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The Exxon Valdez went aground on a
reefwithinshoutingdistanceof theroute
which carries 20% of the oil produced
within the United States. It took less than
20 years for this experiment to happen. It
was not planned, but it was expected,
and we should have been better pre-
pared. We can see now that we were not
ready for the spill, either for clean up or
for assessment of effects We are all aware
of the billions of dollars spent deaning
up the oil. I would like to give you some
idea of the consequences of not being
prepared to assess the damages, and at
the same time provide a primer on the
use of different sorts of information in
injury assessment.

Any simple assessment of oil spills
should recognize that the greatest risk
will be to life on the surface of the water,
especially animals with fur or feathers
that protect them from the cold waters of
a sub-Arctic environment. Since oil
spilled near a coast almost always comes
ashore, shorelines will be oiled, and it
will persist, especially on protected
beaches or in protected parts of high-
energy beaches, so these environments
will also be greatly affected.

We also know that floating oil will
follow the prevailing winds and currents.
So if we had known the tanker route,
prevailing winds and currents, organ-
isms and environments that were most

vulnerable, there would have been good
up-to-date information on the popula-
tions of the orgarusms at risk. Instead,
there was virtually no usable informa-
tion on the status of the intertidal and
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subtidal communities in Prince William
Sound. The last good census of sea otters
in Prince William Sound, creatures which
die from hypothermia when only 30% of
their pelts are oiled, was carried out in
1984. And the last good censuses of murre
colonies, the sea birds that are well known
to be extremely vulnerable to oil spills,
was carried out in the 1970s, I don't in-

tend to belabor our lack of preparation
for injury assessment, but will instead
attempt to point out some of the conse-
quences of not having the information.
IwiH also indicate some of the other

practical limitations to precise injury as-
sessment.

The Natural Resource Damage As-
sessment studies produced results of less
certainty because good up-to-date popu-
lation data was not available. Conse-

quently, additional studies were done m
an effort to provide more certainty, In
other words, techniques and approaches
were often not closely linked to precise
estimates of population level impact.
This, of course, increased the costs of the
Natural Resource Damage Assessment
studies. Under these conditions the ulti-

rnate legal declarations or findings on
injured resources become more depen-
dent upon policy decisions regarding
how uncertain results would be inter-

preted.
Let us start our inquiry into cer tainty

by considering the different types of in-
formation that were gathered after the
spill, These were: population counts,
counts of carcasses, mortality rates of
eggs and larvae, and sublethal effects
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 e.g.,biochemical alterations, histopatho-
logical alterations, reduced growth!.
Also, the presence of oil in the imxnediate
environment of an organism or in the
tissues of organisms documented expo-
sure, the usual prerequisite for further
conclusions regarding injury. This infor-
rnation can be ordered in a hierarchy as
to seriousness of the impact and the cer-
tainty it provides.

First, let us consider population
counts, Because of the great variability in
populations from place to place and at
different times, scientists aim to have
enough pre-impact data in a variety of
areas and in enough years to be able to
understand how populations change
naturally. This then allows a compari-
son of pre-impactpopulation data to post-
impact population data in both affected
and non-affected areas. Generally, in or-
der to conclude that there was an impact,
the change observed in the impacted
population must be larger than expected
by chance compared to past fluctuations
or larger than can be observed at the
same time in the non-impacted popula-
tion. There are statistical tests designed
to test rigorously for an impact using
this type of data.

Given the lack of good up-to-date
baseline data on many populations, how
does one assess the effect of the spill ?
The next best approach is usually to com-
pare populations in oiled and unoiled
areas after the spiH, and this was done for
rnostpopulationsthatwerestudied. This
is where large amounts of uncertainty
can enter into an assessment of spill irn-
pacts, It is very difficult to separate
changes due to natural geographic and
temporal variabilityfrom changes due to
impact unless the resources are studied
for many years after it can reasonably be
assumed that the impact has ceased. The

confounding effects of natural variabil-
ity can, however, be mitigated by repli-
cating sites, so that several oiled areas
and several unoiled areas can be matched
and compared. This was done for the
intertidal and subtidal studies in order to
identify impacts. Still, with this approach
itis possible that factors unaccounted for
in the design, such as natural differences
in currents, may be having systematic
effects across replicate treatments.

Second, let us consider recovered car-
casses. Carcass counts, usually derived
from animals found on beaches, can be
used to model total znortality by estimat-
ing the rates of sinking after death, rates
of scavenging, burial in beaches, and the
number and frequency with which
beaches are searched. This was done for
birds, and to some extent for sea otters.
Using such modeling techniques it was
estimated that the 36 thousand birds that
were recovered, mainly from beaches,
represented about400 thousand total bird
deaths. Carcass information will often
provide the only unequivocal evidence
of the impact of the spill, if mortalities are
absent or if damages are within the natu-
ral variability of the population. This
was the case with many species of birds,
such as Bald Eagles,

Third, let us consider the role of infor-
mation about elevated mortality of eggs
and larvae. This applies particularly to
animals or plants that produce large num-
bers of eggs, of which only a few percent
survive, as is the case for xnost fish. So, for
example, the spill appears to have caused
an increased egg mortality in pink salmon
in Prince Willi am Sound every year since
the spill, and "gg and larval mortality in
herring in 1989. The real biological sig-
nificance of the loss of 5 to 20% of the
eggs of fish that typically spawn thou-
sands of eggs, of which on average less
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than a few percent survive naturally, is a
major unanswered question for environ-
mental scientists. We put programs in
place for both these species to estimate
effects on adults, but no effects were
detected. One could argue that there
really could have been large effects due
to the spill on wild stocks of adult pink
salmon  the accumulated effects of in-

creased mortality of eggs and retarded
fry growth!, and they went undetected
because of the large variability in the
counts of returning salmon. One could
also argue that a change in rate of mor tal-
ity in egg and juvenile stages is not going
to make much of a difference in a natural

mortality rate of greater than 90%. The
restoration programs for pink salmon,
for which we have no data that directly
indicates an effect on the adult popula-
tion, could amount to tens of millions of
dollars. Several millions of dollars have

already been spent on assessing darn-
ages to pink salmon in comprehensive
programs in 1989 and 1990. The cost of
herring programs for damage assessment
exceeded one million dollars, but there is
less that appears l.o be feasible for resto-
ration of herring short of limi tation of the
adult harvest, These cases contrast with

studies of Dolly Varden where clearly
documented differences in survival of

adults between oiled and unoiled streams

provide a better basis for claiming injury
to the population, but do not prove it
without comparable natality rates.

Fourth, let us consider the role of
sublethal effects. Documentation of sub-

lethal effects of the spill may serve two
general functions in an injury assess-
ment. First, it may indicate that the
exposure to oil resulted in some negative
effect to the organism. Second, if the
negative effect was debilitating enough
it may imply decreased survival that

could, in turn, eventually effect the popu-
lation. If a census is taken and there is
considerable uncertainty that an organ-
ism has been impacted, the documenta-
tion of sub-lethal ef fects will increase the
certainty. This was thecase with herring,
where the main impact observed was the
production of deformed larvae. Con-
versely, if there is some doubt whether
natural variability is confounding oiling
effects, the lack of substantial sublethal
effects suggests oil may not be the cause.
These sorts of interpretations must be
made cautiously, as we know very little
about the toxicology of oil in the species
that were studied, and most sublethal
effects may have causes other than oil,
For example, in Dolly Varden there are
clear differences in rates of return of indi-

viduals using streams in oiled versus
unoiled areas in 1989-1990 and in 1990-

1991, which is strong evidence of differ-
ences in mortality rates in the popula-
tions. There were high concentrations of
oil metabolites in the bile of Dolly Varden
in 1989, but the concentrations decreased
dramatically in 1990 without a concomi-
tant increase in survival rate, In addi-

tion, examination of tissues of anadro-
rnous Dolly Varden revealed no differ-
ences in histopathological alterations
that could be attributed to oil. It may
mean that Dolly Varden are not suscep-
tibletohistopathologicalalterations from
oil exposure, as some fish species are
more resistant than others, but the out-
come of these analyses does raise uncer-
tainties about the injury,

Now let us consider how this infor-

rnation can aH fit together. We assume
that it is the population-level impact  on
adults! that is of ultimate interest for
injury assessment and it is the
unrecovered population that deserves
our highest consideration in restoration.
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To return to the concept of a hierarchy of
evidence, the strongest data on injury is
a large number of oiled carcasses with
many prime-aged animals, especially if
the modeling indicates that a significant
proportion of the population was killed.

Next, evidence is almost as strong if
the contrast of populations after the spill
shows that there was a decrease after the
spill in the oiled environment that did
not occur in the unoiled environment
and that the decrease was probably not
due to natural fluctuations  based on
sufficient prespil information}. This kind
of evidence is bolstered with any of the
following ancillary information: dead
oiled organisms, evidence of high oil
exposure, sublethal effects on survivors,
or increased mortality to eggs and lar-
vae. One case that came dose to fitting
this model was harbor seals, where there
was a good record of the population
annually through 1988 in Prince William
Sound. A weaker Eorm of this type of
evidence exists where prespill popula-
tion data were limited in extent or had
been collected long enough before the
spill occurred that natural fluctuations
in populations could enter into the inter-
pretation. This was common for bird
and mammal populations where major
data collection efforts were made in the
1970's and, in some cases, again in the
middle 1980's to document popu1ations
that were subsequently affected by the
spill  e.g., sea otters, murres, eagles, and
many other species of birds!.

Next, in cases where a population
decline is based only on post-spiH data
which can not be contrasted with pre-
spill information, evidence of spill im-
pact is less certain. The degree of cer-
tainty can be maximized if multiple
unoiled and multiple oiled sites are con-
trasted. As mentioned earlier, these sorts

of comparisons, without the benefit of
good pre-spill information, w««om-
monly made in the Exxon Vatd~ spill
injury assessment  e.g., subtid» and in-
tertidal communities!. Careful planrung
of sampling sites needs to be carried out
to minimize the confounding of natural
differences and oil-induced differences.

Also, the interpretation of differences
should carefully consider the possible
role of natural variability in producing
the observed results. Documentation of
differences in exposure, vital biological
rates  including reproduction!, and sub-
lethal effects can further clarify the cer-
tainty as to whether the observed differ-
ences in post-spill populations are due to
natural causes or to oil exposure.

For those of you at the symposium
interested in pursuing the concept of
uncertainty in injury assessment, 1 sug-
gest you listen carefully to the presenta-
tions to see how the investigators deal
with imperfect knowledge of injury and
how oil impact and natural changes are
discussed. One of the imperatives of
objective science is to discuss alternative
interpretations. Studies with imperfect
data in which the possible role of natural
causes of change are not discussed should
be viewed with skepticism.

Since the consequences of being un-
prepared seem to be greater costs and
greater uncertainty about injured re-
sources, their recovery and need for res-
toration, what should we be doing now
in order to be better prepared to assess
damages resulting from the next oil spill?
The answers seem clear in retrospect�
ongoing monitoring programs collect-
ing data on intertidal and subtidal zones;
annual counts of sea otters, eagles, murres
and other sea birds; and gathering more
experimental information on oil toxicol-
ogy of common species. A basic and rela-
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tively inexpensive monitoring program
carried out over many years might tell us
enough so that if another spill were to
occur along an Alaskan tanker route we

might get better injury information at
lower cost, In the process we would also
learn more about the natural resources

we are trying to protect.
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Fate of the Oil Spilled front the T/V Exxon Valdez in Prince William
Sound, Alaska
D.A. Wolfe', M,J. Hameedi', J.A. Gait', G. Watabayashi', J. Short', C. CYClair', S.
Rice', J. Michel2, J.R. Payne', J. Braddock', S, Hanna', and D. Sale'
'National Ctceanic and Atmospheric Administration
'Research Planning, Inc.,
'Sound F.nviron mental Services, Inc.,
'Institute of Arctic Biology, University of Alaska Fairbanks
'Sigma Research Corporation, Concord
'Snow Otter Consulting

This paper integrates field observa-
tions from several different investiga-
tions, along with pubHshed experimen-
tal and field data on spilled oil in the
marine environment, in an effort to re-
construct the overall fate of the 10.8 mil-
lion gallons of oil spilled from the Exxon
Valdez through the fall of 1992. During
the first 6 weeks after the spill, the loca-
tion and movements of the floating oil
were tracked visually by observers from
aircraft and on the shoreline. For this
period, the distribution of floating and
beached oil was hindcast by NOAA's Oil
Spill Simulation Model  Gait et al. 1991!,
which took into account real-time data
for the wind fields and currents moving
the slick, A weathering model based on
extensive experimental data  Payne et al.
1991! was used to estimate initial losses
due to evaporation and related weather-
ing processes. By the end of April, 1989,
approximately 20% of the spilled oil had
evaporated, and approximately 20-25%
had been dispersed naturally into the
water column. About 25% of the oil had
been carried out of Prince William Sound
as floating or dispersed oil, and most of
the remainder  approximately 40-45%!
had beached within the Sound. No quan-
titativemeasurements weremadeof vola-
tile constituents in the atmosphere, and
the oil evaporation rates were estimated

from volatility models based on theoreti-
cal data under the temperature and wind
conditions prevailing at spill time. The
accuracy of theoretical evaporation rates
was confirmed through compositional
analyses of floating oil. During the first
3 days of the spill, before its ini tial land-
falls, the most volatile constituents  ac-
counting for approximately 13% of the
spill volume and including most of the
benzene, toluene, and alkanes through
C! evaporated  Payne et al. 1991!. The
atmospheric trajectory for these initially
evaporated materials from the still con-
centrated slick passed over Naked Is-
land and Eleanor Island  Hanna et al,
1991!. Measurement of the oil dissolved
and/or dispersed in the water column
was initiated 6 days after the spill, Con-
centrations of volatile, monoaromatic
hydrocarbons in seawater were often in
the 1-5 ppb range in close proximity to
floating or beached oil during early April,
but had generally declined to concentra-
tions near or below analytical detection
limits  about 0.18 ppb! by the end of
April  Neff 1991!, During the first 2
weeks of April, concentrations of total
polynuclear aromatic hydrocarbons
 PAH! in the water column were fre-
quently also in the range of 1-7 ppb,
especially near heavily oiled beaches
 Neff 1991; Payne et al. 1991; Short 4
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Rounds 1993a!, Aqueous PAH concen-
trations were generally below 1 ppb by
May 1, and below 0,1 ppb after July I, In
some locations, however, elevated pe-
troleum hydrocarbon concentrations
were measured in transplanted filter-
feeding mussels into 1991, indicating the
persistence of extremely low concentra-
tions of dissolved and particulate oil com-
ponents in the water column through
that time  Short &. Rounds 1993b!.

The oil recovered by skimming op-
erations in 1989 accounted for about 8.5%

of the original spill volume. Cleanup
operations on the beaches during the
first four summers led to the recovery
and disposal of approximately 31+00 tons
of solid oily wastes Carpenter et al. 1991;
ADEC 1992!, which were estimated to
account for 5 to 8% of the original spill
volume. Annual beach surveys con-
ducted in the fall and spring indicated
that about 90% of the oil in surface

{<25cm! beach sediments was removed
by natural processes  storm erosion and
biodegradation! during winter 89-90,
whereas only about 40% of the deeper oil
was removed  Michel et al. 1991, Michel
& Hayes 1992!. By 1992, the combination
of natural processes and cleanup activi-
ties had eliminated nearly all of the sur-
face oil, though small amounts persisted
along many shoreline segments in the
Sound. Reworking by storms and berm
relocation had removed nearly all the oil
from the upper intertidal zone. In a few
areas appreciable quantities of oil re-
rnained trapped under the central plat-
forms of exposed cobble/boulder
beaches, where it had penetrated deep
into the substrate. The oil trapped in
such protective crevices may be only
moderately weathered, unlike oil depos-
ited onto coarse sand or fine sediments,
which by 1992 was generally highly

weathered  Roberts et al. 1993!. Rela-
tively unweathered oil also persisted in
1992 in the sediments and byssal mats
underlying some low gradient mussel
beds in Prince William Sound  Babcock
et al. 1993!. Coincident with the decline
of oil on the beaches, concentrations of
oil  O'Clair et al, 1993! and numbers and
activity of hydrocarbon-degrading mi-
crobes  Braddock et al. 1993! increased in
subtidal sediments in 1990. At heavily
oiled locations  eg, Northwest Bay on
Eleanor Island, Herring Bay on Knight
Island, and Sleepy Bay on Latouche Is-
land!, peak subtidal concentrations oc-
curred between September1989 and Sep-
ternber 1990 at depths between 3 and 20
m. Corresponding decreases were not
always noted in oil concentrations at
meanlower low water  Om!, Near some
heavily oiled areas, low concentrations
of residual petroleum hydrocarbons and
associated concentrations of microbial

hydrocarbon-degradation also were de-
tectable during the summer of 1990 in
deeper �0-100 m! subtidal sediments
where no activity had been detected in
1989. Measures of microbial hydrocar-
bon degradation had declined in 1991 at
all sites and depths. Sediment traps de-
ployed at 10-20 m depths in these areas
indicated that oil was sorbed onto sus-

pended particulate material  Sale et al
1993!, reflecting transport of oiled sedi-
ments from the intertidal zone intodeeper
waters, at least through the winters of
1989-90 and 1990-9'l.

Much of the floating mousse that d~
parted Prince William Sound was depos-
ited on shorelines in the Kenai and Kodiak

areas. Gait et al. �991! estimated that
about 2% of the spilled oil floated past
Cape Douglas into the Shelikof Strait
where heavy mousse was deposited be-
tween Hallo Bay and Wide Bay durmg
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April 29-May 2, 1989. Because of the
extent of prior weathering and emulsifi-
cation, this stranded mousse did not pen-
etrate into shorelines nearly to the extent
that the fresh oil did in Prince William
Sound, and as a result, was much more
amenable to physical removal. In the
areas of heaviest shoreline oiling along
the coasts of the Kenai and Alaska penin-
sulas, extensive cleanup activities were
carried out during June-July 1989, and
by early August, most of the beaches
appeared generally clean with only
sparsely distributed small tarballs and
mousse patties, On sandy beaches some
mousse was buried by shifting sands
 Dewhurst 1993a!. In fall 1989, after ini-
tial cleanup operations, a total of 9,7 km
of shoreline along the Kenai coast was
characterized as heavily oiled and 12,9
km as moderately oiled. Of this total,
4.35 km and 1.0 km were still described
as moderately oiled in fall 1990 and spring
1991, respectively  ADEC 1992!. By sum-
mer 1990, the most commonly observed
form of oil along the coast of the Becharof
Refugeon the Alaska Peninsula was stain-
ing on shore Jinedebris Dewhurst 1993b!,

Estimates will be provided for the
distribution of the spilled oil in different
envirorunental compartments from the
start of the spill through the fall of 1992,
and the chemical evolution, or weather-
ing, of the oil during that time. Evapora-
tion was a dominant process during the
first few days. Relatively unweathered
oil stranded along shorelines in Prince
William Sound, where it penetrated into
beach gravel. The oil that exited the
Sound was more highly weathered and
generally did not penetrate deeply into
the substrate when grounded. Most of
the oil beached in the Sound has been
removed through a combination of bio-
degradation,natural erosion and cleanup

activities, but relatively unweathered oil
still remained in 1992 in isolated and
protected situations in the sediments of
some Prince William Sound beaches. The
overall behavior of the spilled oil from
the Exxon Valdez was generally consis-
tent with prior understanding of the be-
havior and fate of oil in the marine envi-
ronment, and the observations and rnea-
surements recorded after this spill pro-
vided useful validation for existingmod-
els of oil transport and weathering.
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Vice Admiral Robbins was the Fed-

eral On Scene Coordinator for the Exxon

Vatdez oil spill from April 16 until Sep-
tember 30, 1989. 1t was during this pe-
riod that the Exxon. Company undertook
this country's largest oil spill cleanup.
With over 12,000 personnel involved, it
was described by some as rivaling the
Normandy invasion.

From the moment of the grounding
of the Exxon Valdez, it was inevitable that
a great proportion of the 260,000 barrels
of North Slope crude would Find its way
onto the pristine shores of Alaska, caus-
ing changes to the lives and livelihoods
of thousands, Alaskans who had never

worked outside of the horne found them-

selves working along the shorelines, at-
tempting to minimize the impact of such
a spill. Fishing, hunting and recreation
came to a standstill for the summer of

1989. Fishing boats were pressed into
service as support vessels for the monu-
mental task. New buildings were built in
Valdez and other towns and villages;
telephone services were increased many
fold; millions of dollars worth of equip-
ment was imported; communities
swelled to many times their original size;
barges, boats, cranes, and house trailers
grew like topsy, No effort was spared.

Despite all this, cleanup was slow
and marginally effective. Oil on any
shoreline is tough toremove,butAlaska's
presented new challenges. New rneth-
ods and equipment were aggressively
tested � many were found wanting, while
others were breakthroughs. The me-
chanics of the cleanup operation were

only a portion of the problems faced by
the Federal On Scene Coordinator.

Complicating the cleanup process
were problems which made decision-
rnaking difficult. Everyone, it seemed,
had an interest in the operation. Some of
those interests were based on a true con-

cern for the environment, while others
appeared to have a hidden agenda. Faced
with an operation which dwarfed any
past effort, every action by the partici-
pants was magnified under the micro-
scopic eye of the news media. Little
escaped the watchful eye of the hun-
dreds of agencies, departments, civil or-
ganizations, environmental groups, and
others who had an interest. One official

described it as a frustrating effort to keep
"all the kittens in their box".

The national document which orga-
nizes the efforts to prevent and to clean
up oil spills, the National Contingency
Plan, by its very nature, is a consensus
document, To win agreement on its con-
tent, compromises were necessary. As
an example, the Federal On Scene Coor-
dinator is just that; a coordinator without
real authority. The State On Scene Coor-
dinator is in the same position. If federal
interests differed with Alaska's, conflict
often ensued. To counter some of the
conflict, committees were formed to pro-
vide advice to the Federal On Scene Co-

ordinator. These provided a high level of
interest group input into decision-mak-
ing and were quite successful,

The weakness in the National Con-

tingency Plan did not greatly hamper the
cleanup operation � it only complicated



11

the process. There were exceptions, how-
ever. An example was the refuse issue.
Very early in the cleanup it was apparent
that a means of getting rid of refuse was
going to be needed. With tons and tons
of trash being generated each day, local
facilities in Valdez and other small towns

were not going tobe adequate. In a joint
meeting on the issue it was decided to
incinerate the oil tainted debris. Exxon

irnrnediately contracted for incinerators
to be constructed and barged to Alaska.
At that point the Federal On Scene Coor-
dinator lost control. Public resistance to

incineration grew despite some pretty
convincing scientific information which
indicated that no one was going to be
endangered by the process.

The conflict raged throughout the
summer with the final result that one of

the two incinerators was used, but for
less than a fortnight. Most of the refuse
was hauled to Oregon for disposal in a
very expensive landfill reserved for haz-
ardous materials. More than $5 million
was wasted on this project.

Another problem was generated by
the concern of Alaskans who feared that

Exxon would leave the mess at the end of

the summer, never to return. The state
therefore wanted to ensure that every
shoreline was completely free of oil be-
fore the work parties moved on. With
the general agreement that work would
have to terminate at the latest on 15 Sep-
tember in order to avoid the dangers of
winter, complete cleanup was an impos-
sible task.

The Federal On Scene Coordinator

set as the major goal for the summer of
'89 to render the polluted shoreline rela-
tively neutral so the oil wouldn't spread
during the winter months, causing more
damage. Tensions ensued between the
Federal On Scene Coordinator and the
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State representatives over such matters
as "how clean is dean" and when to

move on to the next shoreline. Eventu-

ally a compromise was reached. It was
agreed to use the word "treated" rather
than "cleaned".

These are two examples of the prob-
lems which arose during the cleanup
operations, but there were successes.
Through Exxon's worldwide orgaruza-
tion, equipment was made available the
likes of which had never been seen be-

fore. Skimmers, water heaters, fertiliz-
ers and techniques were brought to bear
effectively without concern for the cost
involved. It was found for instance, that
the French had some of the best skim-

mers available. Those skirnmers dotted

the shoreline as the summer passed.
It was found that the French had de-

veloped a fertilizer which was ideal for
bioremediation applications, Tested by
a joint program with the U.S. Environ-
mental Protection Agency and Exxon, it
was found that there were microbes ex-

isting along the shorelines in Alaska
which could help in the cleanup with
little negative impact on the environ-
ment These critters only had to be en-
couraged with some nutrients and the
French fertilizer was the best available.

Unfortunately 450 tons were needed
and only some 250 tons were available.
The French factory which made it was to
be shut down for August vacations
Exxon used their considerable resources

to induce the plant to stay open until the
full 450 tons were made.

The application of that fertilizer to
the shorelines to enhance the growth of
indigenous microbes which consume the
oil was one of the great successes. Shore-
lines that were black with residual oil

after "treatment," were greatly improved
after application of the fertilizer.
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There were other successes. While
fishing came to a standstill during that
infamous summer of'89, the salmon were
largely unscathed. Hatcheries were pro-
tected and later years' runs were very
healthy. Shorelines which experts said
would take decades to recover, seem to
have largely recovered in under four
years. Only time will tell what the long
term impact of the Exxon Valdez spill will

be, but there is optimism.
At the end of the summer, those who

were there could honestly say that th>
gave it "their best shot". Perhaps we' ll
never know whether the long ho'urs pf
dedication of those thousands of people
sigiuficantiy helped save the environ
ment, but if they didn' t, it wasn't for the
lack of trying. One lesson came throu+
to everyon~piliing oil has to stop!



Cultural Resources and the Exxon Valdez Oil Spill
Judith E, Bittner
Alaska Department of Natural Resources

13

The state of knowledge about human
history in the Northern Gulf of Alaska at
the time of the Exxon Valdez oil spill was
fragmentary at best. Except for excava-
tions at a single site, no substantive ar-
chaeological work had been done in
Prince William Sound since the 1930's.

No serious large scale inventory or test-
ing had ever been done on the Outer
Coast of the Kenai Peninsula. Kodiak

Island and the Alaska Peninsula were

the only areas known archaeologically
and data came from a small number of

sites. In the face of impending danger to
sites, resource managers in the spill area
were forced into the awkward position
of protecting known sites while at the
same time scrambling to identify un-
documented sites.

Archaeologists were alarmed about
potential injuries to sites in the spill area
because many sites had subsided into
the intertidal zone during the 1964 earth-
quake. Those sites would be located in
the path of the spreading oil slick. The
primary concern was the effect of crude
oil and cleanup procedures on the sites.
Coupled with that was the concern that
undocumented sites could unknowingly
be impacted during cleanup The unex-
plored status of the area made the prob-
lem particularly disturbing.

The charge of protecting cultural re-
sources during the spill and subsequent
cleanup came from several authorities.
Federal rnandates included the Archaeo-
logical Resources Protection Act  ARPA!
and the National Historic Preservation
Act of 1966  NHPA!. The ARPA directed
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land managing federal agencies to pro-
tect cultural sites on land they managed.
The NHPA directs federal agencies "un-
dertaking actions" such as spill cleanup,
to consider the effects on cultural re-

sources. The Alaska Historic Preserva-

tion Act protects sites on state land, in-
cluding the intertidal zone.

Close coordination between the
Alaska State Historic PreservationOffice

 SHPO!, the U.S. Coast Guard On-Scene-
Coordinator, native representatives, fed-
eral representatives and the Exxon Cul-
tural Resource Program protected cul-
tural resources during cleanup. Coordi-
nation occurred during cleanup plan-
ning by Exxon and a representative of
the SHPQ reviewing Exxon
archaeologist's reports for adequacy and
planned activities. Proposed cleanup
methods and scope were altered prior to
initiation to reduce danger to known
si tes. Federal and native representatives
reviewed and discussed actions during
Shoreline Committee meetings. Agency
and native corporation archaeologists
monitored cleanup activities on a spo-
radic basis,

Agency concerns about the effect of
crude oil contamination on the radiocar-

bon dating process prompted a labora-
tory study of those effects The contrac-
tor concluded that significant effect
would occur but that sample cleaning
partially reduced the error. Testing that
conclusion on specific sites was the next
step of injury assessment. Unfortunately,
the radiocarbon study did not get funded
until 18months after the spill and follow-
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up studies were delayed another year.
Due to delays, field damage assess-

ment studies did not take place until
1991, Damage assessment studies were
requested during 1989 by the panel of
archaeologists advising the Trustees staff.
In 1990 the C-14 laboratory study was
funded. The state and federal agencies
provided funds during1991 and theState
University of New York, Binghampton,
began fieldwork at the end of the 1991
season. The scope of the1991 project was
reduced when Trustee representatives
decreased available funding, The project
aimed at testing a series of sites for in-
jury, surveying to check the adequacy of
the Exxon surveys, checking several soil
chemicals for alteration by oiling, and
testing a model developed to predict site
locations, Radiocarbon dating tested sites
was a basic part of the project.

Delays in awarding a damage assess-
ment contract during 1990 and 1991
prompted the state to begin a much
smaller and tightly focused study in May
1991. Thestate study followed up on the
conclusions of the earlier radiocarbon

study by checking selected sites, Alter-
nate methods of dating archaeological
remains were contrasted with radiocar-

bon estimates to check for injuries from
oil contamination, The study was de-
signed to compliment the larger multi-
agency study.

Another approach to assessing inju-
ries to archaeological sites by spill re-
lated activities was a compilation of in-
formation in agency and Exxon docu-
mentation. Field notes from various par-
ties, monitoring reports, and SCAT re-
por ts were examined to determine kinds
and degree of impacts. This method of
investigation was used partly because of
the need for a more timely idea of irn-
pacts and partly to assess the adequacy

of the documentation process. Al though
results of the document study provided
only a rough idea of injuries, it was very
useful in estimating injuries resulting
from cleanup and attendant vandalism.
Valuable insights were gained in the types
and detail of documentation needed from

site identification surveys and monitor-
ing. The study also provided the core
data base for assessing damage to the
area sites,

Assessment of monetary values for
restitution followed the documents

study. Findings of the state and rnulti-
agency funded studies also provided data
useful in determining levels of damage.
A method of assessing damage based on
ARPA procedures was used to give a
monetary estimate. The method has been
repeatedly used in other cases and pro-
vided very conservative cost estimates.
The most clearly injured sites were as-
sessed for damages while the less ad-
equately documented sites were deleted
from the process. Sites considered had
sustained damage from cleanup related
activities rather than from oiling.

Several useful conclusions about ar-

chaeology and the oil spill are possible
based on damage assessment studies.
The most important conclusion was that
the sites generally were not directly ef-
fected by the spill. The most extensive
damage resulted from vandalism because
of more people having widespread
knowledge about area sites, Thatknowl-
edge expanded due to increased popula-
tion and activity levels during the
cleanup. Another source of impact was
directly from cleanup activities. Impact
from cleanup was slight because of
deanup workplan review and clean-up
technique alteration with archaeology in
mind. The Exxon Cultural Resource Pro-

gram/agency cooperation was effective
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in keeping cleanup impacts minimal,
Lack of field assessment studies for

the first two years after the spill caused
inefficient resource management. Infor-
mation collected by archaeologists and
other monitors early in the cleanup phase
could have included the data needed to
protect the resource. Future consider-
ations identified from the experience of

the Exxon Valdez oil spill are the need for
a credible basic inventory, a response
plan, and improved morutoring. Inven-
tory and planning are long term projects
which are typically difficult to fund.
Improved monitoring will require analy-
sis of existing studies and listing the in-
formation required during future emer-
gencies.
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Subsistence
James A. Fall
Alaska Department of Fish and Game

This plenary session presentation
provides information. about changes in
subsistence uses of fish and wildlife re-
sources in 15 Alaska Native cornmuni-
ties whose hunting, fishing, and gather-
ing areas were affected by the Exxon
Valdez Oil Spill, It also reviews the work
of the Oil Spill Health Task Force, a group
of agencies and organizations which
formed to address questions concerning
the safety of using subsistence foods har-
vested from the oil spill area.

Before 1989, the Division of Subsis-
tence of the Alaska Department of Fish
and Game conducted baseline research
in the15 communities. These are Tatitlek
and Chenega Bay in Prince William
Sound; English Bay Nanwalek! and Port
Graham in lower Cook Inlet; Akhiok,
Karluk, Larsen Bay, Old Harbor,
Ouzinkie, and Fort Lions in the Kodi.ak
Island Borough; and Chignik, Chignik
Lagoon, Chigruk Lake, Perryville, and
Ivanof Bay on the Alaska Peninsula. In
1990, the population of these 15 commu-
nities was 2,036, 82,3 percent of which
was Alaska Native.

These studies documented large and
diverse subsistence harvests in the 1980s,
ranging from about 200 pounds per per-
son to over 600 pounds per person usable
weight per year. These are substantial
harvests, given that the average Ameri-
can family purchases about 222 pounds
per person of meat, fish, and poultry
annually, These subsistence harvests
contained a wide variety of resources,
including salmon and other fish, marine
invertebrates, land mammals, marine

rnarnmals, birds and eggs, and wild
plants. Virtually every household in all
15 villages used and harvested wild
foods, which were widely shared within
and between communities. A patterned
seasonal round of subsistence harvest-
ing structured much of economic, social,
and cultural activities in each cornmu-

nity.
Inearly1990, Divisionof Subsistence

researchers interviewed representatives
of 403 households in these 15 communi-
ties. Study findings revealed that after
the spill, subsistence harvests declined
greatly in the 10 communities of Prince
William Sound, lower Cook Inlet, and
the Kodiak Island Borough compared to
pre-spill averages, Annual per capita
harvests in Chenega Bay and Tatitlek
were down 57 percent. In these villages,
the range of resources used also dropped
in the 12 months after the spill. While the
average household in Tatitlek used 22.6
kinds of wild foods from April 1988
through March 1989, in the next year,
this average was only 11.6 types. The
change at Chenega Bay was much like
that of Tatitlek. In a 12 month stud.y year
in 1985-86, the average household at
Chenega Bay used 19 kinds of wild foods,
compared to just 8,2 kinds in the year
after the spill. Similar changes were docu-
mented for English Bay and Port Gra-
ham Also, subsi stence harvests in all six
Kodiak area villages declined in 1989
compared to pre-spill averages, although
a wider range of changes was docu-
rnented. In contrast, subsistence har-
vests in the five Alaska Peninsula com-
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munities showed little change, or in-
creased, in 1989 compared to 1984, the
only pre-spill year for which compre-
hensive data are available.

When asked to provide reasons for
these dedines,33.2 percentof the sampled
households attributed reductions cover-
all subsistenceharvests to concerns about
resource contamination, and 44 percent
said such a concern had caused a reduc-
tion in their harvest of at least one kind of
subsistence food. Levels of concern about
contamination were notably higher
among Prince William Sound  92.1 per-
cent! and Lower Cook Inlet �7.8 per-
cent! households than in the Kodiak area
�9,5 percent! or Alaska Peninsula �2.8
percent! communities, Other reasons
cited for lowered levels of subsistence

uses included the time harvesters spent
on the oil spill cleanup and the percep-
tion that less resources were available

because of spill-induced mortalities.
As noted above, the primary response

to the issue of subsistence foods contami-

nation was directed by the Oil Spill Health
Task Force. The Task Force included the

Indian Health Service; the Alaska de-
partments of Fish and Game, Health and
Social Services, and Environmental Con-
servation; the National Oceanic and At-
mospheric Adrnirustration; Exxon; and
two regional Alaska Native service orga-
nizations, the North Pacific Rim  now
know as Chugachmiut! and the Kodiak
Area Native Association. The task force
coordinated and reviewed research on
subsistence food safety, developed acon-
sensus on health issues, and communi-
cated findings of the studies to the com-
rnunities through health bulletins, news-
letters, public meetings, and a video.

As part of this effort, 309 samples o f
fish and 1,080 samples of shellfish that
had been collected from 146 traditional
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harvest areas near the 15 communities

over a three year period were tested for
signs of oil contamination. For the most
part, the samples were collected with the
assistance of residents of the cornmuni-

ties at sites recommended by commu-
ruty leaders. The tests were conducted at
the National Marine Fisheries Services'

Northwest Fisheries Center in Seattle.

These highly sensitive tests measure the
concentrations of polycyclic aromatic
hydrocarbons  PAHs! in edible tissues.
The findings were reviewed by a panel of
toxicalogists who provided a health as-
sessment.

Evidence of exposure to oil was found
in some of the samples of fish, but none
of the samples had PAH concentrations
so high as to be a human health concern,
according to the group of toxicologists.
The majority of shellfish from most sites
also were determined to be safe to eat.

However, even in 1991, PAH concentra-
tions remained elevated in shellfish

samples from Windy Bay, a highly oiled
site on the lower Kenai Peninsula. There-

fore, the advice of the Task Force has
remained cautious; fish from the oil spill
area are safe to eat, but people should
still avoid using marine invertebrates
from beaches with obvious oiling.

As part of the Oil Spill Health Task
Force program, samples of ducks, deer,
and marine mammals were also tested.
Evidence of exposure to oil was found in
some of the duck and deer samples, but
PAH concentrations were well below
those considered dangerous by the health
experts, The blubber from oiled seals
taken in Prince William Sound soon after
the spill had elevated PAH concentra-
tions. Seals taken in the same areas a year
later, which no longer showed obvious
signs of oiling, showed reduced concen-
trations of PAHs in their blubber, al-
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though these concentrations were still
higher than samples from seals from
unoiled areas. Members of the Task Force
advised that these elevated concentra-
tions of PAHs in ducks, deer, and marine
mammals were still well below those
considered to be of concern for subsis-
tence users.

In 1991, the Division of Subsistence
conducted follow-up interviews with 221
households in seven spill-area villages
pertaining to subsistence harvests dur-
ing the second post-spiH year, Harvest
levels increased at Port Graham, Larsen
Bay, and Karluk, and matched at least
one pre-spill measurement. The range of
resources used was also up substantially
in all three communities. In two other
communities,Ouzinkie and English Bay,
harvest levels also increased, biit re-
mained below pre-spill averages. This
general increase in harvest levels and
range of wild foods used suggests some
renewed confidence in using subsistence
foods during 1990. On the other hand,
lingering concerns about food safety were
expressed in all five villages. Some fami-
lies reported that they had resumed their
subsistence harvests despite misgivings
because they could not afford to pur-
chase substitutes and could no longer do
without culturally important foods.

In contrast, no evidence of a recovery
in subsistence uses in the second post-
spill year was found for Chenega Bay
and Tatitlek, At Chenega Bay, subsis-

tence harvests from April 1990 through
March 1991 were 139,2 pounds per per-
son, virtually the saine as the previous
year �48.1 pounds per person! and still
well below the pre-spill average of 340
pounds per person. At Tati tlek, the 1990-
91 per capita harvest was 152.0 pounds,
compared to 214.8pounds per person in
the first post-spill year and a pre-spill
average of 497.6 pounds per person. In
these Prince William Sound communi-
ties, deep concerns about the safety of
using subsistence foods from their tradi-
tional harvest areas continued.

In addition, respondents from
Chenega Bay and Tatitlek reported per-
ceived declines in the numbers of some
important subsistence resources, such as
certain species of waterfowl, marine in-
vertebrates, and marine mammals, which
led to well below normal subsistence
harvests in 1990-1991.

Preliminary information collected by
the Division of Subsistence during an-
other round of systematic surveys sug-
gests that subsistence harvest levels in
the Prince William Sound communities
increased in the third' year after the spill.
However, subsistence harvests of water-
fowl, marine invertebrates, and marine
mammals continue tobe abnormally low
Also, despite increased harvests and uses,
concerns persist about the long-term
health risks associated with using sub-
sistence foods.
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Overview of Intertidal Processes,
Charles H. Peterson
University of North Caroler

The intertidal zone occupies the
unique triple interface axnong the lithos-
phere, hydrosphere, and atxnosphere,
The land provides the substrate for occu-
pation by intertidal organisxns, the water
the vetucle to supply necessary nutrients
and to transport propagules  newly colo-
nizing organisms!, and the air a medium
for passage of solar energy and also a
source of physiological stresses. The in-
tertidall zone is exceptionally biologically
active and productive. Wind and tidal
energy combine to supply the intertidal
zone with planktonic foods produced in
the productive photic zone  uppermost
layer of water where photosynthesis oc-
curs! of the coastal ocean. Runoff from
the adjacent land mass injects new sup-
plies of inorganic nutrients to fuel high
coastal primary production of plants. The
consequent abundance and diversity of
life and life forms in the intertidal zone

serves many consumers, corning from
land, sea, and air, and including humans,
The intertidal ecosystexn sixnultaneously
provides intrinsic aesthetic and cultural
appeal in an environment underuably
shaped by forces outside the control of
mankind,

The same physical transport processes
that are responsible for its high level of
biological production also place the in-
tertidal zone at great risk to floating pol-
lutants, such as oil. Oil floats on the
surface of the water, is transported there
by winds and currents, and, if spilled
near the coast, is likely to be deposited on
shore. There it encounters intertidal or-
ganisms and adheres to intertidal sub-
strata, where it remains until chemical

Damages and Recovery

transformation and physical transport
rexnove it. Thus, the intertidal zone be-
comes a natural focal point for the study
of damages to natural resources follow-
ing a coastal oil spill.

The biota of intertidal habitats varies

with changes in physical substrate type,
wave energy regixne, and atmospheric
climate. Substrata range from immobile
rocks, to boulders and cobbles, to sands,
and finally to muds at the finest end of
the size spectrum. Rock surfaces in the
intertidal zone tend to be populated by
epibiota  surface dwelling organisms!,
attached macro- and microalgae, sessile
suspension-feeding invertebrates, and
xnobile grazing invertebrates. Uncon-
solidated  " soft" ! substrata, the sands
and muds, are occupied by large plants
in low wave energy areas, and microalgae
and infaunal  buried! invertebrates in all
energy regimes. Mobile scavenging and
predatory invertebrates occur on both
high and low energy shorelines. Inter-
tidal communities vary with wave en-
ergy because of biomechanical con-
straints  especially on potentially signifi-
cant predators!, changing levels of food
supply, and interdependencies between
wave energy and substratum type. In-
tertidal communities tend to be more

luxurious in texnperate clixnates, whereas
freezing and ice scour limit intertidal
biota in polar regions and desiccation
and effects of intense solar radiation may
lixnit intertidal biota in the tropics. The
rocky intertidal communities of the Pa-
cific Northwest xnay be the richest on
earth.
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The rocky inter tidal ecosystem prob-
ably represents the best understood natu-
ral community of plants and animals
anywhere. Ecologists realized over 30
years ago that this system was uniquely
well suited to experimentation because
the habitat was accessible and the organ-
isms moveable and manipulable.

Consequently, ecological science has
produced a detailed understanding of
the complex of processes involved in
determining patterns of distribution and
abundance of rocky intertidal organisms.
Plants and arumals of temperate rocky
shores exhibit strong patterns of vertical
zonation in the intertidal zone. Physical
stresses tend to limit the upper distribu-
tions of species populations and to be
most important high on shore, whereas
competition for space and predation tend
to limi t distributions lower on the shore.

Surface space for attachment is poten-
tiaHy limiting to both plants and animals
in the rocky intertidal zone, In the ab-
sence of disturbance, space becomes lim-
iting and competition for that limited
resource results incompetitive exclusion
of inferior competitors and rnonopobza-
tion of space by competitive dominant
species.

Physical and biological disturbance
and recruitment limitation are aH pro-
cesses that can serve to tnaintain popula-
tion densities below the level at which

competitive exclusion occurs. Because
of the importance of such strong biologi-
cal interactions in determining commu-
nity structure and dynamics in this sys-
tem, changes in abundance of certain
species can produce intense direct and
indirect effects that cascade through the
ecosys tern,

Intertidal communities are open to
use by consumers from other systems:
the great extent and importance of this

habitat as a feeding grounds for major
marine, terrestrial, and aerial predators
render the intertidal system a key to inte-
grating the health and recovery of the
entire natural ecosystem. The intertidal
resources of Prince William Sound and

adjacent areas affected by the Exxon Val-
dez oil spill, for example, are critically
important feeding grounds for many
marine consumers  sea otters, Dunge-
ness and other crabs, juvenile shrimps,
rockfish, cod and juvenile fishes of other
exploited species!, terrestrial consumers
 bears, river otters,and people!, and avian
consumers  black oystercatchers, harle-
quin and other ducks, and numerous
shorebirds!, Thus, the intertidal habitat
provides vital ecosystem services in the
form of prey resources for aH coastal
habitats, as well as human services in the
form of commercial, recreational, and
subsistence harvest of shellfishes and

aesthetic, cultural, and recreational op-
portunities, The intense focus on the
intertidal habitat following Exxon Valdez
oil spill was well justified.

Rapidly following the spill, oil be-
came deposited along hundreds of miles
of intertidal habitat in Prince William

Sound, the Kenai Peninsula, lower Cook
Inlet, the Alaskan Peninsula, Kodiak Is-
land and beyond. A massive cleanup
process was mobilized with the intent of
displacing the oil from the intertidal zone
where it was so evident to even casual

observers and where its mere presence
degraded recreational and cultural val-
ues of wilderness shorelines. Cleanup
techniques were diverse and not chosen
to minimize damages or maximize re-
covery rates of intertidal organisms. In
fact, evidence from subsequent biologi-
cal studies suggests that the widely ap-
plied pressurized hot water treatment
was more damaging than the oil to inter-
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tidal ecosystems and retarded recovery,
The cleanup efforts did serve to rexnove
xnuch of the deposited oil from the inter-
tidal habitat and to displace it out of sight
into the subtidal environment. Only very
small areas of salt marsh habitat were

oiled, where previous studies have
shown natural cleanup af the low-en-
ergy, anoxic muds to take exceptionally
long times. Winter storms accelerated
the rexnoval of oil froxn heavily oiled
beaches, with higher rates of cleaning at
more exposed beaches.

Despite the intense cleanup ef for t and
the natural degradation and physical re-
distribution of residual hydrocarbons on
intertidal beaches, oil in the intertidal
zone remains a major proble~ more than
3 years later. Arxnored from wave action
by surface layers of cobbles and by over-
lying mussels, large pockets of largely
unweathered oil exist in the protected
interstices axnong the rocks of intertidal
shorelines in widely scattered areas. This
oil is slowly leaking hydrocarbons into
the water, where it is maintaining high
levels of contamination in the tissues of

the closely associated suspension feed-
ers, such as the blue mussels.

Because of the nature of the blue

mussel as "the universal prey" for so
many consumers  including especially
sea otters, river otters, harlequin ducks
and black oystercatchers!, the likelihood
of continued food chain contamination

is high. Continuing reproductive prob-
lems with each of these species in the oil
spill area may be related to this ongoing
contamination of a major coxnponent of
their diet. In addition, much oil remains
in the intertidal zone as asphalt pave-
ment relatively high on shore, where it
alters the rock surface chemistry, effects
local therxnal change in the habitat, and
persists as a visual blexnish to the previ-
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ously pristine shorelines.
Inter tidal suspension-feeding inver-

tebrates represent a group of special im-
portance as monitors of contamination
of the marine environment. These or-

ganisxns filter huge volumes of seawater
to collect food and thereby can concen-
trate biologically available pollutants
 metals and organic contaminants!, vastly
enhancing detection capabilities over
what is possible in water analyses. A
long-term xnonitoring of hydrocarbon
levels by National Oceanic and Atmo-
spheric Administration staff in Prince
William Sound using blue mussels pre-
dated the Exxon Valdez spill and pro-
vided background information, against
which the large increase of hydrocarbon
contaxnination from the 1989 spill is
clearly evident. This pollution-xnonitor-
ing tool has also shown the subsequent
decline in hydrocarbon concentrations
to background levels in most places ex-
cept where the contaminated mussel beds
persist.

Analysis of several species of clams
by the Alaska Department of Fish and
Game also revealed the magnitude and
extent of contamination of the food chain

with hydrocarbons from the spill, using
clams as another intertidal suspension
feeder with trexnendous importance as a
prey resource for higher consuxners and
as a subsistence food, Claxns and espe-
cially xnussels were sampled intensi.vely
over broad geographic areas extending
beyond Prince William Sound to pro-
vide a relatively complete spatio-tempo-
ral tableau of the pattern of Exxon Valdez
oil spill contaxnination using a single
method of ecological relevance.

The affects of the Exxon Valdez oil
spill on the rocky intertidal communities
of plants and animals has been studied
intensively and extensively by special-
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ists at the University of Alaska, NOAA, were affected include limpets,barnacles,
and the U.S. Environmental Protection and probably various grazers such as
Agency, These studies are distinguished snails, Responses of the inter tidal inver-
by their broad geographic coverage tebratecornmunitieswerenot identical
 which includes the Kenai-lower Cook in all geographic areas, even within the
Inlet and the Kodiak-Alaskan Peninsula sheltered rocky shorehabitat,butalL geo-
areas as well as Prince William Sound!, graphic regions exhibited significant
their statistically sound sampling impacts.
schemes, and by their focus on themecha- Application of pressurized hot water
nistic interactions among species popu- during cleanup of the oil was at least as
lationsthatcontrolcommunityresponse damaging as the oil itself to intertidal
and recovery. invertebrates and delayed biological re-

The Exxon Valdezoil spill caused wide- covery. Natural recovery has varied with
spread and intense damage to rockweed eleva tion: the recovery of the high inter-
 Fucus! in the high and rnid intertidal tidal zone has only recently been initi-
zones. Recovery has been slow, in part ated, whereas recovery has progressed
becausethis seaweedrecruits new plants substantially in the lower zones.
most effectively within the microenvi- Perhaps the most intriguing yet dis-
ronmentprovidedbyshadingandrnois- turbing outcome of the study of rocky
ture under its own canopy. Fucus is the intertidal community response to the oil
major provider of structural habitat in spill is the demonstration of delayed,
the Alaskan intertidal zone, so the indi- indirect effects appearing more than two
rect impacts of the loss and slow recov- years after the spill, In a system charac-
ery of Fucus cover are great and may terizedbystronginteractions, suchindi-
explain several responses in intertidal rect effects are not surprising, and they
invertebrate populations. emphasize the importance of under-

The inter tidal invertebrates exhibited standing the nexus of interactions among
several large declines and some related populations involved in response and
increases in abundance in response to recovery of marine ecosystems follow-
the Exxon VaMez oil spill. Species that ing perturbation.
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Subtidal Oil Contamination and Biological Impacts
S. D. Rice, B. A. Wright, I. W. Short, C, E. O'Clair
National Oceanic and Atmospheric Administration

The Erron Valdez oil spill provided a
unique opportunity to examine the fate
of oil contamination below the water
surface, and to study impacts to species
and communities in an environment

where assessment was generally not con-
founded by prior pollution. Although
subtidal chemical and biological baseline
studies prior to the spill were generally
absent, comparison between oiled and
non-oiled habitats was possible, This
paper summarizes the studies measur-
ing oil contamination and biological im-
pacts below the water surface; a habitat
which provides a valuable and varied
resource base that supports many
harvestable species and their prey.

Oil contaminated sediments that are

submerged are more difficult to evaluate
than intertidal or supratidal sediments.
Sediments that are not submerged are
often heavily oiled due to direct expo-
sure to oil on the sea-surface resulting
from the spill, so that the presence of oil
may be visually evident, and biological
impacts obvious. In contrast, sub-sur-
face oil is difficult to monitor, contami-
nation is seldom at a concentration level

that can be observed visually, and the
biological impacts are not as obvious as
are the corpses of otters or birds,

On March 24, 1989, approximately 11
minion gallons of North Slope crude oil
was released into Prince William Sound.
In the first few weeks after the spill,
about 50% of the oil evaporated or exited
Prince William Sound, leaving the re-
maining 50% within the sound and
mostly stranded on beaches  Wolfe et al.
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1993!, After the first month, the oil on
and within the beaches became thereser-

voir for contaminating adjacent water
and subtidal sediments, either through
cleaning activities or natural weather-
ing. It is not known precisely how much
of the oil entered the water, as soluble
compounds or as particulates, nor it is
known how much was carried by vari-
ous mechanisms to submerged sedi-
ments.

Low quantities of oil �-8 ppb total
aromatic hydrocarbons! were measured
in the water column  Short and Rounds
1993a! in the first two weeks after the
spill, when large quantities of oil were
floating and moving through the Sound.
In later weeks, oil was difficult to detect
in direct measurements,but transplanted
clean mussels suspended in cages near
contaminated beaches accumulated sig-
nificant concentrations of oil during 30
day in situ tests. Mussels are excellent
accumulators of hydrocarbons, have low
hydrocarbon metabolizing rates, and in-
dicate that hydrocarbons were available
to organisms below the surface. The gas
chromatography-mass spectroscopy
 GC-MS! profiles of the hydrocarbons in
the rnussels by Short and Rounds �993b!
indicate that mussels suspended in cages
below the surface were exposed to par-
ticulate oil, rather than only the lighter
fractions with relatively higher water
solubility. These tests indicate that pe-
troleum hydrocarbons were biologically
available below the surface.

Sediment traps near oiled beaches
collected oil-contaminated sediment in
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1990 and 1991, indicating that there were
physical mechanisms in place to trans-
port low levels of contaminated sedi-
ment, probably from intertidal beaches,
and deposit them on submerged sedi-
ments  Sale et al. 1993!. Although the
quantities were not acutely toxic, they
indicated that oil movement to sub-

merged sediments persisted 1-2 years
after the spill,

Hydrocarbon contamination of sub-
tidal sediments was measured inside and

outside Prince William Sound  O'Clair et
al. 1993! during 1989 and 1990. Subtidal
hydrocarbon concentrations were gen-
erally less than contaminated beaches,
but were readily detected at a variety of
sites in Prince William Sound from 0-20

meter depths. Concentrations were usu-
ally highest at the shallower depths, and
from sites near heavily contaminated
beaches, such as Herring Bay Depths of
40 and 100 meters sometimes had low

levels of hydrocarbon contamination, but
the analyte profiles werenot always simi-
lar to Exxon Valdez crude oil. By 1990
there was some indication at some of the

heavily contaminated sites that hydro-
carbon levels at depth increased. This
may be the result of redeposition of
weathered oil by natural processes or
from extensive cleaning activities mov-
ing some of the oil down-slope.

Bacteria numbers in subtidal sedi-

ments were significantly greater in oiled
areas compared to control sites  Br addock
et al. 1993!, indicating that the hydrocar-
bon contamination was providing a sub-
strate for bacterial action. These mea-

surements were made on sediments col-

lected along with the sediments mea-
sured by CYClair et al. �993!. There is a
high correlation between the hydrocar-
bon concentration and the bacterial num-

bers. Increases in bacterial numbers re-

flee one of the first processes instrumen-
tal in sediment recovery  bacterial deg-
radation of hydrocarbons!, but also pro-
vides artother route of hydrocarbon en-
try into higher organisms. Access to the
petroleum hydrocarbons can be direct
by contact with the sediments, or indi-
rect through the food chain.

The composition and density of the
meiofauna  small benthic animals! com-
rnunity in intertidal and subtidal sedi-
ments varied between oiled and unoiled
bays  Shirley et al. 1993!, Harpacticoid
copepods, which have highest densities
in surficial  the upper few millirneters!
sediments, generally had lower densi-
ties in the intertidal � rn! zone of oiled
bays ininitial samples following thespN,
but not subtidal  -6 m! sediments. In
contrast, the numerically predonunate
nematodes, which reside deeper in the
sediments and are anaerobes, exhibited
little effect in abundance.

Field experiments examining.meio-
fauna recolonization in trays of oiled and
unoiled sediments found that coloniza-

tion was rapid for many true meiofaunal
taxa  but was much slower for the deeper
dwelling nernatodes!, even in highly
oiled sediments. However, the abun-
dance of most taxa, including two
harpacticoid species and total copepods,
was significantly depressed at high oil
dosages early in the experiment, but not
af ter 29 days  Fleeger et al. 1993; Shirley
et al. 1993!. Differences in colonization
rates rather than oil-induced mortality
was the apparent cause. However, abun-
dances of a few taxa  e.g., ostracods!
remained depressed in highly oiled sedi-
rnents for more than a year. Differences
between oiled and unoiled bays dimin-
ished in years subsequent to the spill.

Several subtidal fish species were
studied following the spill. Exposure of
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fish using the littoral zone  shore or
coastal zone!, particularly Dolly Varden,
was greater in the months following the
spill  Varanasi et al, 1992; Collier 1993!.
A year later, in 1990, Dolly Varden expo-
sure to oil decreased. However,
nearshore benthic species  rock sole, yel-
low fin sole, and flathead sole! continued
to be exposed to hydrocarbons. Pacific
halibut occurring in depths greater than
30 meters appear to have less exposure
than fish found in shallow subtidal ar-

eas. Pollock were found to have increased

exposure to hydrocarbons even as far as
400 miles from Bligh Reef  Varanasi et al,
1992; Collier 1993!. Pink salmon fry col-
lected from oiled areas in 19S9 were con-

taminated with petroleum, particularly
in the viscera, but no hydrocarbons were
detected in fry collected from the same
areas in 1990  Wertheimer et al. 1993!.

Several subtidal communities were

affected by the oil spill. Benthic commu-
nities in the fjordic portion of Herring
Bay showed signs of impact, including
declines in species diversity associated
with increasing dominance by a single
polychaete  worm! species  Jewett et al.
1993a!. Populations of leather stars and
helmet crabs were much less abundant
in oiled areas as compared to non-oiled
areas  Dean and Jewett 1993! and eel-
grass had lower densities of turions and
flowers at oiled sites  Dean et al. 1993!,

Predicting recovery of the subtidal
zone is complicated by the habitat and
species diversity and the varying re-
sponses of plant and animal populations
to oiling, Also, since the oil tended to
move down slope over time, some sub-
tidal communities were affected later

than others. Concentrations of oil in

some shallow subtidal sediments de-
creased over time, but other subtidal sedi-
ments showed no significant changes
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during the study period  O'Clair et al.
1993!. Eelgrass and some species of sub-
tidal algae appeared to be recovering
after being affected by the oil. The free
space created by the loss of algae was
being recolonized by new recruits  Dean
et al, 1993b!, In some eelgrass beds,
sensitive burrowing amphipods recov-
ered to near prespill densities by 1991
 Jewett and Dean 1993b!. Leather stars
showed little sign of recovery through
1991  Dean and Jewett 1993!, Helmet
crab populations appeared to be chang-
ing, but it is unclear if population recov-
ery or immigration from non-oiled areas
accounts for the increased abundance of

this species in oiled areas.
Oil contamination did reach the wa-

ter column and the shallow subtidal sedi-
ments, The lack of other pollutants in
Prince William Sound allows for a suite

of unique studies to examine the impacts
of low level subsurface oil contarnina-
tion over time. The oil contamination

levels were not acutely toxic like the
physically smothering oil that impacted
some upper intertidal zones, but the low
level contamination did cause increases
in bacterial numbers, meiofauna mass
and species structure, and did alter sev-
eral subtidal habitats. There are definite
signs of recovery in the habitat studies,
yet the low level sediment contamina-
tion continues to be detected. The re-
sidual oil contamination in beaches and
under oiled musselbeds may continue to
be a reservoir of oil for redistribution to
nearby subtidal habitats for some years
to come,
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On March 24, 1989, the Exxon Valdez
oil tanker ran aground on Bligh Reef in
Prince William Sound and spilled nearly
11 million gallons of crude oil. In the
days and weeks that followed, oil spread
across xnuch of Prince William Sound,
the waters off the Lower Kenai Penin-

sula, Afognak Island, Kodiak and the
Alaska Peninsula. Birds, otters and seals
were obviously in harm's way, but since
oil floats, many thought that fish could
swim away from the danger above. Not
all could.

Rockfish were the only adult fish
found dead following the spill  Andrew
G, Hoffxnan, personal communication!.
Deterxnining the cause of death in a fish
is difficult unless it recovered shortly
after the animal has died. Nevertheless,
five rockfish were found sufficiently fresh
to determine oil as the cause of death.

Despite this, xnost rockfish live at depths
that oil was not known to have reached
in the first few months following the
spiIL Nevertheless, dexnersal rockfish in
early May 1989 had significantly higher
concentrations  t hydrocarbons and hy-
drocarbon metabolites in their bile in
oiled than in non-oiled areas. Over time,
more of the heavier fractions did reach
these depths and rockfish tissues col-
lected in the fall of 1991  the most recent
samples tested! still showed signs of
chronic histopathology  Gary D, Marty,
personal comxnunication!.

Though rockfish were the only adult
fish observed dead following the spill,
small intertidal and juvenile fish which
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may have been killed would not have
been noticed in the omnipresent mousse.

It was unfortunate that herring were
just beginning their near-shore and in-
tertidal spawning when the oil spiH oc-
curred. The oil did not deter thexn, how-
ever, and they spawned on the oiled
shores and kelps with their usual aban-
don. Adults, eggs and juveniles were
exposed to oil. The hatching rate was
lower, there were xnore chromosoxnal
aberrations in the larvae and the propor-
tion of viable larvae was lower in the
oiled areas  Evelyn D. Biggs, personal
corn xnunication!.

Three years later when the fish in this
year class began to mature, they repre-
sented the next to smallest recruitment

of 3-year olds to the spawning popula-
tion in 25 years despite that they them-
selves were the result of a strong year
class, Every four to six years, one year
class of herring usually recruits to the
spawning population at a significantly
higher level than other year classes and
doxninates the spawning population un-
til its numbers decline with time and

another large year class takes its place.
The 1988 year class was such a class.
During the oil spill, the 1988 year class
was exposed to oil in its rearing areas. It
began to dominate the spawning popu-
lation in 1992, yet the fertility rate of the
eggs it produced was significantly lower
in the oiled areas than in the unoiled
areas  Richard M. Kocan, personal com-
xnunication!.

During the tixne of the oil spill, young
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streams. However, in 1991, mortalities
in aII intertidal regions were higher in
the oiled than in the unoiled areas. The
same phenomenon appeared in 1992 as
well. It is theorized that genetic damage
occurred when the adults spawning in
1991 and 1992 were incubating as eggs
and fry in oiled gravel two years earlier.
Genetic and environmental causes of this
apparent functional sterility are curre tlcurrent ybeing investigated  Samuel Sharr and

salmon were leaving their natal stream
and hatcheries for the open ocean The
oil did not seem to diminish the available
food for salmon juveniles in the oiled
areas  Alexander C. Wertheimer, per-
sonal communication!, but the extra
metabolic energy expended by juveniles
to detoxify the water soluble fractions of
oil to which they wereex posed may have
been the cause of slower growth rate
found in oiled areas compared tounoiled
parts of Prince William Sound  T. Mark
Willette, personal communication!. Re-
duced growth rate, according to Willette,
results in poorer juvenile to adult sur-
vival. This was observed when the fol-
lowing year pink salmon adults returned
at half the rate to a hatchery in an oiled
area as to hatcheries in the unoiled parts
of Prince William Sound.

In the fall of 1989, pink salmon re-
turned to spawn in the intertidal por-
tions of Prince William Sound streams.
Where oil was present in the spawning
gravel, eggs and fry suffered higher mor-
talities than in areas of clean gravel
 Samuel Sharr,personal corrununication!.
The upper region was the most heavily
oiled of the intertidal areas, and it was
the slowest to be cleaned by tides and
waves and other natural scouring ac-
tions. The followi ear

james F, Seeb, personal communication!.
Oil was still present in the saiin

fishing areas when adult salmon return
the summer of 1989, Nets could n

avoid straining oil and water; oiled nets
contaminated the salmon held by them;
and oil-tainted salmon could not be sold,
Fishing seasons were closed and many
more adults returned to some spawning
streams than was desired. It appears that
the excess sockeye salmon retunung to
Red Lake on Kodiak Island and to the,

enai River system on the Kenai Penin-
sulaproduced more juvenile salmon than
the emsystems' food webs could sup-
port  Kenneth E. Tarbox, personal com-
munication, Dana C. Schmidt, personal
communication!. Apparently, many
young fish starved, fewer than normal
outmigrated in the following years as
smolts and fewer than normal are ex-
pected to return as adults; so few in fact,
that commercial and sports fishing sea-
sons may be closed. If this happens,
hundreds of millions of dollars will be
lost from the commercial and sports fish-
ing industries.

In the Kenai system, the effects of
other overescapernents in the two years ~
prior to the Exxon Valdez oil spill com-
bmed with the effect of the 1989 oil spill
to severely impact that river system.
There has been no indication of recovery
to date.

Dolly Varden and cutthroat trout
were overwintering in freshwater lakes
when the spill occurred in Prince Wi0-
iam Sound, but they soon left these lakes
to forage in the near shore areas until
they once again entered freshwater in
the fall. The rocks and sediments of the
nearshore areas were coated with oil
and long after oil had left the pelagic
waters, the near-shore was still contam'-
nated. Some of those areas which were
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cleaned by response crews were devoid
of life because of the cleaning process.
Dolly Varden and cutthroat trout fre-
quenting these areas may have found
less food in the cleaned areas and toxic
hydrocarbons in the oil-contaminated
locations, Subsequent sampling found
their growth rates and annual survival
were less in the oiled than in the unoiled
areas  Kelly R Hepler, personal comrnu-
nication!, Some populations of cutthr
ha eclin su

els that th s are n to
fishing.

Ciams were impacted by some of the
methods used to clean the beaches fol-
lowing the oil spill. Many clams on oiled
but uncleaned beaches survived, but their
growth rates appear to be lower than in
the unoiled areas Q,D. johnson, personal
communication!.

Oil is known to have a very severe
impact on crustaceans, but commercial
fishing and heavy predation by an ex-
panding sea otter population prior to the
Exxon Valdez oil spill made it very diffi-
cult or impossible to determine the effect
of oil on some species. A dungeness crab
project quickly carne to an end when
only one crab could be found in the im-
pacted area of Prince William Sound
 Charles Trowbridge, personal commu-

Exxon Valdez Oil Spill Symposium Abstracts

nication!. The Green Island area was
directly in the path of much of the oil
passing through Prince William Sound
and it had once been a very productive
area for commercial shrimp fishing. But
the population crashed before the spill
and therefore determining injury due to
oil is very difficult. Nevertheless, in the
absence of commercial fishing over the
last several years, this population has not
recovered  Trowbridge, personal com-
munication!, As noted earlier, recent
evidence suggests that rockfish continue
to be exposed to oil. It logically follows
that shrimp in the same habitats would
also be exposed, but whether this is pre-
venting these populations from recover-
ing is unknown,

The fish and shellfish of the spill ar-
eas were impacted by the oil even though
they were beneath the surface. Because
many of the fish and shellfish examined
are commercially important species, it
has often been difficult to separate the
ef fects of oil from fishing mortality. Nev-
ertheless, within sometimes broad
boundaries, it has been shown that even
the adult populations of fish and shell-
fish were affected by impacts even to the
juvenile stages of these animals. Resto-
ration considerations are warranted and
may be necessary in order to bring some
of these stocks back to healthy levels,
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Barrens could not have been more dev-
astating to the murres, but it fortunately
did not kill any puffins or storm petreis
which also breed there in large nurnbem-
Luckily, storm petrels and puffins nor-
rnally do not return to the breeding cuko-
nies until mid May, and most of the oil
had drifted away from the Barren Is-
lands before these birds arrived at the
colony. Almost certainly, some indi-
viduals of thesespecies werekilled atsea
in the Gulf of Alaska and Shelikof Straits,
with little likelihood of the birds being
recovered on shore.

The oil continued past the Barrens,
both eddying into Cook Inlet and
Kachemak Bay, and continuing south
into the Gulf of Alaska and Shelikof Strait,
oiling beaches on the east and west sides
of Afognak and Kodiak Islands.

During the initial response phase
about 36,000 birds were recovered dead
from beaches, and an additional 1604
live, oiled birds were taken to rescue
centers in Valdez, Seward, Homer and
Kodiak for cleaning and rehabilitation.
Eight hundred and one of these birds
were successfully cleaned and released
back to the wild. Their survival was nM
assessed.

Some of the 36,000 birds found dead
on beaches in the late summer of 1989
undoubtedly were natural mortality not
associated with the oil spill, but only a
very small proportion of the oiled birds
were ever recovered from the more tham
1,300 miles of oiled beaches, Sever<
factors contributed to the small peroent-
age carcass recovery. Many birds w~

The Exxon Vatdez Oil Spill occurred at
the end of March 1989, near the end of
winter when thousands of Bald Eagles
and loons, plus countless waterfowl and
seabirds were overwintering in Prince
William Sound. The oil spread slow1y at
first, then high winds blew the oil quickly
southwest across the Sound into shel-
tered bays and fjords densely populated
by sea otters, harbor seals and birds. The
oil filled bays acted as a trap for birds
flying into the sheltered coves to roost
for the night. Western Prince William
Sound became a dead zone overnight.

The wind continued blowing the oil
out of the Sound into the Gulf of Alaska
and along the Kenai Coast fouling the
headlands and disrupting the birds at
the Chiswell Islands, but luckily causing
relativelylittle injury to the seabird popu-
lations there.

In early April oil reached the Barren
Islands just prior to the beginning of
nesting by Conunon Murres on the sea-
bird breeding cliffs. Many tens of thou-
sands of breeding Common Murres had
gathered in large rafts adjacent to the
islands and the oil swept away the great
majority of these birds. Prior to the spill
the breeding colonies on the Barren Is-
lands were home to approximately
130,000 birds, but 60-80 percent were
engulfed, carried away and killed by the
oH. Many of the carcasses drifted ashore
on the Alaska Peninsula in April and
May, and many carcasses undoubtedly
drifted into the Gulf of Alaska and sank
without ever reaching shore.

The timing of the oil surrounding the

How Do You Fix the Loss of Half a Million Birds?
D. Michael Fry
University of Gslifin via Davis
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killed, became waterlogged and sank
before reaching shore, and some may
have been washed from shore along with
oil during the tidal cycles, Other birds
were scavenged by eagles, ravens and
gulls or by foxes and bears attracted to
the beaches because of the carcasses

present. Radio marked carcasses put out
as part of the Damage Assessment re-
mained on beaches only an average of 24
hours, with most of the carcasses being
carried inland by scavengers patrolling
the beaches. Many carcasses may have
been buried in the beaches by wave ac-
tion, and many miles of beach were
searched only rarely by personnel re-
trieving carcasses, Small birds were prob-
ably missed, and many oiled birds still
alive when they reached shore may have
lurched up the beach and hidden in the
undergrowth to avoid detection by beach
walkers, cleanup workers or predators.
The Trustees' extrapolation of the num-
ber of birds oiled in the spill is necessar-
ily uncertain, but indicates very strongly
that 350,000 to 500,000 birds were trapped
and carried by the advancing oil as it
swept out of Prince William Sound across
the Gulf of Alaska and agamst the Alaska
Penin.sula. How many additional birds
were carried into the Gulf of Alaska is

unknown.

Because Prince William Sound is an

overwintering area for birds which mi-
grate away from the spill zone to breed
elsewhere, it was not possible in 1989 to
accurately assess the numbers of birds
present during the spill event. Loons,
several s peciesof seaducks, many tens of
thousands of migrating shorebirds and
thousands of Bald Eagles were all present
during the initial tixne of the spill, but
most left the spill area to breed else-
where. The number of migrants killed
and the proportion of these birds that
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were lightly oiled and suffered repro-
ductive problems is unknown. The spill
area was too large to be able to accurately
assess the number of birds at risk.

Birds staying in the spill zone re-
rnained at risk of exposure for a very long
time. Hundreds of xniles of beaches be-
carne oiled, and a substantial portion of
the oil remained aground, but much oil
bled from the beaches with each high
tide cycle. The ten to 15 foot tidal excur-
sion in Prince William Sound insured
maximal intertidal exposure and pen-
etration of oil into the coarse cobblestone

beaches throughout much of the spill
area. Whil e most of the oil washed ashore

or sank, some oil continually bled from
beaches for months posing a risk to birds
on the water. More insidious, however,
was oil contaminating intertidal inverte-
brates and Ash eggs needed as food by
migratory and breeding birds. The per-
sistence of oil in mussel beds and inter-

tidal seaweed beds in some places has
lasted for years, with continued expo-
sure to species such as Harlequin Ducks,
oystercatchers, and some gulls such as
Black-leggedKittiwakes and Mew Gulls.
ln 1989, kittiwakes used seaweed  pri-
rnarily Fucus! to build their nests and the
oil contaminated eggs. Reproductive
failure of some kittiwake colonies may
have been related to oil exposure.

The extensive cleanup activities in
1989  and to a lesser exten tin 1990! caused
disturbance of potential breeding birds
in addition to the mortality of directly
oiled birds. Bald Eagles, Marbled
Murrelets, Pigeon Guillernots, Harlequin
Ducks and Black Oystercatchers aU suf-
fered breeding losses as a result of oiling,
disturbance, or a combination of the two
in 1989 and 1990.

Over the past 3 years, the injury suf-
fered by most species appears to have
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end~ wit the geanuP ofo~
s~m h ve apparently returned to nor-

al breeding but by a r~u PoP
tion. Marbled Murrelets and Bald Eagles
a pear to havereturned tonormalbreed-
ing, but Black-legged Kittiwakesapl have

not been carefully monitored since 1989.
Some species, however, are still suf-

fering continued injury. Black Oyster-
catchers, Harlequin Ducks and Pigeon
Guillemots are heavily dependent upon
the nearshore and intertidal environ-
ments and showed injury in 1990 and
1991. Results of the 1992 breeding sea-
son were not available for all species at
the time of this writing, but Harlequin
Ducks certainly showed continuing in-
jury.

The largest scale continuing injury to
reproduction in birds is with Common
Murres. These seabirds breed in very
dense colonies in only a few locations,
and the large colonies at the Barren Is-
lands, and the Alaska Peninsula  Puale
Bay and Ugaiushak Island! suffered such
great mortality in 1989 that their social
structure and organization remain se-
vere!y disrupted. Many young birds,
apparently attempting to breed for the
first time at age 4 or 5 years, have re-
turned, but the courtship and egg laying
patterns of the birds are poorly synchro-
nized and occur nearly a month later
than they should each year. The frag-
mented, late breeding has resulted in
increased predation of eggs and chicks
by gulls and ravens,and the winter storins
have swept more than 100000 youn
chicks off the cliffs to their deaths be-
cause the breeding has been so late in
1990, 1991 and 1992. The contin '
abnormal b~eeding at these colonies is

e contmutng

very disturbing, as the murreses appear to
be in real danger of becomiming perma-
nently entrained to late breed'

g  possl-
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bly because young birds have estabhshed
the wrong patterns. If this is permanent,
the prospects for these colonies is poor,
because a breeding failure will lead to
the eventual decline and extinction of
these colonies. Many hundreds of thou-
sands of additional Common Murres will
be lost if this injury continues, Some bold
restoration efforts must be attempted to
try to reverse the trend with Common
Mur res,

Restoration opportunities by the
Trustees have been made possible by the
unprecedented settlement with Exxon
after the spill. The 900 million dollars
should provide funding for many di-
verse projects which havebeen proposed.
The Trustees now have the opportunity
to try many innovative new techniques
to assist the species showing severe or
continuing injury.

Much of the pristine old growth for-
est of Prince William Sound, the Kenai
Peninsula and Afognak Island is privately
owned and available for logging, with
potential to harm breeding Marbled
Murrelets, Harlequin Ducks and Bald
Eagles. Protection of these breeding habi-
tats is important, and a substantial pro-
portion of settlement inonies should be
used to acquire valuable forest parcels in
imminent threat of logging.

More important, however, is the need
to help restore normal breeding to Harle-
quin Ducks and Black Oystercatchers and
to assist Common Murre and Black-

legged Kittiwake colonies suffering
breeding failure. Careful cleaning and
restoration of specific intertidal feeding
habitats, including restoration of mussel
beds and seaweed beds is essential, With-

out this intertidal food base, recovery of
the birds and sea otters dependent upon
them will not occur normally. The murre
and kittiwake colonies remain the most
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difficult to help, Control of predators,
both foxes and some bird species, should
help prevent further losses, but active
measures are also needed for murres.

Since the breeding synchrony and tim-
ing are still wrong at some colonies, dras-
tic measures are called for to assist these

fragile colonies. Restoration of colonies
of closely related birds has been accom-
plished in Maine and the Galapagos by
placing decoys and playing recordings
of courtship calls over loudspeakers to
stimulate the birds to begin breeding at
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the correct time. These techniques should
be tried as pilot projects in Alaska, and if
successful, a large program to restore the
murre colonies should be attempted.

The Exxon Valdez oil spill injury and
settlement were both unprecedented in
U.S. history. The recovery efforts should
also be bold, and creative in the pioneer-
ing spirit of Alaska, especially since Exxon
has provided sufficient funds to allow
the Trustees the liberty to use many dif-
ferent techniques and projects to help
restore this unique place.
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prince William Sound is a large pro-
tected embayment that provides excel-
lent and diverse habitat for a variety of
marine mammal species, The most corn-
rnon of these species are sea otters, har-
bor seals, killer whales, humpback
whales, Steller sea lions and harbor and
Dali's porpoises. When the T/V Exxon
Valdez spilled I1 million gallons of crude
oil in Prince William Sound on 24 March

1989, many of these marine mammals
swam or crawled through oil and in-
haled aromatic hydrocarbons as they
breathed at the air/water interface. Har-
bor seals and sea otters rested on oiled
rocks and algae. Seal and sea otter pups
were born on oiled substrate and nursed
on oiled mothers. The prey of some
species were contaminated by oil, and
this food chain contamination may have
lasted for some time after the spill.

Shortly after the spill occurred, stud-
ies were initiated to assess its effects on
marine mammals that were likely to be
impacted. For some species, baseline
data on abundance, seasonal distribu-
tion, natural mortality, and reproduc-
tion were so incomplete or lacking that it
was di fficult to conduct zneaningful stud-
ies  e.g,, harbor and Dail's porpoises!.
Others, such as sea lions, were present
for only a short period after the Exxon
Vatdez sPill and then moved away as par t
of their annual cycle, and it was not pos-
sible to track which animals had been in

contact with the spill, For all species, an
undetermined but significant amount of
time is spent underwater, making them
difficult to count and observe. For some,
ongoing declines  harbor seals! or fish-
ery interactions  killer whales! made in-
terpretation of results difficult. Because
of the inadequacies of comparative data
and study methodology, many of the
effects of the Exxon Valdez oil spill may
neverbeknown definitively, Findingsof
the major studies are presented here.

Humpback whales are present and
feed in Prince William Sound fromspring
through autumn. In order to assess the
impacts of the spill on humpbacks, pho-
tographs of individual whales in Prince
William Sound were collected from May
to September 1989-1990. Research ves-
sels traversed over 20,000 nm in search of
whales during the two field seasons.
Photographic analysis of Prince William
Sound hurnpbacks revealed 59 identifi-
able whales in 119 encounters in 1989
and 66 whales in 201 encounters in 1990.
No measurable decline in the number of

humpbacks occupying Prince William
Soundoccurred following the Exxon Val-
dez oil spill, Fewer humpbacks used the
Lower Knight Island Passage area in 1989
than in 1988 or 1990, Increased vessel
and aircraft traffic associated with
cleanup activities in that area may have
caused redistribution to other areas, No
observations were made of humpbacks
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swirnrning through oil, There were no
reports of dead, stranded humpbacks
during the 1989 or 1990 field seasons.

Approximately 245 "residenY' and
52 "transient" killer whales were known

to use Prince William Sound prior to the
oil spill. In order to assess the impact of
the Exxon Valdez oil spill on killer whales,
a photographic identification study of
individual killer whales was conducted

in Prince William Sound during 1989-
1992. During the study, a maximum of
nine resident pods �48 whales! and four
transient pods �4 whales! was docu-
rnented. Following the Exxon Valdez oil
spill, five different pods of killer whales
were seen swimming through oil, and
killer whales were also observed rub-

bing on an oiled beach. Analysis of pho-
tographs of resident pods in 1989 re-
vealed two animals missing from AE
pod, 22 missing from AN pod, and seven
missing from AB pod. Losses from AE
pod were within the expected mortality
rate. The 22 animals missing from AN
pod may have belonged to a subgroup
that travelled separately from the main
pod in 1989; the missing animals were
seen again in1990. During 1990-1991, no
additional animals were documented to

be missing from resident pods other than
AB pod, which lost an additional seven
animals. However, in 1990-1991, ten  and
possibly eleven! killer whales were miss-
ing from transient pod AT. Three of
these missing animals were photo-
graphed very dose to the Exxon Vafdez
on or about 27 March 1989.

The loss of animals from AB pod in
1989-1991 is unusual and higher than
normal mortality would explain. These
losses translate to mortality rates of 19.4%
m 1989-1989 and 20.7% in '1989-1990, corn-
pared to 3.1% in 1988, 4.3 % in 1991, and
Oin1992. Nocalveswereobserved in AB
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pod in either 1989 or 1990. A single calf
was seen in 1991 and two calves in 1992.

All other resident pods in Prince William
Sound have maintained or increased their

numbers since 1988.

Harbor seals occur in Prince William

Sound throughout the year, particularly
in the coastal zone, where they feed and
haulout to rest, pup and molt. Some of
the largest haulouts in the Sound, and
waters adjacent to those haulouts, were
directly impacted by oil. In oiled areas of
Prince William Sound, 50%-100% of the
seals and their pups became oiled. Seals
did not appear to avoid oil in the water or
on haulouts. Oiled seals in oiled areas

were reported to be sick, lethargic, or
unusually tame.

Microscopic examination of tissues
from seals collected following the Exxon
Valdez oil spill found debilitating lesions
in the brains of oiled seals. Exposure to
aromatic hydrocarbons caused swelling
and degeneration of nerve axons, which
could have made it very difficult for seals
to perform normal tasks such as swim-
rning, diving, and feeding, Hydrocar-
bon rnetabolites in bile were 7-13 times

higher in seals collected from oiled parts
of Prince William Sound than in those

from the Gulf of Alaska. This confirms
that seals took oil into their bodies

through contact, inhalation, and/or in-
gestion. Because seals have enzyme sys-
tems that allow them to detoxify and
excrete hydrocarbons, the levels found
in most tissues were very low. Highest
levels occurred in blubber and in milk.

Aerial surveys conducted in 1989-
1992 showed that pup production was
lower in oiled areas during 1989 than in
1990-1992, while in unoiled areas it was
the same, Based on aerial surveys and
carcass counts, neonatal pup mortality
was estimated to be over 20% in some
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The restoration planning process fol-
lowing the Exxon Valdez oil spill has fm
cused on identifying, evaluating, and
integratinginformation about thenature,
extent, and persistence of injuries to natu-
ral resources and services, the rate and
adequacy of natural recovery, and the
opportunities for restoration, This pro-
cess changes as new information is re-
ceived, but will culminate in thepublica-
tion of a Draft Restoration Plan in Spring
1993, The damage assessment and resto-
ration science studies are the primary
sources of information on injuries; other
sources include data collected during the
oil spill cleanup, public comments, and
the scientific literature.

This paper reviews the planning ap-
proach taken by the Restoration Plan-
ning Work Group on behalf of the Exxon
Valdez Oil Spill Trustees to identify and
evaluate restoration options for inclu-
sion in the draft restoration plan. I also
provide a brief vision of how the plan
may be implemented, once public com-
ment has been considered,

Identification of Restoration Options
The restoration planning process has

identified the widest possible range of
restoration ideas, based on suggestions
from a public symposium�  RPWG,1990a!,
public "scoping" meetings  RPWG,
1990b!, and a technical workshop  un-
published!. Restoration ideas have been
organized into restoration options and
databases necessary for their evaluation
have been assembled. Thirty-five resto-
ration options were identified and pre-
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sented to the public in the Exxon VaMez
Oil Spill Restoration, Volume 1- Restora-
tion Framework  Exxon Valdez Oil Spill
Trustees, 1992a! for review and com-
ment. Based on public comment as well
as additional input from the Trustee
Agencies and independent scientific
peers, there are presently 32 restoration
options being considered for inclusion in
the draft restoration plan. Arranged by
category of restoration activity, they are:
Management of Human Uses
1. protect archaeological resources,
2, intensify management of fish and

shellfish,

3. increase management for fish and
shellfish that did not previously re-
quire intensive rnanagernent,

4. reduce disturbance at marine bird

colonies and marine haul- out sites

and rubbing beaches,
5. reduce harvest by redirecting sport-

fishing pressure,
6. create national recreation area or wil-

derness area,
7. increase management in parks and

refuges,
8. seek voluntary restrictions in subsis-

tence harvests of marine and terres-
trial mammals and sea ducks,

9. seek restrictions and closures to legal
harvests of terrestrial mammals and
sea ducks,

10. minimize incidental take of marine
birds by commercial fisheries,

Manipulation of Resources
11. preserve archaeological sites and ar-
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tifacts,
12. improve freshwater wild salmonid

spawning and rearing habitats,
13, create new recreation facilib
14. eliminate residual oil from important

intertidal habitats, e,g., mussel beds,
15, accelerate recovery of upper '"ter-

tidal  Fucus! zone,
16. supplement subtidal substrates  al-

gal and other! for spawning herring,
17. test feasibility of enhancing murre

productivity,
18. eliminate introduced foxes and other

predators from islands important to
nesting of marine birds,

19, replace fisheries harvest opportuni-
ties by establishing alternate salmon
runs,

Habitat Protection and Acquisition
20. update and expand the State' s

Anadromous Fish Stream Catalog,
21. acquire tidelands,
22. designate protected marine areas,
23. acquire additional marine bird habi-

tats

24. acquire "inholdings" within parks
and refuges,

25. protect and acquire upland forests
and watersheds,

26. acquire extended buffer strips adja-
cent to anadromous fish streams,

27. designate and protect "benchmark"
monitoring sites,

28. acquire access to sport t'ishing
streams,

29. establish or extend buffer zones for
nesting birds,

Other Options
30. test subsistence foods for hydrocar-

bon contamination,
31. establish a marine environmental in-

stitute, and

32, replace  return! archaeol
facts.

aeo ogical arti-

Development of Injury Criteria and
Identif ication of Resources and Services

that Warrant Restoration

To decide whether it was appropriate
to spend restoration funds on a particu-
lar resource or service, criteria were first
developed that evaluated available evi-
dence for consequential injury and the
adequacy of natural recovery. "Conse-
quential injury" indicates a loss attribut-
able to exposure to Exxon Valdez oil, or
otherwise attributable to the oil spill and
cleanup. "Loss" for injured natural re-
sources is defined as:

1! significant direct mortality, 2! signifi-
cant declines in population size or pro-
ductivity, 3! significant chronic and sub-
lethal effects, or degradation of habitat
due to contamination by oil or cleanup.

A natural-resource service has expe-
rienced "consequential injury" if the oil
spill or associated cleanup has: 1! signifi-
cantly reduced the physical or biological
functions performed by the natural re-
source, 2! significantly reduced aesthetic,
intrinsic, or other indirect uses provided
by the natural resources; or in combina-
tion with either of these, 3! resulted in the
continued presence of oil on lands inte-
gral to the use of special purpose lands
 i.e., parks and refuges designated by the
State of Alaska or Federal Government
for the protection and conservation of
natural resources and services!

To maximize the benefits of restora-
tion expenditures, the Trustees may con-
sider the effects of natural recovery be-
fore investing restoration doQars. In a
scientific sense, full ecological recovery
has occurred when the flora and fauna
are again present in similar numbers,
health, and productivity to pre-spill con-
ditions, and there is a full complement of
age classes. A fully recovered ecosystem
is one which provides the same func-
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tions and services as were provided by
the pre-spill, uninjured system.

For each injured resource and ser-
vice, an estimation of the rate of recovery
will be made based on the best informa-

tion available from the damage assess-
ment and restoration-science studies, the
scientific literature, and other sources. If
it appears that recovery will be nearly
complete before the benefits of a restora-
tion study or project can be realized, then
the Trustees may determine that spend-
ing funds is not justified. However, if it
appears that the recovery time will be
prolonged, it may be worth implement-
ing technically feasible, cost-effective res-
toration options.

Criteria to Evaluate Restoration Options
To help determine which of the many

restoration options are most appropriate
and beneficial, the following criteria were
developed based largely on the Compre-
hensive Environmental Response, Com-
pensation and Liability Act of 1980 �2
U.S.C. 9601!:
1. potential to improve the rate or de-

gree of recovery,
2. potential to prevent further degrada-

tion or decline,
3. technical feasibility,
4. degree to which proposed actionben-

efits more than one resource or ser-

vice,
5. degree to which proposed action en-

hances the resource or service,
6 potential for additional injury to ei-

ther resources or services from imple-
mentation of option, and

7. the relationship of expected costs to
expected benefits.
These criteria have been used

throughout the planning process. All
ideas developed from the initial public
"scoping" meetings also were screened

against these criteria during a prelimi-
nary evaluation. Ideas which were not
technically feasible, or which could pro-
duce significant additional injury upon
implementation, were rejected.

Evaluation of Restoration Options for
Identifying and Protecting Marine and
Upland Habitats

Additional steps will be needed to
properly evaluate habitat protection and
acquisition options. While a final pro-
cess has not been adopted, the Trustees
issued a Restoration Framework Supple-
ment  Exxon Valdez Oil Spill Trustees,
1992b! that proposed a detailed habitat
protection process for public review and
comment. The steps in this process in-
clude;

l. identification of key upland habitats
that scientific data or other relevant
information link to the recovery of
injured resources and services, This
includes an analysis of imminent
threat *om development  e,g., log-
ging or mining!, that recognizes the
need to respond to a proposed change
in land use that could foreclose habi-
tat protection or other restoration
opportunities,

2. characterization and evaluation of

potential impacts from changed land
use relative to their effects on recov-

ery of the injured ecosystem and its
components; comparative evaluation
of recovery strategies not involving
acquisition of property rights  e.g.,
redesignation of !and-use classifica-
tion!, including an assessment of pro-
tection afforded by existing laws,
regulations, or other alternatives.

3. evaluation of cost-effective strategies
to achieve restoration objectives for
key upland habitats identified
through steps one and two above.
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Restoration alternatives for resource
injuries would be evaluated,

4! wil»ng seller-buyer negotiations with
private landowners for property
rightS, and

5! publicmanagementofacquiredprop
erty rights.

Development of Restoration Alterna-
tives

The draft Restoration Plan will de-
scribe a reasonable range of restoration
alternatives based on requirements of
the National Environmental Policy Act
of 1969 �0 CFR 1500-1508!. The conse-
quences and impacts of each alternative
must he analyzed in an Environmental
Impact Statement  FIS!  Council on En-
vironmental Quality, 1986!. A prograrn-
matic EIS will be published simulta-
neously with the restoration plan.

Each alternative will consist of sev-
eral or more  a set! of the restoration
options listed above. More than one
restoration option can be used to restore
any one injured resource or service, One
option also could address the restoration
of multiple injured resources and ser-
vices. Each alternative, then, will achieve
restoration through a different set of op-
tions.

We do not implement all the restora-
tion options listed above because their
combined cost would greatly exceed the
funds now available. As a con �uence/
alternatives consisting of different sets of
restoration options are constructed for
public review. In this way public prefer-
ences on the options are collected and the
implications of choosing some o tisome options
over others become evident. After con-
sideration of public comment, the Trust-
ees will choose one or more of the alter-
natives for implementation.

Six possible restoration alternatives
were identified in the Resto ti Fes oration Frarne-

work  Erxon Valdez Oil Spill Trustees,
1992!, they are presented here for discus-
sion only and do not at this time indicate
any preference of the Trustees. They are:
1, Mo action - This alternative is to un-

dertake no active restoration but to

rely on natural recovery to restore the
injured ecosystem and its associated
servtceS.

2. Management ofhuman uses- The useof
existing State of Alaska and Federal
Management authorities to modify
human uses of injured resources or
services is emphasized in this alter-
native.

3. Mani putation of resources or services-
This alternative focuses on measures
taken directly  usually on-site! to re-
habilitate or replace an injured spe-
cies, restore a damaged habitat or
enhance services provided by a dam-
aged resource.

4, Habitat Protection and Acquisition - This
alternative includes changes in rnan-
agernent practices on private and
public lands and the creation of "pro-
tected" areas on existing public lands
and on marine waters to prevent fur-
ther damage to injured resources,
Beyond land management practices,
damaged habitats or property rights
can be acquired short of fee simple
title, e,g., purchase of timber rights,

5. Acquisition oj equivalent resorcrces-
Acquisition of equivalent resources
means to compensate for an injured
resource by substituting another re-
source that provides the same or a
substantially similar service as the
injured resource or service. How-
ever, direct restoration approaches
 manipulation of resources and ser-
vices, and habitat protection and ac-
quisition! also can be implemented
on an equivalent-resource basis.



Restoration Planning

41

6. Combination alternatives - Each alter-

native above may be considered by
itself or mixed in a number of ways,
depending on priorities and ap-
proach. Differences among combi-
nation alternatives could bebased on

the severity of injury, the level  cer-
tainty! of knowledge on recovery, the
perceived effectiveness of restoration
techniques, or where restoration will
be implemented. For example, one
combination alternative could ad-

dress restoration of only the most
severely injured resources and ser-
vices that we know are not recover-

ing within the affected area, and that
only the most effective direct restora-
tion measures would be used. An-

other alternative could be less restric-

tive and address restoration of all

injured resources and services, both
inside and outside the affected area,
and apply all available restoration
measures  direct restoration,replace-
ment, acquisition of equivalents, en-
hancement!.

Monitoring
Implicit in each alternative is the pro-

vision to monitor the recovery of injured
resources and services, It would be the

objective of this program element to
monitor natural recovery as well as re-
covery aided by restoration. Monitoring
also would be designed to detect latent
injuries and reveal long-term trends in
the health of ecosysterns affected by the
oil spill. The duration of the monitoring
program would depend on the severity
of the effects resulting from the spill and
the time necessary to establish a trend for
recovery.

Implementation of Plan
Once the public has commented on

the Draft Restoration Plan, the Trustees
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will select the alternative or alternatives

that will constitute the  Final! Restora-
tion Plan. This document is scheduled

for publication in Sununer 1993. Resto-
ration at the project level will be consis-
tent with restoration options contained
within the selected alternative s! and will
begin with implementation of annual
work plans beginning in 1994. Each year
there will be a call for ideas  project de-
scriptions! for the next years' annual work
plan, as there was in 1992 in anticipation
of the 1993 field season, Based on this

input, a draft annual work plan will be
assembled by the Trustees and circu-
lated for public review and comment,
After consideration of public comment
and any necessary revision, the annual
work plan will be adopted and imple-
mented.

Funding
Funding for restoration will come

from the $900 million that the Exxon

Companies agreed to pay the United
States and the State of Alaska over a

period of 10 years. The Exxon Valdez oil
spilt, however, resulted in injury to re-
sources that may not recover for genera-
tions. The extent of injury and the rate of
recovery for some resources and services
will not be completely known for de-
cades, well beyond the life of the existing
settlement For these and other reasons,
restoration needs will continue weIL be-
yond the last scheduled payment in 2001.
To address this need, the Trustees are
considering a proposal to establish an
endowment, An endowment could serve
to extend the tife of the restoration pro-
gram providing longer-term  perpetual!
support for certain restoration activities,
e,g,, monitoring and research programs,
visitors center, and habitat acquisition.
An endowment also offers an opportu-
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nity to undertake restoration at a differ-
ent  slower! pace than would be the case
if all funds had tobeexpended within the
I-year life of the settlement. We tnay
not know if initial restoration is success-
ful for many years which suggests a more
cautious approach.
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Prince William Sound, a large, com-
plex-fjord-type estuarine system, owes
its configuration to plate tectonics and
multiple episodes of glaciation. Gravel
beaches dominate exposed segments of
bedrock islands whose steep submarine
slopes are covered with gravelly to
muddy sediment. Submerged morainal
ridges consist of relict diamicts, indicat-
ing rapid tidal currents that sweep away
modern fine sediment, Between bedrock
and morainal highs of the fjord floor,
numerous deep basins  to water depths
of 800 m! contain Holocene diatom-rich
mud up to 200 m thick, Minor amounts
of coarse sediment are being introduced
into the estuary from a few fjord-head
deltas and as bottom load from the Cop-
per River Delta through Hinchinbrook
Entrance. The dominant sedimentary
material accumulating today in this fjord
complex is fine suspended sediment
which is being deposited in deep sedi-
ment sinks throughout the sound at rates
that vary from 0.3-0.4 cm/yr  Bothner et
al, 1990!. Much of the insular slope and
the fjord walls are kept bare of fine sedi-
ment settling from the water column by
complex current circulation within the
estuary.

We have undertaken four sediment
sampling cruises since the Exxon Valdez
oil spill in March 1989. The cruises  May
1989, May 1990, August 1990, and June
1992! were planned to sample the bot-
tom sediment along the spill trajectory to
follow the geological fate of the spilled
oil. Sediment samples were analyzed for
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aliphatic and aromatic hydrocarbons.
InMay1989, we sampled bottom�sedime-

ntnt at 20 stations along the oil spill
trajectory from Bligh Reef southwest
through Prince William Sound �5 sites!
and along the Kenai Peninsula � sites!.
Each site was chosen after a 3.5 kHz
acoustic profile line was run across the
prospective sample area  Carlson and
Reimnitz, 1990!. Most acoustic profile
lines over box-core sample sites showed
relatively thick accumulations of post-
glacial, unconsolidated mud which is
accumulating in the deep basins today.
Some sites were selected on seafloor
highs, and cores from these sites con-
tained pebbly sandy muds, principally a
glacial moraine substrate. Oil contami-
nation could not be positively identified
in sediment at any of the 15 deep-water
sites sampled two months after the spill.
Only at one site, near the south end of
Prince William Sound, northeast of
Latouche Island, did the sediment ex-
tract have chemical indicators of pos-
sible oil contamination, but the presence
of spilled oil could not be verified  Rapp
et al., 1990!,

Nine deep-water sites, originally
sampled in 1989, were occupied 14
months after the spill in May 1990. No
visible signs of oil were present in the
deep-water sediments, but a consistent
increase in the terpane ratios C23/C30
may be a consequence of oil-spill con-
tamination  Kvenvolden, et al., 1991!.
Relative changes in deep-water samples
from 1989 to 1990 in the pristane/phy-
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tane ratios suggest changes in the depo-
sitional environment which may or may
not be due to the effects of the oil spill.

Seventeen months after the spill  Au-
gust 1990!, six islands ELrington, Knight,
Eleanor, Smith, Naked, and Storey! and
their insular slopes were investigated
 Carlson et al., 1991!. We found some oil
on all of the beaches we visited. The oil
was in a varietyof forms including sheens
of oil on water that percolated from the
beach sediment; thin coatings of oil on
sedixnentor rocks; brown sticky xnousse-
like patches on sediment and driftwood;
and tar or asphalt-like pavements or
patches on rocks, In the case of the tar,
two chemically similar samples were
found about 100 km apart on the beaches
of the north side of Storey Island, and on
the northwest side of Elrington Island.
These tars were not from the Exxon Vat-

dez spill because they had different ali-
phatic biomarker and aromatic hydro-
carbon distributions and markedly
heavier carbon-isotopic compositions
than either the spill oil or the oiled sedi-
ments collected froxn the beaches visited
in August 1990, This tar exhibits the
characteristics of oil from the Monterey
Formation in Califorxua  Kvenvolden et
al., in press!. The other oil samples have
sterane and hopane biomarker distribu-
tions siinilar to those of a spilled North
Slope crude oil saxnple secured froxn the
tanker; however, the oils from thebeaches
are at various stages of alteration as evi-
denced by hydrocarbon distributions,
For example, alkyl ated naphthalenes and
phenanthrenes, as well as n-alkanes and
isoprenoid hydrocarbons, have partly or
completely disappeared  Kvenvolden, et
al., 1991!.

After saxnpling the island beaches,
we ran high-resolution acoustic profiles

across the adjacent insular slopes and
then collected bottom sediment at sites

selected from the profiles. Rapid degra-
dation of n-alkanes and isoprenoid hy-
drocarbons limits their usefulness for
tracking oil in shallow or deep water
sediment. Some of the biomarker char-

acteristics, such as tricyclic-tetracyclic
terpane-triplet patterns and sterane/
diasterane distributions, suggest addi-
tion of spilled oil to sediment at eleven of
the shallow water stations occupied in
1990  Kvenvolden, et al. 1991!. All of
these saxnples are located off beaches
that were heavily impacted by North
Slope crude oil spilled from the Exxon
Valdez, However, none of the shallow
water samples contained visible traces of
the spilled oil.

Thirty eight months after the oil spill
 June 1992!, we found oil from the 1989
spill on beaches of Naked, Green, Knight,
Evans, and Latouche Islands, as well as
tar from other sources. On the same

cruise, five deep water sites previously
occupied in both 'l989 and 1990, were
reoccupied. Samples from these beach
and deep water stations are currently
under investigation.

Prince Williaxn Sound circulation is

strongly influenced by the Alaska Coastal
Current. This current is affected by fresh
water discharge which, according to
Royer and others �990!, was at a record
low in March 1989, the time of the spill.
They concluded that the spilled oil ad-
vanced through the sound more slowly
than it would have in a normal year.
Under these conditions of lower dis-

charge, the amount of suspended sedi-
ment carried by streams draining the
large glaciers bordering the Gulf of
Alaska was probably below normal.
Floating oil, even after losing volatiles, is
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not dense enough to sink, unless bonded
to particulate matter. If the amount of
particulate rnatter is low, the probability
of bonding decreases. This process might
explain the absence of the spill oil in the
deep-water samples collected on the 1989
cruise. On the other hand, if the lower
fresh-water discharge caused the "flow
through" to be slowed, the oil would
have more time to attach to sedimentary
particles. However, the general absence
of oil in the deep sediment sinks two
months after the spill suggests that the
first scenario is more likely. By the sec-
ond summer after the spill, there is evi-
dence that traces of oil are migrating
from the oil-impacted beaches down the
insular slopes, and meager evidence that
deep basin sediment is showing some
trace amounts of oil contamination. The

samples collected in June 1992 should
show whether or not hydrocarbon con-
tamination from the March 1989 oil spill
has reached the deep-water sediment
sinks of the fjord.
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pate and Toxicity: Characterization of Residual Oil

Three and a half years after the T/V
Exxon Valdez spill, petroleum still per-
sists on many of the beaches used as
study sites in Prince William Sound.
Presented are the preliminary results of
chemical weathering of residual North
Slope crude in an intertidal subarctic
environment as viewed from an inte-

grated chemical weathering and physi-
cal transport prospective Residual oil
samples collected on various beaches
during August1992 are compared to the
original T/V Exxon Valdez cargo oil.

Weathering studies of oil degrada-
tion indicate the most resistant compo-
nents often associated with long-term
chronic toxicity are the polycyclic aro-
matic hydrocarbons  PAHs!. These PAH
compounds are used as weathering indi-
cators when the normal hydrocarbons
are weathered beyond detection, The
collection locations were part of a long-
term study with the objective of having a
close corroboration between geological
observations and chemical analysis so
that interpretations would include an
understanding of the physical setting and
processes which have contributed to the
weathering fates,

Due to the great diversity of beach
environments impactedby the T/V Exxon
Valdez oil spill, an abundance of trapped
oil pockets exposed to various degrees of
energy and biological activity were cre-
ated. These areas of various exposu~~
and energy are defined as rnicroenviron-
ments. The August 1992 sampling c«-

ered a variety of ml~oenvlro~ents at
Knight, Smith, Perry, Latouche, Block,
and Crafton Islands, The types of weath-
ered oil found on these beach surfaces

ranged from mousse, asphalt pavements,
water surface sheens, to rock stains and
flake, The subsurface samples consisted
of heavy to light oil residue found in
boulder to pebble and sand beach mate-
rial This range of oil types indicates
significantly different physical, chemi-
cal and biological degradation processes
are occurring and may have been influ-
enced by natural weathering and the
beach cleaning techniques. For clear in-
dications and statistical references to the

extent of weathering, the samples were
analyzed by detailed GC/MS to charac-
terize and source-fingerprint the residual
oils collected.

The GC/MS analysis were completed
by selective/multiple ion monitoring,
focusing on normal alkanes and PAH
compounds such as alkyla ted
dibenzothiophenes, phenanthrenes,
naphthobenzothiophenes, pyrenes, and
chrysenes, fluoranthene, anthracene, and
various benzopyrenes. Several of these
components are often associated with
long-term chronic toxicity. These PAH
compounds comprise less than 2% of
original T/V Exxon Valdez oil. GC/MS
has the sensitivity and capability of se-
lectively analyzing these compounds by
the individual peaks or grouping alky-
lated compounds. The quantitative re-
sults from the analysis have been nor-
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malized for the composi tional differences
related to weathering and highlighted
for relative toxicities.

All of the samples collected during
August 1992 exhibit some degree of
weathering. In general thick residual oil
without sediments, such as crevice
samples, were only slightly weathered
as characterized by evaporative loss of
the normal alkanes less than nC-12. Close

examination of the nC-17/pristane and
nC-18/phytane ratios suggest some se-
lective microbial degradation has oc-
curred, Samples of light oil  oily residue!
in coarse beach surface material have

been highly weathered, as evident by
significant alteration of the normal al-
kanes by microbial degradation. The
PAH profile show considerable deple-
tion of the 2-ring naphthalenes and sig-
nificant reduction of the 3-ring phenan-
threnes and dibenzothiophenes; it is only
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the C-2 and C-3 alkylated homologues of
these compounds that persist. The alky-
lated naphthobenzothiophene, pyrene
and chrysenes appear to be the most
persistent aromatic hydrocarbons. Ad-
ditional contribution of cornbustion-
sourced PAHs were detected in some of

the trace level samples,
A general trend is that the rate of

degradation is proportional to the con-
centration of oil in the sample. Subsur-
face oil and thick oil deposits persist
since they are protected from the physi-
cal processes which breakup the oil into
smaller fragments, creating a greater sur-
face to volume ratio which aids thenatu-

ral rate of weathering by evaporation,
dissolution, photo-oxidation, and bio-
logical oxidation  biodegradation!.
Therefore a major limitation to biodegra-
dation is the availability of oil to the
microbial community,
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g
and with a whole sediment test using the
amphipod Ampelisca abdita. The 1990
toxicity tests with amphipods indicated
that: 1! intertidal toxicity was substan-
tially greater than subtidal toxicity; 2!
mortality was correlated with hydrocar-
bon concentra tions measured by UVF in
intertidal sediments, but not at other
depths; and 3! mean mortality for inter-
tidal sediments at ten exposed sites in-
side of Prince William Sound was signifi-
cantly higher than for six reference sites.
Significant amphipod toxicity  relative
to controls! was demonstrated in inter-
tidal sediments from the following sam-
pling sites  all notably oiled, listed in
order of declining toxicity!: Northwest
Bay, Snug Harbor, Block Island,Chugach
Bay, Chenega Island, Sleepy Bay, and
Tonsina Cove. No statistically signifi-
cant toxicity was detected in any sub-
tidal sediment samples in 1990,and mean
mortalities in subtidal sediments were
not significantly different between ex-
posed and reference sites.

In 1991, the mortality of test amphi-
pods relative to controls exhibited a lower
range than in 1990 �-50.5%, compared to
0-98 7%!, but because control mortahty
was lower and less variable than in 1990,
the threshold for statistically significant
differences from controls occurred at
lower levels of mortality. Among the
eight oiled sites sampled, significant tox-
icity to amphipods was found at Snug
Harbor � & 20 m!, Sleepy Bay � & 6 m!,

This study was conducted under the
auspices of the State-Federal Natural
Resources Damage Assessment pro-
grams. The study was designed to:
a! demonstrate and quantify the toxicity
of oiled environmental samples, using
standard toxicity tests; and b! determine
theextent towhich any observed toxicity
may be attributed to oxygenated, polar
products in weathered oil  versus the
parent hydrocarbons found in fresh
crude!.

To estimate the toxicity potential of
sediments oiled by the Exxon Valdez oil
spill, standardized toxicity tests were
applied to intertidal and subtidal sedi-
ment samples taken during the cruises of
the Fairweafher in 1989, the Davidson in
1990, and The Big Valley in 1991. In 1989,
the sediment toxicity  EC-5 ys deter-
mined by Microtox ! was significantly
rank correlated with hydrocarbon con-
centration, determined by ultraviolet
fluorescence  UVF!, in intertidal samples
from 42 sites in Prince William Sound
and impacted portions of the Gulf of
Alaska. Toxicitymeasured by Microtoxa
in subtidal �-20m! sediments also
showed a generally decreasing trend with
increasing distance from the spill center,
as did hydrocarbon concentrations mea-
sured by UVF.

Toxicity was estimated in 1990 �1
si tes in PWS and 8 outside! and 1991 �4
sites in PWS! with a sediment elutriate
test using larval oysters Crassostrea gigas,

Toxicity of Intertidal and Subtidal Sediments Contaminated by the
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Northwest Bay � & 6 m!, Herring Bay  p
& 6 m!, Disk Island �& 20m!,and Bay of
Isles � m!. Subtidal � m! sediments
were generally as toxic as intertidal sedi-
ments. However, significant toxicity to
amphipods was also found at two of the
six reference sites sampled: Drier Bay �,
6 & 20 rn! and Mooselips Bay  p m!.
Significant mortalities of oyster larvae
were also detected with shallow sedi-
ments from oiled [Sleepy Bay � m!, Bay
of Isles � m!, Chenega Island � & 6 rn!
and Block Island � & 20 m!! and refer-
ence sites  Drier Bay � m!, Mooselips
Bay � m!, MacI.eod Harbor � m! and
Rocky Bay � m! j. As a result, the mean
toxicities for the oiled and reference sites

in 1991 were not significantly different
for either arnphipods or oyster larvae.
The observed patterns of toxicity are con-
sistent with the general decline of hydro-
carbons in the intertidal zone over the

period 1989-1991, and with the concorni-
tant transfer of hydrocarbons into shal-
low subtidal sediments. These results

suggest a significant decline in oil-re-
lated toxicity between 1990 and 1991,
concurrent with the removal and disap-
pearance of the lower molecular weight
aromatic compounds.

To explore which fractions of petro-
leurn were potentially most toxic, large
samples of intertidal sediments � kg!
and interstitial porewater samples �14-
170 liters! were collected in September
1990 from a heavily oiled site Bay of Isles
on Knight Island! and an unoiled site
 Mooselips Bay on Montague Island!.
The pore waters and sediments were
extracted exhaustively with a mixture of
methylene chloride and ethyl acetate,
and the extracts were subsequently frac-
tionated by liquid column chromatogra-
phy into aliphatic, aromatic and polar
components. Analysis by gas chrorna-

t~aphyshowed that thewaterandsed-
ment samples from Bay of Isles contained
substantial quantities of petroleum hy-
drocarbons representing moderately
weathered petroleum  as evidenced by
absence of n-alkanes below C12 and ab-
sence or depletion of mono- and di-aro-
matic compounds in the aromatic frac-
tion!. The pore water sample from
Mooselips Bay was essentially free of
petroleum hydrocarbons.

The aromatic and polar fractions from
both sites were systematically tested with
a variety of toxicity tests  Microtox~, SOS
Chromotest~, bivalve larval survival and
normal development, anaphase aberra-
tions and sister chromatid exchange in
developing bivalve larvae, and teratoge-
nicity and anaphase aberrations in
salmon embryos! to determine the rela-
tive toxicities of the two chemical frac-

tions, Both the aromatic and polar frac-
tions from Bay of Isles sediment samples
were consistently more toxic than analo-
gous fractions from Mooselips Bay based
on Microtox~ and SOSChromotest~, and
abnormality, anaphase aberration, and
sister chromatid exchange responses in
bivalve larvae. The polar fraction from
the Bay of Isles porewater samples also
exhibited greater toxicity for most end-
points than the analogous samples from
Mooselips Bay, For the aromatic frac-
tions from pore water, however, the dif-
ferences in test results between the Bay
of Isles and Mooselips samples were gen-
erally insignificant, and the toxicities
approximated that of accompanying
method blanks.

In the Bay of Isles samples, the polar
and aromatic fractions elicited approxi-
mately equivalent toxic responses in the
sediment extracts, while the polar frac-
tion was usually slightly more toxic for
the porewater extracts. There were no



I and Subtidal SedimentsFate and Toxicity. Toxicity of Intertlda an

consistent patterns, however,r to distin-

n~ to water and cnrii ment

samples. Far example, EC-50's for the
Microtox response were 10g anand '7M

 dry weight! of sediment for the aro-
matic fractions from the two Bay o of Isles

samples, while those for the polar frac-
tions from the same samples were 8. g8.9

and 65g, respectively. Analogous EC-
50's for the two water samples from Bay
of isles were 1150 ml and 445 ml for the
aromatic fractions and 154 ml and 393 ml
for the polar fractions, respectively. The
toxicity test results with the fractionated
extracts showed greater differences be-
tween Bay of Isles and Mooselips than
were found in the 1990 field survey, in
which Bay of Isles sediment samples were
not significantly more toxic either to
amphipods or to oyster larvae than those
from Moose lips Bay. This difference
probably reflects the heterogeneous dis-
tribution of oil in beach sedimen ts, Over-

all, the results of these toxicity tests on
these highly concentrated fractions indi-
cate very low sediment toxicity compared
to sediments from industrial or urban
areas, where Microtox~ EC-50's may be
2-3 orders of magnitude lower,

These toxicity measurements tend to
confirm previous observations and con-
clusions that the acute toxicity in crude
oil is caused primarily by low-molecular
weight aromatic constituents. In short-
term exposures, molar toxicity appears
to increase with number of aromatic rings
 i.e., benzene < naphthalene < phenan-
threne!, at least up through 3-ring com-
pounds, and also with the extent of sub-
stitution  i.e,,benzene < toluene< xylene
  ethylbenzene, etc.!  Rice et al,, 1977!.
All of these more toxic constituents are
lost during earlier stages of petroleum
weathering, and were sigruficantly de-
pleted in Prince William Sound sedi-

ments by the time our samples were col-
lected ir fail 1990.

Oxidation products of aromatic com-
pounds in petroleum are produced
gu ough microbial metabolism and pho-
tooxidation, and intermediary metabo-
Iites of polynuci ear aromatic cornpounds
are known to be genotoxic. Very little
work has been published on these corn-
pounds, but some of them could un-
dergo bioaccumulation and exert toxic-
ity to marine organisms. The present
studies show, however, that very low
genotoxic responses were associated with
petroleum in the sediments and pore
water from Bay of Isles,

Previous studies also suggested that
oxidation products were unlikely to ex-
ert significant short-term effects under
ambient conditions. For example, al-
though the toxicities of phenol  and p-
cresol! were found to be intermediate
between those of naphthalene and tolu-
ene  naphthalene-5x phenol-2x toluene!,
Kom et al. �985! concluded that the
phenols were not major contributors to
the toxicity of water-soluble fractions
 WSF! of oil, because the concentrations
of toluene and naphthalene were respec-
tively about 50x and 2x-7x higher than
that of phenolic compounds in the WSF.
Similarly, Malins et al. �985! identified
oxidized products of phenanthrene, in-
cluding carbonyl, quinone, and carboxy-
lic acid derivatives, in seawater af ter UV
irradiation of a phenanthrene "slick" for
120 hours

About half of the oxidation products
of phenanthrene in the seawater after
this UV irradiation were not extractable
with methylene chloride, indicating oxi-
dation to highly wa,ter-soluble products.
UV irradiation of No. 2 fuel oil in a flow-
through, agitated system caused less than
a 2-foM increase in total extractable or-
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ganic materials  compared to an
unirradiated SWAF!, and no differences
were observed in mortalities of English
sole embryos exposed for 48 hours. Irra-
diation under static conditions, however,
enhanced the extractable organic mate-
rial in the SWAF about 23-fold  to 161

ppm!, and substantial mortality occurred,
with an apparent EC-50of about 25 ppm.

Preparation of SWAFs from Prudhoe
Bay crude oil under identical conditions,
however, produced no differences
between flow-through and static
conditions either in levels of total

extractable organic materials or in
mortalities of English sole embryos.
Malins et al, �985! concluded that these
studies provided no evidence that
photooxidation would under most
conditions significantly enhance the
toxicity of petroleum in the marine
environment.

Along with the results presented here,
previous studies suggest that polar con-
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stituents, whether present in the parent
oil or formed as a resultof degradation in
the environment, do not pose a signifi-
cant additional risk of toxicity or mu-
tagenicity to marine organisms.
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