challenge of quantifying impacts and recovery in complex
ecosystems.

The intertidal zone was impacted by both direct oil and clean-up treatments, reducing fucoid
algal cover, and lowering abundance of mollusc and sediment infauna for up to eight years
after the spill (31). Reports of lingering oil contamination in mussel beds (32) and evidence
of buried oil deposits (33) indicated that despite the rapid recovery of the surface of
contaminated beaches substantial reservoirs of oil remained below the surface. Surveys in
the early 2000’s indicated that oil still remained buried under the most contaminated beaches
(15, 34, 35, 36, 37). Moreover, these surveys indicated that the oil was symmetrically
distributed on the beaches with peak concentrations at the mid-tide level (34), suggesting
that the buried oil was potentially bioavailable to organisms foraging in subtidal sediments
(34, 38). More recent modeling indicated that slightly more oil remained in the upper
intertidal areas compared with the lower sections, and that oil remained in the lower sections
(39). Surveys conducted in 2015 indicated that the oil had undergone minimal weathering
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since it made landfall and its distribution in the intertidal has remained generally constant
over time (40).

As of 2016, patches of oil, constituting approximately 0.6% of the stranded oil mass, can be
found on sheltered beach segments initially classified as heavily oiled (39). Upon landfall,
the bulk oil percolated through the highly permeable boulder armoring and became entrained
in fine grained sediments located below. Natural breakwaters and headlands protect these
beaches from wave exposure (41) and limited hypoxic groundwater flow through the
relatively impermeable fine sediments minimizes the potential for microbial degradation of
the oil (42). Most of the subsurface oil is currently found in Prince William Sound below
10-20 cm of clean sediments (39). Oil can also be found on the Kenai Peninsula and the
Alaska Peninsula (43). Current estimates of oil loss rates from Prince William Sound
beaches cannot be distinguished from zero (40) suggesting that oil can remain in these
locations for decades.

The mechanisms by which PAH injured species in Prince William Sound involved specific
features of their life histories (44). For example, incubation in intertidal sections of streams
cutting across contaminated beaches put pink salmon embryos at risk of exposure to PAH in
first four years following the spill (23). Interstitial water contaminated by flowing through
buried oil deposits transported PAH to the embryos. Laboratory studies demonstrated that
this led to increased embryo mortality, decreased growth, and delayed mortality resulted
from exposure to environmentally persistent PAH with three or more aromatic rings at
aqueous concentrations as low as one part per billion (23). Similarly, pink salmon juveniles
emigrating seaward at the time of the spill spent time foraging in nearshore habitats (45).
Consumption of bulk oil led to reduced growth rates (45, 46) with concomitant effects on
adult returns in 1990 (46, 47).

Other mechanisms involved species with high fidelity to contaminated intertidal habitats
such as harlequin ducks (Histrionicus histrionicus) and sea otters (Enhyadra lutris). Survival
rates among harlequin ducks in affected areas did not recover until 2003 (18) but monitoring
of 7-ethoxyresorufin-O-deethylase activity (EROD) activity revealed prolonged exposure to
PAHSs until 2011 (48). Survival rates among harlequin ducks in affected areas did not recover
until 2003 (18) but monitoring of 7-ethoxyresorufin-O-deethylase activity (EROD) activity
revealed prolonged exposure to PAH until 2011 (46). Similarly, sea otter abundance around
heavily oiled beaches on Knight Island remained depressed for 20 years after the spill
despite recovery throughout most of Prince William Sound (44), but direct evidence of
exposure was less clear. For both species, delayed recovery may have resulted from their
dependence on prey found in intertidal habitats. Evaluations of the spatial overlap between
the distribution of contaminated sediments and locations where sea otters had evidently
foraged suggested otters may have avoided contaminated sites (49). However, later studies
involving otters equipped with time depth recorders revealed a much greater spatial overlap
and potential for exposure (50).

Relatively few species could be monitored following EVOS and therefore the impacts
observed can be considered as only index of the extent of injury to the ecosystem.
Ecological processes such as predator/prey and competitor relationships were likely affected
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from impacts to specific populations (13). Impacts on ecological processes is one possible
explanation for the collapse of Pacific herring (C/upea pallasi) populations following the
spill. The population was near its peak biomass at the time of the spill and then collapsed
four years later when 60% of the spawning biomass failed to arrive on the spawning grounds
(51). The collapse, which affected all adult age classes, has been attributed to poor
nutritional condition (52). Disease may have been a secondary factor because 13% —43% of
the herring bore external lesions consistent with. viral hemorrhagic septicemia virus and all
age classes were affected (53). The role of oil exposure in the collapse is unknown and has
been widely debated (52), but the time delay between the spill and the subsequent collapse
likely rules out any direct effects of oil exposure. However, the loss of significant numbers
of herring predators due to oiling in 1989 (13) would have exacerbated any density
dependent effects. Moreover, exposure to weathered oil has been shown to decrease immune
function (54) in adult herring and the embryotoxic effects include a long-term reduction in
cardiorespiratory performance (55). While the relative roles of population density, oil
toxicity, disease, predation and competition are unlikely to be resolved, they highlight the
need to better understand the impact of spilled oil on ecological processes in affected
environments.

3. HEBEI SPIRIT OIL SPILL

3.1 Summary of Spill

On December 7, 2007, the oil tanker M/V Heber Spiritwas struck by a crane barge 10 km
off Taean, on the west coast of the Republic of Korea. The Taean region is an area of
multiple rocky coves and sand beaches, with surface temperatures ranging from 8 to 24°C.
The collision resulted in three punctures to the tanker, and three different types of Middle
East crudes were spilled. Approximately 10,900 tons (~13 million L) of crude oil spilled
into the sea from the tanker (56). During a 30-day period, the spilled oil was rapidly
transported over several hundred kilometers of coastline by northwesterly winds and
currents and resulted in heterogenous shoreline oiling. About 70 km of the Taean shoreline
was affected by thick stranded oil in the first days of the spill (Fig. 3). The rapid spread of
spilled oil resulted in area-wide impacts to fisheries, marine aquaculture, and beaches along
the west coast of Korea, with potential larger scale impacts to the marine ecosystem (57).

In contrast to EVOS and DWH (Section 4), extensive initial removal of HSOS oil limited
long-term ecological impacts to changes in the composition and abundance of intertidal
benthic communities. Environmental conditions, including high tidal energy and wind
direction, also affected oil distribution and persistence. Response activities conducted at sea
included using oil booms and absorbents, recovery of slick oil at the surface, and application
of oil spill dispersants (298 kL). More than 1 million volunteers contributed to the shoreline
cleanup operation for one month after the spill (57). Cleanup activities at sea and in the
onshore areas of Taean were officially terminated in October 2008. However, and consistent
with EVOS, oil persisted in deeper subsurface (>20 cm) of sediments along the most heavily
affected intertidal areas of Taean 24 months after the spill (59).
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3.2 Long-term Ecological Effects and Recovery

Oil contamination, toxic effects on organisms, and ecosystem injury were intensively
investigated following HSOS. Long-term monitoring after the spill focused on residual
oiling, exposure to lingering oil and their toxic potentials, and ecosystem recovery of
intertidal and subtidal habitats (Fig. 4). Concentrations of total petroleum hydrocarbons
(TPH) and PAH in most affected areas rapidly decreased with average concentrations of
petroleum hydrocarbons reaching background levels within 7-18 months for seawater,
surface sediments, and oyster tissues. Hotspot areas persisted in the intertidal area where
residual oils remained in the subsurface layers for longer periods. These hotspot areas
included the low energy regions such as the upper intertidal area of mudflats and pocket
beaches, and the rocky shores with boulder-armored beaches (56).

Coastal environments impacted by HSOS recovered rapidly following the massive shoreline
cleanup activities and favorable environmental conditions including high tidal energy (~9 m
of tidal range) (57). While exposure biomarkers such as biliary 1-hydroxypyrene, and EROD
were initially very high in resident fishes (e.g. rockfish, Sebastes schlegeli and marbled
flounder, Pseudopleuronectes yokohamae), they gradually decreased to background levels
within 2—4 years after the spill (60). A positive correlation was observed between mortality
rate and PAH concentrations in whole sediment bioassays with the amphipod
(Monocorophium uenoi). Except for highly contaminated areas and rocky zones with
subsurface oil, surface sediment PAH concentrations in intertidal areas decreased below a
toxicity a threshold of 1,200 ng g~1 approximately three years after the spill (61).

Due to the low pre-spill abundance of keystone species such as marine mammals and
seabirds in the region, the long-term monitoring focused mainly on macrobenthic
communities in intertidal sandflat, mudflat, rocky shore, and subtidal soft bottom habitats
(Figure 4). The initial impact and rate of recovery were habitat dependent, where oiling and
community structures differed substantially different. A general trend of ecosystem recovery
is exemplified in the intertidal sandflat habitat. Following HSOS, sensitive organisms such
as mud shrimp (Upogebia major) were almost eradicated, and 12—24 months later the
opportunistic species (Felaniella sowerbyi, Batillaria spp., etc.) dominated in large densities.
Overall, monitoring results indicated that the macrobenthic communities of intertidal
sandflat, mudflat, rocky shore, and subtidal area recovered 65-73 months after the spill.
Within 72-96 months after the HSOS, the intertidal and subtidal benthic habitats and were
considered to be fully recovered and community structure stablized (57,62).

4. DEEPWATER HORIZON OIL SPILL

4.1 Summary of Spill

The DWH disaster began on April 10, 2010 and released 507 million liters of light Louisiana
crude oil from 1600 m on the ocean floor into the Gulf of Mexico over 87 days. The
northern Gulf of Mexico includes multiple subsea, pelagic and coastal ecosystems, with
deep ocean temperatures of 4°C in the aphotic zone, and warmer surface water temperatures
ranging seasonally from 10 to 33°C. Spill response efforts included oil skimming, over 400
in situburns, and application of approximately 7 million liters of chemical dispersants at the
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surface and for the first time in history at the well head in the deep ocean. Approximately
180,000 km? of surface waters and 2000 km of shoreline were oiled, and over 20 million
hectares of the Gulf of Mexico were closed to fishing (63,64) (Fig. 5). Following multiple
efforts to stop the release of oil during the 87 days of the spill, the well head was capped on
July 15, and finally sealed on September 19, 2010 (8, 63).

4.2 Long-term Ecological Effects and Recovery

The DWH spill exposed a diversity of complex aquatic communities in the deep ocean,
offshore pelagic areas, and coastal environments (63, 8, 64). Large scale persistent
ecological impacts included oiling of deep ocean corals, failed recruitment of oysters over
multiple years, damage to coastal wetlands, reduced dolphin, sea turtle, and seabird
populations, and likely cascading impacts on menhaden and other coastal species from
disruption of predator-prey relationships. Recovery of natural resources in some areas of the
Gulf of Mexico may take more than 20 years (65).

4.2.1 Deep Ocean—Evidence of deep-water oil plumes and oil-associated marine snow
impacts on deep water communities of meiofauna and megafauna included lower taxonomic
richness and abundance at 500 m North and 2000 m South of the release site (66). Mortality
and emigration at these two locations were attributed to the higher concentration of
hydrocarbons at 500 m N of the well and the trajectory of the subsea plume 2000 m from the
well head (66). At one site of deep-water corals located about 11 km Southwest of the well,
86% of coral colonies were impacted with tissue loss, excessive mucus production and
retracted polyps (64). The degree of initial impact to these corals directly correlated with
their recovery and secondary hydroid colonization (68,69). The marine oil snow pulse that
settled on the seafloor was short-lived but had impacts of higher sedimentation rates and
lack of bioturbation for up to 3 years (70).

4.2.2 Offshore—OQil released from DWH entered the offshore pelagic zone as both
dissolved phase and particulate oil exposing plankton, invertebrates, fish, sea turtles, sea
birds and marine mammals during the 87-day spill. Over 10,000 sea birds were affected by
the spill, with some estimates exceeding 0.5 million birds (63, 71). Although there were no
documented fish kills, sensitive life stages of pelagic fish including tuna were likely exposed
as both embryos and larvae (72). Early life stages of Gulf of Mexico fish are sensitive to
both embryonic cardiotoxicity and phototoxicity at low part per billion concentrations of
total PAH (73,74). Pelagic zooplankton and early life stages of other marine invertebrates
were also at risk from phototoxicity in the translucent high solar radiation in the offshore
environment of the Gulf of Mexico (75). Impacts to marine mammals and sea turtles were
also documented during DWH (63), with exposures occuring within and outside of the
offshore pelagic zone.

4.2.3 Coastal Habitats—Approximately 2000 km of Gulf of Mexico shoreline were
oiled during the DWH spill, with maximum oiling along the shorelines and bays of
Louisiana Shoreline cleaning and natural processes have removed most of the oil from these
areas (Figure 5). Sand beach habitat and submersed aquatic vegetation were impacted by a
combination of oiling and response actions (65). Monitoring of coastal condition using
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sediment chemistry, benthic organism surveys and toxicity testing indicated some impacts
during the spill but minimal impacts after the well was capped (63). Severe reductions in
root and rhizome biomass of Juncus roemerianus (76,77) ultimately changed the shoreline
structure from a mixed Spartina alterniflora-J. roemerianus marsh to a predominately S.
alternifloramarsh (77). While above ground biomass and below ground biomass of both
marsh plants was equivalent in moderately oiled areas to reference marshes 24-30 months
post spill, (77), shoreline erosion persisted at least 30 months (78).

Resident marsh species influence secondary production and provide energy transfer from
marsh species to estuarine habitats (79,80,81). Fundulus grandis, a marsh-resident fish
dominant in Louisiana estuaries (82) is an important component of the marsh food web (83)
that has been used as a sentinel species for evaluating marsh health and degradation of
environmental quality (84,85). £ grandis reproduction coincided with DWH marsh oiling
(86,87), including depositing eggs on vegetation, shell and sediment surfaces (86,88,89).
Embryonic £ grandis exposed to sediments from oiled locations in Louisiana caused
delayed hatching, reduced hatching success, cardiovascular defects, and pericardial edema
(90). However longer-term population level effects were not observed 2—3 years after the
spill (82). Ecological impacts in heavily oiled marshes may have been mitigated through
selection of less oiled habitat, and long-term adaption to hydrocarbon exposure (91,82).

Marsh transients, such as menhaden, can play an important role in export of production from
estuaries to offshore environments (92). For example, Deegan (93) showed that 10-15% of
total production in a Louisiana estuary was exported to offshore areas by Gulf menhaden,
Brevoortia patronus. High recruitment of Gulf menhaden occurred in 2010 and abundance
remained high for two years after DWH (94). Decreased predation by piscivorous seabirds
and bottlenose dolphin have been suggested as causes for high menhaden recruitment
following DWH (94). With the recovery of marsh habitats and resident populations, long-
term ecological disruptions to energy transfer from the marsh to coastal environments appear
to have been minimized.

4.2.4. Oysters—Qysters (Crassostrea virginica) were impacted from both oil exposure
and freshwater releases from the Mississippi River used to limit oil movement into
Louisiana estuaries (65). Post spill densities of oysters declined significantly across all size
classes where freshwater was discharged (95). Losses were greatest in seed-sized oysters
(95) contributing to a recruitment failure observed in Barataria Bay, Black Bay, Breton
Sound and Mississippi sound (65). Minimal impacts on growth and mortality were observed
in areas where low salinity lasted only a few months, but still impacted recruitment (96).

4.2.5. Marine Mammals—Mortality of Gulf of Mexico cetaceans were reported during
DWH, and sub-populations of dolphins were among the most affected species during the
spill. Barataria Bay, Louisiana, one of the most heavily oiled locations of the DWH spill (87)
has a resident population of common bottlenose dolphin ( 7ursiops truncatus) that shows
little to no movement outside the bay (97). Dolphins sampled throughout the Barataria Bay
after the spill showed pulmonary disease, adrenal gland abnormalities and poor body
conditions (97,98). Reproductive success was reported as 20% in Barataria Bay when
compared to 83% in Sarasota Bay (97). Direct exposure to oil or chronic health effects due
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to the exposure could explain low mortality and reproductive success. For example, the
adrenal gland abnormalities were reported to be evidence of hypoadrenocorticism and
immunotoxicity could leave dolphins susceptible to pathogens such as Brucella sp.,
pathogens that can cause late term abortions, stillbirths and weak calves (99,97). Long-term
impacts on dolphins in Barataria Bay have resulted in a survival rate of only 86.8% (97)
when compared to unaffected areas Charleston, SC and Sarasota Bay, Fl which have survival
rates at 95.1% and 96.2% respectively (100,101).

5. Interactions AMONG OIL Spill Dynamics and Response, ENVIRONMENT

and Ecological Systems

Comparison of EVOS, HSOS, and DWH shows the importance and complexity of the
interactions among oil spill dynamics and response actions, environment, and ecological
systems. Understanding how they interact to determine ecosystem impacts and recovery are
critical to preparing for and responding to future spills.

5.1 Spill Dynamics and Response Actions

The dynamics of a spill, including oil characteristics and composition, spill volume, release
rate, trajectories, and the response actions have long been considered the drivers of long-
term ecological impacts. The massive response of a one million human volunteers during
HSOS demonstrates the importance of extensive and rapid removal of spilled oil in limiting
long-term ecological impacts and facilitating ecosystem recovery. During DWH, all spill
response options were used in combatting the 180,000 km? of oiled surface waters and 2000
km of oiled shoreline, including subsea and surface dispersant applications, /in situ burning,
booming, deflection, and mechanical recovery. In contrast to HSOS and DWH, the EVOS
spill response was limited and shoreline washing may have exacerbated ecological damage
(102). These three catastrophic spills demonstrate the importance of contingency planning
and preparedness for worst case spill scenarios. They also highlight the challenges of
associating particular environmental benefits and impacts of specific response actions
because of the dynamic nature of oil spills and complex environmental interactions.

5.2 Environment

The three spills occurred in marine environments differing in temperature, prior oil
exposure, and affected habitats. Environmental temperature can be one of the most important
factors determining the ecological impacts of large-scale spills because of temperature
affects oil viscosity control of oil spreading and movement, degradation rates, and ultimately
environmental exposures and persistence. Additionally, weather events and oceanographic
conditions affected spill response options and oil distribution. The EVOS occurred in the
nearly pristine subarctic waters of Prince William Sound, Alaska, and the HSOS occurred in
the ecologically sensitive temperate waters of western Korea. In contrast to EVOS and
HSOS, DWH released oil in the Gulf of Mexico, a region with warmer surface waters,
extensive oil production, and multiple natural oil seeps that can facilitate more rapid
biodegradation of petroleum.
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Affected shoreline habitats in EVOS and HSOS were relatively similar, consisting of high
energy sand beaches and extensive rocky cobble substrates with wide tidal ranges. High
wave energy and tidal height can facilitate oil removal as occurred in HSOS, whereas oil
trapped in rocky cobble shorelines can persist for decades and provide continued exposure to
ecological receptors (35). In both EVOS and HSOS, oil trapped in localized subsurface areas
of rocky cobble persisted substantially longer than in surface sediments. In contrast, DWH
oiled shoreline habitats consisted of barrier islands composed of lower energy sand beaches
and extensive estuarine subtropical wetlands. As was the case for DWH, petroleum can have
relatively short residence time in highly mineral sand beaches, whereas oil can be persistent
in salt marshes and mangrove swamps (3, 4, 5, 63).

Incident solar radiation and light attenuation in the water column were also likely important
environmental factors in all three spills. The potential for phototoxicity in oil spills was
recognized following EVOS (27,103), and subsequently validated in multiple resident and
model species and oil spills including HSOS and DWH (61, 74,75). Phototoxicity risks will
generally be greatest in areas and seasons of high incident solar radiation and lower
attenuation of ultraviolet radiation within the water column (28, 75). The complex interplay
within regional environments and localized conditions determines oil distribution, fate,
persistence, and macroscale and localized ecological impacts.

5.3 Ecological Systems

The complexity, interrelationships, and natural variability within ecological systems makes
the assessment of impact and recovery particularly challenging for large scale oil spills.
Determining commonalities in how EVOS, HSOS, and DWH impacted ecological systems
is additionally challenging because of differences in oil spill dynamics, response actions, and
environmental conditions. One example of adverse impacts common in all three spills was a
syndrome of embryotoxic effects, including edema and skeletal defects, first observed in
Prince William Sound pink salmon and Pacific herring during EVOS. The developmental
effects were initially unexplained following EVOS, and were subsequently observed in
HSOS and DWH in multiple embryonic fish species (73,104). Research stemming from all
three of these spills revealed a pathophysiological pathway by which petrogenic tricyclic
PAHSs cause a cascade of cardiotoxic effects through impaired cardiac muscle cell calcium
cycling and action potential generation leading to malformations (29,55,73). This syndrome
of cascading embryonic cardiotoxicity has been now been observed in multiple fish species
following exposure to a range of fresh and weathered oils, and has been purported to be a
causative factor in impacts to pink salmon and Pacific herring during EVOS (22,23,26,31).

Pacific herring populations in Prince William Sound substantially declined after EVOS and
continue to have low abundance and recruitment 30 years after the spill. However, causation
from EVOS has never been established despite decades of study. Substantial large-scale
impacts from embryotoxicity and phototoxicity appear plausible because of the coincident
timing of the spill and herring spawning and development, and part per billion PAH
exposures and effects levels. Embryotoxicity observed in EVOS and DWH also points to the
importance of life histories. Had the spills occurred when the affected species were in less
sensitive developmental stages the impacts may have differed.
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In a comprehensive review of oil spills prior to HSOS and DWH, Kingston (3) concluded
that environmental recovery from large spills is usually complete within 2 to 10 years, and
that longer-term impacts are generally limited to effects on community structure that can
persist because of the longevity of the affected species. Long lived keystone species
common to the three spills include species of commercial fish, piscivorous birds and marine
mammals. Cetaceans were substantially affected during EVOS and DWH, with long-term
impacts still apparent. Cetaceans were present during HSOS, but impacts were not apparent.
Sea birds were substantially affected during EVOS and DWH, and catastrophic sea bird
mortality has been hypothesized to have caused an ecological cascade affecting prey fish and
plankton in the Gulf of Mexico. Additional complexities in assessing long-term ecological
impacts is the density dependent interaction between fishing pressure and natural mortality
in commercial fisheries. For example, the closure of 20 million hectares of the Gulf of
Mexico for three months during DWH complicated the subsequent fishery-based assessment
of impacts on populations following the spill.

Emerging ecosystem-level modeling studies by Olsen et al. (105) and Ainsworth (106)
provide insights into ecosystem shifts resulting from mass mortality events of early life
stages of fish and keystone species. For example, modeling of DWH exposures and species
life histories revealed that recovery of high-turnover fish populations was generally
predicted to occur within 10 years, but some slower-growing populations may take over 30
years to fully recover (106). Similarly, modeling of mass mortality events from single large-
scale oil spills in the Nordic and Barents seas predicted population level impacts on multiple
fish species, and near permanent reductions in herring populations (105). Together, these
studies show that catastrophic oil spills may substantially perturb ecological systems and
reset the ecosystem to a new state (105).

6. Conclusions

6.1 Lessons Learned

The long-term ecological impacts of large-scale catastrophic oil spills are less predictable
and can be more persistent then has been generally recognized because of the complex
interactions among the environment, spill dynamics, the affected ecological systems, and
response and restoration actions (105,106). Prior to EVOS, the ecological impacts of oil
spills were generally thought to be short-term and controlled by the mono-aromatic and less
persistent components of oil (13). Decades of assessment and research following EVOS have
shifted paradigms on the persistence and toxic components of oil, and the adverse outcomes
of large-scale oil spills. Advances in petroleum analytical chemistry shifted the focus of
impact assessments to petrogenic PAH and adoption of geochemical biomarker approaches
to source attribution (e.g., 107). Following EVOS, highly weathered oil from multiple spills
including HSOS and DWH has been shown to contain substantial concentrations of
hydrocarbon and heterocyclic aromatics, and oxidized PAHSs (e.g., 108,109). Whereas large-
scale oil spills can have long-term ecosystem-level perturbations, smaller oil spills are
unlikely to have persistent ecological effects (3,9,105,106).

Advancements in monitoring technology have transformed spill response and impact
assessment, from the first uses of satellite imagery in EVOS (17) to sophisticated trajectory
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analysis and cumulative oil mapping in DWH (110). However, challenges to responding to
large scale spills will continue, including determining the specific benefits and risks of
various spill counter measures in the context of the dynamic nature of an oil spill and the
complexity and interrelationships within the affected environments. Additionally
challenging will be assessing the magnitude and persistence of perturbations from baseline
conditions and subsequent recovery of the diversity of habitats and ecological receptors.

6.2 Research Needs

Critical research needs include determining baseline ecological conditions, natural
variability, and intrinsic sensitivity of potentially affected habitats and species. Determining
ecological impacts will be particularly difficult for species like herring that have high
variance in population abundance, reproduction and recruitment. Similarly, quantifying oil
impacts on ecological processes and ecosystem recovery will remain challenging.
Understanding impacts on ecosystem structure and function may account for lost ecological
services or changes in species demographics just as much as traditional assessments of
injuries and damages. For example, determining the complex interactions and long-term
consequences of loss of top predators or other key stone species will be essential for
determining how catastrophic oil spills may have ecosystem-level impacts. Assessing and
understanding the ecological impacts of subsea oil releases and Arctic oil spills is becoming
increasingly important with expanding hydrocarbon extraction and transport. These
environments have largely unknown species sensitivity, and the physical factors in the deep
ocean and polar environments will uniquely affect hydrocarbon behavior, fate and toxicity
(111,112). The emerging application of whole ecosystem modeling to catastrophic oils spills
offers an opportunity to understand and predict complex ecological interactions and system
perturbations not quantifiable from traditional assessment methods (105).

6.3 Human Dimensions

Beyond the ecological impacts of catastrophic large-scale oil spills are the human
dimensions of psychological stress, economic disruption, and long-term health
consequences. High levels of initial psychological stress were observed during EVOS and
DWH arising from concerns for family health, exposure to oil, and economic impacts to
commercial fisheries (113). In contrast to the rapid recovery of affected habitats following
HSOS, human health effects persist in local communities and the multitude of cleanup
workers (114,115). For example, health assessments following HSOS (2009-2013) showed
significantly higher rates of prostate cancer (male), thyroid cancer (female), and leukemia
(female) in residents of Taean than national averages (115). Effects on human health and
social disruptions to families and communities add an additional and often underappreciated
dimension to the long-term impacts of catastrophic oil spills.
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Figurel.
Map showing the extent of oiling in Prince William Sound (PWS) and the Gulf of Alaska.

Darker areas show heavy oiling and dashed lines show the time that oil was first observed
and the distance from the Bligh Reef grounding site. Inset: location within State of Alaska,
USA. Figure adapted from Peterson et al. (13), Galt et al. (16), Stringer et al. (17), and
Iverson and Esler 2010 (18).
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Figure2.
Recovery status of taxa evaluated by Exxon Valdez Oil Spill Trustee Council following

EVOS. Adapted from EVOSTC (30). Colored bars indicate ecological recovery status in
Prince William Sound: not recovering (red); recovering (orange); likely recovered (yellow);
recovered (green); status uncertain (gray/NA).
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Figure 3.
Map showing spreading of spilled oil during the 2007-2008 Hebei Spirit oil spill near Taean,

Republic of Korea. Dark shading shows areas of heavy oiling, and dashed lines show the
days post spill (dps) and the date oil was first observed. Shoreline oiling shown as heavy
(red), moderate (orange), or light (yellow). Figure adapted from Yim et al. (58) and Hong et
al. (59).
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Figure 4.

Ecosystem responses and recovery status of subtidal and intertidal habitats and fauna
following HSOS. Recovery of ecosystem components considered complete after 2013.

Adapted from Yim et al. (57).
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America

Figure5.
Cumulative spatial distribution of Deepwater Horizon spill oil in the Gulf of Mexico (days

oil present) and maximum shoreline oiling during the spill (May-July 2010). Adapted from
Barron 2012 (63).
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