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The ecosystem response to the 1989 spill of oil from the Exxon Valdez into Prince 
William Sound, Alaska, shows that current practices for assessing ecological risks of oil 
in the oceans and, by extension, other toxic sources should be changed. Previously, it 
was assumed that impacts to populations derive almost exclusively from acute mortal-
ity. However, in the Alaskan coastal ecosystem, unexpected persistence of toxic sub-
surface oil and chronic exposures, even at sublethal levels, have continued to affect 
wildlife. Delayed population reductions and cascades of indirect effects postponed 
recovery. Development of ecosystem-based toxicology is required to understand and 
ultimately predict chronic, delayed, and indirect long-term risks and impacts. 

Before the Exxon Valdez oil spill, infor­
mation available for constructing risk 
assessment models to predict ecologi­

cal impacts of petroleum hydrocarbons was 
limited to selective, largely short-term 
monitoring after previous oil spills and to 
tests of acute toxicity in laboratory-tolerant 
taxa (1). After the tanker Exxon Valdez 
grounded on Bligh Reef in northern Prince 
William Sound on 24 March 1989, the 
magnitude of the spill, extent of shoreline 
contamination, and evident high mortality 
of wildlife prompted an evaluation of eco­
logical impacts of unprecedented scope and 
duration extending now for more than 14 
years (2–5 ). The release of 42 million liters 
of Alaskan North Slope crude oil contami­
nated to some degree at least 1990 km of 
pristine shoreline. Prince William Sound 
was most severely affected, but the oil 
spread more than 750 km to the southwest 
along the Kenai Peninsula, Kodiak archi­
pelago, and the Alaska Peninsula (Fig. 1). 
Years of study provide a new understand­
ing of long-term biological impacts and 
recovery processes in a coastal ecosystem 
populated by abundant marine mammals, 
seabirds, and large fishes (2–5). 
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Delays in recovery and emergence of 
long-term impacts are understood by bringing 
an ecosystem perspective to ecotoxicology 
(6). The ecosystem framework extends eco-
toxicology to include interactions among 
multiple abiotic and biological components 
rather than treating each species separately 
and restricting assessment to acute short-term 
impacts (7). Disagreements exist between 
Exxon- and government-funded scientists 
(8), and unknowns persist, especially in un­
derstanding how multiple processes com­
bine to drive observed dynamics. Neverthe­
less, these uncertainties do little to diminish 
the general conclusions: oil persisted be­
yond a decade in surprising amounts and in 
toxic forms, was sufficiently bioavailable 
to induce chronic biological exposures, and 
had long-term impacts at the population 
level. Three major pathways of induction of 
long-term impacts emerge: (i) chronic per­
sistence of oil, biological exposures, and 
population impacts to species closely asso­
ciated with shallow sediments; (ii) delayed 
population impacts of sublethal doses com­
promising health, growth, and reproduc­
tion; and (iii) indirect effects of trophic and 
interaction cascades, all of which transmit im­
pacts well beyond the acute-phase mortality. 

Acute-Phase Mortality 
After the release of crude oil from the Exxon 
Valdez into Prince William Sound (PWS), 
acute mortality followed a pattern largely 
predictable from other oil spills. Because ma­
rine mammals and seabirds require routine 
contact with the sea surface, these taxa expe­
rience high risk from floating oil (2, 6). Oil­
ing of fur or feathers causes loss of insulating 
capacity and can lead to death from hypother­
mia, smothering, drowning, and ingestion of 

toxic hydrocarbons. Accordingly, mass mor­
talities of 1000 to 2800 sea otters (9) and 
unprecedented numbers of seabird deaths es­
timated at 250,000 (10) were documented 
during the days after the spill. An estimated 
302 harbor seals, a short-haired marine mam­
mal, were killed not by oiled pelage but likely 
from inhalation of toxic fumes leading to 
brain lesions, stress, and disorientation (2). 
Mass mortality also occurred among mac­
roalgae and benthic invertebrates on oiled 
shores from a combination of chemical tox­
icity, smothering, and physical displacement 
from the habitat by pressurized wash-water 
applied after the spill (5, 7). 

Persistence of Oil: Ecosystem 
Sequestration 
Only early phases of transport and transfor­
mation of the petroleum hydrocarbons fol­
lowed expectations (11). About 40 to 45% of 
the oil mass grounded in 1989 on 787 km of 
PWS beaches; another 7 to 11% was trans­
ported to contaminate 1203 km of Gulf of 
Alaska shoreline (11, 12). About 2% re­
mained on intertidal PWS beaches after 3.5 
years (11); this reflected an exponential 
decay rate of – 0.87 year–1, which in turn 
produced a loss of 58% over a year. Unex­
pectedly (3), rates of dispersion and degra­
dation diminished through time, as most oil 
remaining after October 1992 was seques­
tered in environments where degradation 
was suppressed by physical barriers to dis­
turbance, oxygenation, and photolysis (12). 
A 2001 survey of intertidal PWS shorelines 
revealed 55,600 kg of often little weath­
ered, Exxon Valdez oil in intertidal subsur­
face sediments and a perhaps equal mass of 
high-intertidal degraded surface oil and 
lower-intertidal, minimally weathered sub­
surface oil (13). This represents a decay 
rate from 1992–2001 of only – 0.22 to 
– 0.30 year–1 (20 to 26% loss over a year) 
from the 806,000 kg estimated to be present 
on PWS beaches in 1992. 

Sedimentary refuges inhibited degrada­
tion and sequestered persistently toxic oil in 
the intertidal zone of coarse-grained gravel 
shores where geomorphologic armoring by 
boulders and cobbles inhibited disturbance 
by waves (12). Some of this oil was similarly 
trapped under mussel beds providing an 
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enduring route of entry into many food chains 
(14). The subsurface cobbles and gravels of 
stream banks (15) harbored biologically 
available oil, exposing and killing pink salm­
on embryos through at least 1993 (16). Thus, 
heavily oiled coarse sediments formed and 
protected subsurface reservoirs, sequestering 
oil from loss and weathering in intertidal 
habitats containing fish eggs and invertebrate 
predators (sea otters, seaducks, and 
shorebirds). 

Long-Term Population Impacts 
Chronic exposures of sediment-affiliated spe­
cies. Chronic exposures for years after the 
spill to oil persisting in sedimentary refuges 
were evident from biomarkers in fish (17), 
sea otters (18), and seaducks (19) intimately 
associated with sediments for egg laying or 
foraging. These chronic exposures enhanced 
mortality for years. In 1989, prediction of oil 
risk to fishes was based largely on testing 
acute toxicity in short-term (�4-day) labora­
tory exposures to the water-soluble fraction 
dominated by 1- and 2-ringed aromatic hy­
drocarbons (8). After the spill, fish embryos 
and larvae were chronically exposed to par­
tially weathered oil in dispersed forms that 
accelerate dissolution of 3-, 4-, and 5-ringed 
hydrocarbons largely missing from the tradi­
tional laboratory toxicity assays (15). Labo­
ratory experiments showed that these multir­
inged polycyclic aromatic hydrocarbons 
(PAHs) from partially weathered oil at con­
centrations as low as 1 ppb are toxic to pink 
salmon eggs exposed for the months of de­
velopment and to herring eggs exposed for 16 
days (20, 21). This process explains the ele­
vated mortality of incubating pink salmon 
eggs in oiled rearing streams for at least 4 
years after the oil spill (16). 

After 1989, sea otter recovery of about 
4% per annum (averaged throughout west­
ern PWS) has fallen far short of the 10% 
expected from earlier population recovery 
after termination of trade in sea otter pelts 
(22). At heavily oiled northern Knight Is­
land, sea otters have remained at half the 
estimated prespill numbers with no recov­
ery initiated by 2000, whereas an unoiled 
Montague Island population doubled just in 
the period from 1995 to 1998 (23). Spring 
carcass collections in 1976 – 85 and again 
in 1989 –98 produced age-at-death data, 
which allowed population modeling to 
demonstrate that sea otter survival in the 
oiled portion of PWS was generally lower 
in the years after the spill and declined 
rather than increased after 1989 (24 ). This 
response surprisingly included higher mor­
tality of animals born after the spill, impli­
cating a substantial contribution from 
chronic exposure. Persistent exposure to oil 
in 1996 –98 is confirmed by higher levels of 
the detoxification enzyme CYP1A in indi­

viduals from northern Knight than from 
Montague Island (18). Abundance of sea 
otter prey (clams, mussels, crabs) did not 
differ between Knight and Montague dur­
ing this period, so prey availability fails to 
explain suppression of population recovery 
(23). Suspension-feeding clams and mus­
sels concentrate and only slowly metabo­
lize hydrocarbons, which leads to chroni­
cally elevated tissue contamination that 
persisted in one prominent prey of sea ot­
ters, the clam Protothaca staminea, until at 
least 1996 (7 ). Sediments in protected ar­
eas, including oiled mussel beds and shal­
low eelgrass habitats (25 ), also retained 
contamination, with recovery to back­
ground in oiled mussel beds estimated from 
repeated sampling to require up to 30 years 
(14). Thus, foraging sea otters suffered 
chronic exposure to residual petroleum hy­
drocarbons from both sediment contact and 
ingestion of bivalve prey. In contrast, pis­
civorous river otters showed little evidence 
of chronic oil exposure even along heavily 
oiled shorelines, implying that foraging in 
sediments entails greater risk (18). 

Among marine birds, harlequin ducks ex­
hibited the most unanticipated chronic impact. 
Radio tracking of adult females revealed higher 
mortality rates while overwin­
tering in 1995–96 through 
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Other marine birds that forage in shal­
low sediments showed evidence of persis­
tent exposure to residual oil after the spill. 
Barrow’s goldeneye, a seaduck that over­
winters in coastal Alaska and forages in 
intertidal mussel beds, declined in abun­
dance in oiled relative to unoiled bays im­
mediately after the spill with no evidence 
of recovery through 1991 (28). Along oiled 
Knight Island shorelines, Barrow’s golden­
eye showed chronic exposure to oil into 
winter 1996 –97, as evidenced by induction 
of CYP1A (19). The association between 
foraging on littoral benthic invertebrates 
and chronic exposure to residual toxins 
from the oil is illustrated by differences 
among age classes in pigeon guillemots. 
This seabird, which restricts its foraging to 
the near-shore environment, suffered acute 
mortality during the spill (10). In 1999, 10 
years after the oil spill, the chicks of pigeon 
guillemots, which are fed only fish, showed 
no evidence of ongoing exposure to toxics, 
whereas the adults, which include shallow-
water benthic invertebrates in their diets, 
had elevated CYP1A in their livers (29). 

Sublethal exposures leading to death from 
compromised health, growth, or reproduc­
tion. Several studies documented cascades of 

1997–98 on heavily oiled 
Knight and Green Island 
shores (22%) than on unoiled 
Montague Island (16%), a dif­
ference with significant impli­
cations for population trajecto­
ries (26). Harlequin ducks, 
which prey on intertidal 
benthic invertebrates, showed 
induction of the CYP1A de­
toxification enzyme in 1998, 
which in the absence of corre­
sponding patterns in other po­
tential inducers like polychlo­
rinated biphenyls (PCBs) in­
dicates ongoing exposure to 
oil 9 years after the spill (20). 
Body mass of harlequins in 
late winter was negatively re­
lated to CYP1A levels in 
1998, which suggests that a 
mechanism involving ener­
getics led to the observed el­
evation in over-winter mor­
tality rates (27). Reflecting 
the sensitivity of harlequin 
duck population dynamics to 
adult female survival, fall 
PWS densities of harlequins 
on oiled shores declined at an	 Fig. 1. Map of the spread of oil and the shorelines (indicated in 

black) contaminated to some degree after the grounding of the 
annual rate of about 5% in Exxon Valdez at Bligh Reef in northern Prince William Sound. Oil 
1995-97, as compared with was transported to the southwest, striking Knight (KN) and 
stable numbers on unoiled other PWS islands, the Kenai Peninsula (KP), the Kodiak Island 
shores (26). archipelago (KI), and the Alaska Peninsula (AP). 
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Fig. 2. Marine interaction webs of the Pacific Northwest 
known to generate strong indirect effects. Heads of arrows 
point to the taxon receiving the negative effect of predation 
or competition or the positive effect of habitat provision. (A) 
Rocky intertidal shore community (5, 7). After acute mass 
mortality in 1989 of (i) Fucus, (ii) herbivorous limpets and 
periwinkles, and (iii) predatory Nucella, a bloom of ephem-
eral algae occurred after 0.5 to 1.5 years as a delayed indirect 
effect of release from all interaction arrows marked by 1. 
With a lag of 2.5 years, chthamaloid barnacles later in-
creased far above reference densities as an indirect effect of 
release from all interaction arrows marked by 2 (4, 7). 

(B) Subtidal kelp forest community (36, 41). Despite acute loss of over 50% of the sea otters at heavily oiled northern Knight Island, there exists 
only limited evidence of initiation of this potentially strong trophic cascade. Some patches of larger sea urchins have appeared but no explosion 
of their abundance and no evident overgrazing of kelp have been seen even in the absence of sea otter recovery to date (22, 23). 

events indirectly affecting individual survival 
or reproduction after sublethal exposures. Oil 
exposure resulted in lower growth rates of 
salmon fry in 1989 (8), which in pink salmon 
reduce survivorship indirectly through size-
dependent predation during the marine phase 
of their life history (30). After chronic expo­
sures as embryos in the laboratory to �20 
ppb total PAHs, which stunted their growth, 
the subsequently marked and released pink 
salmon fry survived the next 1.5 years at sea 
at only half the rate of control fish (21). In 
addition, controlled laboratory studies 
showed reproductive impairment from suble­
thal exposure through reducing embryo sur­
vivorship in eggs of returning adult pink 
salmon that had previously been exposed in 
1993 to weathered oil as embryos and fry 
(31). These definitive experimental demon­
strations of compromised survival and re­
production from sublethal dosing conform 
with a growing understanding of how ex­
posure to xenobiotics at sensitive early 
stages in vertebrate development can lead 
to enhanced mortality and reproductive im­
pairment later in life through endocrine 
disruption and developmental abnormali­
ties (32). Abnormal development occurred 
in herring and salmon after exposure to the 
Exxon Valdez oil (14, 20). 

Support for the inference that sublethal 
effects of chronic exposure to toxics through 
ingestion of oil led to population-level im­
pacts on shorebirds comes from studies of the 
black oystercatcher. In summer 1989, pairs of 

black oystercatchers with foraging territories 
on heavily oiled shores showed reduced inci­
dence of breeding and smaller eggs than 
those that bred elsewhere (33). Chick mortal­
ity was enhanced in proportion to degree of 
shoreline oiling in both 1989 and 1990. Sub­
sequent study (34) revealed that black oyster­
catchers indeed consumed oiled mussels and 
that parents gathering prey on oiled shores in 
1991 and 1992 fed chicks more to achieve 
less growth than on unoiled shores, which 
implies energetic or developmental costs and 
reproductive impairment from ingestion of 
toxics 3 years after the spill. Fledging late or 
at small size has negative implications for 
chick survivorship. 

Cascades of indirect effects. Indirect ef­
fects can be as important as direct trophic 
interactions in structuring communities 
(35). Cascading indirect effects are delayed 
in operation because they are mediated 
through changes in an intermediary. Per­
haps the two generally most influential 
types of indirect interactions are (i) trophic 
cascades in which predators reduce abun­
dance of their prey, which in turn releases 
the prey’s food species from control (36 ); 
and (ii) provision of biogenic habitat by 
organisms that serve as or create important 
physical structure in the environment (37 ). 
Current risk assessment models used for 
projecting biological injury to marine com­
munities ignore indirect effects, treating 
species populations as independent of one 
another (7, 8), even in rocky-shore systems, 

where basic community ecology would in­
dicate otherwise (38). 

Indirect interactions (Fig. 2A) lengthened 
the recovery process on rocky shorelines for a 
decade or more (7). Dramatic initial loss of 
cover by the most important biogenic habitat 
provider, the rockweed Fucus gardneri, trig­
gered a cascade of indirect impacts. Freeing 
of space on the rocks and the losses of im­
portant grazing (limpets and periwinkles) and 
predatory (whelks) gastropods combined to 
promote initial blooms of ephemeral green 
algae in 1989 and 1990 and an opportunistic 
barnacle, Chthamalus dalli, in 1991. Absence 
of structural algal canopy led to declines in 
associated invertebrates and inhibited recov­
ery of Fucus itself, whose recruits avoid des­
iccation under the protective cover of the 
adult plants. Those Fucus plants that subse­
quently settled on tests of Chthamalus dalli 
became dislodged during storms because of 
the structural instability of the attachment of 
this opportunistic barnacle. After apparent 
recovery of Fucus, previously oiled shores 
exhibited another mass rockweed mortality in 
1994, a cyclic instability probably caused by 
simultaneous senility of a single-aged stand 
(5, 39). The importance of indirect interac­
tions in rocky shore communities is well 
established (38), and the general sequence of 
succession on rocky intertidal shores extend­
ing over a decade after the Exxon Valdez oil 
spill closely resembles the dynamics after the 
Torrey Canyon oil spill in the UK (40). Ex­
pectations of rapid recovery based on short 
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generation times of most intertidal plants and 
animals are naı̈ve and must be replaced by a 
generalized concept of how interspecific in­
teractions will lead to a sequence of delayed 
indirect effects over a decade or longer (7). 

Indirect interactions are not restricted to 
trophic cascades or to intertidal benthos. In­
teraction cascades defined broadly include 
loss of key individuals in socially organized 
populations, which then suffer subsequently 
enhanced mortality or depressed reproduc­
tion. After exceptionally high mortality of 
20% between September 1988 and spring 
1989 and another 20% during the following 
year in the AB pod of resident (fish-eating) 
killer whales that had been observed to swim 
through the spill, losses of adult females from 
these matriarchially organized family groups 
led to suppressed reproduction (2). In another 
pod (AT1) of transient (mammal-eating) kill­
er whales, the 40% loss during the spill is 

leading to likely disintegration (2). Further­
more, the most compelling example in all of 
marine ecology of a trophic cascade radically 
modifying a marine community comes from 
the Gulf of Alaska kelp ecosystem (36). Un­
less eliminated by killer whales that have lost 
their traditional, larger marine mammal prey 
(41), sea otters control sea urchin popula­
tions, preventing them from overgrazing kelp 
and other macroalgae, and thereby retaining 
structural habitat for fishes and invertebrates 
(Fig. 2B). Given the spill loss of about 50% 
of the sea otters from PWS, there is potential 
for this cascade to influence recovery dynam­
ics, but evidence of its operation to date is 
limited to reduction in otter foraging and 
increase in urchin sizes (18). Nevertheless, 
should sea otters be eliminated from an area 
by an oil spill, the repeatability of the otter-
urchin-kelp cascade is sufficiently strong that 
risk assessment models can confidently in-

an 

(�

concentrations. 

reproduction. 

species. 

recoveries. 

Table 1. Changing paradigms in oil ecotoxicology, moving from acute toxicity based on single 
species toward ecosystem-based synthesis of short-term direct plus longer-term chronic, 
delayed, and indirect impacts. 

Old paradigm Emerging appreciation 

Physical shoreline habitat 

Oil that grounds on shorelines other than 
marshes dominated by fine sediments will 
be rapidly dispersed and degraded 
microbially and photolytically. 

Oil degrades at varying rates depending on 
environment, with subsurface sediments 
physically protected from disturbance, 
oxygenation, and photolysis retaining 
contamination by only partially weathered 
oil for years. 

Oil toxicity to fish 

Oil effects occur solely through short-term 
4 day) exposure to water-soluble fraction 

(1- to 2-ringed aromatics dominate) through 
acute narcosis mortality at parts per million 

Long-term exposure of fish embryos to 
weathered oil (3- to 5-ringed PAHs) at ppb 
concentrations has population 
consequences through indirect effects on 
growth, deformities, and behavior with 
long-term consequences on mortality and 

Oil toxicity to seabirds and marine mammals 

Oil effects occur solely through short-term 
acute exposure of feathers or fur and 
resulting death from hypothermia, 
smothering, drowning, or ingestion of toxics 
during preening. 

Oil effects also are substantial (independent 
of means of insulation) over the long term 
through interactions between natural 
environmental stressors and compromised 
health of exposed animals, through chronic 
toxic exposure from ingesting contaminated 
prey or during foraging around persistent 
sedimentary pools of oil, and through 
disruption of vital social functions (care 
giving or reproduction) in socially organized 

Oil impacts on coastal communities 

Acute mortality through short-term toxic 
exposure to oil deposited on shore and the 
shallow seafloor or through smothering 
accounts for the only important losses of 
shoreline plants and invertebrates. 

Clean-up attempts can be more damaging 
than the oil itself, with impacts recurring as 
long as clean-up (including both chemical 
and physical methods) continues. Because 
of the pervasiveness of strong biological 
interactions in rocky intertidal and kelp 
forest communities, cascades of delayed, 
indirect impacts (especially of trophic 
cascades and biogenic habitat loss) expand 
the scope of injury well beyond the initial 
direct losses and thereby also delay 
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clude its implications. In contrast, limited 
understanding of the importance of behavior­
ally mediated indirect effects in driving com­
munity dynamics (42) still prevents their in­
clusion in risk modeling. 

Implications of Changing Paradigms of 
Oil Ecotoxicity 
It is well known that acute tests of toxicity in 
the laboratory are insufficient for ecotoxico­
logical risk assessment (43). It has also been 
clear that tests of chronic exposures are need­
ed to fully understand impacts of petroleum 
and other toxins in the marine environment 
(6). Support grows for inclusion of a range of 
physiological, biochemical, and histopatho­
logical evaluations of toxicity, facilitated by 
rapid development of molecular tools. Fur­
thermore, ecologists have long acknowledged 
the potential importance of interaction cas­
cades of indirect effects. Now synthesis of 14 
years of Exxon Valdez oil spill studies doc­
uments the contributions of delayed, chronic, 
and indirect effects of petroleum contamina­
tion in the marine environment (Table 1). 
Expanding the scope of the fundamental basis 
of ecotoxicology beyond reliance on short-
term acute toxicity to include delayed, chron­
ic, and indirect effects operating over longer 
periods is analogous to developing ecosys-
tem-based management of forest (44) and 
fisheries (45) resources to embrace the nexus 
of ecosystem interactions. Our synthesis im­
plies necessary modifications of environmen­
tal standards for water quality, stormwater 
control, chronic low-level oil releases, and 
many other human activities. Vague con­
cerns about the role of poor water quality in 
the steady declines of estuarine-dependent 
fisheries may now find renewed focus on a 
specific class of contaminants, the multi-
ringed PAHs, in physically protected sedi­
mentary spawning and nursery habitats. In 
light of delayed impacts of the Exxon Val­
dez (Table 1) and the San Cristobal oil spill 
in the Galapagos Islands during 2001 (46 ), 
the growing role played by risk assessment 
modeling in a priori environmental deci­
sion making and a posteriori estimation of 
natural resource injury needs reconsidera­
tion. Much incentive exists for advancing 
the predictive capacity of ecology to allow 
more confident modeling of chronic, indi­
rect, and delayed effects of stressors 
through ecosystem-based frameworks. 
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