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So Why Can’t Science Tell Us More About The Effects of the Exxon Valdez

Oil Spill ?
Robert B. Spies
Applied Marine Sciences

The Exxon Valdez wentaground ona
reef within shouting distance of 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. Weareall aware
of the billions of dollars spent cleaning
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 organisms at risk. Instead,
there was virfually no usable informa-
tion on the status of the intertidal and

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 thelast good censuses of murre
colonies, the seabirds 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.
I will 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 in
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-
mate 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 certainty
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 theimmediate
environment of an organism or in the
tissues of organisms documented expo-
sure, the usual prerequisite for further
conclusions regarding injury. This infor-
mation 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-impact population data to post-
impact population data in both affected
and non-affected areas. Generally, in or-
der toconclude that there was animpact,
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 ?
Thenextbestapproach is usually to com-
pare populations in oiled and unoiled
areas after the spill, and this was done for
most populations that were studied. This
is where large amounts of uncertainty
can enter into an assessment of spill im-
pacts. It is very difficult to separate
changes due to natural geographic and
temporal variability from changes due to
impact unless the resources are studied
for many years after it can reasonably be
assumed that the impacthas ceased. The

confounding effects of natural variabil-
ity can, however, be mitigated by repli-
cating sites, so that several ociled areas
and several unoiled areas can bematched
and compared. This was done for the
intertidal and subtidal studies in order to
identify impacts. Still, with thisapproach
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 considerrecovered car-
casses. Carcass counts, usually derived
from animals found on beaches, can be
used to model total mortality 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 theimpactof thespill, 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
animalsor plantsthat produce largenum-
bers of eggs, of which only a few percent
survive, as is the case for most fish. So, for
example, thespill appears to have caused
anincreased egg mortality in pink salmon
in Prince William Sound every year since
the spill, and 2gg 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




than a few percent survive naturally, isa
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
alsoargue that a change in rate of mortal-
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 dam-
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 to be feasible for resto-
ration of herring short of limitation of the
adult harvest. These cases contrast with
studies of Dolly Varden where clearly
documented differences in survival of
adultsbetweenoiled 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
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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 effects will increase the
certainty. This was the case 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 notbe 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 metabolitesin thebile 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-
mous Dolly Varden revealed no differ-
ences in histopathological alterations
that could be attributed to oil. It may
mean that Dolly Varden are not suscep-
tible to histopathological alterations 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-
mation can all 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 prespill information). Thiskind
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 close 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 form 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 populations
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-spill 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, were com-
monly made in the Exxon Valdez spill
injury assessment (e.g., subtidal and in-
tertidal communities). Careful planning
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 aredue 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 changeare notdiscussed 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 nextoil spill?
The answers seem clear in retrospect—
ongoing monitoring programs collect-
ing dataonintertidal and subtidal zones;
annual counts of seaotters, eagles, murres
and other sea birds; and gathering more
experimental information on oil toxicol-
ogy of common species. Abasicand rela-
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tively inexpensive monitoring program
carried outover many years mighttell us
enough so that if another spill were to
occur along an Alaskan tanker route we

m5

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 Qil Spilled from the T/V Exxon Valdez in Prince William

Sound, Alaska

D.A. Wolfe!, M.J. Hameedil, J.A. Galt!, G. Watabayashi’, J. Short!, C. O’Clair’, S.
Rice', J. Michel?, J.R. Payne?, J. Braddock!, S. Hanna®, and D. Sale®
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$Sigma Research Corporation, Concord
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This paper integrates field observa-
tions from several different investiga-
tions, along with published 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 hindcastby NOAA’s Oil
Spill Simulation Model (Galtet 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 (Payneetal.
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%)
hadbeached within theSound. Noquan-
titative measurements 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 evaporationrates
was confirmed through compositional
analyses of floating oil. During the first
3 days of the spill, before its initial 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 stil} 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 duringearly 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
polynuciear 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 &

{0



Rounds 1993a). Aqueous PAH concen-
trations were generally below 1 ppb by
May 1, and below 0.1 ppb after July 1. In
some locations, however, elevated pe-
troleum hydrocarbon concentrations
were measured in transplanted filter-
feeding musselsinto 1991, indicating the
persistence of extremely low concentra-
tionsof dissolved and particulateoil com-
ponents in the water column through
that time (Short & Rounds 1993b).

The oil recovered by skimming op-
erationsin 1989 accounted for about8.5%
of the original spill volume. Cleanup
operations on the beaches during the
first four summers led to the recovery
and disposal of approximately 31,000 tons
of solid oily wastes (Carpenter etal. 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-
mained 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
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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 etal. 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 September 1989 and Sep-
tember 1990 at depths between 3 and 20
m. Corresponding decreases were not
always noted in oil concentrations at
mean lower low water (0 m). Near some
heavily oiled areas, low concentrations
of residual petroleumn hydrocarbons and
associated concentrations of microbial
hydrocarbon-degradation also were de-
tectable during the summer of 1990 in
deeper (40-100 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 theintertidal zoneinto deeper
waters, at least through the winters of
1989-90 and 1990-91.

Much of the floating mousse that de-
parted Prince William Sound was depos-
ited onshorelinesin the Kenai and Kodiak
areas. Galt et al. (1991) 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 during
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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
asmoderatelyoiled infall 1990and spring
1991, respectively (ADEC 1992). By sum-
mer 1990, the most commonly observed
formof oil along the coast of the Becharof
Refugeon the Alaska Peninsula was stain-
ing onshoreline debris(Dewhurst 1993b).

Estimates will be provided for the
distribution of the spilled oil in different
environmental 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 erosionand 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 mea-
surements recorded after this spill pro-
vided useful validation for existing mod-
els of oil transport and weathering.
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The Exxon Valdez Cleanup—The First Six Months

VADM Clyde E. Robbins
LLS. Coast Guard

Vice Admiral Robbins was the Fed-
eral On Scene Coordinator for the Exxon
Valdez oil spill from April 16 until Sep-
tember 30, 1989. It 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 home 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 werebuiltin
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
shorelineistough toremove,but Alaska’s
presented new challenges. New meth-
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-
making 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 tohaveahidden 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-
dinatorisjust 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, comunittees were formed to pro-
vide advice to the Federal On Scene Co-
ordinator. These provided ahighlevel 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



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 Valdezand other small towns
were not going to be adequate. In ajoint
meeting on the issue it was decided to
incinerate the oil tainted debris. Exxon
immediately 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 clean” 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 organiza-
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 skimmers 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.



Plenary Session: The Exxon Valdez Cleanup

There were other successes. While
fishing came to a standstill during that
infamous summer of ‘89, thesalmon 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 they
gave it “their best shot”. Perhaps we'll
never know whether the long hours of
dedication of those thousands of people
significantly helped save the environ-
ment, but if they didn't, it wasn’t for the
lack of trying. One lesson came through
to everyone—spilling oil has to stop!
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Cultural Resources and the Exxon Valdez Oil Spill

Judith E. Bittner
Alaska Department of Natural Resources

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 mandates included the Archaeo-
logical Resources Protection Act (ARPA)
and the National Historic Preservation
Actof 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 Preservation Office
(SHPQO), the U.S. Coast Guard On-Scene-
Coordinator, nativerepresentatives, 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 SHPO reviewing Exxon
archaeologist’s reports foradequacy and
planned activities. Proposed cleanup
methods and scope were altered prior to
initiation to reduce danger to known
sites. 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,
theradiocarbon study did not get funded
until 18 months after the spill and foliow-
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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
archaeologistsadvising the Trustees staff.
In 1990 the C-14 laboratory study was
funded. The state and federal agencies
provided funds during 1991 and the State
University of New York, Binghampton,
began fieldwork at the end of the 1991
season. Thescope of the 1991 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 predictsite
locations. Radiocarbon dating tested sites
was a basic part of the project.

Delays inawarding a damage assess-
ment contract during 1990 and 1991
prompted the state to begin a much
smaller and tightly focused study inMay
1991. The state 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-
ports 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 im-
pacts and partly to assess the adequacy
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of the documentation process. Although
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.
Valuableinsights weregained in thetypes
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 multi-
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. Themethod hasbeen
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
damageresulted from vandalism because
of more people having widespread
knowledgeaboutarea sites. That knowl-
edge expanded due toincreased popula-
tion and activity levels during the
cleanup. Another source of impact was
directly from cleanup activities. Impact
from cleanup was slight because of
cleanup workplan review and clean-up
technique alteration with archaeology in
mind. The Exxon Cultural ResourcePro-
gram/agency cooperation was effective



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
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the Exxon Valdez oil spill are the need for
a credible basic inventory, a response
plan, and improved monitoring. 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 communi-
ties whose hunting, fishing, and gather-
ing areas were affected by the Exxon
Valdez Oil Spill. Italsoreviews the work
of theOil Spill Health Task Force, agroup
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
inthe 15 communities. Theseare Tatitlek
and Chenega Bay in Prince William
Sound; English Bay (Nanwalek) and Port
Graham in lower Cook Inlet; Akhiok,
Karluk, Larsen Bay, Old Harbor,
Quzinkie, and Port Lions in the Kodiak
Island Borough; and Chignik, Chignik
Lagoon, Chignik 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 harvestsin 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

mammals, 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 commu-
nity.
In early 1990, Division of 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,
therange of resources used alsodropped
in the 12 months after the spill. Whilethe
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. Ina 12 month study year
in 1985-86, the average household at
Chenega Bay used 19kinds of wild foods,
compared to just 8.2 kinds in the year
after thespill. Similar changes weredocu-
mented for English Bay and Port Gra-
ham. Also, subsistence harvests inall six
Kodiak area villages declined in 1989
compared to pre-spill averages, although
a wider range of changes was docu-
mented. In contrast, subsistence har-
vests in the five Alaska Peninsula com-




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 declines, 33.2 percent of thesampled
households attributed reductions inover-
all subsistence harvests to concerns about
resource contamination, and 44 percent
said such a concern had caused a reduc-
tionin their harvest of atleast one kind of
subsistencefood. Levels of concernabout
contamination were notably higher
among Prince William Sound (92.1 per-
cent) and Lower Cook Inlet (77.8 per-
cent) households than in the Kodiak area
(29.5 percent) or Alaska Peninsula (22.8
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.

Asnoted above, the primary response
to theissue 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 Administration; Exxon; and
tworegional 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-
munities through health bulletins, news-
letters, public meetings, and a video.

As part of this effort, 309 samples of
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 il contamination. For the most
part, the samples were collected with the
assistance of residents of the communi-
ties at sites recommended by commu-
nity 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 werereviewed by a panel of
toxicologists who provided a health as-
sessment.

Evidence of exposure tooil 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
siteon thelower 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 dangerousby thehealth
experts. The blubber from oiled seals
taken in Prince William Sound soon after
the spill had elevated PAH concentra-
tions. Seals taken in thesameareasa 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-spill year. Harvest
levels increased at Port Graham, Larsen
Bay, and Karluk, and matched at least
one pre-spill measurement. Therange of
resources used was also up substantially
in all three communities. In two other
communities, Quzinkie and English Bay,
harvest levels also increased, but re-
mained below pre-spill averages. This
general increase in harvest levels and
range of wild foods used suggests some
renewed confidencein using subsistence
foods during 1990. On the other hand,
lingering concerns aboutfood safety were
expressed in all five villages. Some fami-
lies reported that they had resurned 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 arecovery
in subsistence uses in the second post-
spill year was found for Chenega Bay
and Tatitlek. At Chenega Bay, subsis-

PR e e e e e

tence harvests from April 1990 through
March 1991 were 139.2 pounds per per-
son, virtually the same as the previous
year (148.1 pounds per person) and still
well below the pre-spill average of 340
pounds per person. At Tatitlek, the 1990-
91 per capita harvest was 152.0 pounds,
compared to 214.8 pounds 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 subsistenceresources, such as
certain species of waterfowl, marine in-
vertebrates, and marinemammals, 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 continueto be abnormally low.
Also, despiteincreased harvestsand uses,
concerns persist about the long-term
health risks associated with using sub-
sistence foods.
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Overview of Intertidal Processes, Damages and Recovery

Charles H. Peterson
University of North Carolina

The intertidal zone occupies the
unique triple interface among the lithos-
phere, hydrosphere, and atmosphere.
Theland provides the substrate for occu-
pation by intertidal organisms, the water
the vehicle 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-
tertidal 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, coming from
land, sea, and air, and including humans.
Theintertidal ecosystem simultaneously
provides intrinsic aesthetic and cultural
appeal in an environment undeniably
shaped by forces outside the control of
mankind.

Thesame 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. Qil 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

transformation and physical transport
remove 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 regime, 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
mobile grazing invertebrates. Uncon-
solidated (“soft”) substrata, the sands
and muds, are occupied by large plants
inlow waveenergy areas, and microalgae
and infaunal (buried) invertebratesin 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 temperate climates, whereas
freezing and ice scour limit intertidal
biota in polar regions and desiccation
and effects of intense solar radiation may
limit intertidal biota in the tropics. The
rocky intertidal communities of the Pa-
cific Northwest may be the richest on
earth.




The rocky intertidal ecosystem prob-
ably represents thebest 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
abundanceofrocky intertidal organisms.
Plants and animals 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 limit distributions lower on the shore.
Surface space for attachment is poten-
tially limiting to both plants and animals
in the rocky intertidal zone. In the ab-
sence of disturbance, spacebecomes lim-
iting and competition for that limited
resource resultsin competitive exclusion
of inferior competitors and monopoliza-
tion of space by competitive dominant
species.

Physical and biological disturbance
and recruitment limitation are all pro-
cesses that can serve to maintain 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
ecosystem.

Intertidal communities are open to
use by consumers from other systems:
the great extent and importance of this
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habitat as a feeding grounds for major
marine, terrestrial, and aerial predators
render theintertidal system akey 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 all coastal
habitats, as well as human servicesin 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 theoil from theintertidal 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-



tidal ecosystems and retarded recovery.
The cleanup efforts did serve to remove
much of the deposited oil from the inter-
tidal habitat and todisplaceitoutof sight
into the subtidal environment. Only very
small areas of salt marsh habitat were
oiled, where previous studies have
shown natural cleanup of the low-en-
ergy, anoxic muds to take exceptionally
long times. Winter storms accelerated
the removal of oil from heavily oiled
beaches, with higher rates of cleaning at
more exposed beaches.

Despite theintense cleanup effortand
the natural degradation and physical re-
distribution of residual hydrocarbons on
intertidal beaches, oil in the intertidal
zone remains a major problem more than
3 years later. Armored from wave action
by surface layers of cobbles and by over-
lying mussels, large pockets of largely
unweathered oil exist in the protected
interstices among 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 component 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 thermal change in the habitat, and
persists as a visual blemish to the previ-
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ously pristine shorelines.

Intertidal suspension-feeding inver-
tebrates represent a group of special im-
portance as monitors of contamination
of the marine environment. These or-
ganisms filter huge volumes of seawater
to collect food and thereby can concen-
trate biologically available pollutants
(metals and organiccontaminants), vastly
enhancing detection capabilities over
what is possible in water analyses. A
long-term monitoring 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
contamination from the 1989 spill is
clearly evident. This pollution-monitor-
ing tool has also shown the subsequent
decline in hydrocarbon concentrations
to background levels in most places ex-
ceptwhere 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 tremendous importance as a
prey resource for higher consumers and
as a subsistence food. Clams and espe-
cially mussels were sampled intensively
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 contamination using a single
method of ecological relevance.

The affects of the Exxon Valdez oil
spill on therocky intertidal communities
of plants and animals has been studied
intensively and extensively by special-



ists at the University of Alaska, NOAA,
and the U.S. Environmental Protection
Agency. Thesestudies aredistinguished
by their broad geographic coverage
(which includes the Kenai-lower Cook
Inlet and the Kodiak-Alaskan Peninsula
areas as well as Prince William Sound),
their statistically sound sampling
schemes, and by their focuson themecha-
nistic interactions among species popu-
lations that control community response
and recovery.

The Exxon Valdez oil spill caused wide-
spread and intense damage to rockweed
(Fucus) in the high and mid intertidal
zones. Recovery has been slow, in part
because this seaweed recruits new plants
most effectively within the microenvi-
ronment provided by shading and mois-
ture under its own canopy. ‘Fucus is the
major provider of structural habitat in
the Alaskan intertidal zone, so the indi-
rect impacts of the loss and slow recov-
ery of Fucus cover are great and may
explain several responses in intertidal
invertebrate populations. '

Theintertidalinvertebrates exhibited
several large declines and some related
increases in abundance in response to
the Exxon Valdez oil spill. Species that
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were affected include limpets, barnacles,
and probably various grazers such as
snails. Responses of the intertidal inver-
tebrate communities were not identical
in all geographic areas, even within the
sheltered rocky shorehabitat, but all geo-
graphic regions exhibited significant
impacts.

Application of pressurized hot water
during cleanup of the oil was at least as
damaging as the oil itself to intertidal
invertebrates and delayed biological re-
covery. Natural recovery has varied with
elevation: the recovery of the high inter-
tidal zone has only recently been initi-
ated, whereas recovery has progressed
substantially in the lower zones.

Perhaps the most intriguing yet dis-
turbing outcome of the study of rocky
intertidal community response to the oil
spill is the demonstration of delayed,
indirect effects appearing more than two
years after the spill. In a system charac-
terized by strong interactions, such indi-
rect effects are not surprising, and they
emphasize the importance of under-
standing the nexus of interactions among
populations involved in response and
recovery of marine ecosystems follow-
ing perturbation.
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Subtidal Oil Contamination and Biological Impacts
S. D. Rice, B. A. Wright, ]. W. Short, C. E. O’Clair

National Oceanic and Atmospheric Administration

The Exxon 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 notcon-
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 toevaluate
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 conirast, 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
million 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.

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. Itis notknown 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 (1-8 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
indirectmeasurements, buttransplanted
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, havelow
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 mussels by Shortand Rounds (1993b)
indicate that mussels suspendedin 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




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 insideand
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 werenotalways 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 (Braddock
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 O’Clair et al. (1993). Thereis a
high correlation between the hydrocar-
bon concentration and the bacterial num-
bers. Increases in bacterial numbers re-
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flect one of the first processes instrumen-
tal in sediment recovery (bacterial deg-
radation of hydrocarbons), but also pro-
vides another 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-
munity 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 millimeters)
sediments, generally had lower densi-
ties in the intertidal (0 m) zone of oiled
baysininitialsamples following thespill,
but not subtidal (-6 m) sediments. In
contrast, the numerically predominate
nematodes, which reside deeper in the
sediments and are anaerobes, exhibited
little effect in abundance.

Field experiments examining meio-
fauna recolonizationin 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 nematodes), 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
after 29 days (Fleeger et al. 1993; Shirley
et al. 1993). Differences in colonization
rates rather than oil-induced mortality
was theapparent cause. However, abun-
dances of a few taxa (e.g., ostracods)
remained depressed in highly oiled sedi-
ments 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



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 werefound tohaveincreased
exposure to hydrocarbons even as far as
400 miles from Bligh Reef (Varanasi etal.
1992; Collier 1993). Pink salmon fry col-
lected from oiled areas in 1989 were con-
taminated with petroleum, particularly
inthe viscera, but nohydrocarbons 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 (C’Clair et al.
1993). Eelgrass and some species of sub-
tidal algae appeared to be recovering
after being affected by the cil. 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 contamina-
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 mussel beds may continue to
be a reservoir of oil for redistribution to
nearby subtidal habitats for some years
to come.
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Summary of Injuries to Fish and Shellfish Associated with the Exxon

Valdez Oil Spill

Charles P. Meacham and Joseph R. Sullivan

Alaska Department of Fish and Game

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 much 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. Hoffman, personal communication).
Determining the cause of death in a fish
is difficult unless it recovered shortly
after the animal has died. Nevertheless,
fiverockfish werefound sufficiently fresh
to determine oil as the cause of death.
Despite this, most rockfish live at depths
that oil was not known to have reached
in the first few months following the
spill. Nevertheless, demersal rockfish in
early May 1989 had significantly higher
concentrations of hydrocarbons and hy-
drocarbon metabolites in their bile in
oiled than innon-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 communication).

Though rockfish were the only adult
fish observed dead following the spill,
small intertidal and juvenile fish which

may have been killed would not have
beennoticed in the omnipresent mousse.

It was unfortunate that herring were
just beginning their near-shore and in-
tertidal spawning when the oil spill oc-
curred. The oil did not deter them, 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 more chromosomal
aberrations in thelarvae and the propor-
tion of viable larvae was lower in the
oiled areas {Evelyn D. Biggs, personal
communication).

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
dominates 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-
munication).

During the time of the 0il spill, young
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salmon were leaving their natal streams
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 wereexposed 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 growthrate, 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 communication).
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 following year, egg and fry
mortalities weresignificantly higher only
in the upper intertidal portions of oiled
streams. However, in 1991, mortalities
in all 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.
Geneticand environmental causes of this
apparent functional sterility are currently
being investigated (Samuel Sharr and

James E. Seeb, personal communication).

Oil was still present in the salmon
fishing areas whenadult salmonreturned
in the summer of 1989. Nets could not
avoid straining oil and water; oiled nets
contaminated the salmon held by them;
and oil-tainted salmon could notbe sold.
Fishing seasons were closed and many
more adults returned to some spawning
streams than was desired. Itappears that
the excess sockeye salmon returning to
Red Lake on Kodiak Island and to the
Kenai River system on the Kenai Penin-
sula produced more juvenile salmon than
the ecosystems’ 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 overescapements in the two years
prior to the Exxon Valdez oil spill com-
bined 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 Will-
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
near-shore areas were coated with oil
and long after oil had left the pelagic
waters, the near-shore was still contami-
nated. Some of those areas which were




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 commu-
nication). Some populations of cutthroat
have declined to such critically low lev-
els that these areas are now closed to
fishing,

Clams were impacted by some of the
methods used to clean the beaches fol-
lowing the oil spill. Many clams on oiled
butuncleaned beachessurvived, but their
growth rates appear to be lower than in
the unoiled areas (J.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 came to an end when
only one crab could be found in the im-
pacted area of Prince William Sound
(Charles Trowbridge, personal commu-
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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
lastseveral years, this population hasnot
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 wereimpacted 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
effects of oil from fishing mortality. Nev-
ertheless, within sometimes broad
boundaries, it has been shown that even
the adult populations of fish and shell-
tish were affected by imnpacts 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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How Do You Fix the Loss of Half a Million Birds?

D. Michael Fry
University of California Davis

The Exxon Valdez 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 slowly at
first, then high windsblew 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 Common 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
oil. 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

Barrens could not have been more dev-
astating to the murres, but it fortunately
did not kill any puffins or storm petrels
which also breed there in large numbers.
Luckily, storm petrels and puffins nor-
mally do not return to the breeding colo-
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 these species werekilled at sea
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 not
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 than
1,300 miles of oiled beaches. Several
factors contributed to the smail percent-
age carcass recovery. Many birds were




killed, became waterlogged and sank
before reaching shore, and some may
have been washed from shorealong 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 putout
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 toavoid detectionbybeach
walkers, cleanup workers or predators.
The Trustees’ extrapolation of the num-
ber of birds oiled in the spill is necessar-
ily uncertain, butindicates very strongly
that 350,000 to 500,000 birds were trapped
and carried by the advancing oil as it
sweptoutof Prince William Sound across
the Gulf of Alaska and against the Alaska
Peninsula. 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 species of seaducks, many tens of
thousands of migrating shorebirds and
thousands of Bald Eagles were all present
during the initial time 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 toolarge tobe able to accurately
assess the number of birds at risk.

Birds staying in the spill zone re-
mained atrisk of exposureforaverylong
time. Hundreds of miles of beaches be-
came 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. Whilemost of the oil washed ashore
or sank, some oil continually bled from
beaches for months posing arisk to birds
on the water. More insidious, however,
was oil contaminating intertidal inverte-
brates and fish 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.
In 1989, kittiwakes used seaweed (pri-
marily Fucus) tobuild 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 alesser extentin 1990) caused
disturbance of potential breeding birds
in addition to the mortality of directly
oiled birds. Bald Eagles, Marbled
Murrelets, Pigeon Guillemots, Harlequin
Ducks and Black Oystercatchers all 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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ended with the cleanup of oil, and many
species have apparently returned to nor-
mal breeding, but by a reduced popula-
tion. Marbled Murrelets and Bald Eagles
appear to havereturned tonormal breed-
ing, but Black-legged Kittiwakes 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-
verely 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 storms
have swept more than 100,000 young
chicks off the cliffs to their deaths be-
cause the breeding has been so late in
1990, 1991 and 1992. The continuing
abnormal breeding at these colonies is
very disturbing, as the murres appear to
be in real danger of becoming perma-
nently entrained to late breeding, possi-

bly because youngbirds haveestablished
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
belostif this injury continues. Somebold
restoration efforts must be attempted to
try to reverse the trend with Common
Murres.

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-
verseprojects whichhavebeen 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
Peninsulaand AfognakIslandis 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 monies should be
used to acquire valuable forest parcels in
imminent threat of logging.

Moreimportant, however, is the need
tohelprestorenormal breeding to Harle-
quin Ducks and Black Oystercatchersand
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 bedsis 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 arestill 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 torestore the
murre colonies should be attempted.

The Exxon Valdez oil spill injury and
settlement were both unprecedented in
U.S. history. Therecovery efforts should
also be bold, and creative in the pioneer-
ing spiritof 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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Effects of the Exxon Valdez Qil Spill on Marine Mammals in Prince

William Sound

Kathryn J. Frost!, Brenda E. Ballachey?, Marilyn E. Dahlheim? and Thomas R.

Loughlin?

TAlaska Department of Fish and Game

2LLS. Fish and Wildlife Service

3National Oceanic and Atmospheric Administration

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 com-
mon of these species are sea otters, har-
bor seals, killer whales, humpback
whales, Steller sea lions and harbor and
Dall’s porpoises. When the T/V Exxon
Valdez spilled 11 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 mammais 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 thatit
was difficult to conduct meaningful stud-
ies (e.g., harbor and Dall’s porpoises).
Others, such as sea lions, were present
for only a short period after the Exxon
Valdez spill and then moved away as part
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
never beknown 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 insearch of
whales during the two field seasons.
Photographic analysis of Prince William
Sound humpbacks 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
Sound occurred following the Exxon Val-
dez oil spill. Fewer humpbacks used the
Lower KnightIsland Passage areain 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




swimming through oil. There were no
reports of dead, stranded humpbacks
during the 1989 or 1990 field seasons.

Approximately 245 “resident” 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 (148 whales) and four
transient pods (34 whales) was docu-
mented. 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 in 1990. 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 close to the Exxon Valdez
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 tomortality rates of 19.4%
in1989-198%9and 20.7% in 1989-1990, com-
pared to 3.1% in 1988, 4.3 % in 1991, and
0in 1992. Nocalves were observed in AB
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pod in either 1989 or 1990. A single calf
was seen in 1991 and two calves in 1992.
Allotherresident 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 ciled areas of
Prince William Sound, 50%-100% of the
seals and their pups became oiled. Seals
did notappear to avoid oilin 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 havemadeit very difficult for seals

- to perform normal tasks such as swim-

ming, diving, and feeding. Hydrocar-
bon metabolites 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



Plenary Session: Effects on Marine Mammals

oiled areas. Prior to the Exxon Valdez oil
spill, there was an ongoing declinein the
number of seals in Prince William Sound
that was similar at oiled and unoiled
sites. After the Exxon Valdez spill, counts
during the autumn molt showed a much
greater decline at oiled sites (45% com-
pared to 8% at unoiled sites). In 1992,
there were still 35% fewer seals at oiled
trend count sites than in 1988, compared
to 18% fewer at unoiled sites, indicating
that recovery has not occurred.

The number of dead seals found and
reported greatly underestimates the
number that died, since dead sealsdonot
float but sink to the bottom. Therefore,
the number of seals that died as a result
of the Exxon Valdez oil spill was esti-
mated based on aerial surveys conducted
during the molt.

Based on the assumption that the
trend in numbers at unoiled sites was
‘normal” and that any greater decline at
the oiled sites was due to the oil spill,
calculations indicate that there were ap-
proximately 350 fewer seals in Prince
William Sound than would have been
expected if the Exxon Valdez spill had not
occurred.

Sea otters are widespread through-
out Prince William Sound and they were
severely damaged asa result of the Exxon
Valdez oil spill. They rely on their fur to
keep them warm, and consequently they
were particularly vulnerable to oiling
which destroyed its insulative value.
They ingested large amounts of oil as
they attempted to clean their fur by

grooming. Carcasses of 781 sea otters
that were judged to have died because of
the Exxon Valdez spill were recovered in
or adjacent to the oil spill area, with 424
of those from Prince William Sound. An
additional 123 otters died at rehabilita-
tion centers. More sea otters were un-
doubtedly oiled and died, but their car-
casses were not recovered. It is esti-
mated that total sea otter mortality in
Prince William Sound was over 2,000,
and that in the entire spill area mortality
may have exceeded 4,000. Necropsies of
otters that died following the spill indi-
cated a high incidence of pulmonary
emphysema and gastricerosionand hem-
orrhage, in addition to kidney and liver
damage.

An unusually high proportion of
prime-age adults died in both the spill
year and in post-spill years relative to
pre-spill years. Before the spill, mortal-
ity was highest in juveniles (45%) and
aged (40%) individuals, and relatively
low (15%) in prime-age adults. Follow-
ing the spilland continuing through 1991,
mortality of prime-age adults increased
to 43-44%. This suggests that there are
prolonged, spill-related effectson thesea
otter population as a result of the Exxon
Valdez oil spill..

Pre-spill and post-spill boat-based
surveysindicated thatbetween 1984-1985
and 1989-1990, sea otter abundance in-
creased 13% in unoiled areas compared
to a35% decrease in oiled areas. By 1991,
otter abundance in oiled areas had ap-
parently stabilized, but was still below
pre-spill levels. '

—%m
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Restoration Planning Following the Exxon Valdez Oil Spill

John A. Strand
National Oceanic and Atmospheric Administration

The restoration planning process fol-
lowing the Exxon Valdez ol spill has fo-
cused on identifying, evaluating, and
integrating informationabout thenature,
extent, and persistence of injuries tonatu-
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 the publica-
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
sourcesinclude 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. Ialso
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
froma publicsymposium (RPWG, 1950a),
public “scoping” meetings (RPWG,
1990b), and a technical workshop (un-
published). Restorationideas have been
organized into restoration options and
databases necessary for their evaluation
have been assembled. Thirty-five resto-
ration options were identified and pre-

sented to the public in the Exxon Valdez
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 forinclusionin
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 management,

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. seekrestrictions and closures tolegal
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 facilities,

14. eliminateresidual oil fromimportant
intertidal habitats, e.g., mussel beds,

15. accelerate recovery of upper inter-

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, deagnate 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 fishing

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) archaeological arti-

facts.

mma 38

Development of Injury Criteria and
Identification of Resources and Services

- that Warrant Restoration

Todecide whether it wasappropriate
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 dollars. 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 thereis a full complement of
ageclasses. A fully recovered ecosystem
is'one which provides the same func-




tions and services as were provided by
the pre-spill, uninjured system.

For each injured resource and ser-
vice, an estimation of therate of recovery
will be made based on the best informa-
tion available from the damage assess-
mentand restoration-sciencestudies, the
scientific literature, and other sources. If
it appears that recovery wili be nearly
complete before the benefits of arestora-
tion study or project can berealized, 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-effectiveres-
toration options.

Criteriato 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 (42

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. degreetowhich 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 fromimple-
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

Exxon Valdez Oil Spill Symposium Abstracts

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:

1. 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 from development (e.g., log-
ging or mining), that recognizes the
need torespond toaproposed 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; comparativeevaluation
of recovery strategies not involving
acquisition of property rights (e.g.,
redesignation of land-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) willingseller-buyer negotiations with
private landowners for property
rights, and

5) publicmanagementofacquired prop-
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 (40 CFR 1500-1508). The conse-
quences and impacts of each alternative
must be analyzed in an Environmental
Impact Statement (EIS) (Council on En-
vironmental Quality, 1986). A program-
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 therestoration
of multiple injured resources and ser-
vices. Eachalternative, then, will achieve
restoration through a different set of op-
tions.

We do notimplement all the restora-
tion options listed above because their
combined cost would greatly exceed the
funds now available. As a consequence,
alternatives consisting of different sets of
restoration options are constructed for
publicreview. In this way public prefer-
ences on theoptions are collected and the
implications of choosing some 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
wereidentified in the Restoration Frame-

work (Exxon 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. No action - This alternative is to un-
dertake no active restoration but to
rely on natural recovery torestore the
injured ecosystem and its associated
services.

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

3. Manipulation 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 adam-
aged resource.

4. Habitat Protection and Acquisition - This
alternative includes changes in man-
agement practices on private and
publiclands and the creation of “pro-
tected” areas on existing publiclands
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 of equivalent resources -

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.
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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 onrecovery, 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 (directrestoration, replace-
ment, acquisition of equivalents, en-
hancement).

Monitoring

Implicitin each alternative is the pro-
vision to monitor therecovery 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 ecosystems 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 toestablish 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 Plar. This document is scheduled
for publication in Summer 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 comument.
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
spill, 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 thelife of the existing
settlement. For these and other reasons,
restoration needs will continue well be-
yond thelastscheduled paymentin 2001.
To address this need, the Trustees are
considering a proposal to establish an
endowment. Anendowment could serve
to extend the life 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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Tracking Exxon Valdez Oil from Beach to Deep-Water Sediments of

Prince William Sound, Alaska

Paul R. Carlson and Keith A. Kvenvolde
U.S. Geological Survey

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. Betweenbedrock
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-
mentsinks throughout the sound atrates
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

aliphatic and aromatic hydrocarbons.

In May 1989, we sampled bottom sedi-
ment at 20 stations along the oil spill
trajectory from Bligh Reef southwest
through Prince William Sound (15 sites)
and along the Kenai Peninsula (5 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-




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), sixislands (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
wasin avariety of formsincluding sheens
of oil on water that percolated from the
beach sediment; thin coatings of oil on
sediment or rocks; brown sticky mousse-
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 aparton thebeaches
of the north side of Storey Island, and on
the northwest side of Elrington Island.
These tars were not from the Exxon Val-
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 from the beaches visited
in August 1990. This tar exhibits the
characteristics of oil from the Monterey
Formation in California (Kvenvolden et
al., in press). The other cil samples have
sterane and hopane biomarker distribu-
tions similar to those of a spilled North
Slope crude oil sample secured from the
tanker; however, the oils from thebeaches
are at various stages of alteration as evi-
denced by hydrocarbon distributions.
Forexample, alkylated naphthalenes and
phenanthrenes, as well as n-alkanes and
isoprenoid hydrocarbons, have partly or
completely disappeared (Kvenvolden, et
al., 1991).

After sampling the island beaches,
we ran high-resolution acoustic profiles
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across the adjacent insular slopes and
then collected bottom sediment at sites
selected from the profiles. Rapid degra-
dation of n-alkanes and isoprenocid 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 oi! to sediment at eleven of
the shallow water stations occupied in
1990 (Kvenvolden, et al. 1991). All of
these samples 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
spillonbeachesof 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 1989 and 1990, were
reoccupied. Samples from these beach
and deep water stations are currently
under investigation.

Prince William Sound circulation is
strongly influenced by the AlaskaCoastal
Current. This currentis affected by fresh
water discharge which, according to
Royer and others (1990), 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

-“ﬂ



not dense enough to sink, unless bonded
to particulate matter. If the amount of
particulate matter 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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Characterization of Residual Oil in Prince William Sound, Alaska—

3.5 Years Later

Paulene O. Roberts!, Charles B. Henry Jr.!, Edward B. Overton!, and Jacqueline

Michel?
Louisiana State University
Research Planning, Inc.

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 August 1992 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). ThesePAH
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 impacted by 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 exposure
and energy are defined as microenviron-
ments. The August 1992 sampling cov-

ered a variety of microenvironments 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 clearin-
dications and statistical references to the
extent of weathering, the samples were
analyzed by detailed GC/MS to charac-
terize and source-fingerprint theresidual
oils collected.

The GC/MSanalysis were completed
by selective/multiple ion monitoring,
focusing on normal alkanes and PAH
compounds such as alkylated
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-



malized for thecompositional 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
thenormal 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; itis only
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the C-2and 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 combustion-
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 volumeratio whichaids the natu-
ral rate of weathering by evaporation,
dissolution, photo-oxidation, and bio-
logical oxidation (biodegradation).
Therefore a major limitation tobiodegra-
dation is the availability of oil to the
microbial community.
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Toxicity of Intertidal and Subtidal Sediments Contaminated by the

Exxon Valdez Oil Spill

Douglas A. Wolfe!, Margaret M. Krahn?, Ed Casillas?, K. John Scott? John R. Clayton,
Jr.2, John Lunz?, James R. Payne?, and Timothy A. Thompson?

!National Oceanic and Atmospheric Administration
2Science Applications International Corporation
3Sound Environmental Services, Inc.

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
the extent to which 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 thecruises of
the Fairweather in 1989, the Davidson in
1990, and The Big Valley in 1991. In 1989,
the sediment toxicity (EC-50’'s deter-
mined by Microtox®) was significantly
rank correlated with hydrocarbon con-
centration, determined by ultraviolet
fluorescence (UVF), inintertidal samples
from 42 sites in Prince William Sound
and impacted portions of the Gulf of
Alaska. Toxicity measured by Microtox®
in subtidal (3-20m) 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 (21
sites in PWS and 8 outside) and 1991 (14
sites in PWS) with a sediment elutriate
test using larval oysters Crassostrea gigas,

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 concentrations 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,SnugHarbor, Block Island, Chugach
Bay, Chenega Island, Sleepy Bay, and
Tonsina Cove. No statistically signifi-
cant toxicity was detected in any sub-
tidal sedimentsamplesin 1990,and mean
mortalities in subtidal sediments were
not significantly different between ex-
posed and reference sites.

In 1991, the mortality of test amphi-
podsrelative to controls exhibited a lower
rangethanin 1990(0-50.5%, compared to
0-98.7%), but because control mortality
was lower and less variable thanin 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 (6 & 20 m), Sleepy Bay (0 & 6 m),




Northwest Bay (0 & 6 m), Herring Bay (0
& 6 m), Disk Island (0 & 20 m), and Bay of
Isles (6 m). Subtidal (6 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 (0,
6 & 20 m) and Mooselips Bay (0 m).
Significant mortalities of oyster larvae
were also detected with shallow sedi-
ments from oiled [Sleepy Bay (0 m), Bay
of Isles (0 m), Chenega Island (0 & 6 m)
and Block Island (6 & 20 m)] and refer-
ence sites [Drier Bay (0 m), Mooselips
Bay (6 m), MacLeod Harbor (6 m) and
Rocky Bay (6 m}]. As aresult, the mean
toxicities for the oiled and reference sites
in 1991 were not significantly different
for either amphipods 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 concomi-
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-
leum were poteniially most toxic, large
samples of intertidal sediments (4 kg)
and interstitial porewater samples (114-
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 chroma-
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tography showed that the water and sedi-
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.

Thearomaticand polar fractions from
bothsites were systematically tested with
avariety of toxicity tests (Microtox®, SOS
Chromotest®, bivalvelarval 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 SOS Chromotest®, 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 exiracts, while the polar frac-
tion was usually slightly more toxic for
the porewater extracts. There were no



consistent patterns, however, to distin-
guish responses to water and sediment
samples. For example, EC-50’s for the
Microtox® response were 10g and 23g
(dry weight) of sediment for the aro-
matic fractions from the two Bay of Isles
samples, while those for the polar frac-
tions from the same samples were 8.9g
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 sedimentsamples were
not significantly more toxic either to
amphipodsor to oyster larvae than those
from Mooselips Bay. This difference
probably reflects the heterogeneous dis-
tribution of oil in beach sediments. 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
toincrease withnumberof aromaticrings
(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 significantly de-
pleted in Prince William Sound sedi-
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ments by the time our samples were col-
lected in fall 1990.

Oxidation products of aromatic com-
pounds in petroleum are produced
through microbial metabolism and pho-
tooxidation, and intermediary metabo-
lites of polynuclear aromatic compounds
are known to be genotoxic. Very little
work has been published on these com-
pounds, but some of them could un-
dergo bioaccumulation and exert toxic-
ity to marine organisms. The present
studies show, however, that very low
genotoxicresponses wereassociated 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~2xtoluene),
Komn et al. (1985) concluded that the
phenols were not major contributors to
the toxicity of water-soluble fractions
(WSF) of 0il, 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. (1985) identified
oxidized products of phenanthrene, in-
cluding carbonyl, quinone, and carboxy-
lic acid derivatives, in seawater after 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 water-soluble products.
UV irradiation of No. 2 fuel oil in a flow-
through, agitated system caused less than
a 2-fold increase in total extractable or-




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-50 of 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. (1985) 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 theresults presented here,
previous studies suggest that polar con-
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stituents, whether present in the parent
oilorformed as aresult of degradationin
the environment, do not pose a signifi-
cant additional risk of toxicity or mu-
tagenicity to marine organisms.
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Shortly after the grounding of the
Exxon Valdez on 24 March 1989, the Na-
tional Oceanic and Atmospheric Admin-
istration (NOAA) organized a multi-in-
vestigator cruise to document the extent
of oil contamination of coastal habitatsin
Alaska. This first survey cruise was fol-
lowed by five seasonal cruises over the
next 2 years organized as a joint effort of
NOAA and the Alaska Department of
Environmental Conservation. The pur-
poseof these survey cruises was todocu-
ment oil concentration distributions and
assess the relative ecological impacts of
the spill to intertidal and subtidal areas.

Assessmentof microbial populations
was an important component of the sur-
veys since a major fate of petroleum con-
taminants in marine environments de-
pends on the ability of microorganisms
to use hydrocarbons as a source of car-
bon and energy (Leahy and Colwell,
1990). Additionally, patterns of hydro-
carbon mineralization activity and dis-
tribution of hydrocarbon-degrading mi-
croorganisms can be used as an indica-
tion of in situ biodegradation of petro-
leum (Madsen et al., 1991). Measure-
ments of total numbers of hydrocarbon-
degrading microorganisms and assays
for the mineralization potential of hy-
drocarbon fractions by these populations
provide evidence of the presence of hy-
drocarbons that can be utilized by micro-
organisms. When sediments froma pris-

tine environment are perturbed with oil,
this distribution reflects theextent, move-
ment and persistence of the contamina-
tion.

We sampled 38 sites within Prince
William Sound throughout a three year
period following the oil spill. In these
samples we measured numbers of hy-
drocarbon-degrading microorganisms
and mineralization potentials of radiola-
belled hydrocarbon fractions in shore-
line sedimehts and subtidal surface sedi-
ments at depths to 100 m. Depending on
the cruise, up to 6 isobaths were sampled
for each site; intertidal (Om), 3 m, 6 m, 20
m,40m, and 100 m. AttheOm, 3 m,6m,
and 20 misobathssedimentsamples were
made up of subsamples collected from
eight random locations along a 30 m
transect parallel to shore by shore party
or SCUBA divers. The 40 m and 100 m
samples were collected by Van Veen or
Smith-Maclntyre grabs and subsampled
from the surface of the sediment. The
number of hydrocarbon-degraders in
each sample was estimated by using the
Sheen Screen most probablenumber tech-
nique which uses disruption of an oil
film toindicate the presence of hydrocar-
bon-metabolizing microorganisms
(Brown and Braddock, 1990). Radio-
respirometry was used to assay the hy-
drocarbon-oxidation potential of micro-
organisms in sediment slurries (Brown
et al, 1991). The compounds [1-C]-
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hexadecane, {1,(4,5,8)-“C]-naphthalene
and [9-"C]-phenanthrene were used as
paradigms of aliphatic and polyeydlic
aromatic hydrocarbons. Hexadecane
potentials were determined after 2-day
incubations. Two-day naphthalene and
phenanthrene potentiais were univer-
sally very low and reference sites (sites
known not to have been oiled by the
Exxon Valdez oil spill) were generally 0 or
near 0 after 10 days for all cruises. For
these reasons, 8- or 10-day incubations
were used for naphthalene and phenan-
threne data. Significant differences (at
the 95% confidence level) for numbers of
hydrocarbon-degraders or mineraliza-
tion potentials at a site compared to the
reference sites were determined by the
Mann-Whitney U Test (Zar, 1984).

Thenumbers of hydrocarbon-degrad-
ing bacteria vary by several orders of
magnitude among sites and dates
sampled after the Exxon Valdez oil spill.
Ranges for numbers of hydrocarbon-uti-
lizing bacteria during 1989 in this study
were similar to those found for the Amoco
Cadiz oil spill (Ward et al., 1980). Micro-
bial studies in Alaskan coastal sediments
conducted before the Exxon Valdez oil
spill are limited in number. A 1975-1977
survey of Cook Inlet and the Gulf of
Alaska found the highest mean numbers
of hydrocarbon-oxidizing bacteria de-
termined by a plate count method to be
8.4 X 10° cells/g dry weight of sediment
at a site in upper Cook Inlet near several
oil wells (Roubal and Atlas, 1978). These
authors hypothesized that sediments
containing 10°to 104 oil-degrading bacte-
ria/ g dry weight probably had a previ-
ous history of oil exposure from either
biogenic or polluting sources.

In the summer of 1989, eleven shore-
line sites in Prince William Sound ex-
ceeded the maximum value for hydro-

Exxon Valdez Oil Spill Symposium Abstracts

carbon-degraders found in 1978 (Roubal
and Atlas, 1978). In fall 1989 all 14 shore-
line sites sampled in this study had high
numbers of hydrocarbon-degraders,
ranging from 3.6 x 10° t0 5.5 x 10° cells/g
dry weight sediment; reference sites had
a median of 38 cells/g dry weight sedi-
ment. Statistically significant higher
numbers of hydrocarbon-degraders were
observed at these oiled sites than at the
reference sites. Median numbers of hy-
drocarbon-degrading microorganisms
on theshorelines in Prince William Sound
decreased from 1989 through 1991. How-
ever, therewerestill several shorelines in
the summer of 1991 that had > 103 hydro-
carbon-oxidizing bacteria/g dry weight
sediment. In the summer of 1989, num-
bers of hydrocarbon-degraders in sub-
tidal surface sediments at depths greater
than 6 m were below the detection limits
of the assay (< 13/g dry weight sedi-
ment). However, at some sites by the
summer of 1990, there were measurable
numbers of hydrocarbon-degraders at
all depths (beach through 100 m). Data
from the summer of 1991 show a trend
toward much lower total numbers of
hydrocarbon-degraders for all sites and
depths, implying that conditions are no
longer favorable for biodegradation or
that biodegradable hydrocarbons are no
longer present.

The median 2-day hexadecane min-
eralization potentials maintained a fairly
constant level through the fall of 1990
and then dropped dramatically by the
summer of 1991. In spring and summer
of 1990 many sites, even at depth, had
potentials for hexadecane mineralization
significantly greater than the reference
sites. However, in the fall of 1990 only a
few sites had potentials significantly
greater than the reference sites. By the
summer of 1991 potentials of hexadecane
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mineralization were low at all sites. The
reduction of the hexadecane mineraliza-
tion potentials may be due to a decrease
in numbers of microorganisms accli-
mated to hydrocarbon biodegradation
or a decrease in the hexadecane remain-
ing in the sediment, or some combina-
tion of the two factors.

Median potentials of polycyclic aro-
matic hydrocarbons (PAH) oxidation
increased with time from the summer of
1989 reaching a maximum in 1990 and
then dropping to much lower levels in
1991. The potentials for phenanthrene
mineralization were slightly greater
whenmineralization potentials fornaph-
thalene and phenanthrene were run on
the same sediment samples (Fall, 1989).
This finding is supported by a previous
study of polluted sediments in Boston
Harbor, Massachusetts, where naphtha-
lene turnover times in the Harbor were
found to exceed those for phenanthrene
(Shiaris, 1989). The difference in poten-
tials between phenanthrene and naph-
thalene seen in Prince William Sound is
unlikely to exclusively account for the
increase in mineralization potentials of
PAH between summer of 1989 and sum-
mer of 1990. Mineralization potentials
for phenanthreneremained high through
the fall of 1990 but declined substantially
by the summer of 1991. The data for the
summer of 1991 show that there were
still many sites with high phenanthrene
oxidation potentials relative to the refer-
ence sites. However, the absolute values
for mineralization potential were much
lower than for previous cruises.

The objective of our study was to
document the impact of the Exxon Valdez
oil spill on the population and activity of
hydrocarbon-degrading microorganisms
in sediments in Prince William Sound.

R e e e

The numbers and activity of these micro-
organisms are good indicators of expo-
sure of sediments in Prince William
Sound to hydrocarbons and may be use-
ful indicators of the mobilization of hy-
drocarbons with time. The increase of
numbersof hydrocarbon-degraders com-
pared to likely pre-spill values, coupled
with high mineralization potentials for
hexadecane and phenanthrene, also pro-
vide evidence of rapid acclimation of
naturally occurring microbial popula-
tions for biodegradation of these com-
pounds in most sediments.
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Contamination of Subtidal Sediments by Oil From the Exxon Valdez

in Prince William Sound, Alaska

C. E. O’Clair, J. W. Short and 5. D. Rice
National Oceanic and Atmospheric Administration

The purpose of this project was to
assess the degree of petroleum hydro-
carbon contamination of subtidal sedi-
ments from 32 locations in Prince Will-
iam Sound resulting from the Exxon Val-
dez oil spill. In this paper we summarize
some geographical, bathymetricand tem-
poral trends resulting from analysis of
data collected during the first 2 years
following the oil spill.

We sampled sediments intertidally
and at five subtidal depthsin the range 0-
100 m in summer and 0-20 m in spring
and fall. Shallow sediments (0-20 m)
were collected by beach teams or divers
on 30 m transects laid along the appro-
priate isobath. Deep sediments (40 and
100 m) were collected with grabs. Trip-
licate composite sediment samples were
collected ateach station. Sediments were
sampled in May, July, September and
November 1989 and in June, July and
September 1990. Oil concentrations, re-
ported in mg/g (ppt), are estimates of
equivalent concentrations in sediments
of original (fresh) Exxon Valdez oil and
are based on a weathering model devel-
oped in conjunction with principal com-
ponents analysis (PCA; Shortand Heintz,
these proceedings). Exxon Valdezoil con-
centrations less than 25 pg/g sediment
are not detected using this model be-
cause corresponding concentrations of
individual polynuclear aromatic hydro-
carbons on which the model is based
approach analytical method detection
limits of about 1 ng/g.

Geographical distribution:

Petroleum hydrocarbons were found
to have contaminated subtidal sediments
over a broad geographic range in Prince
William Sound from the north end of
Eleanor Island to southern Elrington Is-
land. Lower intertidal (0 m) sediments
were contaminated by Exxon Valdez oil at
no fewer than nine locations in 1989 and
12 locations in 1990. Subtidal sediments
were contaminated by Exxon Valdez oil at
no fewer than 12 locations where oil had
come ashore (oiled locations) in 1989 and
1990. Those locations constituted 67% of
oiled locations studied in 1989 and 86%
of those oiled locations studied in 1990.
Contamination of subtidal sediments by
Exxon Valdez oil at oiled locations reached
a depth of at least 20 m at seven sites in
1989 and at 14 sites in 1990.

Bathymetric distribution:

The greatest concentrations of Exxon
Valdez oil in benthic sediments were
found in the lower intertidal region (0
m). An average concentration (n=3) as
high as 24.7 mg/g was found at 0 m on
Disk Island in July 1989. The greatest
concentrations of Exxon Valdez oil insub-
tidal sediments were found at the shal-
low depths. The highest concentration
recorded was 5.2 mg/g in a sediment
sample collected at about 3 m at Sleepy
Bay in September 1989. Concentrations
of Exxon Valdez oil exceeding 1.0mg/gin
subtidal sediments occurred at nine lo-
cations in 1989 and reached a depth of
20 m at Eshamy Bay in July 1989. How-




ever, nosignificant difference was found
in the concentration of oil between depths
at oiled sites in July (when all depths
were sampled). In 1990 the highest con-
centration of oil in subtidal sediments
recorded was 4.3 mg/g at 20 m at Fox
Farm in September. Concentrations of
oil exceeding 1.0 mg/g were found at
twolocations (Herring Bay and Fox Farm)
reaching a depth of 20 m at both sites.

In July 1990 when all depths were
again sampled oil concentrations in sedi-
ments at oiled sites were greater (p<0.01)
at 3 and 6 m than at greater depths. The
majority of sediments from 40 and 100 m
were found not to be contaminated with
Exxon Valdez oil. Where contamination
was found it was at relatively low con-
centrations (<0.43mg/g, 1989;<0.45mg/
g, 1990) of oil.

Temporal distribution:

Examination of temporal changes in
the contamination of sediments by oil
revealed that detectable quantities of
Exxon Valdez oil moved over timeto shal-
low subtidal depths at locations with
heavily oiled shorelines. At Sleepy Bay
no significant trend was seen in the con-
centration of oil in sediments at mean
lower low water (0 m) between May 1989
and September 1990. Nevertheless, over
the same period of time subtidal sedi-
ments at 3, 6 and 20 m in Sleepy Bay
showed increasing oil concentrations to
a peak concentration followed by a de-
cline to levels comparable to early post-
spill levels or less. At the 3 m depth the
peak (p<0.05) occurred in September
1989. The peak occurred in November
1989 at 6 m (p<0.005) and 20 m (p<0.01)
and persisted at 6 m until June 1990.

At Northwest Bay and Herring Bay
also there was some evidence that oil
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moved to greater depths over time.
Northwest Bay and Herring Bay showed
significantdecreases (p<0.01and p<0.001
respectively) in the concentration of oil
in sediments at mean lower low water (0
m) between May 1989 and September
1990. Atbothsites, theoil concentrations
in sediments collected at 3 m did not
change significantly between May 1989
and September 1990. At Northwest Bay
the concentration of oil in sediments at 6
m peaked ( = 0.95 mg/g, p<0.05) in Sep-
tember 1989, whereas oil concentrations
in sediments at 20 m showed no signifi-
cant change during the study period. At
Herring Bay no significant change oc-
curred in oil concentrations in sediments
at 6 m during the study period, but con-
centrations changed at 20 m reaching a
maximum ( = 0.55 mg/g, p<0.05) in Sep-
tember 1990.

Oil wasdetected insubtidal sediments
at a number of locations in Prince Will-
iam Sound but concentrations were mark-
edly less than in sediment samples from
heavily oiled intertidal sites. Oil became
broadly distributed in subtidal sediments
during the first 2 years following the
Exxon Valdez oil spill. Qil concentrations
attained their highest values in the low
intertidal and shallow subtidal (0-20 m)
regions.

Sediments collected at 40 and 100 m
were for the most part not contaminated
with Exxon Valdez oil. There was some
indication that some movement of oil
down slope took place at heavily con-
taminated sites. Although oil concentra-
tions in subtidal sediments were prob-
ably notacutely toxic to most organisms,
the low-level oil concentrations were
widespread, persistent over the 2-year
period, and would be a source of chronic
exposure to subtidal communities.
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Determination of Petroleum-Derived Hydrocarbons in Seawater
Following the Exxon Valdez Oil Spill I: Analysis of Seawater Extracts

Jeffrey W. Short and Patricia Rounds
National Oceanic and Atmospheric Administration

We analyzed samples of subsurface
seawater within Prince William Sound
following the Exxon Valdez oil spill, to
evaluate the extent of water contamina-
tion by petroleum hydrocarbons. These

-samples were collected in three groups
beginning 1,3, and 5 weeks following the
oil spill. Triplicate samples were col-
lected from depths of 1 and 5 meters at
the 30 locations sampled, which ranged
from heavily oiled locations to control
locations that were not affected by the
spill. All three of the triplicate samples
were analyzed from the first group of
samples collected, but only one of the
three triplicate samples was analyzed
from each of the subsequent two groups.
Each 900 ml seawater sample was ex-
tracted twice with a total volume of 75 ml
dichloromethane within 5 minutes of
initial collection, then stored at -20° C
until analysis.

These samples were analyzed using
single ion mode gas chromatography-
mass spectrometry (GCMS/SIM} for the
most abundant 2 to 5 ring polynuclear
aromatic hydrocarbons (PAH's) in the
spilled oil, and using gas chromatogra-
phy-flameionization detection for alkane
hydrocarbons including pristane, phy-
tane, and the normal alkanes of 10 to 30
carbon atoms (C10 to C).

During the first sampling period,
summed PAH’s were highest at sam-
pling stations adjacent to beaches that
wereheavily contaminated by thespilled
oil. Summed PAH concentrationsranged
up to 6.60 + 0.62 pg/L seawater (35%

confidence interval, n = 3) at Snug Har-
bor, and ranged from 1.9240.40 g /L to
5.23 + 1.27 ug/L at sampling stations
near heavily oiled beaches of Northwest
Bay, Herring Bay, southeast Eleanor is-
land, north Smith island, and the Bay of
Isles. These summed PAH concentra-
tions include PAH’s from any source,
and do not distinguish PAH's associated
with particulateoiland dissolved PAH's.
Elevated PAH concentrations were also
detected at several more open-watersites
between Knight and Montague islands.
At all these sites, summed PAH concen-
trations were slightly higher at the 1 m
depths than at the 5 m depths.

In contrast, summed PAH swerelow-
est at sampling stations that were near
the margin or else were distant from the
path of the spilled oil through the Sound.
PAH concentrations typically ranged
from 0.4+0.2 to 1.5+ 0.6 ug/L seawater
at these locations.

The relative concentrations of indi-
vidual PAH’s differed markedly among
the sampling sites. At sites near the
margin or distant from the path of the
spilled oil, naphthalene was the predomi-
nant PAH compound detected, account-
ing for 40% to 100% of the summed PAH's
found. Although naphthalene was con-
sistently detected at both 1 m and 5 m at
these sites, other PAH’s were only spo-
radically detected at concentrations near
detection limits.

However, at sites near heavily oiled
beaches, or at the more open-water sites
between Knight and Montague islands




whereelevated PAH concentrations were
found, numerous PAH's were simulta-
neously detected at concentrations sub-
stantially above detection limits. Naph-
thalene accounted for generally less than
40% of the PAH's found at these sites,
and the proportion decreased with in-
creasing summed PAH concentrations.

Atsites near heavily oiled beaches, or
at the more open-water sites between
Knight and Montague islands where el-
evated PAH concentrations were found,
relative concentrations of detected PAH's
are very highly correlated with corre-
sponding relative PAH concentrations
of Exxon Valdez crude oil. Product-mo-
ment correlation coefficients of PAH's in
Exxon Valdez crude oil and in samples
from these sites generally range from
0.85 to 095 (P < 0.001) with 14 to 18
PAH’s included in the correlation (but
withnaphthaleneexcluded). Also, PAH's
that are absent or present at low relative
concentrations in Exxon Valdez crude oil
were not detected in these samples.

We conclude from these results (1}
that Exxon Valdez crude oil is the proxi-
mate source of PAH's in samples where
measured PAH’s are elevated and
strongly correlated with Exxon Valdez
crude oil PAH’s, and (2) that an addi-
tional source of naphthaleneis presentin
allsamples, suggestinganunknown sam-
pling contamination source for naphtha-
lene only. The first conciusion derives
from the close association of samples
containingelevated PAH concentrations
with areas directly impacted by the
spilled oil, the strong correlation of rela-
tive PAH concentrationsin these samples
and in the spilled oil, the general absence
of these PAH's in samples from areas
marginal or distant from the path of the
spilled oil, and the absence of a plausible
alternative explanationof these observed

Fate and Toxicity: Determination of Petroleum-Derived Hydrocarbons in Seawater

w

results. The second conclusion derives
from the ubiquity of naphthalene at a
minimum apparent concentration of
about 0.4 png/L seawater; a similar pat-
tern of naphthalene detection persisted
in the second and third sampling peri-
ods.

We estimated total PAH's attribut-
able to Exxon Valdez crude oil in samples
where PAH's are strongly correlated.
This estimate is the sum of measured
PAH’s except naphthalene; plus an
amountofnaphthalene proportional with
measured amounts of 1- and 2-methyl-
naphthalene, consistent with this same
proportion in Exxon Valdez crude oil. In
every case, thenaphthalene calculated in
this manner as attributable to Exxon Val-
dez crude oil is less than the measured
amount of naphthalene in the sample.

Exxon Valdez oil PAH's (EVO-PAH)
are quantitatively parallel with summed
PAH's: EVO-PAH concentrations ranged
up to 6.24 + 0.63 ug/L seawater at Snug
Harbor, and ranged from 1.26 +0.40 ug/
Lt04.72+1.18 ug/L atsampling stations
near heavily oiled beaches of Northwest
Bay, Herring Bay, southeast Eleanor is-
land, north Smith island, and the Bay of
Isles. Elevated EVO-PAH concentrations
were also detected at several more open-
water sites between Knight and
Montague Islands. At all these sites,
EVO-PAH concentrations were gener-
ally somewhat higher at the 1 m depths
than at the 5 m depths.

EVO-PAH concentrations generaily
declined with time. At most sites, EVO-
PAH concentrations declined by a factor
of 2 or more from the first to the second
sampling period, and by more than a
factor of 2 from the second to the third
sampling period. Exceptions included
sites where oiled beach clean-up activi-
ties had commenced, such as at Herring



Bay or Snug Harbor, where EVO-PAH
concentrations increased slightly by the
second sampling period at some depths.
EVO-PAH’s were not evident at any
open-water site after the first sampling
period, and were generally less than 1
ng/L seawater at any site by the third
sampling period.

Comparison of EVO-PAH concentra-
tions and C,; through C,, n-alkane con-
centrations suggests the presence of at
least some particulate oil in the samples
that contained EVO-PAH’s. To estimate
relative proportions of dissolved and
particulate EVO-PAH's, we calculated
an aromatic hydrocarbon enrichment
factor (AHEF) as the ratio of EVO-PAH
measured in a sample, and theminimum
expected EVO-PAH based on measured
C,, through C,, n-alkane hydrocarbons.
At sites where PAH’s are strongly corre-
lated with Exxon Valdez PAH’s, this AHEF
ranged from 0.69 to 5.99. Values of this
AHEF near 1 are consistent with particu-
late oil, whereas values substantially
above 1 indicate dissolved PAH. How-
ever, this AHEF index is not rigorous
indicator of particulate oil, because val-
ues near 1 may by chance be due to
dissolved EVO-PAH's present with odd
carbon-numbered alkanes derived from
natural sources.

The relative concentrations of dis-
solved EVO-PAH’s suggests they are
determined by dissolution kinetics, and
not by solubility of individual PAH's.
Relative dissolved PAH concentrations
that correlatestrongly with those of Exxon
Valdez crude oil, suggests that the com-
position of dissolved PAH s matches that
of the oil. The initial relative rates of
dissolution of individual PAH'’s are de-
termined by differences among indi-
vidual PAH’s of molecular attractive
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forces to the seawater phase and to the
remaining oil phase, and by the relative
concentrations of the PAH’s in the oil.
Differences of these attractive forces
among PAH's are approximately pro-
portional with molecular surface area,
which varies by less than a factor of 2
among the EVO-PAH’s (naphthalene
through C-4 phenanthrene), whereas the
relative concentrations of these com-
pounds in the oil vary more than 30-fold.
Initial dissolution rates are therefore
mainly determined by relative concen-
trations in the oil. In contrast, solubility
is not an important factor because con-
centrations attained by dissolved PAH's
are well below solubility limits, and the
volume of affected seawater in Prince
William Sound is much greater than the
volume of the spilled oil, thereby guar-
anteeing that solubility limits of EVO-
PAH'’s are never approached.

Although readily detectable, these
concentrations of EVO-PAH’s are well
below levels that are acutely toxic to
marine fauna. On the other hand, these
data demonstrate that PAH’s from Exxon
Valdez crude oil were available to sub-
surface marine fauna the first few weeks
following the oil spill, especially in near-
shore, near-surface waters that are par-
ticularly productive areas biologically.
In addition, if mononuclear aromatic
hydrocarbons had been measured in
addition to the PAH’s that were mea-
sured, total aromatic hydrocarbon con-
centrations in the seawater column de-
rived from spilled Exxon Valdez oilwould
almost certainly have been higher, possi-
bly exceeding the State of Alaska water
quality standard of 10 pg/L seawater,
because mononuciear aromatic hydro-
carbons are much more abundant than
PAH’s in crude oil.
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Methods for Determining Crude Oil Contamination in Sediments
and Biota After the Exxon Valdez Oil Spill
Margaret M. Krahn, GinaM. Ylitalo, Douglas G. Burrows, Jon Buzitis, Sin-Lam Chan

and Usha Varanasi
National Oceanic and Atmospheric Administration.

The grounding of the Exxon Valdez on
March 24, 1989 spilled almost 11 million
gallons of Prudhoe Bay crude oil (PBCO)
into the waters of Prince William Sound,
Alaska. As part of the Natural Resource
Damage Assessment effort, thousands
of samples of sediment and biota were
collected to determine the distribution of
the spilled crude oil and the exposure of
the marine animals. Therefore, the use of
rapid, low-cost analytical methods, gen-
erally known as screening methods, to
estimate concentrations of petroleum-
related aromatic compounds (ACs) in
samples was vitally important to the pro-
duction of timely information in the
emergency response. Screening meth-
ods can rapidly process large numbers
of samples to provide a semiquantitative
estimate of contaminant concentrations
and thus, allow ranking of samples by
degree of contamination. Accordingly,
the most contaminated samples can be
located by screening; then, detailed analy-
ses, e.g., gas chromatography/massspec-
trometry (GC/MS), can be focused on
the selected samples to confirm the pres-
ence of contaminants. Screening for
metabolites of ACs in fish and marine
mammals

Thousands of samples of fish and
marine mammals were collected from
the Exxon Valdez spill area to determine
the exposure of these animals to PBCO.
Because fish and marine mammals ex-
tensively metabolize most ACs in their
liversand themetabolites are transferred

tobileforexcretion, AC metabolites must
be measured in these animals to estab-
lish their exposure to PBCO. Concentra-
tions of metabolites were estimated in
bile of fish and marine mammals using a
reverse-phase high -performance liquid
chromatographic (HPLC) screening
method that measured fluorescence at
wavelength pairs specific for 2- and 3-
ring petroleum-related ACs (Krahnetal.
1992). Then, GC/MS was used to vali-
date the HPLC screening results by mea-
suring concentrations of individual me-
tabolites of petroleum-related ACs, e.g.,
alkylated naphthols and phenanthrols,
in these animals. Because the concentra-
tions of metabolites measured by HPLC
screening and sums of AC metabolites
from GC/MS were highly correlated,
the bile screening method was validated
as an effective tool for estimating con-
centrations of AC metabolites. Screen-
ing for crude oil in sediments
Following the Exxon Valdez spill, thou-
sands of sediment samples were col-
lected to determine the degree and dis-
tribution of the oiling. Because analyz-
ing all these samples by GC/MS would
be excessively expensive and time-con-
suming, priorities for analyses needed to
beset. Therefore,asize-exclusion HPLC
method used previously to measure AC
contaminantsin urban sediments (Krahn
et al. 1991) was employed to determine
concentrations of PBCOin more than 400
sediment samples. Sediments from a
large number of sites in the spill area
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were surveyed and many were found to
be contaminated by PBCO (Krahn et al.
submitted). Similar to the results for
bile, summed concentrations of indi-
vidual ACs in the sediments determined
by GC/MS were found to be highly cor-
related with the concentrations of ACs
measured by HPLC screening method.
Thus, the utility of the rapid HPLC
screening method has been extended to
analyzing sediment samples for the ACs
characteristic of crude oil, thereby di-
recting priorities for GC/MS analyses.
As aresult, the overall costsof the analy-
ses have been reduced, while still pro-
viding the necessary detailed dataina
timely fashion.

Establishing source of contamination
by HPLC and GC/MS analyses

When fish or marine mammals were
exposed to PBCO in the field or injected
with PBCO in the laboratory, the chro-
matographic patterns were similar, but
some differences were also apparent.
Variations in bile chromatographic pat-
terns can occur because of variations in
the degree of exposure of individual
animals to the oil or to species-specific
differences in metabolism of the petro-
leum ACs.

Inaddition, physical factors from the
chromatographic process itself, such as
the chromatography column used, the
condition of the column or the acidity of
the mobile phase, can affect the appear-
anceof achromatograminreverse-phase
HPLC. Therefore, due to both the vari-
ability of the metabolic process in vari-
ous fish species and to the variability of
the reverse-phase chromatography of
the metabolites, the HPLC chromato-
graphic pattern of bile can only suggest
the type of contamination. However, the
source of contamination can often be
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established by examining GC/MS re-
sults. For example, evidence of PBCO
contamination in fish and marine mam-
mals was provided by identifying high
proportions of certain bile metabolites
(i.e., the alkylated naphthols, phenan-
throls and dibenzothiophenols) that re-
sult from the metabolic conversion of
ACs that are characteristic of PBCO
(Krahn et al. 1992).

The HPLC chromatograms from
sedimentareeasiertointerpretthan those
from bile. These chromatographic pat-
terns are less variable than those from
bile, because the size-exclusion chroma-
tography is stable and because sediment
screening measures the ACs themselves.
Many of the confounding factors present
in the bile chromatograms due to spe-
cies- specific differences in degree of
metabolism or excretion of metabolites
are not found in the sediment chromato-
grams. However, HPLC chromato-
graphic patterns were not consistent
among all the extracted sediments from
the Prince William Sound area. The dif-
ferences were not due solely to the de-
gree of weathering of the crude oil, but
reflected different sources of ACs, e.g.,
crude oil or diesel fuel (Krahn et al. sub-
mitted).

For example, the chromatograms of
Herring Bay and Knight Island sedi-
ments, two sites that were heavily oiled,
were nearly superimposable with those
from weathered PBCQO. Furthermore,
the chromatographic patterns from the
Herring Bay and Knight Island sedi-
ments were very different from those of
other sources of contamination (e.g.,
diesel fuel or marine lubrication ¢il} that
might be found in Alaskan sediments.
In contrast, results from screening sedi-
ments from MacLeod Harbor and Olsen
Bay, sites not in the direct path of the



spill, revealed low concentrations of ACs
and an HPLC chromatographic pattern
that resembled that of diesel fuel. The
contaminant source suggested by HPLC
screening of these sediments could often
be confirmed by comparing the identi-
ties and proportions of the ACs deter-
mined by GC/MS to similar characteris-
tics of the probable sources. For ex-
ample, evidence for PBCO as the source
of contamination in many Prince Will-
iam Sound sediments (e.g., those from
Herring Bay and Knight Island) was
provided by identifying in these samples
the high proportions of the alkylated
naphthalenes, phenanthrenes and
dibenzothiophenes that are characteris-
tic of this crude oil (Krahn et al. submit-
ted).

The HPLC screening methods have
important roles in evaluating anthropo-
genic contamination in samples of bile
and sediment. First, samples containing
AC contaminants can be rapidly ranked
by degree of contamination and second,
HPLC chromatographic patterns can
provide a basis for suggesting possible
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contaminant sources. As aresult, expen-
sive GC/MSresources can be effectively
allocated. This approach-—combining
HPLC screening for petroleum-related
ACs or their metabolites in sediment
and bile with confirmation of contami-
nant concentrations in selected samples
by GC/MS—has proven useful in estab-
lishing the extent of damage to natural
resources following the Exxon Valdez oil
spill.
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Qualitative and Quantitative Determination of Exxon Valdez Crude
Oil in Sediment Samples Using Principal Component Analysis of

Hydrocarbon Data

Jeffrey W. Short and Ronald A. Heintz
National Oceantic and Atmospheric Administration

We have developed a model for sedi-
menthydrocarbon data thatmay be used
to (1) distinguish Exxon Valdez oil con-
tamination from other sources of hydro-
carbons, (2) estimate theoriginal amount
of Exxon Valdez oil in sediments when
present, and (3) determine the relative
degree of weathering of a sample. The
model is derived from an assumption of
first-order loss kinetics of each of the
hydrocarbon analytes employed, where
principal component analysis is used to
identify a weathering pattern thatis char-
acteristic of spilled Exxon Valdez crude
oil. When applied to consistent sedi-
ment hydrocarbondata sets derived from
samples that were collected from known
oiled beaches, one principal component

accounts for more than 96% of the data
variance. First-order rate constants for
hydrocarbon analyte losses were esti-
mated using this data subset, and the
relative magnitudes of these constants
indicates that the weathering process is
predominantly kinetically controlled,
where the rate of loss of aromatic hydro-
carbon analytes decreases with extent of
alkyl substitution.

Use of this model as an interpretive
aid and as a unifying framework will be
presented, together with results of the
application of the model to hydrocarbon
data derived from over 2,200 Natural
Resource Damage Assessment sediment
hydrocarbon samples collected from 1989
through 1991.
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Nearshore Subtidal Transport of Hydrocarbons and Sediments Fol-

lowing the Exxon Valdez Oil Spill

David M. Sale’, James Gibeaut?, and Jeff Short?,
'SnowOtter Environmental Consulting, Bellingham, Washington

*University of Texas at Austin
*National Oceanic and Atmospheric Administration

From 1989-1992, subtidal sediment
traps were placed in Prince William
Sound to capture settling organic and
mineral particulate matter offshore of
oiled and unoiled shorelines. Asa com-
ponent of water quality, settling particu-
lates were collected to: (1) determine if
petroleum hydrocarbons were present;
and (2) tolearn moreabout subtidal sedi-
ment transport processes affecting sedi-
ments at the study sites.

Sedimentation of hydrocarbons is a
rapid and important fate of spilled oil.
Estimates of accumulation in the sub-
tidalinclude 8-10% of the Amoco Cadiz oil
off the Brittany Coast (Gundlach et al,,
1983) and 10-15% of the unrecovered
Tsesis oil in the Swedish archipelago
(Johansson et al., 1980). Qil can sink by
adsorption to sediment, possibly by elec-
trostatic bonding to fine-grained clay
micelles (Bassin and Ichiye, 1977), and
through uptakeby zooplanktonand sub-
sequent deposition in fecal pellets
(Conover, 1971). Salinity, clay
minerology, and the presence of organic
matter (whichmay mask adsorptionsites)
can affect the adsorption (Meyers and
Quinn, 1973).

Oiled beaches act as a reservoir from
which hydrocarbons may be removed
by erosion and deposited in offshoresedi-
ments. Ten percentof the oil stranded on
untreated shorelines after the Baffin Is-
land Oil Spill project was transported
into shallow offshore subtidal sediments

(3-7 m depth) (Boehm et al., 1987). While
the bulk of stranded shoreline oil was
removed from Prince William Sound
beaches in 1989 and 1990, by a combina-
tion of treatmentactivities, natural physi-
cal processes and biodegradation,anum-
ber of locations have intertidal subsur-
face oil lenses that are still fluid (at least
during summer months) and that are
persistent because of protection from
surface weathering processes.

Persistence and mobilization of
spilled oil is related to physical and bio-
logical processes, such as wave, tide and
wind energy, microbial degradation and
bioturbation. Sediment grain size and
oil quantity and composition are among
many interacting variables (Blount, 1978;
Gundlach et al., 1978). Qil eroded from
contaminated shorelines and entering the
water column may settlein the nearshore
subtidal or move into deeper waters be-
fore settling depending on particle size
and shape, settling velocity, wave en-
ergy, tidal current velocities, and
longshore currents (Gundlach et. al,
1978). After settling on the benthic sur-
face, oiled sediments can continue to be
moved by bottom currents, resuspended
by wave-induced oscillatory currents, or
be buried deeper into the benthic sedi-
ments by bioturbation.

A laboratory study by Bragg et al.
(1990) using oiled sediments from Prince
William Sound shorelines found that the
formationof anemulsion of micron-sized
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mineral particles, polar components of
oil residue and seawater impeded the
adhesion of oil to the larger rocks on the
shorelines, allowing natural removal by
waves and tidal flushing. Bragg con-
cluded that since the emulsion floc par-
ticles were composed mainly of seawa-
ter and fine-grained sediments, they
would be transported great distances
before settling and would be widely dis-
persed. While this is supported by Stokes
Law of settling velocities for individual
fine sediment grains, sediments may be
trapped in estuaries as physicochemical
flocculation with other particles in the
water column produce settling rates an
order of magnitude greater than theindi-
vidual grains (Drake, 1976; Kranck, 1975).
Methods

Sediment traps have been used after
oil spills to monitor settling particulates
for oil contamination (Tsesis spill in 1977,
Johansson et al., 1980) and to determine
sedimentation rates in embayments
(Lund-Hansen, 1991) and the open ocean
(WoodsHole, 1989). For this study, base-
mounted sediment traps consisting of
PVC pipe, 15 cm in diameter and 1.2
meters tall were deployed at sites in
Prince William Sound representing a
variety of oiling and coastal conditions.
The traps were placed at 10, 15, and 20
meter water depths offshore of oiled and
unoiled shorelines. Diversretrieved and
redeployed the traps at approximately 3
month intervals from November 1989
through mid-March 1992. Sediments
were immediately filtered from the traps
on the vessel and samples were frozen
forlater hydrocarbon chemistry and grain
size analysis.

Benthic core samples were taken at
each of the sediment trap locations to
evaluate the sedimentary processes at
work at the sites, such as erosional and
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depositional events, and define back-
ground hydrocarbon concentrations and
depth of petroleum hydrocarbon con-
tamination. Sediment samples from the
upper 2 em of benthic sediments around
each trap were taken to evaluate grain
sizedistributionsand hydrocarbon chem-
istry. The relative contribution of sub-
tidal transport processes (bed-load, sal-
tation and suspension) (Visher 1969;
Middleton, 1976} and delineation of ero-
sional and depositional events
(Sundborg, 1956) will be estimated by
evaluation of grain size distributions and
ingpection of the sediment cores.

In addition, approximations of wave
energy at particular sites are being calcu-
lated from hindcasts using the Auto-
mated Coastal Engineering System (U.S.
ArmyCorpsof Engineers,1991)and wind
data from the National Oceanic and At-

- mospheric Administration and National

Weather Service stations in Prince Will-
iam Sound. Results from the hindcasts
will provide wave parameters from
which bottom stresses can be derived
(Komar, 1974). Bottom stress calcula-
tions combined with grain size data will
allow estimations of the likelihood of
sediment resuspension and transporta-
tion by waves.
Results

Two years after the spill, elevated
concentrations of petroleum hydrocar-
bons were consistently found in trapped
suspended particles near initially heavily
oiled shorelines. Sediments retrieved
from the traps at five sites in August 1990
showed petroleum hydrocarbon patterns
consistent with Exxon Valdez crude oil,
with the highest concentrationsatheavily
oiled Sleepy Bay, and lowest at the
unoiled control site in Port Fidalgo, indi-
cating an association of petroleum hy-
drocarbons and trapped sediments with



oiled shorelines.

This association persists insediments
captured over the winter of 1990-91 at13
sites (retrieved in March 1991). The pat-
tern of hydrocarbons is substantially al-
tered however, with consistent and sub-
stantial enrichment of chrysenesrelative
to the other aromatic hydrocarbon classes
at each trap location. While the reasons
for this alteration of aromatic hydrocar-
bon patterns is not well understood, the
pattern could reflect complex weather-
ing processes.

The highest concentrations of petro-
leum hydrocarbons found in March 1991
were in trapped sediments from offshore
of heavily oiled locations in Northwest
Bay, Sleepy Bay and Snug Harbor, while
thelowest concentrations were atunoiled
or lightly oiled locations in Eshamy Bay,
Stockdale Harbor and Port Fidalgo. This
pattern again demonstrates a clear asso-
ciation between concentrations of petro-
leumhydrocarbonsin trapped sediments
and degree of oil impact on the adjacent
shoreline. Several sites with high con-
centrations in trapped sediments have
subsurface oiling: a persistent lower-in-
tertidal subsurfacelens of fluid oil (docu-
mented by ADEC shoreline surveys as
late as June 1992) remains at Northwest
Bay, and significant subsurface oil has
been noted on shoreline segments in
Sleepy Bay. Benthic sediment samples
collected adjacent to the sediment traps
in August 1990 also indicate elevated
petroleum hydrocarbon concentrations
at trap sites adjacent to oiled shorelines.
Further conclusions await the results of
remaining hydrocarbon analysis.

Hydrocarbon chemistry analysis of
theremaining sediment trap, benthicand
core samples will be completed by Janu-
ary 1993. Results of grain size,
minerology and organic carbon analyses
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of thesediment trap and benthicsamples
are currently being evaluated and will be
related to the hydrocarbon results for
each site and deployment period to cor-
relate sedimentology with petroleum
hydrocarbons. Benthic sediment core
stratigraphy will be evaluated for back-
ground chemistry and any depositional
events. Grain size frequency distribu-
tions are being evaluated for an under-
standing of transportmechanismsateach
site.
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Short-term Biological Effects of Shoreline Treatment on Intertidal
Biota Exposed to the Exxon Valdez Oil Spill

D. Lees', W. Driskell?, and J. Houghton?

'Ogden Environmental and Energy Services Company

28eqtile, WA
3Pentec Environmental

A substantial amount of the 11.6 mil-
lion gallons of Alaska North Slope crude
oil spilled from the T/V Exxon Valdez on
March 24, 1989, was deposited on beaches
in Prince William Sound. Following the
spill, biological studies were conducted
on the biota of the intertidal and shallow
subtidal habitats in the Sound to deter-
mine short-term effects of several shore-
line treatment techniques considered for
beach cleanup. Four treatment method-
ologies examined were high-pressure
hot-water (HP-HW) and low-pressure
warm-water (LP-WW) wash, and appli-
cations of a dispersant (Corexit 7664) and
abeach cleaner (Corexit 9580 M2). These
methods were designed to remobilize oil
that coated the substrate and facilitate its
removal from the beaches. Only LP-WW
and HP-HW treatments were employed
on a routine basis in the Sound.

The basic objective of these studies
was to assess and compare the short-
term biological impacts of several alter-
native treatment methodologies. The
major elements of these studies, con-
ducted on three islands at the north end
of the Knight Island Archipelago in pro-
tected boulder/ cobble habitat, were pre-
and post-treatment measurements of
abundance, cover, and community com-
position of the biota at specific levels in
the test areas. These studies employed a
stratified-random design with replicate
quadrat sampling beforeand afterimple-
mentation of the specific shoreline treat-

mentmethodologies. Each program com-
pared two treatment alternatives; the
programs were independent and not
compared at the time.

In all test series, each test plot was
exposed to a different treatment. Con-
trasted tests were sequential rather than
simultaneous. Test plots extended from
upper to lower intertidal but treatment
was supposed to berestricted to mid and
upper levels, where most oil came to rest
during the initial stranding. We sur-
veyed at least at mid and lower eleva-
tions in each test plot.

Thepurposeof this paperisto present
data from several treatment effect stud-
ies and provide a general summary of
short-term biological effects of treatment.
Secondarily, we are presenting aqualita-
tive assessment of the validity of the
studies themselves.

The relevant questions to be ad-
dressed by these studies include: (1)Was
treatment accompanied by biological
damage? (2) Was the damage caused by
thermal, chemical, or physical effects?
(3) Which type of treatment caused the
leastamount of damage? and (4) Was the
observed damage long-lived?

An operative assumption for these
studies was that the variables examined
would not change significantly over the
3 to 10 days between the pre- and post-
treatment surveys except as a conse-
quence of the treatment regime associ-
ated with the studies. We applied this




assumption to comparisons of all vari-
ables examined, ranging from oil cover
and cover intensity to community de-
scriptors (e.g., number of species and
abundance of individuals} and species
abundance.

Our approach was to compare pre-
treatment data for variables such as algal
and epifaunal cover, epifaunal density,
averagenumber of taxa per quadrat, spe-
cies diversity, and density of dead epi-
fauna, and species composition with post-
treatment measurements from the same
transects. Additionally, in response to
thermal impacts, we measured cover by
dead Fucus gardneri at Herring Bay fol-
lowing the HP-HW treatment. We ap-
plied a stratified-random design strati-
fied on the basis of elevation. We desig-
nated mid and lower intertidal strata at
all sites based on the dominant biological
assemblages; an upper intertidal stra-
tum was included in the Corexit 7664
study at Ingot Island.

Types of effects observed included
reductions in density and obvious mor-
tality due to abrasion, crushing, or ther-
mal exposure. Generally, all treatments
in theupper and mid intertidal appeared
toreduce cover by live algae but HP-HW
treatment at Herring Bay and LP-WW
treatment in the Corexit 9580 M2 test
appeared to cause the most damage
(p < 0.01). The greatest decrease in algal
cover occurred in the middle intertidal,
where treatment and high algal cover
overlapped. Changes in algal cover in
the lower intertidal zone were not sig-
nificant.

Epifaunal cover in the upper and
middle intertidal, highest in the middle
intertidal zone, was commonly 50 per-
cent lower following treatment, but gen-
erally low cover and high small-scale
variability confounded thestatistical sig-
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nificance of thechanges. Epifaunal cover
in the algae-dominated lower intertidal
was quite low and stable.

Epifaunal density was generally
higher at lower intertidal levels. Strong
decreases (100-fold) occurred in the HP-
HW treatment tests in the middle inter-
tidal (p < 0.01). A significant declinefol-
lowing the 165-minute HP-HW treatment
at the lower level at Herring Bay reflects
reduced density of a hermit crab and a
periwinkle. Density changed inconsis-
tently following the other types of treat-
ment, suggesting thatimpacts from those
methods were not strong. Moderate but
insignificant increases in density in both
tests at Ingot Island seem to represent an
increase in abundance of scavengers like
hermit crabs, probably inresponse to the
increased availability of dead or dam-
aged organisms.

The average number of taxa per quad-
rat tended todedinefollowing treatment.
Strongest declines occurred at both tide
levels at Herring Bay following HP-HW
treatment (p < 0.01).

We measured density of dead epi-
fauna to provide an indication of mortal-
ity in animals such as crabs and mussels.
Density was highest and changes were
stronger at mid intertidal levels where
mussels were most abundant. Large in-
creases in dead animals observed fol-
lowing HP-HW treatmentsreflecthigher
numbersof gaping attached mussel shells
with intact tissues, suggesting a strong
impactfrom HP-HW treatment. Density
of dead animals decreased following
treatment in all other tests, probably re-
flecting the tendency of the wash activi-
ties to flush loose materials from the
areas.

Several taxa displayed substantial
changes in abundance during the tests.
Significantchanges foralgae weremostly




declines that probably resulting from
vigorous washing. In a few cases, algal
cover increased significantly, possibly
because of increased visibility following
washing.

Many of the significant changes ob-
served in invertebrates probably reflect
removal or relocation caused by the vig-
orous washing. Barnacles, periwinkles,
limpets, mussels, hermit crabs, and a
whelk declined significantly atsomesites.
At other sites, density of periwinkles, a
whelk, and a hermit crab increased sig-
nificantly, probably as a reflection of re-
location by the treatment or immigration
in response to increased abundance of
dislocated prey.

Abundance of dead specimens in-
creased substantially for two species at
one site. Density of dead mussels and
cover by dead Fucus increased signifi-
cantly at mid levels at Herring Bay fol-
lowing both HP-HW treatments. HP-
HW treatment caused Fucus to change
from a normal olive-green color to black-
ish orange, the color of dead Fucus in
drift wrackaccumulations. HP-HW treat-
ment for 165 minutes caused twice the
mortality as 95-minute exposure.

The type and number of significant
changes varied considerably by eleva-
tion and type of treatment, probably re-
flecting the position of the zone relative
to washing activities and rigor of wash-
ing. Far more of the significant changes
were decreases. Significant changes were
far more common at the mid and lower
tide levels than at upper level but 80
percent of the significant changes at up-
per levels were declines. Live organisms
were generally less abundant following
treatmentatthe mid levelsalthough peri-
winkles increased considerably at some
locations. In contrast, changes at lower
levels were more evenly distributed be-
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tween decreases and increases.

The relative frequency of significant
changes in abundance varied consider-
ably by type of treatment. Corexit and
LP-WW treatments were accompanied
by relatively few decreases whereas
nearly all changes observed following
HP-HW treatment were decreases.

Several flaws in sampling design
weakened the ability of the studies to
evaluate treatment effects. Comparabil-
ity of substrate and biota in paired test
plots was weak. Forexample, algal cover
at the Disk and Ingot Island sites and
epifaunal cover, beach slope, and sedi-
ment composition at Disk Island varied
considerably between the Corexit and
LP-WW test plots.

While much of the protected shore-
line in Prince William Sound is mixed-
soft substrate, systematic evaluations of
treatment effects were not conducted in
these habitats. In the one instance where
the study area included soft substrate,
density of hardshelled clams declined
from about 160/sq. m. toabout40/sq. m.
overnight. This 75-percent reduction in
density was probably a consequence of
physical effects but because similar habi-
tat was not presentin the paired test plot,
the cause of mortality is unclear.

Overall, the data suggest that the ef-
fects of both chemicals were less severe
than those caused by LP-WW or HP-HW
treatment. The data, our observations,
and a review of the study design also
indicate that LP-WW wash accompany-
ing tests of chemical efficiency was less
rigorous than when performed by itself.
The tests were not comparable in terms
of temperature regimes, duration, or con-
sistency of coverage.

Because of the proximity of the paired
sites and timing differences in testing,
the probability of cross-test interactions



is high. Such interactions could explain
several declines in variables at Disk Is-
land where two pre-treatment surveys
were conducted.

Theabsence of referencesites toevalu-
ate the “No-treatment” alternative con-
stitutes a major design flaw sincenodata
exist to support the operative assump-
tion for the tests, i.e., changes observed
during the various tests did not occur
universally throughout the Sound at
unoiled sites.

In summary, the various treatments
were accompanied by biological dam-
age, including reductions in density and
obvious mortality duetoabrasion, crush-
ing, and thermal exposure. While the
type and degree of damage varied by
type of treatment, some damage accom-
panied all types of treatment examined.
Damage was manifest as (1) a significant
degree of reduction in one or more com-
munity or population attributes; or (2) in-
creases in the percentage of dead mus-
sels or Fucus. Severity and persistence of
effects varied by type of treatment. How-
ever, the programs were not designed in
amanner aliowing discriminationamong
potential causes of damage.

The greatest damage appeared to be
aresponse to thermal exposure or physi-
cal/mechanical disturbance. HP-HW
wash, resulting in high mortality in algae
and epifauna, caused the most severe
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and persistent effects. Effects of LP-WW
washes were less severe and persistent
and cursory data on temperature gradi-
ents downslope and across the test plots
suggest that LP-WW treatment probably
did not causesignificantthermalimpacts
in the intertidal biota. The dispersant
and beach-cleaner applications caused
few apparent short-term effects. How-
ever, flaws in sampling design constrain
the degree to which we can extrapolate
from the conclusions.

Observations of displacement and
mortality in clams at Disk Island and
mussels at Ingot Island suggest that
physical effects are substantial. Treat-
mentdislodged or excavated many speci-
mens that subsequently became crushed
or moribund. Treatment with the dis-
persant and beach cleaner was accompa-
nied by fewer significant changesin spe-
cies abundance or community attributes
than other methods. However, based on
other studies (Houghton et al., 1991), the
“no-treatment” alternative appears to
produce fewer short- and long-term
changes and faster recovery.
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Growth and Survival of the Predatory Snail Nucella lamellosa in
Areas Exposed to the Exxon Valdez Oil Spill
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Populations of the predatory snail
Nucella lamellosa (frilled dogwinkle or
drill) were studied in Prince William
Sound to determine growth and survival
atQiled, Oiled and Cleaned, and Unoiled
sites. In 1991, individual tags were used
tomark animals in resident stocks where
possible, or, at sites where populations
had been decimated, to tag animals im-
ported from a reference population
(Hogg Bay). Tagging was done during
April/May and July 1991.

Samples of animals tagged in May
were measured in July 1991 and samples
from most sites were again measured in
September 1991 and July 1992. Size
changes over periods of up to 14 months
wereused toevaluate growth differences
among treatments and recapture rates
were used to estimate survival. This
study provides insights regarding the
efficacy of treatment following an oil
spill and complications associated with
possible restoration efforts for species
with direct development following a
major environmental perturbation.

The Brody-Bertalanffy model with
seasonal adjustment wasused todescribe
growth (Sager 1982) and recast as a dif-
ference equation using size pairs (5, and
S,,.), a time interval (At) and Julian

day/365 (b):

(16K
S, .= 5_.(5_.5‘)9-1“&? 1 + "7 sin 2n(t+at-t,)

Eq.1)

with parameters:

5 = asymptotic size

K = the growth rate constant

&€ = parametermeasuringstrengthofthe
seasonal effect; equal to 1 with no
effect.

t, = parameter that adjusts the time of
minimum growth.

Numbers of size pairs (5§, and 5, ) at
each location are: 1. Unoiled sites: Bass
Harbor (pairs = 295), Crab Bay (401),
Eshamy Bay (360), Hogg Bay (420} and
Outside Bay (484); 2. Oiled sites: Crafton
Island (239 from Hogg), Herring Bay (32
local and 47 from Hogg), and Snug Har-
bor (72 from Hogg); and, 3. Oiled and
Cleaned sites: Block Island (266 from
Hogg), Northwest Bay (418 local and 255
from Hogg), and Smith Island (47 from
Hogg).

Parameters in Eq. 1 were estimated
by nonlinearregression. Theparameters
€and t, both were close to (), indicating a
strong seasonal effect with minimum
growth close to January 1; therefore dif-
ferences in growth among treatments
were focused on just K and S_. The
parameters K and S_ are highly corre-
lated and so comparisons among treat-
ments were made using their product (K
xS ), termed @ (Gallucci and Quinn 1979,
Appeldoorn 1983), which hasdimensions
of cm/yr and approximates the instanta-
neous growth rate of a newly hatched
individual; the larger the value of ®, the
faster the growth.




For Unoiled sites (N=5), w ranged
from 38.04 - 52.08 with a mean of 44.09.
For Oiled sites (N=3) wranged from 16.60
- 32.56 with a mean of 24.04 and at Oiled
and Cleaned beaches (N=3), w ranged
from 21.08 to 48.93 with a mean of 36.85.
Differences among treatments was tested
by ANOVA (N=11) with a resulting
p=0.049. There was no overlap of w
values for Unoiled and Qiled sites. Esti-
mates of w for snails at Oiled and Cleaned
sites were in between and overlapped
the w values of Nucellz lamellosa at
Unoiled sites and Oiled sites.

Survival of Nucella was estimated
from the recapture of tagged animals at
all of the same sites as growth was deter-
mined with the exception of Smith Is-
land where animals were not sampled in
July 1992. Two time periods were used:
April/May 1991 to June/July 1992 and
July 1991 to June/July 1992. At some
sites, tagged animals were released both
in April/May 1991 and in July 1991.
Survival (S) from taggingin either April/
May or July 1991 to July 1992 was ad-
justed to an annual rate (S,) by

1
S,=5% Eq.2)
where At is the difference in years from
tagging to July 1992, which ranged from
0.953 to 1.175.

For Unoiled sites (N=5), annual sur-
vival probability ranged from 0.123
(Hogg Bay) t00.319 (Eshamy Bay) witha
mean of 0.217. For Oiled sites (N=3),
annual survival rate ranged from 0.044
(Snug Harbor) to 0.060 (Herring Bay)
with a mean of 0.054. At QOiled and
Cleaned sites, the two estimates were
0.108 (Block Island) and 0.114 (North-
west Bay) with a mean of 0.111. Differ-
ences among treatments were tested by
ANOVA (N=10) following an arcsin
transformation of survival probabilities

Cleanup and Treatment Effects: Growth and Survival of a Pr

with a resulting p=0.005. There was no
overlap of annual survival rates for any
of the treatments.

Estimates of annual survival must be
taken as minimum values because there
probably were some tagged animals liv-
ing at each site that were not found in
July 1992. Additional sampling would
be necessary to obtain better estimates of
the actual numbers present at the final
census; however, there is no reason to
suspect bias in the samples with respect
to treatment. Given theerrors associated
with variable effort in collections at the
sites, the trend of survival rates probably
is correct: best survival at Unoiled loca-
tions, worst at Oiled sites that were not
cleaned, and intermediate at Oiled and
Cleaned sites.

Trends ofsurvival aresimilar to trends
shownin growthin the sense that Nucella
lameliosa at Unoiled sites generally had
both better growth and survival than
animals at Oiled or Oiled and Cleaned
sites. Growth and survival at Oiled and
Cleaned sites, in general, appeared to be
better than at Qiled sites that were not
cleaned. However, the numbers of sites
issmall and clearly number of study sites
foreach treatment should beincreased in
future studies of these and other popula-
tions recovering from oil damage.
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Much of the crudeoil spilled from the
tanker Exxon Valdez on March 24, 1989,
was deposited on beaches in Prince Wil-
liam Sound. Major beach cleanup activi-
ties began in May and continued through-
out thesummer of 1989. About400km of
shoreline were treated in the sound in
1989 using various hydraulic wash and
bioremediation (fertilization) techniques;
additional mechanicai cleanup and
bioremediationoccurred during thesum-
mers of 1990 and 1991.

High pressure, hot-water (HPHW)
washes used on mixed gravel/sand/silt
beaches in 1989 altered the nature of
habitat available to infauna. Hydraulic
washing of heavily oiled upper beach
areas transported large quantities of silts,
sands (to 4 mm diameter), and even
pebbles (4 to 64 mm) down theface of the
beach to the water’s edge. Coarser mate-
rials were deposited on the lower beach,
while suspended oils and silts were car-
ried from the area by currents in both
surface and water column plumes. Pre-
sumably many organisms, alpong with a
large proportion of the organic matter in
the sediment column, weresimilarly dis-
placed.

The overall objectives of this study
were to evaluate recovery of important
intertidal habitats and resources from
the effects of oiling and shoreline treat-
mentand to assess theinfluenceof HFHW
treatments on the nature and rates of

recovery (Houghton et al. 1991, 1992).
Thestudy plan established was designed,
in part, to document persistence of ef-
fects of 1989 hot-water washes, if they
remained evident, over the broader area
where hot-water treatments had been
applied. Primary variables isolated in
the sampling design were habitat type,
tidal elevation, degree of oiling, and use
of high pressure, hot-water shoreline
treatments. This paperreports sampling
of mixed gravel/sand/silt (mixed-soft)
beaches that had been unoiled (reference
or Category 1 sites), oiled but not treated
with HPHW washes (Category 2), and
oiled with subsequent HPHW-wash
treatment (Category 3). Information on
initial oiling and on shoreline treatments
applied at our study sites were derived
from State of Alaska and Exxon records
and through contacts with on-site per-
sonnel.

Quantitative field surveys were con-
ducted in Prince William Sound in mid-
summer (late June to early July) 1990,
1991, and 1992 to document environ-
mental conditions and infaunal assem-
blages at 9 to 12 intertidal sites in mixed-
soft habitats. Two stations were estab-
lished at each site to represent intertidal
elevations (zones) of biological interest.
Ateach station (elevation), five sediment
cores (0.009 m? by 15 cm deep) were
randomly collected. Samples were field
sievedon 1.0-mmscreensand preserved.




In the laboratory, all infauna were iden-
tified to the lowest practicable taxon.
Additional samples were taken at each
station for sediment hydrocarbon analy-
sis (all years), grain size determination
(1991 on), and total organic carbon (TOC)
and total Kjeldahl nitrogen (TKN) analy-
sis (1992 only). Samples of littleneck
clams (Protothaca staminea) were collected
for age and growth analysis and for analy-
ses of tissue hydrocarbon content. Little-
neck clams also were tagged and trans-
planted between sites with differing re-
sidual sediment hydrocarbon levels in
May 1991. Clams were recovered in
September 1991, and survival, growth,
and bioaccumulation of hydrocarbons
were evaluated as a function of sediment
. hydrocarbon concentration.

Study results confirmed that pro-
tected sand and gravel beaches were se-
verely affected by hydraulic treatments
that greatly altered beach morphology.
Coarse sands and fine gravels were
flushed from upper intertidal elevations
and often buried the lower beach in sev-
eral centimeters of sediment. In this
process, many infaunal organisms along
with a high percentage of the silts and
organic materials in the sediments were
dislodged and transported from the site.
Hydraulic treatments left the lower
beaches in many areas covered with
coarse sediments with a low content of
fines. TOC and TKN were lowest in
sediments at HPHW-washed lower sta-
tions.

Distribution patterns of polycyclic
aromatic hydrocarbons (PAHs) in mixed-
soft sediments in 1990 and 1991 were
similar: PAHs weresignificantly (to three
orders of magnitude) lower at unoiled
(Category 1) sites than at oiled (Category
2), or oiled and HPHW-washed (Cat-
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egory 3) sites. PAH concentrations at
Category 2 sites were lower at the lower
elevations and highest at upper eleva-
tions in 1990. By 1991 substantial weath-
ering had occurred at middle and upper
elevations, and concentrations were re-
duced by an order of magnitude; little
weathering had occurred at lower sta-
tions. In contrast, at Category 3 sites
PAH concentrations were lower at up-
per and lower intertidal elevations and
higher at mid- and subtidal elevations.
By 1991 only very slight reductions in
PAH concentration had occurred at Cat-
egory 3 intertidal stations, but subtidal
concentrations had dropped by an order
of magnitude.

These patterns suggest that although
shoreline HPHW treatment has resulted
in an initial drop in oiling in intertidal
sediments (in 1990 Category 2 sites had
greater averageintertidal PAH than Cat-
egory 3), it has not made a dramatic
difference in overall hydrocarbon con-
centrations. Ten-fold declines were ob-
served at three of four elevations in Cat-
egory 2but at only one of four elevations
in Category 3. Based on the degree of
replicationincluded in theaverages, these
changes, indicative of considerable
weathering, are fairly reliable. The most
prevalent constituents in 1991, in order
of importance, were compounds of
dibenzothiophene, phenanthrene, and
naphthalene. Incontrast, the most preva-
lent compounds in 1990 were naphtha-
lenes, phenanthrenes, fluorenes, and
dibenzothiophenes. Reduced concen-
trations of naphthalenes and fluorenes
are another reflection of the weathering
process.

Several compounds occur at suffi-
ciently high concentrations in sediments
at some stations to raise concerns about
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sublethal effects of exposure. Processes
that could be influenced by chronic ex-
posures to low levels of PAH include
survival, reproduction, development,
and growth. In the clam transplanting
experiment (carried out in 1991), there
was a clear correlation between higher
sediment hydrocarbon concentrations
and reduced survival of littleneck clams.

In 1990, 1991, and 1992, infauna at
lower mixed-soft stations appeared only
moderately affected by the spill on Cat-
egory 2 (oiled but untreated) beaches;
significant differences between Cat-
egory 1 (unoiled) and Category 2 sta-
tions were few. TheinfaunaonCategory
3 (oiled and hot-water-washed) beaches,
however, was fundamentally altered in
comparison to both other beach catego-
ries. Number of species, number of or-
ganisms, and species diversity varied
significantly among station categories;
lowest values wereat the HPHW-treated
beaches in all 3 years. Most major taxa
(gastropods, bivalves, polychaetes) had
significantly lower abundances on Cat-
egory 3 beaches than on Category 1
and/or 2 beaches in 1990 and 1991. In
1992 theserelative abundances remained
unchanged but were no longer signifi-
cant indicating that some recovery is
under way.

In 1991 and 1992 several dominant
taxa were most abundant at the lower
intertidal station at the heavily oiled Cat-
egory 2 site at Block Island. This area
continued to show extremely high sedi-
ment oiling yet had higher densities of
the deposit-feeding bivalve Macomaspp.,
harpacticoid copepods, and oligochaetes
than any site group. These taxa may be
capable of exploiting hydrocarbon-de-
grading bacteria in these oily sediments.

The Block Island lower station also
had a high density and the highest re-
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cruitment of young-of-the-year clams
despite the fact that sediment hydrocar-
bon concentrations were sufficient to
causesignificantly reduced survival and
increased tissue PAH uptake in clams
experimentally fransplanted to this sta-
tion. Interestingly, the survival of little-
neck clams in the 1991 transplant experi-
ment was highest (98%), and growth rate
was greatest, at the Northwest Bay West
Arm site (Category 3), which has had
very clean sediments since 1990; this site
has had consistently low clam recruit-
ment compared to Block Island, how-
ever. In all three years, the Category 3
sites had the lowest overall density and
lowest recruitment rates of hardshelled
clams (both littlenecks and butter clams,
Saxidomus giganteus).

Analysis of infauna data confirms that
the effects of shoreline treatments relate
as much to physical disturbance (burial,
displacement, reductions in fines and
organic content) as to oiling. Infaunal
assemblage variables (total organism
density, diversity, richness) were nega-
tively correlated with percentageofsands
and the residual hydrocarbon levels in
the sediments in 1991; total organism
density was positively correlated with
the percentage of fines.

The 1990-1992 data indicate that re-
covery of infauna on hot-water-washed
beaches will take many years. Primary
factors prolonging the recovery period
on Category 3 beaches are the continued
instability of the beach profile, reduced
content of finer sediments (including
organics), reduced recruitment, and de-
struction of the normal population (age)
structure in longer lived organisms such
as the hardshelled clams. Residual sedi-
ment oiling may also alter the pathway
to, and delay the realization of, full re-
covery at least one Category 2 lower
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Following the 1982 Exxon Valdez oil
spill, significant concerns were raised
regarding the potential effects on inter-
tidal habitats and biota of high pressure,
hot-water (HPHW) washes used to re-
move oil from the shorelines of Prince
William Sound. The objectives of this
study were to evaluate recovery of im-
portant intertidal and shallow subtidal
habitats and resources from the effects of
oiling and shoreline treatment and to
assess the influenceof HPHW treatments
on the nature and rates of recovery. This
study also was designed to extrapolate
persistence of effects of 1989 hot-water
washes over the broader area where hot-
water treatments had been applied. Pri-
mary variables isolated in the sampling
design were habitat type, tidal elevation,
degree of oiling, and use of HPHW shore-
line treatments. Thestatusof recovery of
intertidal assemblages from the oil spill
and subsequent shoreline treatments was
examined by repeated sampling of asuite
of rockyintertidal sites during 1990, 1991,
and 1992.

Studies sponsored by Exxon in 1989
demonstrated that major intertidal as-
semblage dominants (rockweed, mus-
sels, limpets, snails) survived 3 to 4
months in heavily oiled habitats. Imme-
diately following HPHW washing, how-
ever, these taxa suffered significant re-
ductions (50 to 100 percent losses; p<0.1;
Houghton et al. 1991). Because of these
identified adverse impacts, ecological
effects of this type of treatment were a

major focus for the present research ef-
fort.

We sampled multiple rocky shores
that had been unoiled (Category 1 sites),
oiled butnot treated with HPHW washes
(Category 2), and oiled with subsequent
HPHW-wash treatment (Category 3).
Information on initial oiling and on shore-
line treatments applied at our study sites
was derived from State of Alaska and
Exxonrecordsand through contacts with
on-site personnel.

Stratified random sampling was used
to assess epibiota (surface dwelling plants
and animals) at nineto 15intertidal rocky
sites (depending on the survey) repre-
senting several exposures and degrees of
disturbancein selected oiled and unoiled
locations in the sound. Two to three
stations were established at each site to
represent intertidal elevations (zones) of
biological interest. At each station, mul-
tiple 0.25-m? quadrants were randomly
located, permanently marked, and
sampled to document the abundance of
(surface dwelling plants} and fauna (ani-
mals) Samples of selected organisms
were collected for analyses of age and
growth and tissue hydrocarbon concen-
trations.

This sample design allowed for moni-
toring long-term recovery trends at sites
of knownoilingand treatment history. It
is also well suited (by the level of repli-
cated sampling at each station) for com-
parisons, at specific points in time, be-
tween pairs of stations with similar habi-




tat but different oiling and /or treatment
histories. Because of the limited number
of stations that could be sampled in each
habitat/oiling/treatment category, this
design is less well suited to statistical
inference regarding the generalized im-
pacts of oiling and treatment over all
stations with similar histories. Never-
theless, statistically significant differ-
ences among, site categories were shown
for some variables in all sampling years.
These results have allowed us to draw
conclusionsregardinginitialimpactsand
directions of recovery.

Our studies in 1990 provided strong
evidence of bioaccumulation at several
levels in the food web but found no evi-
denceof biomagnification. PAH concen-
trations decreased from lower to higher
levels of the food web and were lowestin
the top predators examined. Moreover,
relationships between PAH concentra-
tionsin prey and potential predators from
the same site were weak. On the basis of
these findings, collections of the sunstar
(Pycnopodia helianthoides) and the drill
(Nucella lamellosa) for PAH analysis were
discontinued in 1991.

PAH analyses in 1991 focused on
determining whether high concentra-
tions of PAH in mollusk tissues at some
sites were due to continued exposure to
hydrocarbons or to residual hydrocar-
bons in the tissues from exposure during
previous years. These analyses produced
three important findings:

1. PAH concentration in tissues of mus-
sels (Muytilus of. trossulus) transplanted
from reference sites to areas of high
residual sediment contamination in-
creased over the summer by an order
of magnitude or more to levels of
contamination as high as, or higher
than, those in resident (local) animals.
Levels of tissue PAHs in mussels
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(transplants and local animals) at
Smith Island (3.7 to 20.4 ppm dry),
considered one of the more highly
contaminated sites remaining in the
sound, were similar to the levels of
PAHs in mussels from near Seward
(6.2 ppm dry), a reference site.

2. Levels of contamination observed in
resident mussel tissues at Smith Is-
land in July and September 1991 had
dropped more than an order of mag-
nitude from those observed at that
site in July 1990. The composition of
PAHs in mussel tissues was quite
similar to that seen in 1990 but re-
flected weathering in the source hy-
drocarbons. Phenanthrenes and
dibenzothiophenes were dominant;
naphthobenzothiophenes and
fluorenes were of intermediate im-
portance; and naphthalenes, pyrenes,
and chrysenes were of low impor-
tance.

3. The most likely sources of long-term
contamination of mussel tissue in the
Sound are the reservoirs of subsur-
face oil at many sites. Large reduc-
tions in PAHs in mussel tissues from
Smith Island suggest that leaching
rates from such subsurface deposits
of oil havedeclined dramatically since
July 1990, however. This observation
is important in consideration of the
advisability of continued shoreline
treatment activities, particularly in
view of the fact that, by 1991, the
tissue contamination at Smith Island
had declined to a level similar to that
observed in animals from near
Seward.

Distribution and Abundance of
Epibiota

Inour 1990 and 1991 sampling, a high
degree of variability was seen among



biota at sites subjected to varying de-
grees of treatment. Many of the impor-
tant longer-lived dominants remained
intact at some treated sites in 1990; in
other areas, apparently those that had
been cleaned morerigorously, these spe-
cies did not survive. In 1991,
recolonizationof these areas wasevident
on most rocky shorelines. Trends in the
initial impact and recovery of three key
taxa (rockweed, limpets and drills) at all
middle elevation rocky stations sampled
illustrate that oiled but untreated (Cat-
egory 2) stations were well on their way
to recovery by mid-1991—that is, there
were no longer significant differences in
abundance between Category 1and Cat-
egory 2 stations.

Biota at HPHW-washed (Category 3)
middle rocky stations, however, re-
mained significantly depressed; mean
abundances of rockweed, limpets, and
drills (Nucella spp.) were very low at
Category 3rocky sites through May 1991.
Mean abundance of these taxa all showed
partial recovery at HPHW sites by
July 1991.

By July 1992, rockweed cover and
densities of limpets at HPHW middle
stations exceeded those at unoiled
stations. Full recovery had not yet
occurred, however. Littorine snails were
least abundant at Category 3 stations in
1990; in July 1991 the density of the
opportunistic Littorinascutulataincreased
sharply at Category 3 sites and in 1992
was much more abundant at the HPHW
stations. Its congener L. sitkana, which
lacks planktonic larval dispersal, was
slower to recolonize hot-water-washed
stations. Drills were virtually absent at
all heavily oiled middle stations, both
treated and untreated, through 1992 but
remained at relatively constant low
densities at lightly oiled or unoiled sites
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over the same period.

Lowerrocky intertidal areasin Prince
William Sound tend to be dominated by
longer lived algae because predation by
seastars and drills greatly limits thenum-
bers of grazers. Only one HPHW-treated
lower rocky station has been tracked for
all 3 years of the study. In 1990 and the
spring of 1991 this station had a high
percent cover of ephemeral green and
brown algal colonizers and limited popu-
lations of grazers. By July of 1992 this site
had higher densities of limpets and
littorine snails than the other lowerrocky
stations (HPHW), perhaps because of
reduced numbers of seastars and drills.
A primary apparent effect of HPHW
washing was thereduction of longerlived
red algae, especially Delesseriaceae,
Gigartinaceae, Palmariaceae, and
Rhodomelaceae. These groups ac-
counted for 15.3 percent cover in 1990
and declined to 8.8 percent by 1992 at the
single HPHW lower rocky site sampled
in all three years. At Category 1 and 2
lower stations, this group of algaeranged
between 35.1 to 48.3 percent cover over
the same period.

One rocky site in Northwest Bay that
was stripped bare by treatments in 1989
showed little colonization at middle and
upper stations through September 1991.
Films of blue-green algae and possibly
other algae that developed early in 1990
and 1991 were grazed or eroded away;
mostly bare rock was left. Even early
successional colonization by rockweed
sporelings, Fucus gardneri, or the bar-
nacle Semibalanus balanoides, such as that
seen elsewhere over broad areas, oc-
curred only sporadically and in isolated
patches. By 1992, these patches had ex-
panded to cover portions of the middle
station where crevices in the rock retain
moisture; the remainder of the station,



which lies on a smooth rock bench, con-
tinued to be devoid of significant algal or
animal growth. Clearly, the epibiota at
this site will take many more years to
recover to pre-spill conditions.

Dense stands of young rockweed that
had been evident only as inconspicuous
sporeling mats in some HPHW areas in
1990 were growing wellin 1991 and gave
a superficial appearance of a “normal”
shoreline. A more detailed examination,
however, revealed that the assemblage
in these heavily treated areas bore little
semblance to thaton Category 1 (unoiled)
or 2 (oiled but not hot-water-washed)
shores. Longer lived, more stable com-
ponents of the upper rockweed zone
(rockweed; several red algae,
Rhodophyta; hermit crabs, Pagurus
hirsutiusculus; a limpet, Lottia pelta; and
drills, Nucellalamellosa) were significantly
less abundant in the HPHW-treated ar-
eas. Rockweed onmany HPHW-washed
sites in 1991 was composed predomi-
nantly of 2-year-old plants that were not
reproductively mature and a small per-
centage of sporelings. In contrast, oiled
sites that were not HPHW-washed in-
cluded an even mixof several year classes
of older and reproductively mature
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plants. By 1992, rockweed established as
sporelings on Category 3 sites in late
1989 was reproductively mature.

Thus, oiled rocky areas not subjected
tosevere cleanup activity were generally
indistinguishable from unoiled sites in
1990 and 1991; more heavily treated sites
remained in earlier stages of recovery
through 1991. By 1992, most HPHW
sites were also well on their way to re-
covery; abundances of most taxa were
similar to those on unoiled rocky beaches.
Multivariate analyses confirmed patterns
of category differences and trends in re-
covery. Qualitativeexaminationsof other
shorelines around the northern portions
of the Knight Island group in July 1991
revealed many areas where early succes-
sional assemblages were present in areas
where hot-water treatments were used
in 1989. The broader ecological implica-
tions of resetting the successional stage
over large areas of shoreline arenot clear.
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NOAA'’s Long-Term Ecological Recovery Monitoring Program:
Overview and Implications of Recovery Trends and Treatment Effects

Alan J. Mearns and Gary Shigenaka
National Oceanic and Atmospheric Adminisiration

NOAA's Hazardous Materials Re-
sponse and Assessments Division is re-
sponsible for providing, through the Sci-
entific Support Coordinator, guidance to
the Federal On-Scene Coordinator dur-
ing responses to major oil spills. The aim
of that guidance is to maximize protec-
tion of marine resources. A major source
of guidance comes from experiences
gained during previous spill responses.
Obviously, the Exxon Valdez oil spill pro-
vided many opportunities for learning
about the success and failures of various
containment, removal and shoreline
treatment methods. This paper summa-
rizes the rationale and approach of
NOAA Hazardous Materials Response
and Assessments Division shoreline
treatment studies in Prince William
Sound and suggests some implications
for future responses and restoration.

Focus on Shoreline Treatment

One of the most controversial and poorly
quantified aspects of oil spill response is
the extent to which shorelines should be
treated to remove oil. By May, 1989,
much of thespilled crude oil was stranded
on 357 miles of protected and exposed
shorelinein Prince William Sound where
it became an actual or perceived long-
term threat to commercial and subsis-
tence fisheries, wildlife and recreation/
tourism. Acknowledging cautions ex-
pressed by the Scientific Support Coor-
dinator and other groups, the decision
was made to use any and all means prac-
tical to clean the shorelines, including
high energy methods such as high-pres-
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sure hot-water washing, After consider-
abledebate, agencies alsoagreed toleave
a few shorelines untreated to use as ref-
erence sites provided studies be con-
ducted to monitor impacts and recovery.

During the summer of 1989 shoreline
clean-up involved unprecedented use of
high-pressure (50-100 psi) hot- or warm-
water (to 140F) washing. Warm-water
washing became the primary method for
nearly all treated shoreline in Prince
William Sound (Exxon Production Re-
search Corp., 1990). Initial tests on sev-
eral types of shoreline indicated that this
method removed most of the shoreline
surface biota that otherwise survived
oiling (Lees and Houghton, 1990 and
Houghton et al, 1991). Thus a central
question of the HMRAD program was
the extent to which high-pressure hot
water washing enhanced or delayed oil
removal, return of altered shoreline in-
tegrity and especial recovery of shore-
line marine communities.

Hazardous Materials Response and As-
sessments Division Programs

During 1989 and 1990 NOAA’s Hazard-
ousMaterials Responseand Assessments
Divisioninitiated chemical, geomorpho-
logical and biological monitoring pro-
grams at over 35 sites in Prince William
Sound to help document the benefits and
effects of various shoreline countermea-
sures. Primary objectives of this multi-
faceted effort were (1) to determine the
initial effects of oiling and treatment on
the nearshore environment; (2) to deter-
mine whether ornot treatmentenhanced




mine whether or not treatmentenhanced
or delayed recovery; (3) to characterize
the nature of physical and biclogical re-
covery on a long-term basis; and ulti-
mately, (4) to provide response and res-
toration agencies with guidance for ap-
propriate and effective actions.
Components of the NOAA /HMRAD
program include (1) biological monitor-
ing, (2} shoreline geomorphology, and
(3) oil weathering studies. The core bio-
logical program samples shorelines rep-
resenting three treatment categories:
unoiled and untreated; oiled but not high-
pressure hot-water washed; and oiled
and high-pressure hot-water washed.
Oiling and treatment histories at each
site were extracted from State and fed-
eral treatmentrecords, derived from per-
sonal contacts and directly observed from
historical videos and photographs.
Three shoreline types were sampled:
(1) rocky, (2) cobble/gravel/mud, and
(3) boulder/ cobble. There is a minimum
of three sites for each combination of
treatment and shoreline type, and each
site generally includes visual, biological
and chemical surveys at each of three
elevations (upper, middle and lower in-
tertidal). Five to ten replicate measure-
ments are made to document changes in
surface oiling, epibiota and infauna at
each elevation at least annually. Key-
stone species of mollusks are tagged,
released and recovered to document
improvements or impacts on growth.
Composite samples of sediments, mus-
sels and clams are sampled to document
trendsinconcentrations of hydrocarbons.
The geomorphology program (Michel et
al, 1991) determines the wave exposure
regime at each site and documents
changes in beach profiles and trends in
the abundance and character of oil both
at the surface and below. In 1992, a
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special chemical study was undertaken
to evaluate differential weathering in
various microhabitats on Prince William
Sound beaches and the implications for
bioavailability.

The program wasnot partof theNatu-
ral Resource Damage Assessment
(NRDA) process, but rather, an exten-
sion of responseactivities. Nevertheless,
it provides information and insights
highly relevant to any assessment of
physical or biological recovery in Prince
William Sound. Moreover, the program
has a number of unique features that
distinguish it from other research efforts
in Prince William Sound. Treatment is
explicitly accommodated as an analyti-
cal variable, incorporating the use of
untreated shoreline segments (“set-
aside” sites) as reference areas. The pro-
gram also integrates observations of bi-
ology, bioaccumuiation, chemical fate,
shoreline geology, and coastal processes
to provide a physical framework for ob-
served biological conditions and trends.
TheNOAA program characterizes trends
in shoreline ecosystem components not
otherwiseaddressed in NRDA programs,
e.g. intertidal infauna, and growth, re-
cruitment and hydrocarbon contamina-
tion of clams. Finally, the program is
conducted under a regimen of rigorous,
open, multi-agency peer review.
Implications for Response and
Restoration

Results of biological and some chemi-
cal studies through 1992 are presented in
several reports at this conference
(Houghton et al, 1993a and 1993b) and
elsewhere (Michel and Hayes, 1992;
Houghton et al, 1992). Below, we sug-
gest some of theimplications of results to
date.

Did high-pressure hot-water wash-
ing enhance or impede shoreline recov-
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ery? The answer depends on how we
define recovery and what kind of shore-
line is involved. It clearly reduced the
amount of visible oil on all shoreline
types. Below the surface, however, it is
difficult to distinguish washed from un-
treated shorelines. Although theamount
of subsurfaceoilhasdecreased each year,
subsurfaceoil in various stages of weath-
ering remained at all oiled and treated
shorelines in the summer of 1992 (Michel
and Hayes, 1992).

Furthermore, unoiled sites were not
necessarily free of petroleum hydrocar-
bons - all reference sites had evidence of
PAH’s from combustion or other sources,
so there is no pristine background to
return to. It also appears there are and
will be somelong-lasting effects of wash-
ing on the structure of some shorelines
where contaminated sediment was
washed from the upper to lower inter-
tidal and even out into open water. The
abundance and diversity of shoreline
marine life and the abundance of specific
major plants and animals was signifi-
cantlyreduced by high pressure hot water
washing, compared to unoiled sites and
sites not receiving this treatment
(Houghton et al, 1992). As a result, the
return of these populations to reference
values has been faster at the untreated
sites than at the treated sites. Sampling
in 1992 showed that although
recolonization and recovery are progress-
ing at most sites, the process is far from
complete (Houghton et al, 1993a and b).

How long will recovery take?

While it is very difficult and also very
risky to predict the long-term course of
ecologicalrecoverybased on limited tem-
poral information, the data from 1990 -
1992 suggest that at treated sites recov-
ery -i.e., return to abundances at unoiled
sites - of various intertidal populations
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may take from three to over 15 years.
Projections have not yet been made for
complete loss of subsurface oiling or re-
turn to normal sediment structure.

Implications for Restoration

Since sub-surface oil remained at
many sites in the summer of 1992 there
may be a natural inclination for addi-
tional treatment. The 1992 Technical
Advisory Group concluded that addi-
tional treatment would be counter pro-
ductive. Michel and Hayes (in prep)
conclude that subsurface oil concentra-
tions are declining at about equal rates at
treated (washed and berm relocation)
sites. Musselsin some areas continued to
be contaminated, but it is not clear that
underlying sediments, the presumed
source of contamination, are any more
contaminated than sediments not un-
derlying mussel beds. Thus it is not
clear, without experimental evidence, if
additional intervention will enhance re-
duction of contaminant loading.

We made several interesting obser-
vations that may have implications for
enhancing restoration of intertidal com-
munities. High-pressurehot water wash-
ing almost totally eliminated dogwhelks
(Nucella spp.), major intertidal preda-
tors. Since they do not have planktonic
larvaeand cannot recolonize from plank-
tonicsettlement, they are extremely slow
toreturn. However, transpianted stocks
have survived well and grownrapidly at
washed shorelines, suggesting trans-
planting is a feasible restoration activity.
Likewise, we have observed high sur-
vival and growth of clams transplanted
into areas where they were severely re-
duced or eliminated.
Recommendations
Responses

Highenergy treatments, such ashigh-
pressure hot-water washing may havea

for Future



role in the arsenal of shoreline counter-
measures. However, if the clean-upstrat-
egy includes minimizing damage to
shoreline resources, this method should
only be used on a case-by-case basis.

Implications for monitoring

The work done to date underscores
the need to continue the monitoring ef-
fort into the future in order to properly
characterize the complex processes that
comprise ecological recovery. Monitor-
ing directed at evaluating treatment al-
ternatives is an important part of re-
sponses to future spills. However, it
cannot be done properly without estab-
lishing untreated set aside areas. The
concepts of accurate treatment record-
keeping and set asides should be consid-
ered essential elementsin any major spill
response.
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The Effects of the Exxon Valdez Qil Spill on Benthic Invertebrates in

Silled Fjords in Prince William Sound
Stephen C. Jewett Thomas A. Dean? David R. Laur®

"Wniversity of Alaska Fairbanks
*Coastal Resources Associates, Inc.
SUniversity of California Santa Barbara

During October 1989, when examin-
ing the effects of the Exxon Vdldez oil spill
on several shallow subtidal habitats in
western Prince William Sound, high
mortality of invertebrates and fishes was
observed in a heavily oiled silled fjord.
Here we present the results from the
initial observations and sampling of this
fjord in 1989, and subsequently in 1990
and 1991. Other silled fjords were exam-
ined in 1990. We consider the effects of
the spill versus natural benthic hypoxia
or anoxia.

The mainsilled fjord studied isa small
embaymentin northeastern Herring Bay
which is located along the northwestern
side of Knight Island. It has an area of
approximately 600 km?with the greatest
depth within the basin approximately 35
m; the sill depth at the entrance of the
fjord is only 4 m. At depths greater than
10m the substrate was mainly composed
of fine, flocculant silt. This fjord was
considered as “heavily oiled” after two
shoreline surveys were conducted dur-
ing the summer and fall of 1989.

The dead and moribund animals ob-
served in 1989 were primarily in the
deeper portions (> 13 m) of the fjord. In
one area extensively surveyed (approxi-
mately 70 m2), we observed over 40 dead
animals laying on the bottom, including
23 large polychaete worms and 11 star-
fish (all Pycnopodia helianthodes) and mis-
cellaneous clams. Alsoencountered were
dead mobile organisms, such as shrimp,
squid and Pacific cod. In addition to the

observed dead organisms, the substrate
had a patchy, cobweb-like layer of the
bacteria, Beggiatoa. This colorless, sulfur-
dependent, hemolithotrophic bacteria is
associated with decaying vegetation and
low dissolved oxygen.

Immediately following these obser-
vations, we collected samples of infaunal
invertebrates from threerandomly placed
transects along each of three depth strata
(0-2, 2-8, 8-20 m) using a diver-operated
suction dredge. One randomly placed
0.25 m? quadrat was sampled to a sub-
strate depth of 10 cm at each depth stra-
tum. A video of each transect was made
by divers and a bathymetric chart of the
embayment was madeusing a fathometer
aboard a small boat. Additional videos
were taken along transects through the
deeper portions of the fjord in order to
document the extent of dead organisms.

Diver observations and density esti-
mates of infauna were again made from
this fjord in May and October 1990 and
August 1991. Inaddition, twomoresilled
fjords {one oiled and one unoiled) were
examined in May 1990; four (two oiled
and two unoiled) were examined in Sep-
tember 1990. All sites had features simi-
lar to Herring Bay. We first conducted a
bathymetric survey at each site as de-
scribed above. Three stations were then
established at random positions along
the 20 m-depth contour at each site. At
each station, divers collected duplicate
0.1 m? suction dredge samples of sedi-
ment for benthicinfauna. Measurements
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of temperature, salinity and dissolved
oxygen were taken onaall surveys, except
October 1989.

Although the benthic community in
Herring Bay in 1989 was obviously
stressed, as noted by the dead animals, it
still contained a relatively rich assem-
blage of infauna (e.g., 24 taxa at the fam-
ily and higher taxonomic level). How-
ever, signs of disturbance were evident
in the moderately low Shannon diversity
index(1.7), themoderately high Simpson
dominance index (0.4), and the near ab-
sence of sensitive burrowing amphipods
(16/m?). The dominance index was
mainly attributed to stress-resistant taxa
such as the bivalves Lucina tenuisculpta
(Lucinidae) and Mysella tumida
(Montacutidae), and the polychaetes
Nephtys cornuta (Nephtyidae) and
Polydora socialis (Spionidae).

Lucina and other lucines appear to be
able to live where conditions are extreme
and oxygen and food limited (Yonge and
Thompson, 1976). Lucina is in the same
order as the stress-tolerant Thyasira ge-
nus, and several species of Thyasirahave
been reported from organically enriched
and polluted substrates (Pearson and
Rosenberg, 1978). Lucinathatdominated
at Herring Bay in 1989 (61% of faunal
abundance) were mainly older than one
year; many notedwere more than three
years old.

Similar surveys at Herring Bay in
1990 revealed fewer dead animals than
in 1989. In 90m? surveys conducted in
late May and early October, we saw one
dead Pycnopodia (spring), one dead cod
and three dead worms (fall) among scat-
tered patches of Beggiatoa,. More exten-
sive visual searches in fall 1990 revealed
some dead fishes, but there were no con-
centrated “dead zone” pockets as ob-
served in 1989.

However, the infaunal community
was obviously disturbed by the spring
and fall of 1990. Diversity and number of
taxa were extremely low in both surveys,
<0.1 and <8 taxa (mainly families), re-
spectively. Furthermore, Lucina was ab-
sent and the community was almost to-
tally dominated by a single polychaete,
Nepthys cornuta. Dissolved oxygen val-
ues in the water adjacent to the bottom
averaged 5.4 mg/l in May, but were near
zero in October.

Lizarraga-Partida (1974) reported
Nephtys cornuta in semi-polluted sub-
strates in Ensenada Bay, Mexico, inareas
enriched with organic material derived
from sewage-fish waste. Pearson and
Rosenberg (1978) give several other ex-
amples of Nephtys appearing in organi-
cally enriched and polluted areas, often
low in dissolved oxygen. Busdosh (1978)
found Nephtys only in association with
oiled substrate; it alone preferred oiled
to clean sediment. Although Nephtys is
mainly a predator, it also deposit feeds
and thus can utilize the high organic
loads associated with the decay of dead
organisms.

By mid August 1991, the community
in Herring Bay demonstrated dramatic
signs of recovery. Diversurveysrevealed
no dead organisms, although Beggiatoa
was still evident on the bottom. Almost
all infaunal community parameters had
recovered to or near levels observed in
1989. Nepthys cornuta still dominated,
however, Lucina tenuisculpta was now
present again, but in low density. The
dissolved oxygen during the Augustsam-
pling, one month earlier than 1989 and
1990 fall samplings, averaged 9.7 mg/1.

One group of organisms that was
present in 1991 in moderate density was
burrowing amphipods (132/m?). Repre-
sentatives of this group included the fami-




lies Ischyroceridae, Isaeidae,
Dexaminidae, Phoxocephalidae, and
Lysianassidae. The low density of am-
phipods at Herring Bay in 1989 (16/m?)
and 1990 (absent), presumably was the
direct result of toxic effects of petroleum
hydrocarbons. Benthic amphipods are
notoriously sensitive to petroleum hy-
drocarbons, and massive declines in
ampeliscid amphipods were observed
following the Amoco Cadiz oil spill
(Cabioch et al., 1978; Chasse, 1978). The
reoccurrence of amphipodson those pre-
viously contaminated sediments began,
for some species, in one to two years
(Dauvin, 1982). The density of amphi-
podshad dramatically increasedin Her-
ring Bay by 1991, just two years since
being oiled.

Hydrocarbon compounds wereiden-
tified from surficial sediments from Her-
ring Bay fjord. A gradual decline in each
hydrocarbon compound was noted over
the three-year period, e.g., total hydro-
carbons decreased from a mean of
69.0 ug/g in 1989 to 3.7 pg/g in 1991;
total polynuclear aromatichydrocarbons
decreased from a mean of 1.2 pg/g in
1989 to 0.06 ug/g in 1991; total
dibenzothiophenes decreased from a
mean of 0.222 ug/gin 198910 0.006 ug/g
in 1991; total alkanes decreased from a
mean of 2.0 ug/gin 1989 10 0.67 ug/g in
1991; and total naphthalenes decreased
from a mean of 0.022 ug/g in 1989 to
0.012 ug/g in 1991. Aromatic petroleum
hydrocarbons, including naphthalenes
and phenanthrenes, have been reported
to persist in sediments for periods in
excess of six years, although in reduced
concentrations (Neff and Anderson,
1981).

All four of the other silled fjord sites
(two oiled and two unoiled) that were
examined during late September 1990
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were stressed as indicated by the low
number of taxa (4-13), low Shannon di-
versity indices (H’'<0.1-1.3), and high
Simpson dominanceindices (D=0.3-0.9).
All sites were dominated by Nephtys
cornuta. All sites also had bottom-water
dissolved oxygen values of <1 mg/l and
the sulfur-dependent bacteria, Beggiatoa
present. Dead organisms, such as juve-
nile Pacific herring and unidentified
worms, were found in both oiled and
unoiled sites. Other dead organisms on
oiled sites included terebellid polycha-
etes, naticid snails, and brittle stars. At
one unoiled site (Humpback Cove),
where oxygen values were near zero, the
sulfur odor could be detected by the
divers at depth.

Our data from Herring Bay tends to
support the notion that oil contributed to
the “dead zone” observed in 1989, and
the infaunal reduction in 1990. That ex-
tensive “die off” of organisms occurred
in 1989, concomitantly with high con-
centrations of hydrocarbons in the sedi-
ment, underscore an oiling effect. This
environment must have been particu-
larly stressed, since pelagic organisms
also died.

The effects of oil on subtidal benthic
communities at similar or deeper depths
havebeen observed inotherstudies(e.g.,
Cabioch et al., 1978; Hyland et al., 1989).
Among the possible causes of oil-related
effects are chemical toxicity of aromatic
derivatives; asphyxiation or entangle-
ment due to direct physical coating; and
avariety of reproductive, behavioral, and
other sublethal disorders leading ulti-
mately to long-term population changes.
In the case of the Exxon Valdez spill, there
also is the possibility of indirect effects of
bioremediation and other clean-up ef-
forts. Such activities were observed, for
example, at the heavily-oiled Herring
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Bay site.

The organisms that inhabit silled
fjords, like the fjordic portion of Herring
Bay, are periodically subjected to stress
caused by, or confounded by, hypoxicor
anoxic conditions on the sea floor related
topoor water exchange and natural cycles
of organic enrichment. Similar effects on
the benthos from low-oxygen stress and
organic enrichment have been seen in
Scandinavianand Scottish fjords (review
by Pearson, 1980) and documented as
the “August Effect” in New England es-
tuaries (Rhoads and Germano, 1982).

In conclusion, it is likely that the ob-
servations made in the fjordic portion of
Herring Bay during 1989 and 1990 were
the result of exposure to Exxon Valdez
crude oil, in conjunction with hypoxic/
anoxic conditions. However, further
benthic studies should be conducted in
Prince William Sound fjords to provide
information critical in distinguishing
possible oil impacts from the natural
phenomena of hypoxia and anoxia.
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The Effects of the Exxon Valdez Oil Spill on Epibenthic Invertebrates

in the Shallow Subtidal

Thomas A. Dean’ and Steven Jewett?

1Coastal Resources Associates, Inc.,
*Untversity of Alaska Fairbanks

Studies were conducted in 1990 and
1991 to examine the effects of the Exxon
Vaidez oil spill on the shallow subtidal
community in Prince William Sound.
Here we will presentresults fromastrati-
fied random sampling program that com-
pared population densities of numeri-
cally dominantspeciesof largeepibenthic
invertebrates at oiled and control sites.

Sampling in 1990 was conducted
within 4 different habitats within the
Sound: Eelgrass habitats in shallow pro-
tected bays, LaminariafAgarum habitats
insheltered bays (hereafter referred toas
bays), Laminaria Agarum habitats on ex-
posed points (hereafter referred to as
points), and in Nereocystis habitats on
exposed coastlines. Within each habitat
we sampled at 2 to 4 pairs of ciled and
control sites. The oiled sites were se-
lected from areas that had adjacent shore-
lines that were moderately to heavily
oiled during the fall of 1989. Control
sites were selected that matched theoiled
site with respect to physiographic fac-
tors (e.g. exposure, slope, substrate type)
but that did not have oil present on adja-
cent shorelines in fall 1989. We sampled
withinone depth stratumin eelgrass and
Nereocystis habitats, and within two
depth strata at bay and point habitats.
Divers counted the number of large
benthic invertebrates along three ran-
domly placed 30 m x 2 m transects within
each site and depth stratum.

In 1991, we sampled only in eelgrass
beds and within theshallower depthstra-
tum of bays. The sites sampled within

these habitats were the same sites
sampled in 1990, except that 1 additional
pair of sites was sampled within the eel-
grass habitat.

We will focus here on the patterns of
abundance of the dominant epibenthic
invertebrates within these habitats. The
dominants were the helmet crab
(Telmessus cheiragonus) and two species
of starfish: the leather star (Dermasterias
imbricata) and the sunflower seastar
(Pycnopodia helianthoides). Other species
of starfish were present (e.g. Evasterias
troschelii, Henricia leviuscula, and
Orthasterias koehleri) but these were less
abundantthan Dermasterias or Pycnopodia,
and did not occur in all habitats. Evi-
dence of the impacts of oiling is based
primarily on the data gathered in 1990.
Data collected in 1991 are used to indi-
cate recovery of affected populations, or
lack thereof.

Populations of both leather stars and
helmet crabs appeared to be adversely
affected by oiling and/or associated
cleanup activities. In 1990, the mean
density of Dermasterias was significantly
greater (P<0.05) at control sites than at
oiled sites in all habitats combined. On
average, the starfish were about twice as
abundant at oiled sites than at controls.
Similarly, the helmet crab, Telmessus
cheiragonus, was more abundant at con-
trol sites relative to oiled sites (P<0.01 for
all habitats combined). The average
population density of Telmessus was
about 5 times as high at control sites than
at oiled sites in 1990.
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There were no apparent adverse im-
pacts of oil on Pycnopodia. Population
densities of adult Pycnopodia were simi-
lar at oiled and control sites in both 1990
and 1991.

There was little indication of recov-
ery of the Dermasterias population, as
significantly more leather stars were
found at control sites relative to oiled
sites again in 1991 (P<0.01). There was a
slightincrease in the mean abundance of
Dermasterias from 1990 to 1991, but the
means for each year did not differ signifi-
cantly (P=0.09 and P=0.85 in eelgrass
and bay habitats respectively).

Unlike Dermasterias, population den-
sities of Telmessus showed some signs of
recovery in 1991. There were no signifi-
cant differences in Telmessus density
among oiled and control sites in either
eelgrass (P=0.23) or bay habitats (P=0.27)
in 1991. However, the parity noted
among oiled and control sites in 1991
resulted largely from a decreasein popu-
lation density at the control sites rather
than an increase at the oiled sites, and
may have resulted from immigration of
crabs from control to oiled areas follow-
ing a reduction in hydrocarbon levels in
1991.

Also, in 1991, we noted large num-
bers of newly settled Pycnopodia, espe-
cially in the eelgrass habitats. Densities
of young of the year Pycnopodia averaged
over 30 per 100 m? in eelgrass habitats
and reached densities of more than 200
per 100 m? at one site on Naked Island.
Significantly more young of the year
Pycnopodia were observed at oiled than
control sites in the bay habitats (P<0.01),
suggesting a possible increase in
Pycnopodia recruitment at oiled sites.
However, nosignificantdifferences were
observed among oiled and control sites
in eelgrass habitats (P=0.12).

Wecanonly speculate as to the causes
for the observed effects of oiling. How-
ever, we suspect that Dermasterias popu-
lations at oiled sites may have been re-
duced as a result of acute oil toxicity or
by the effects of cleanup activities (espe-
cially steam cleaning). Dermasterias is
most abundant in the shallow subtidal
along rocky shorelines. They often mi-
grate into the shallow intertidal where
they feed during high tides, are exposed
briefly as the tideretreats, and then drop
off of rather steep rocky shores into the
water. This behavior may have made
these starfish especially vulnerable to
oiling and to shoreline cleanup activities.

Previous studies of the toxicity of oil
to asteroids suggest that low concentra-
tions of oil may impair the feeding ability
of starfish (O’Clair and Rice, 1985). How-
ever, only very high concentrations of oil
are lethal to adult asteroids (reviewed in
O’Clair and Rice, 1985). As a result, we
suspect thatlosses of Dermasterias at oiled
sites weremorelikely theresultof cleanup
activities. Pycnopodia can alsobe found in
the intertidal, but unlike Dermasterias,
seldom tend to migrate from the subtidal
into the intertidal. As a result they may
have been spared from direct impacts of
oil and shoreline cleanup.

We suspect that lower densities of
Telmessus atoiled sites may haveresulted
from losses due to the toxicity of oil.
Crustaceans are especially sensitive to
oil (Capuzzo, 1987) and may have been
killed by high concentrations of oil asso-
ciated with the spill. Alternatively, these
crabs may havebeen able to flee the oiled
areas, and migrate back to oiled sites in
1991 after hydrocarbon levels had de-
clined.

The possible increase recruitment of
Pycnopodia at oiled sites in 1991 may be
an indirect effect of oiling. We have
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noted increased recruitmentatoiledsites References
for a number of species including Capuzzo,].M. 1987. Biological Effects of Petro-
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bioremediation. However, an alterna- feeding and growth rates of the seastar
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The Effects of the Exxon Valdez Oil Spill on Eelgrass and Subtidal

Algae

Thomas A. Dean’, Michael Stekoll?and Steven Jewett?

'Coastal Resources Associates, Inc.
*University of Alaska Southenst
University of Alaska Fairbanks

Studies were conducted in 1990 and
1991 to examine the effects of the Exxon
Valdez oil spill on eelgrass (Zostera ma-
rina) and dominant subtidal algaein shal-
low subtidal habitats in Prince William
Sound. Sampling in 1990 was conducted
within 4 different habitats within the
Sound: Eelgrass habitats in shallow pro-
tected bays, Laminaria/Agarum habitats
insheltered bays (hereafter referred toas
bays), Laminaria/Agarum habitats on ex-
posed points (hereafter referred to as
points), and in Nereocystis habitats on
exposed coastlines.

Within each habitat we sampled at
two to four pairs of oiled and control
sites per habitat. The oiled sites were
selected from areas that had adjacent
shorelines that were moderately to
heavily oiled during the Fall of 1989,
Control sites were selected that matched
the oiled site with respect to physi-
ographic factors (eg. exposure, slope,
substrate type) but that did not have oil
present on adjacent shorelines in Fall
1989. We sampled within one depth
stratum in eelgrass and Nereocystis habi-
tats, and within two depth strata at bay
and point habitats.

For eelgrass, we examined a variety
of population parameters including per-
cent cover, the density of turions (up-
rights protruding from thesubstrate) and
the density of flowers. Divers counted
the number of turions and estimated
percent cover in each of 4 - 0.25 m® quad-

rats along each of three randomly placed
30 m x 2 m transects within each site.

In the bay, pointand Nereocystis habi-
tats, divers estimated the percent cover
and counted the number of dominant
understory algae (Eg. Agarum cribrosum,
and Laminaria spp.) in each depth stra-
tum. In addition, divers estimated the
abundance of larger Nereocystis plants
within a 2-m-wide band along each
transect and measured the diameter of
the stipe of the first 20 plants encoun-
tered. Preliminary studiesindicated that
stipe diameter was a good indicator of
length and weight of each plant.

In 1991, we sampled only in eelgrass
beds. The sites sampled within these
habitats were the same sites sampled in
1990, exceptthat1 additional pair of sites
was sampled.

The density of eelgrass turions was
approximately 30% greater at controlsites
than at oiled sites in 1990 (P=0.08), and
there were significantly fewer flowering
plants at oiled sites (P=0.06). By 1991,
eelgrass had apparently recovered as
there were no differences noted among
sites with respect to either turion density
(P=0.52) or flower density (P=0.60).

The dominant plants in bay habitats
were the stipate kelps Agarum cribrosum
and Laminaria saccharina. The density
and percent cover of Laminaria spp. (the
vast majority of which were L. saccharina)
were greater at the oiled sites relative to
the control sites, in both deep and shal-



low depth strata (P<0.05 in all cases).
Laminaria represented about 45%, on av-
erage of the total algal cover at oiled sites,
but only 13% of the total cover at control
sites.

The density of Agarum did not differ
among sites (P=0.24 and P=0.31 at shal-
low and deep strata respectively). How-
ever, there were observable differences
with regard to size distributions of
Agarum. There tended to be proportion-
ally more small plants, and proportion-
ally fewer large plants at the oiled sites,
especially in the shallower depth stra-
tum. The size distributions differed sig-
nificantly at the shallower depth stratum
(P<0.01) and were nearly significant
(P=0.15) in the deeper strata.

Points around the islands of the
Knight Island group tended to have
slightly higher algal diversity than the
bays, but werestill dominated by Agarum
cribrosumand Laminaria saccharina. There
were generally higher densities of Agarum
at the oiled than at control sites (P=0.07
shallow and P=0.02 deep). These differ-
ences were primarily attributable to sig-
nificantly greater numbers of small
Agarum (<10 cm in height) at the oiled
sites (P=0.03 shallow and P<0.01 deep).
Also, the size distributions of Agarum
{for plants larger than 10 cm) revealed a
pattern similar to that observed in the
bays, with proportionally fewer large
individuals and more smaller plants at
the oiled sites, especially in the shallower
depth stratum. However, the size distri-
butions did not differ significantly
(P=0.15 shallow and P=0.32 deep).

Nereocystis habitats had a canopy of
Nereocystis leutkeana with a diverse un-
derstory consisting of primarily of
Agarum cribrosum, Pleurophycus gardneri,
and 3 Laminaria species (L. saccharina, L.
groenlandica, and L. yezoensis). Nereocystis

Exxon Valdez Oil Spill Symposium Abstracts

o —

density was more than 7 times greater at
the oiled sites relative to the control
(P<0.01). Also, there were proportion-
ally more small plants and fewer large
plants at the oiled sites (P=0.10).

Eelgrass appears to have been ad-
versely affected by the spill as evidenced
by the lower densities of turions and
flowers at the oiled sites. The evidence of
aneffectis strongly supported by similar
evidence presented in a second, inde-
pendent study. An evaluation of the
effects of the Exxon Valdez oil spill on
eelgrassin Prince William Sound by Teas
etal. (1991) also demonstrated that there
was areduced density of flowering stalks
of eelgrass at oiled sites.

In each of the three habitats on hard
substrate (Nereocystis, Laminaria/Agarum
in bays, and Laminaria/Agarumon points)
we observed differences in the size dis-
tribution of the dominant alga at oiled
and control sites. In all cases, there were
proportionally more small algae
(Nereocystisand Agarumin the Nereocystis
habitat and Agarum at the other two habi-
tats) at the oiled sites. In addition, we
observed higher mean densities of one of
the dominant algal species at oiled sites
in each habitat: Nereocystis in the
Nereocystis habitat, Laminaria saccharina
in the bays, and small Agarum cribrosum
at points.

We interpret these differences in size
distribution and density as recovery of
the algal community following a loss of
algae in 1989. We suspect that the spill
was responsible for the loss of algae,
either as a direct effect of oil or from
cleanup activities, and that the free space
created was quickly colonized by new
recruits in 1990. An alternative hypoth-
esis is that the differences in size distri-
bution were the result of slower growth
of algae at oiled sites.
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References to the Exxon Valdez oil spill - 1990 and 1991.

Teas, H., I, H. Cumberland, and D. Lees. 1991. Abstract in Society of Environmental Toxi-
Response of eelgrass (Zostera marina) in shal- cology and Chemistry; 12th annual meeting,
low subtidal habitats of Prince William Sound Seattle, Washington.
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The Effects of the Exxon Valdez Oil Spill on Infaunal Invertebrates in
the Eelgrass Habitat of Prince William Sound

Stephen C. Jewett' and Thomas A. Dean?

"WUniversity of Alaska Fairbanks
2Coastal Resources Associgles, Inc.

Sampling was conducted in 1990 and
1991 to assess the impacts of the Exxon
Valdez oil spill on infaunal invertebrates
within and adjacent to shallow (<20 m)
subtidal eelgrass (Zostera) beds in west-
ern Prince William Sound. We present
results from a stratified random sam-
pling program that compared measures
of diversity, abundance and biomass of
mainly infaunal invertebrates at paired
oiled and control (unoiled) sites.

The oiled and unoiled site pairs for
both years were Bay of Isles-Drier Bay,
Herring Bay-Lower Herring Bay, Sleepy
Bay-Moose Lips Bay, and Clammy Bay-
Puffin Bay, respectively. The oiled sites
were selected from areas that had adja-
cent shorelines moderately to heavily
oiled during the fall of 1989. Control
sites were selected that matched the oiled
sites with respect to physiographic fac-
tors (e.g., exposure, slope, substrate type),
but that did not have oil present on adja-
cent shorelines in fall 1989. Two depth
strata (6-20 m and within the eelgrass
bed [« 3 m]) were sampled at each site.
Three stations were established within
each depth stratum and two 0.1 m?
benthicsamples were collected from each
station with a diver-operated suction
dredge. Sediment samples were concur-
rently collected for grain size and hydro-
carbon analyses.

We tested for differences amongoiled
and unoiled sites using a randomization
procedure (Manley, 1991). This proce-
dure is briefly summarized as follows.
(1) The blocked analysis of variance was

performed. Station means were used as
replicates, and replicates were blocked
by oiled /unoiled pair. A sum of squares
(SS) was produced for each factor. (2)
Next, using the original data set, we ran-
domly reassigned values for oil code to
each station value. The ANOVA was
then rerun on this new data set. (3) Step
2 was repeated 1000 times. (4) The S5
from the ANOV A of the original data set
was compared with SS of the 1000 ran-
domly drawn data sets. The proportion
of instances in which the S5 for the ran-
domly drawn data exceeded the SS for
the original data was recorded. This
value is the significance level of the test.
The significance level is interpreted in
the same manner as for parametric pro-
cedures. Analyses were conducted on
diversity, dominance, species richness,
total abundance, total biomass, total taxa,
and the highest 15 ranking taxa (typi-
cally families) for abundance and biom-
ass within each depth stratum. Separate
analyses were performed that examined
differencesamongoiled and unoiled sites
within each year (1990 and 1991). In
addition, 2-way analyses were performed
that examined differences amongoil and
unoiled sites, differences among years,
and their interaction.

In 1990, the health of the benthic com-
munity at 6-20 m depths, on mud/sand
substrates adjacent to the eelgrass bed,
was generally better at unoiled than at
oiled sites. Conversely, the benthic com-
munity within the eelgrass bed was typi-
cally more robust at oiled sites. Further-
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more, infaunal invertebrates were gen-
erally less abundant at the oiled sites,
while epifauna tended to be more abun-
dant at the oiled sites. In deeper waters
adjacent to the bed, the biomass of three
(Caecidae, Lepetidae, Veneridae) of the
15 dominant taxa was greater (p<0.05) at
the unoiled sites, while only one family
(Maldanidae) was more abundant
(p=0.02) at the oiled sites. Within the
eelgrass bed, several epifaunal families
(e.g., spirorbids, spionids, mytilids,
lacunids) were more abundant (or had
greater biomass) at the oiled sites. Two
dominant families (trochid snails and
phoxocephalid amphipods) were more
abundant (p<0.01 for each family) at the
unoiled sites.

The differences among oiled and
unoiled sites appear related to oiling or
cleanup activities. A preliminary analy-
sis of hydrocarbon data suggest that in
1990, there were generally higher con-
centrations of hydrocarbons in the sedi-
ments from oiled sites.

There were indications of recovery of
the epifaunal community in 1991. There
were no differences among oiled and
unoiled sites with respect to any of the
diversity measures, or with respect to
total biomass or total abundance. How-
ever, there were still four of the 15 domi-
nant families that had greater biomass at
the unoiled sites relative to the oiled
sites.

Comparisons between years (oiled
and unoiled sites combined) indicated
thatthere weresignificantly greaterabun-
dance (p<0.01) and a greater number of
taxa (p<0.05) in 1991 relative to 1990, at
both depth strata. Seven families were
significantly (p<0.1) more abundant in
1991 vs.1990, and ten families had greater
(p<0.1) biomass in 1991. None of the
families displayed a significant decrease

in abundance or biomass in 1991.

Comparisons between oiled vs.
unoiled sites (1990 and 1991 combined)
indicated that there were significantly
(p<0.1) greater diversity and total biom-
ass at unoiled sites relative to oiled sites,
at both depth strata.

The increase in the abundance of in-
fauna in 1991 may have been related toa
recovery from oiling effects at both oiled
and unoiled sites. While the hydrocar-
bon concentrations weregenerally higher
at oiled than unoiled sites in 1990, there
was a substantial decrease in concentra-
tions of hydrocarbons present at both
oiled and unoiled sites in 1991.

Perhaps the greatest single indica-
tion of initial oil effects, followed by re-
covery, was the recolonization of oiled
sites by sensitive burrowing amphipods.
In 1990, at 6-20 m depths, the abundance
of all amphipods was significantly
(p<0.01) greater at unoiled sites (unoiled
mean =47 individuals/0.1m? oiled mean
=19/0.1 m?). However, at this depth in
1991, no difference (p>0.1) in total am-
phipod abundance or biomass was de-
tected between oiled and unoiled sites. It
is likely that the low density of amphi-
pods at oiled sites in 1990 was the direct
result of toxic effects of petroleum hy-
drocarbons. Benthic amphipods are no-
toriously sensitive to petroleumn hydro-
carbons, and massive declines in
ampeliscid amphipods were observed
following the Amoce Cadiz oil spill
(Cabioch et al., 1978; Chasse, 1978). The
reoccurrenceof amphipods on those pre-

‘viously contaminated sediments began

for some species in 1 to 2 years (Dauvin,
1982). Within Prince William Sound,
these crustaceans had reoccupied the
oiled sitesin significant densities by 1991,
just 2 years since being oiled.

Although the negative effects were




most apparent in this study, some in-
creases in abundance or biomass were
observed at oiled sites. The increases at
the oiled sites were primarily attribut-
able to the small epifaunal suspension
feeding spirorbid and spionid polycha-
etesand mytilid mussels (Musculusspp.),
and to a lesser extent by the surface de-
posit-feeding polychaetes, Nepthyidae
and Maldanidae. This may havebeenan
indirect affect of oiling or cleanup, as the
result of a reduction in predator abun-
dance. However, it is possible that oiled
sites tend to be areas where prevailing
currents and winds concentrate both oil
and larvae.

The most recent differences among
oiled and unoiled sites seem to be indica-
tive of advances in recovery of the com-
munity. We would expect the recovery
tobemorerapid atshallow depths. These
arehigher energy areas where sediments
are more frequently reworked by waves,
and whereoil is less likely to persist. The
recovery at theoiled sites may have been
ameliorated by bioremediation activities
that led to local enrichment of microbial
and plankton communities.

Results from previous oil spills indi-
cate that benthic communities generally
represent good in situ monitors for mea-
suring effects of oil fluxing to the bottom
(e.g., Kineman et al., 1980) and that mod-
erate amounts of oil in sediment cause
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impacts comparable to those we ob-
served.

Most post-spill environmental stud-
ies elsewhere have been 3 to 5 years in
duration. To date, only 2 years of moni-
toring has occurred, with nosampling in
1992. Collectively, our findings suggest
an oiling effect on benthic invertebrates,
since the components tested over the 2-
year period showed that unoiled sites
had the more robust community and
that the community was recovering over
the short period studied. However, con-
clusions on the effects from the spill can-
not be made until the hydrocarbon data
are fully analyzed.
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Assessment of Injury to Pink Salmon Eggs and Fry
B. G. Bue, S. Sharr, S. D. Moffitt, and A. Craig

Alaska Department of Fish and Game

This study is part of an integrated
group of Natural Resources Damage
Assessment Fish/Shellfish Studies
(NRDAF/S) conducted to quantify dam-
age to pink salmon Oncorhynchus
gorbuscha as a result of the Exxon Valdez
oil spill. Each study attempted to deter-
mine the injury to salmon at different
stages of the life cycle. Wild pink salmon
play a major role in the Prince William
Sound ecosystem. Salmon are prey to a
variety of terrestrial and marine mam-
mals and birds, while also providing a
pathway for nutrient transfer from ma-
rine to near-shore and terrestrial ecosys-
tems. Wild pink salmon also contribute
to the region’s commercial fisheries.

Up to 75% of the wild pink salmon
which spawn in Prince William Sound
use intertidal areas (Helle et al. 1964).
These areas are highly susceptible to con-
tamination from marine oil spills. Moles
et al. (1987) and Rice et al. (1975) found
that pink salmon eggs and pre-emergent
fry were adversely affected by exposure
to crude oil and that the effect was most
acute inintertidal environments. The 24
March 1989 spill from the Exxon Valdez
occurred just prior to the spring migra-
tion of salmon fry and contaminated
many intertidal spawning areas in cen-
tral and southwestPrince William Sound.

This study evaluated (1) the immedi-
ate effects of oil exposure on pre-emer-
gent pink salmon numbers in the spring
of 1989, (2) the effect of intertidal oil
exposure on pink salmon egg mortality,
and (3) the effect of intertidal oil expo-
sureon pink salmon egg to pre-emergent

fry survival. Samples were also collected
for histopathological and mixed-func-
tion oxidase analysis. This project con-
centrated on southwestern Prince Will-
iam Sound although streams from
Montaguelsland and eastern Prince Wil-
liam Sound were sampled to provide a
broader perspective.

Study streams were selected using
the following criteria: (1) adult salmon
returns were expected tobelargeenough
to provide a high probability of success
in egg and fry sampling, (2) egg and fry
sampling had been done in past years,
and (3) streams which had low to no oil
impact{controls) wereselected near high
oil impact streams. Pink salmon fry re-
main in the area in the stream where they
were deposited as eggs. This trait al-
lowed oiled and control sites to be lo-
cated in close proximity to each other,
thus reducing any geographical effect on
the findings.

Forty-eight streams were sampled for
pre-emergent fry in 1990, 1991, and 1992.
These included 25 streams historically
sampled to forecast adult pink salmon
returns and 23 additional streams from
the oil impact area. Thirty-one streams
were sampled for pink salmon egg mor-
tality in 1989, 1990,and 1991. Thestreams
sampled for egg mortality wereincluded
in the group of streams sampled for pre-
emergent fry.

The methods used for both egg and
pre-emergent fry sampling were similar
to thosedescribed by Pirtleand McCurdy
(1977). Sampling was stratified by tide
zone to controlfor possible differences in
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egg mortality or overwinter survival due
to salinity, temperature, predation, oil,
or a combination of these factors. Four
zones, three intertidal and one above
tidal inundation were sampled, when-
ever possible, for eachstream:1.8-2.4m,
2.4 -3.0m, and 3.0 - 3.7 m above mean
low water, and upstream of mean high
tide (3.7 m). Zone boundaries were es-
tablished with a surveyor’s level and
stadia rod and staked prior to sampling.
Nosampling was donebelow the 1.8-24
m zone as survival was expected to be
low (Helleetal., 1964). Upstreamsample
areas were often within the reach of ex-
treme high tides (3.7 - 4.6 m) sinceice and
snow often limit the extent of upstream
sampling.

Separate linear transects were estab-
lished within each zone for egg and pre-
emergent fry surveys. Although most
transects were 30.5 m long, some were
shorter due to steep siream gradients.
Transects were placed in riffle areas
where spawning was observed during
escapementsurveys conducted by NRDA
F/S Study 1. Transects ran diagonally
across the stream: fry survey transects
started downstream against the right
bank and moved upstream to the left
bank, while egg survey transects started
downstream against the left bank and
moved upstream to the right bank. This
placement of egg and fry transects re-
duced sampling overlap and the influ-
ence of fall egg sampling on spring fry
abundance.

Fourteen circular digs, each 0.186 m?,
were systematically made along each
transect. The number of digs was a com-
promise between reducing variance and
the practicality of conducting the study.
Fewer digs were completed in narrow
stream channels to avoid excessive sam-
pling of the stream.

-~ ]

Stream oil exposure classifications
were based on visual observations
(NRDA F/S Studies 1 and 2) and hydro-
carbon content of 1989 mussel tissue
(Mytilus sp.) samples (NRDA F/S Study
1). Hydrocarbon analysis of mussel tis-
sue and mixed-function oxidase analysis
of pre-emergent fry generally agreed with
visual observations of stream oil con-
tamination. Histopathological analysis
failed to detect lesions in pre-emergent
fry, although results from another study
(Fink, 1992) indicate the fry may have
been collected too early in their life to
have developed lesions.

Since the annual pre-emergent pink
salmon fry density survey conducted by
the Alaska Departmentof Fishand Game,
Division of Commercial Fisheries, was
underway at the time of the spill, many
streams were sampled for pre-emergent
fry density prior to or immediately after
oil exposure. An additional session of
sampling was also done approximately
two weeks after the spill. This second
survey allowed some streams examined
during the first sampling session to be
examined for immediate effects of oil
contamination.

Few dead pink salmon fry werefound
either prior to or shortly after oil expo-
sure. Only nine of the 52 transects exam-
ined contained more than five dead fry.
Noincreasein fry mortality was detected
between the first and second samplings,
although only three of the 14 streams
examined were oiled. Likewise, no dif-
ference in fry density was detected be-
tween the first and second sampling.

Egg mortality was significantly
greater in oiled streams in 1989, 1990,
and 1991. We believe these differences
indicate an effect due to oil exposure.
The 1989 investigation detected a statis-
tically significant difference in egg mor-
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tality (p=0.0001) between oiled and con-
trol streams. Examination of stream zone
contrasts indicated that egg mortalities
were greater in oiled streams and that
statistical differences were due to el-
evated egg mortality in the intertidal
zones. Mean mortalities for theoiled and
control streams were 0.174 and 0.104,
respectively.

The 1990 egg mortality study also
showed a statistically significant differ-
ence (p=0.0008) between oiled and con-
trol streams. Again, examination of
stream zone contrasts indicated greater
mortalities in oiled streams with the sta-
tistical difference confined to the upper
intertidal zone. Mean egg mortalities for
the oiled and control streams were 0.295
and 0.195, respectively.

Egg mortality results were consistent
with perceived oil contamination: among
oiled streams, all intertidal zones were
contaminated in 1989 whereas in 1990 oil
remained only in the upper intertidal
zone.

The 1991 evaluation demonstrated
very significantegg mortality differences
between oiled and control streams
(p=0.0001). Inspection of stream zone
contrasts indicated that egg mortalities
in all zones were greater for the oiled
streams. Mean mortalities for the oiled
and control streams were(.433and 0.221,
respectively. This finding was unex-
pected and at this time remains unex-
plained. We have hypothesized that the
continuing and increased mortality is
the result of genetic damage sustained
by the eggs and alevins which incubated
inoiled gravel during thefall of 1989 and
spring of 1990. We are presently evaluat-
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ing this hypothesis through a series of
controlled rearing experiments. '
No significant difference in egg-to-
fry survival was detected between oiled
and control streams for 1989 to 1990,
1990 to 1991, or 1991 to 1992. We feel
these results were due to insufficient
power in the sampling design or sam-
pling levels to detect differences rather

than a true lack of change.
References
Fink, M. J. 1992, MFO induction and

histopathology in pink salmon fry fromoiled
streams in Prince William Sound, Alaska
1990-1991. Alaska Department of Fish and
Game, Habitat Division, Technical Report
No. 92-1, Juneau, Alaska, USA.

Helle, J. H., R. 5. Williamson, and ]. E. Bailey,
1964. Intertidal ecology and life history of
pink salmon at Olsen Creek, Prince William
Sound, Alaska. U.S. Fish and Wildlife Ser-
vice, Special Scientific Report—Fisheries No.
483, Washington D. C., USA.

Moles, A, M. M. Babcock, and 5. D. Rice. 1987.
Effects of oil exposure on pink salmen, O.
gorbuscha, alevins in a simulated intertidal
environment. Marine Environmental Re-
search, 21:49-58,

Pirtle, R. B., and M. L. McCurdy. 1977. Prince
William Sound general districts 1976 pink
and churn salmon aerial and ground escape-
ment surveys and consequent brood year
egg deposition and pre-emergent fry index
programs. Alaska Department of Fish and
Game, Division of Commercial Fisheries,
Technical Data Report 9, juneau, Alaska,
USA.

Rice,S.D., D. A.Moles, and J. W. Short. 1975. The
effect of Prudhoe Bay crude oil on survival
and growth of eggs, alevins, and fry of pink
salmon, Oncorhynchus gorbuscha. Pages 503-
507 in Proceedings of the 1975 Conference on
Prevention and Control of Gil Pollution. San
Francisco, California. American Petroleum
Institute.



Salmon: Cytochrome P450 Induction

Cytochrome P450 Induction and Histopathology in Pre-emergent
Pink Salmon From Qiled Streams in Prince William Sound, Alaska
Michael Wiedmer?, Mark J. Fink" and John J. Stegeman?

! Alaska Department of Fish and Game
*Woods Hole Oceanographic Institution

The 24 March 1989 Exxon Valdez spill
in Prince William Sound and the Gulf of
Alaska oiled a minimum of 213 intertidal
pink salmon spawning streams. Some
stream sediments remained contami-
nated through spring 1992. Staff from
the Alaska Departmentof Fishand Game,
Habitat Division, developed spill re-
sponserecommendations and monitored
the clean-up of oiled anadromous
streams. After initial spill clean-up in
summer 1989, the ADF&G began studies
(Fink, 1992; Wiedmer, 1992} to deter-
mine if pre-emergent pink salmon eggs
and fry were impacted by remaining
petroleum residues. In December 1989;
May, June, and September 1990; and
March and May 1991, pre-emergent pink
salmon eggs and fry were collected from
four oiled and five control sites in Prince
William Sound. A total of 23 fry samples
consisting of 6 individuals each and 10
egg samples consisting of at least 6 eggs
each were collected from mid to upper
intertidal zones at oiled and control sites.
Contaminated spawning sediments were
analyzed utilizing gas chromatography
withflameionization detection (GC/FID)
and gas chromatography withmass spec-
trometry (GC/MS).

To assess the continuing exposure of
eggs and fry to hydrocarbon-contami-
nated spawning gravels, we evaluated
the induction of cytochrome P450. Cyto-
chrome P450 proteins are monooxy-
genase (MO) enzymes which mediate
the metabolism of xenobiotics such as
polyaromatic hydrocarbons (PAHs).

Elevated levels of a specific P450 form,
P450IA, have been found to indicate ex-
posure to environmental pollutants
(Stegeman and Lech, 1991). The P450IA
content was evaluated by immunohis-
tochemical analysis using monoclonal
antibody 1-12-3 (Park et al., 1986;
Smolowitzetal., 1991) specificfor PA501A
forms. Induction was ranked as nega-

tive, very mild, mild, moderate, or strong.

To determine whether there were histo-
pathological effects, Drs. Hinton and
Marty, University of California, Davis,
examined larval sections for the pres-
ence and severity of lesions. Lesions
were ranked as none, mild, moderate, or
severe.

Fry samples were stratified by time
and pooled for each stream. Thelevel of
biological impact for each stream and
time strata was estimated by the median
of cytochrome P4501A induction and le-
sion scores. The Mann/Whitney
(Wilcoxon) two-sample test (Conover,
1980) was used to test for statistical dif-
ferences between oiled and control
streams.

Cytochrome P450IA induction was
observed in endothelial and epithelial
cells of several organs of post-hatch lar-
vae(13 of 16 samples) from oiled streams,
and appeared to be independent of de-
velopmental stage. Organs exhibiting
positive immunochemical staining in-
cluded kidney, gill, liver, intestine, heart,
brain, yolk sac, skin, peritoneal connec-
tive tissue, and pharyngeal epithelium.
In 1990, induction in fry samples ranged




from negative to strong, whileinduction
in 1991 ranged from negative to moder-
ate. All seven fry samples from control
streams were negative for induction.
P450IA induction was not observed in
pre-hatch egg samples, regardless of
hydrocarbon exposure (December 1989
and September 1990).

P450IA content was significantly el-
evated in oiled streams in May and June,
1990 (P<0.067) and March 1991 (P<(.10).
No statistical tests were performed on
fry samples collectedduring December
1989 due to small sample size; however,
examination of staining results indicated
a difference may be present in P4501A
expression between oiled and unoiled
sites. No significant induction was ob-
served in May 1991 (P<0.20). There was
no significant change in induction inten-
sity between 1990 and 1991.

Histopathological lesions were found
in fry from six of 16 samples (35 of 93 fry,
38%) collected within the oiled zone of
impacted streams in 1990-91. Lesions
were found in fry from three of seven
control samples (7 of 42 fry, 17%). While
small sample size prevented meaningful
statistical analysis, examination of me-
dian scores suggests an increase in le-
sions among fish collected from oiled
streams in 1990, but not in 1991. Epider-
malatrophy (EA) was themost frequently
observed lesion. Other lesions observed
included myofiber degeneration and
necrosis (MDN), and individual hepato-
cellular degeneration and necrosis (IHN).
Both MDN and IHN were absentin 1991
samples.

The occurrence of lesions appeared
to correlate with the absorption of the
yolk sac. Lesions were not found in post-
hatch samples collected from oiled
streams in December 1989, or in March
1991 (early life stages). However, lesions
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were found in samples collected inMay /
June 1990, and May 1991 (near the time of
emergence).

Analysesof sediments from oiled sites
indicated that polynuclear aromatic hy-
drocarbon constituents of Exxon Valdez
crude contaminated these sites (GERG,
1990).

Immunohistochemical staining re-
sults indicate that pre-emergent pink
salmon fry from oiled sites in Prince
William Sound were responding to
chronic exposure to PAHs by activation
of the P4501A genes. While induction of
P450IA can be caused by various con-
taminants, evidence from this study sug-
gests that PAHs caused the observed
induction.  As a result of MO-medi-
ated metabolism, toxicity of PAHs greatly
increases (Wood et al., 1976). The prod-
ucts of MO-mediated metabolism bind
to the cellular macromolecules RNA
(Blobstein, etal., 1976) and DNA (Sims et
al., 1974). The degree of metabolite bind-
ing is positively correlated to carcino-
genic (Brookes and Lawley, 1964) and
mutagenic (Jerina and Daly, 1974;
Stegeman and Lech, 1991) potential.
These observations indicate that eleva-
tion of cytochrome P450IA in pre-emer-
gent pink salmon from Prince William
Sound oiled streams may create an in-
creased potential for mutagenesis and
carcinogenesis.

Fishexposed toxenobioticshavedem-
onstrated aninverse correlation between
MO-activity and androgen, estrogen, and
corticoid concentrations (Sivirajah et al.,
1977), and testicular development
(Truscott et al., 1983). Spies et al. (1988),
found aninverse correlationbetweenMO
activity and parameters of female repro-
ductive success (e.g., decreased propor-
tion of viable eggs, decreased fertiliza-
tion success, decreased embryological
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success). Theseobservationssuggestthat
the reproductive potential of salmon
developing in contaminated sediments
may be diminished. The fish of this
study were exposed to oil during their
most dynamic developmental period; a
period of rapid cellular differentiation
and organogenesis. Pink salmon are
semelparous, they reproduce but once.
Factors with deleterious effects on the
initial organogenesis of gonadal tissue
will directly affect life time reproductive
success. Changes in hormonal concen-
trations during the early life stages of oil-
exposed fish may decrease parameters
of reproductive potential such as egg
number, size, and viability.
Histopathological resultssuggest that
petroleum exposuremay have caused an
increase in Jesion occurrence. Lesions
appeared tobemore severeand of greater
frequency in 1990 samples as compared
to 1991 samples. This might be expected
if hydrocarbon concentrations within
contaminated spawning substrates were
reduced as aresultof natural cleaning by
winter storms, by other abioticand biotic
factors, and by stream treatments in the
summer of 1990 at the four oiled streams.
In this study, while cytochrome
P4501A induction was found in fry col-
lected from oiled streams in December
through early June, the occurrence of
lesions in fry appeared to be develop-
mental-dependent. Sac fry with abun-
dant yolk did not exhibit lesions, while
fry withminimal yolk reserves had higher
probability of developing lesions, par-
ticularly epidermal atrophy. The skin is
the first line of defense against patho-
gens and is also important in osmoregu-
lation. Fry undergo physiological
changes upon emergence, and subse-
quent acclimation into saltwater. Addi-
tional physiological stresses may affect

an individual fry’s ability to avoid pre-
dation, thereby affecting survival.

The current study demonstrates that
pre-emergent pink salmon fry in some
heavily impacted streams incorporated
Exxon Valdez petroleum into various tis-
sues more than two years after the initial
spill and that the hydrocarbons and their
metabolites induced detectable physi-
ological changes. These results can pro-
vide valuable links between the Exxon
Valdez spill and any biological injuries in
pink salmon observed in other studies.
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Application of Half Length Coded-Wire Tags to Wild and Hatchery
Pink Salmon Fry in Prince William Sound, 1989-1991.
Daniel Sharp, Carol Peckham, and Jodi Smith

Alaska Department of Fish and Game

Accurateestimates of wildand hatch-
ery pink salmon Oncorhynchus gorbuscha
contributions to the commercial catch
are essential to evaluate stock specific
damage from the T/V Exxon Valdez oil
spill. A mark is required for investiga-
tors to distinguish specific stocks during
juvenile and adult life stages in order to
quantify stock-specific differences in
growth rates and fry to adult survival
rates which may have been caused by oil
damage. Coded-wire tags applied to
pink salmon fry released from four Prince
William Sound Hatcheries in 1989, 1990,
and 1991 and to wild fry from three oiled
and three unoiled streams in 1990 and
1991 provided such a mark.

Each year more than 500 million fry
wereenumerated and released from four
hatcheriesin Prince William Sound. Half-
length coded wire tags were applied to
approximately one out of every 560 fry
released in 1989, 1990, and 1991. Ap-
proximately 2.2 million wild fry were
enumerated from six streams (three oiled
and three unoiled) and approximately
240,000 were tagged in both 1990 and
1991. Tags were applied to wild fry at
ratios that ranged from one in three, to
one in fifteen depending upon the total
outmigration at each location.

Tag recovery rates vary by district,
week, and processor (Peltz and Geiger,
1988). Tagging goals established in 1988,
1989, and 1990 were designed to ensure
tags in subsequent adult returns could
be recovered (F/S 3) in sufficient num-
bers to estimate the contribution of each
release group to each district, week, and

processor stratum in the commercial fish-
ery. This degree of precision was re-
quired to estimate differences in produc-
tion for oiled and unoiled groups of wild
salmon (synthesis of F/$ 1,2,3, and 28)
and between wild and hatchery salmon.
Tagging rates were held as constant as
possible between and within hatcheries.
Anoverall taggingrate of approximately
1 tag per 600 fish was chosen after analy-
sis of the performance of previous tag-
ging studies (Peltzand Miller, 1988; Peltz
and Geiger, 1988; Geiger and Sharr, 1989).

Hatchery pink salmon fry tobetagged
were randomly selected as they emerged
fromincubators. The fry were then anes-
thetized in a 1 ppm solution of Tricane
Methanesulfonate (MS-222) prior to re-
moval of adipose fins and application of
tags. Tags were applied with a North-
west Marine Technology tag injector
(model MKIV). A random sample of 20
clipped fish was graded for clip quality
during each tagging shift. Clipped fish
were tagged and passed through a qual-
ity control device (QCD) to test for tag
retention. Rejected fish were retested at
least three times and if repeatedly re-
jected, they were destroyed to minimize
the number of untagged but clipped fish
in the release. Fry which retained tags
were held overnight to determine short-
term tagging mortality. An overnight
tag retention rate was estimated by ran-
domly selecting 200 fish and testing them
with the QCD before release into saltwa-
ter rearing pens. Tag placement was
checked periodically but not quantified.
At Prince William Sound Aquaculture



Corporation (PWSAC) hatcheries, un-
marked fry entering the large saltwater
rearing pens were counted with
elecironic fry counters. At the Solomon
Gulch hatchery, the numbers of un-
marked fry entering saltwater net pens
were estimated from egg counts, with
appropriate adjustments for egg mortal-
ity. At all facilities, pink fry mortalities
were visually estimated immediately
prior to release. These estimates were
applied equally to tagged and untagged
fish to obtain final release estimates. Fry
releases were at night to reduce preda-
tion and were timed to coincide with
peak plankton abundances near the
hatcheries.

Methods of handling tagged fry prior
to release differed slightly between
PWSAC and Valdez Fishery Develop-
ment Association facilities and also be-
tween years. In 1989, fry tagged at the
Solomon Gulch hatchery were held for
three days inside saltwater pens within
the larger pens holding their unmarked
cohorts. This allowed a short-term salt-
water mortality estimate to be made
which was then used to discount the
total number of tagged fry released. At
PWSAC facilities, tagged fry were re-
leased directly into saltwater pens con-
taining unmarked fry. In 1990, tagged
fry from PWSAC hatcheries weretreated
identically to those tagged in 1989. At
the Solomon Gulch facility, only 500
marked fry were assessed for short-term
saltwater mortality while the remainder
were introduced directly into pens con-
taining unmarked fish. In1991, all tagged
fry from all hatcheries were introduced
into saltwater pens within thelarger pens
holding their unmarked cohorts allow-
ing estimation of short-term saltwater
mortalities for all facilities. One differ-
ence between facilities in 1991 was that
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fry tagged at Solomon Gulch were held
infreshwater incubators until all tagging
within a single tagcode was completed,
whereas fry tagged at PWSAC hatcher-
ies were released into saltwater pens im-
mediately after their 24-hour waiting
period. Tagged fry at PWSAC facilities
were thus introduced to saltwater in a
staggered fashion. By deducting both
the short-term tagging and saltwaterrear-
ing mortalities from the number of fry
initially tagged, and accounting for over-
night tag loss, the number of fry released
with tags of each tagcode was calculated.

In Prince William Sound, intertidal
spawning areas used by pink salmon
contribute a majority of the wild pink
salmon production (Helleetal., 1964). In
1990 and 1991, intertidal fry weirs were
used to capture wild pink salmon fry
emigrating from three oiled and three
unoiled streams in western Prince Will-
iam Sound. Prior to the initiation of this
oil spill study, attempts to tag wild pink
fry with coded-wire tags had been lim-
ited toexperimental work at Auke Creek
inJuneau, Alaska (Johnsonand Longwil 1
1988). To capture the fry, winged fyke
nets measuring 3.0 meters in height with
3.12 mm mesh openings (1/8 inch) were
placed in the intertidal zones at the 1.8 m
(6 foot) tide zone of each stream. The net
was designed to fish a location subject to
3 meter tidal fluctuations and to capture
fry assmall as27 mm. The fykenets were
attached to a floating live box designed
to rise and fall with the changing tide.
Captured fry were tallied using thumb
counters or during the tagging process.
Untagged fry were individually counted
by placing a net-full of fry into a bucket
and then slowly decanting the bucket
over the stream and counting fry as they
left the bucket. This method eliminated
questionable measurement errors asso-
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ciated with using average weights.

Half-length coded-wire tags were
applied to a random sample of fry daily.
Tagging was done at a rate coinciding
with the daily out-migrations through
each weir. Fry were captured in the
intertidal zones of streams in constantly
changing tide heights. They were then
anesthetized with MS-222, adipose fin
clipped and tagged in fresh water only,
without any apparent negative effects.
Working adjacent to the intertidal zone
precluded the use of a submersible pump
to provide water to the tagging site.
Changing tides would put the source of
water more than 70 meters away at low
tide. Daily tidal fluctuations would re-
sult in fry being anesthetized and then
recovering in water with constantly
changing salinities.

Tominimize osmoregulatory distress
during the already stressful process of
fin clipping and tag injection, a recircu-
lating fresh watersystem wasestablished.
This closed system consisted of plastic
trash barrels, fish totes and buckets with
a capacity of approximately 60 galions of
water. The continuous movement of
water through this system produced suf-
ficient aeration. Water temperature was
kept constant by placing snow and ice
into plastic bags which were floated in
the water.

In 1990, at the end of a tagging shift
after all fry had visibly recovered from
the anesthetic and the effects of tagging,
all but approximately 200 fry were trans-
ferred to floating .5m x .5m x .5m net
pens anchored insalt water. Thesetagged
fry were held for 24 hours to obtain a
count of short-term tagging mortality
and then released. The 200 or so fry held
in fresh water for 24 hours were tested
for tag retention and also for short-term
mortality prior to their being released.

Twenty-four hoursurvivalrates of tagged
fish at all sites were 99% for both years.
Therefore, in 1991 tagged fry were held
in freshwater to determine short-term
tag retention and overnight mortalities
and then released directly into saltwater
along with their untagged cohorts. At
Herring Creekin 1991, asecond weir was
installed above themean high tideline to
separately enumerate and tag the fresh-
water and intertidal components of the
pink salmon outmigration. Tagging and
enumeration methodology was thesame
as used at the intertidal weir sites.

Fry outmigrations began each year in
mid-April and extended through early
June in 1990 and through mid-July in
1991. Overall, outmigrating fry aver-
aged .22 grams in weight and 31 millime-
ters in length. Beyond April, almost all
captured fry had completely absorbed
their yolk sacand werebuttoned up. The
removal of these newly emergent fry
from the intertidal area, their transfer
into fresh water for tagging and then
back into salt water net pens for 24 hours
did not result in detectable harm to the
fry. For all six study streams, 24-hour
survival rates of tagged fry were 99%.
Smaller groups of tagged and untagged
fry held for up to 72 hours exhibited
similarly high survival rates. Twenty-
four hour tag retention was also consis-
tently above 90% at each site. These
24-hour survival and retention percent-
ages compare very favorably withgroups
of pink salmon tagged at hatcheries.
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Impacts of the Exxon Valdez Oil Spill on the Migration, Growth, and
Survival of Juvenile Pink Salmon in Prince William Sound

Mark Willette
Alaska Department of Fish and Game

This study focused on the effects of
the Exxon Valdez oil spill on the growth,
migration, and survival of juvenile pink
salmon during the first two months of
their marine residence in Prince William
Sound. The numberof adult pink salmon
that return each year appears to be
strongly affected by mortality during the
early marine period (Parker, 1968; Ricker,
1976; Bax, 1983). During this time, slow
growing individuals sustain a higher
mortality, because they are vulnerable to
predators for alonger time (Parker, 1971;
Healey, 1982).

Qil contamination can reduce the
growth rate of juvenile pink salmon in
seawater (Moles and Rice, 1983). In the
present study, the growth, migration,
and survival of juvenile pink salmon was
estimated from recovery of coded-wire
tagged (CWT) fish released from hatch-
eries in Prince William Sound. In 1989,
1990, and 1991, approximately 500 mil-
lion juvenile pink salmon were released
each year from Prince William Sound
hatcheries, and each year approximately
one million of these fish were marked
witha CWTinserted in their snout. Juve-
nile pink salmon were recovered with
beach and purse seines in oiled and non-
oiled nearshore habitats during the first
two months after the fish were released
from hatcheries.

The growth rates of juvenile pink
salmon in Prince William Sound ap-
peared to be affected by oil contamina-
tion from the Exxon Valdez. Growthrates
of juveniles released from the Armin F.
Koernig (AFK) Hatchery in 1989 were

significantly lower (P<.003) in the mod-
erately oiled area near the hatchery than
in the lightly oiled area along the south-
ern coast of Knight Island. Growth rates
of juvenile pink salmon released from
the AFK Hatchery in these same areas
were not significantly different (P=0.39)
in1990. In 1991, growth rates were again
significantly lower (P<.001) in the previ-
ously oiled area, but the magnitude of
the difference was nearly one-half that
observed in 1989. Growth rates of juve-
niles released from the Wally H.
Noerenberg (WHN) Hatchery in 1989
were lower in the moderately oiled area
along Knight Island Passage than in the
non-oiled area near WHN Hatchery, but
the difference was marginally signifi-
cant (P=0.12). Growth rates of juveniles
released from the WHN Hatchery were
not significantly different between these
two areas in 1990 (P=0.30) and 1991
(P=0.44).

The lower growth rates of juveniles
captured in the moderately oiled area
near AFK Hatchery werelikely caused in
part by lower ocean temperatures in this
area compared with thelightly oiled area
along the southern coast of Knight Is-
land. Results from regression analysis
and analysis of covarianceindicated that
water temperatures were significantly
different (P=0.041) between these two
areas. The mean difference in water tem-
perature was 1.5° C. Results from labo-
ratory experiments indicate that this dif-
ference in water temperature may cause
adifferencein growthrate of 0.32% body
weight per day when juvenile pink
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salmon are fed at maximum ration
(Kepshire, 1976). The estimated differ-
ence in juvenile growth rates between
these two areas of Prince William Sound
was 1.62% body weight per day. Water
temperatures were not significantly dif-
ferent between the moderately and non-
oiled areas where juveniles from the
WHN Hatchery were captured.

Stomach contents analysis was used
to determine whether prey composition
or apparent feeding rate was different
between oiled and non-oiled areas.
Samples of untagged juvenile pink
salmon (n=10) were preserved at 64 oiled
and non-oiled sites where CWT fish were
capturedin 1989. Prey organismsin each
stomach were enumerated in the follow-
ing categories: large calanoid copepods
(>2.5 mm), small calanoid copepods
(<2.5 mm), harpactacoid copepods, and
“other prey.” This approach was taken
because the feeding rate of juvenile pink
salmon is reduced when only small prey
organisms are available (Parsons and
LeBrasseur, 1973). Prey biomass in each
category was estimated by the product
of prey frequency and average prey wet
weight. Total stomach contents weight
was estimated by the sum of prey biom-
ass in all categories. Wilcoxon rank-
sums were used to test for differences in
total stomach contents weight and prey
biomass in each category between oiled
and non-oiled areas.

Preliminary analyses indicated that
biomass was significantly different
(P<.05) in the large calanoid copeped,
harpactacoid copepod, and ‘other prey’
categories between May and June. Sepa-
rate Wilcoxon rank-sums werecalculated
for May and June to test for differences
between oiled and non-oiled areas in
these three prey categories. Total stom-
ach contents weight and prey biomass in
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all four prey categories were not signifi-
cantly different between oiled and non-
oiled areas.

The occurrence of P4501 A-dependent
monooxygenases was used to estimate
the level of oil exposure of juvenile pink
salmon in areas where CWT fish were
captured (Stegeman etal., 1991). Samples
were embedded in paraffin and thin sec-
tioned. Amonoclonal antibody thatbinds
to P4501 A-dependent monooxygenases
was applied to each thin section. Mono-
clonal antibodies were detected by stain-
ing, and the occurrence of staining in
various tissues was recorded. Separate
chi-square analyses were conducted to
test for differences in the frequency of
occurrence of P4501A staining in gill,
heart, and gastrointestinal tract tissues
between sampling areas.

The frequency of occurrence of
P4501A staining in gill tissues closely
coincided with the degree of oil contami-
nation observed in the sampling area.
The frequency of occurrence of staining
in gill tissues was significantly greater
(P=.003) in the moderately oiled area
near AFK Hatchery than in the lightly
oiled area along the southern coast of
Knight Island. The frequency of occur-
rence of staining in gill tissues was also
significantly greater (P<.001) in themod-
erately oiled area along Knight Island
Passage than in the non-oiled area near
the WHN Hatchery. The frequency of
occurrence of staining in heart and gas-
trointestinal tract tissues was not signifi-
cantly different between oiled and non-
oiled areas.

The migration of CWT juvenile pink
salmon released from the AFK Hatchery
may have been affected by oil contami-
nation near the hatchery in 1989. One
hundred and thirteen CWT juvenile pink
salmon from AFK Hatchery were recov-
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ered along the southern coast of Knight
Island in 1989. Only 14 and 43 CWT
juvenile pink salmon from AFK Hatch-
ery were recovered in this area in 1990
and 1991, respectively. Visual observa-
tions of juvenile salmon abundance also
indicated that much higher numbers of
fish were presentalong thesoutherncoast
of Knight Island in 1989 than in 1990 and
1991. Laboratory experiments have dem-
onstrated that juvenile pink salmon can
detect and will avoid sublethal concen-
trations of oil (Rice, 1973).

Regression analysis was used to de-
termine whether the growth rates of ju-
venile pink salmon in Prince William
Sound were related to survival to the
adult stage. Recoveries of adult CWT
pink salmon in commerecial fisheries and
at hatcheries were used to estimate sur-
vival to the adult stage for each tag lot
released from Prince William Sound
hatcheries in 1989, 1990, and 1991 (Fish/
Shellfish Study #3).

Results from regression analysis in-
dicated that the mean growth rate of
juvenile pink salmon by tag lot (n=62)
was significantly related (P<.001) to sur-
vival to the adult stage. Analysis of
covariance was used to test for homoge-
neity of slopes between years, hatcher-
ies, and hatchery-treatment groups. The
slopeof therelationship between growth
and survival was significantly different
(P<.001) between years and marginally
significantly different between hatcher-
ies (P=0.068).
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The Impact of the Exxon Valdez Oil Spill on Juvenile Pink and Chum

Salmon and their Prey in Nearshore Marine Habitats
A. C. Wertheimer, A. G. Celewycz, M. G. Carls, M. V. Sturdevant

National Oceanic and Atmospheric Administration

The objectives of this study were to
determine the impact of the oil spill on
juvenile pink and chum salmon during
theirinitial period of marineresidency in
nearshore habitats. Field studies in 1989
and 1990 compared (1) exposure to and
contamination by hydrocarbons; (2) dis-
tribution, abundance, size and nominal
growth rates; (3) feeding habits; and (4)
prey abundance for these fish between
pairs of oiled and non-oiled locations in
western Prince William Sound.

The dichotomous classification of our
general sampling areas as “oiled” and
“non-oiled” was substantiated by mea-
surements of hydrocarbons in both mus-
sel tissues and surface sediments col-
lected in 1989. The degree of contamina-
tion in the oiled sites we sampled had
greatly diminished in 1990.

Juvenile pink and chum salmon were
contaminated by exposure to Exxon Val-
dez crude oil in 1989. There were detect-
able levels of hydrocarbons in tissues of
juvenile pink salmon collected in the
nearshore environment of oiled areas in
1989. In order to test that hydrocarbons
detected in samples were not due to ex-
ternal contamination, flesh samples and
viscera were processed separately from
some samples of fish from oiled loca-
tions; both types of tissues were contami-
nated by hydrocarbons, with higher con-
centrations in the viscera. Exposure of
both pink and chum salmon fry to physi-
ologically significant levels of oil in 1989
was also indicated by induction of a
mixed-function oxidase (MFO) enzyme,

cytochrome P4501A4, in fry from oiled
areas.

Ingestion, either of whole oil or oil-
contaminated prey, was the principle
route of contamination. Ingestion of oil
was indicated by the distribution of the
hydrocarbon in fry, the cell types in-
duced for P4501A activity, and the pres-
ence of oil in the stomachs of 1% of the
pink salmon and 3% of the chum salmon
collected at oiled sites in 1989.

There was no evidence of continued
contamination in 1990. Hydrocarbons
were not found in the tissues of pink
salmon fry from oiled or non-oiled areas,
and P4501 A induction was not observed
injuvenile salmon the year following the
spill.

Juvenile pink and chum salmon were
more abundant in the non-oiled area in
both 1989 and 1990. Because the pattern
of abundance did not change as expo-
sure levels diminished, we conclude that
the differences observed in abundance
were more likely due to geographic dif-
ferencesin the productionand migration
patterns of salmon fry rather than a re-
sponse to exposure to oil.

Juvenile pink salmon moved rapidly
from sheltered bays to more exposed,
steep gradient beaches in migration cor-
ridors, where they fed predominately on
zooplankton, This rapid movement is
considered to be an adaptive feeding
strategy inresponse to the distribution of
zooplankton in nearshore habitats in
Prince William Sound. The observation
of this behavior over a wide geographic




rangereinforces the conclusion drawnin
the University of Alaska Fairbanks com-
ponent of F/S-4, that the presence of oil-
deflection boomsin PortSan Juanin 1989
disrupted the normal migration behav-
ior of fish released from the Armin F.
Koerning Hatchery (Cooney, 1990).
The diet composition and feeding ef-
ficiency of pink and chum salmon juve-
niles were not affected by the oil spill.
Stomach fullness and numbers and bio-
mass of prey consumed did not differ
significantly between oiled and non-oiled
areas. In 1989 consumptionof epibenthic
(sea floor) prey was greater in non-oiled
areas and consumption of zooplankton
prey was greater in oiled areas; the re-
verse pattern was observed in 1990. We
attribute this switch in diet composition
to differences in the timing and abun-
dance of the spring zooplankton bioom.
Juvenile chum salmon in oiled areas
may have been more susceptible to hy-
drocarbon exposure than pink salmon
because of their distributionin nearshore
habitats. Juvenile chum salmon utilized
low gradient shorelines to a greater ex-
tent, and thus were more likely to forage
over contaminated sediments. This habi-
tat preference is also reflected in the
higher utilization of epibenthic prey by
chum salmon relative to pink salmon.
The P4501 A induction observed for chum
salmon in oiled areas in 1989 was gener-
ally stronger than in pink salmon. How-
ever, juvenile chum salmon were gener-
ally rare in the oiled locations sampled.
Juvenile pink salmon grew signifi-
cantly slower and were significantly
smaller in oiled than in non-oiled loca-
tions in 1989. This analysis of unmarked
fish corroborates the significant reduc-
tion in growth of tagged pink salmon
recaptured in oiled areas reported in the
Alaska Department of Fish and Game
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component of F/54 (Willette, 1991). In
1990, there was no difference in size or
growth of pink salmon fry between oiled
and non-oiled areas. Condition factor
tended to be higher for fry in oiled loca-
tions in both 1989 and 1990.

Juvenile chum salmon were signifi-
cantly larger in theoiled locations in both
1989 and 1990. There was no evidence of
a reduction in condition factor in the
oiled area. Because chum salmon were
rarely captured in oiled habitats, there
were insufficient data to compare appar-
ent growth rates for this species between
oiled and non-oiled areas.

We found no evidence of a reduction
in available prey organisms of juvenile
salmon due to oil contamination. No
significant differences were detected in
the biomass of pelagic zooplankton be-
tween oiled and non-oiled areasin either
1989 or 1990.

Qil contamination did notreduce,and
may have enhanced, the abundance of
epibenthic prey species. Epibenthic prey
biomass, which was composed prima-
rily of harpacticoid copepods (small crus-
taceans), was higher in oiled locations
than in non-oiled locations in 1989. This
trend could have been due to geographic
variability, reduced cropping associated
with lower abundance of juvenile pink
salmon, or direct enhancement by oil
contamination. Enhancementby oil was
indicated by the higher abundance of
epibenthic harpacticoid copepods on
heavily oiled than lightly oiled beaches
in 1990. The preliminary analysis of the
colonization of artificially oiled sedi-
ments imported to Prince William Sound
in 1990 also showed a trend of higher
abundance of harpacticoid copepodsand
other meiofauna {small animals) in oiled
sediments relative to control sediments.

We conclude that the reduction in




growthobserved for juvenile pink salmon
in 1989 was caused by oil contamination.
Temperature, prey availability, and feed-
ing efficiency were as high or higher in
oiled locations as in non-oiled locations
in 1989, and therefore do not explain the
observed reduction in growth. Condi-
tion of juvenile pink salmon was gener-
ally higher in the oiled habitats. These
fry were feeding and growing in the
oiled habitats, but losing growth effi-
ciency due to the metabolic cost of
depurating thehydrocarbonburden. The
reduction in growth of juvenile pink
salmon due toexposuretohydrocarbons
in the marine environment was limited
to the first year after the spill. We found
no evidence of measurable contamina-
tion or physiological effects (e. g., appar-
ent growth reductions, P4501A induc-
tion, or hydrocarbon body-burden) in
1990.

It is likely that there was some incre-
mental reduction in the potential sur-
vival of pink salmon juveniles contami-
nated by oilin 1989. Within a year-class,
slower-growing groups of pink salmon
fry have lower marine survival than their
faster-growing cohorts (Mortensenetal.,
1991). Fry migration studies haveshown
that most of the hatchery and wild pink
salmon produced in Prince William
Sound move seaward through the oiled
areas (Willette, 1991). Thus large num-
bers of juvenile salmon, including popu-
lations originating from outside the ac-
tual spill area, were exposed to hydro-
carbon contamination in the marine en-
vironment during their migration to the
Gulf of Alaska.

Such large scale exposures, linked
with growth reductions, may have re-
sulted in a large scale reduction in the
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overall recruitment of pink salmon to
Prince William Sound in 1990.

The effects observed for pink salmon
in 1989 could have also occurred in other
species. Chum salmon juveniles cap-
tured along oiled beaches showed sig-
nificant cytochrome P4501A induction.
A wide variety of other fishes utilize the
nearshore waters of Prince William
Sound and the adjacent Gulf of Alaska,
and many pelagic schooling fishes and
larval fishes utilize zooplankton as their
principal prey (Rogers et al., 1986). If
ingestion of either whole oil or contami-
nated prey was the route of exposure for
juvenile pink salmon, then a large num-
ber of other fishes with similar feeding
habits may also havebeen contaminated.
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Effect of Oil-contaminated Food on the Growth of Juvenile Pink

Salmon, Oncorhiynchus gorbuscha.

M. G. Carls!, L. Holland?, M. Larsen?’, J. L. Lum!, D. Mortensen’, 5.Y. Wang? and A.

Wertheimer!.
National Oceanic and Atmospheric Administration
*University of Southern Mississippi

To test the hypothesis that ingestion
of oiled food affects the growth and sur-
vival of juvenile pink salmon
(Oncorhynchus gorbuscha) we fed them
food contaminated with crude oil. This
experiment resulted from the observa-
tion that juvenile pink salmon collected
from locations impacted by the Exxon
Valdez oil spill in Prince William Sound,
1989, were contaminated with oil. Inges-
tion of oil was the probable route of
contamination for these fish.

Our objectives were to (1) measure
mortality; (2) investigate the effect of
ingested oil on growth (length and
weight); (3) determine if otolith growth
(whole axis and radial distance) and in-
crement periodicity could be used as in-
dicators of metabolic stress induced by
exposure to ingested oil; (4) observe ef-
fects of oiled food on feeding, measured
by percent stomach weight and fecal pro-
duction;{ 5) measure hydrocarbon up-
take in tissues; (6) measure cytochrome
P4501A enzymeinduction; (7) determine
histological response; and (8) determine
whether nucleic acid measurements
(RN A and DNA) could be used to evalu-
ate the effects of crude oil on juvenile
salmon after an oil spill. In this paper we
present an overview of the experiment.
Three other papers dealing with specific
topics are in press or in preparation: a
nucleic acid paper (Wang etal., in press),
an otolith paper (Mortensen and Carls,
in prep), and a paper dealing with hy-

drocarbon uptake, cytochrome P4501A
induction and histological response
(Carls et al., in prep).

Juvenile pink salmon (Oncorhynchus
gorbuscha) were obtained from the Auke
Creek Hatchery, Juneau, Alaska,on April
16, 1991 and reared in seawater for 3
weeks. Four days prior to treatment, fish
were randomly allocated into five treat-
ment groups, with three replicate tanks
per group. Each 30 x 41 x 53 cm tank
received 1.4 1/min of seawater filtered
through a 25 pm filter to ensure that
potential prey was not introduced into
the tanks. The initial number of fish per
tank averaged 1076; initial fish size was
343t 0.3 mm and 242 + 8 mg. Mean
water temperatures were maintained at
7.8 £0.02uC. At weekly intervals, 100
fish from each tank were sampled at
random for analysis. After six weeks of
treatment (May 13 - June 26), all groups
were offered untreated food for two ad-
ditional weeks to investigate possible
recovery.

The fish were fed 0.6 - 0.8 mm diam-
eter Biodiet’ pellets in excess (10% of the
estimated biomass/tank/day). Concen-
trations of Alaska North Slope crude oil
in the food were 0.00 and 0.02+£0.05mg/
g for controls and treated controls, and
0.37+ 0.04, 2.78 + 0.25, and 34.83 + 54
mg/g for low, mid, and high oil treat-
ments, respectively. The purpose of the
treated control was to determine if
dichloromethane, used as a carrier sol-
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vent to facilitate the mixing of crude oil
in the food pellets, affected the nutri-
tional quality of the Biodietfeed. Treated
control concentrations did not differ sig-
nificantly from control concentrations.

Hydrocarbons accumulated in thetis-
sues of pink salmon exposed to oiled
food. Accumulated concentrations were
directly correlated to concentrations in
the food, both in carcass tissues and in
viscera tissues that were devoid of food
and fecal matter. Concentrations of hy-
drocarbons in viscera exceeded those
observed in carcasses.

Consumption of oiled food caused
mortality in the highest treatment; dif-
ferences became significant after two
weeks of exposure, and increased rap-
idly until fish began feeding on clean
food. Thismortality was probably due to
direct oil effects and starvation. Fish in
the high treatment continued to exhibit
strike behavior and consume food
throughout thesix week treatment pe-
riod, butfeeding rates, measured by stom-
ach content and fecal production, were
inhibited within the first week of expo-
sure. When offered clean food, mortality
ceased abruptly, growth and feeding
rates increased, and swimming behavior
became more normal. Mortality in all
other treatments, including controls, re-
mained low (about 4%) throughout the
six week treatment period.

Somatic and otfolith growth were re-
duced as a consequence of consuming
oil-contaminated food. Somatic growth
was significantly (P < 0.05) reduced in
the mid and high treatments within one
week and in all oil treatments after two
weeks. Otolith growth was significantly
depressed by all oil treatments within
the first week of the experiment. The
numberofincrement rings deposited was
also reduced by contaminated food.
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Energy available for growth could have
been reduced by metabolic demands,
reduced digestive assimilationefficiency,
and, at high oil concentrations, reduc-
tions in feeding. Preliminary analysis of
cytochrome P4501A showed these en-
zymes were induced, indicating expen-
diture of metabolic energy occurred.

Although feeding rates actually in-
creased in the low oil treatment, and
generally did not decline in the mid oil
treatment, significant depression of
growth was observed in both groups.
This suggests that changes in growth
were not simply due to starvation, but
rather were due to metabolic demand or
reduced assimilation efficiency. Necro-
sis of the gastrointestinal tract was ob-
served in thesinglelow treatment sample
analyzed to date, so a physiological
mechanism for reduced assimilation ef-
ficiency may exist.

Ingestion of crude oil-contaminated
food had clear dose and time dependent
effects on the nucleic acid content
(amount of nucleic acid in pg per mm
fork length), and concentration (ug
nucleic acid per mg dry weight) on juve-
nile pink salmon. Nucleic acid content
increased in controls but increased more
slowly or not at all in the mid and high
treatments, leading tosignificant separa-
tion. DNA concentrations in the high oil
treatment increased significantly after
one week, and remained elevated there-
after. In the high oil treatment, RNA
concentration decreased significantly
during the first week, but increased to
control levels during the subsequent five
weeks. Although somatic growth oc-
curred in all treatment groups, it was
achieved at the expense of decreased
cellular contentamong fish fed high dose
food. After contaminated food was re-
placed with clean food, there was a sig-
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nificant increase in RNA concentration
and a decrease in DNA concentration,
although DNA concentration in the high
oil treatment remained substantially
greater than in controls. RNA content
(ug/mm)and RNA /DN A ratio both cor-
related significantly with growth (12 =
0.933 and r? = 0.478, respectively) and
thus could serve as indicators of growth
in fish collected from the wild.

In summary, hydrocarbons accumu-
lated in juvenile pink salmon that con-
sumed oiled food, somatic and otolith
growth was reduced, biochemical
changes occurred (in nucleic acid con-
centrations and content, and induction
of P4501A enzymes), histological prob-
lems developed (necrosis of the gas-
trointestinal tract), and, at high concen-
trations, mortality became significant.
Feeding rates increased at low oil con-
centrations, but were depressed at high
concentrations. Energy available for
growth could have been decreased by
metabolic demands, reduced digestive
assimilation efficiency, and, at high oil
concentrations, starvation. Results of
this experiment support the hypothesis
that ingestion of crude oil was the prob-

able route of contamination in juvenile
pink salmon captured in Prince William
Sound following the Exxon Valdez oil
spill, and that this contamination caused
the growth reductions observed in fish
captured in oiled habitats.

Reference to trade names does not imply
endorsement by the National Marine Fisher-
ies Service, NOAA
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Coded Wire Tag Recovery Results for Prince William Sound Pink

Salmon, 1989-1991

Carol Peckham, Samuel Sharr, and David G. Evans

Alaska Department of Fish and Game

This study is one of an integrated
group of Natural Resource Damage As-
sessment Fish/Shellfish Studies (NRDA
F/S Studies) conducted to quantify the
damage inflicted upon the pink salmon
resource of Prince William Sound by the
Exxon Valdez oil spill. The studies associ-
ated with pink salmon, namely the egg-
fry mortality study (NRDA F/SStudy 2),
the early-marine survival study (NRDA
F/S5tudy4), and the adultsurvival stud-
ies (NRDA F/S Study 3) were designed
to document possible effects of the spill
at various stages in the life cycle.

The integration of results from stud-
ies 1 through 4 will provide stock-spe-
cific estimates of post-spill population
size for oil-impacted as well as
unimpacted stocks and will also identify
possible sources of populationlevel dam-
age inflicted by the spill at intermediate
life stages. The Run Reconstruction study
(NRDA F/S Study 28) will attempt to
reconstruct historic returns by stock for
comparison with post spill returns as a
means of assessing overall population
damage. The coded wire tag program
provided the data pertaining to the com-
mercial and cost-recovery catches of
hatchery and wild fish, which when com-
bined withescapement data(NRDAF/S
Study 1), provided the post-spill popula-
tion estimates of wild returns. The pro-
gram also provided fish of known origin
(i.e. oiled versus unoiled area) for the
early marine survival and adult-survival
studies. By allowing estimates of contri-
butions to the fishery to be made on an
area-time basis, it provided essential data

for the Run Reconstruction program.

Coded wire tags wereapplied to pink
salmon fry at four Prince William Sound
hatcheries in 1988, 1989, and 1990 and to
wild fry at three oiled and three unoiled
streams in 1990 and 1991 (Loomis,
Cathead, Herring [oiled streams],
Totemoff, O’Brien and Hayden [unoiled
streams]). Tagging rates were such that
recoveries of marks in subsequent adult
returns allowed estimation of the contri-
bution of each release group to each dis-
trict, week, and processor stratum in the
commercial fishery with an acceptable
degree of precision. An acceptable de-
gree of precision is one which allows
detection of meaningful oil-induced ef-
fects and which yields contribution esti-
mates which areuseful to fishery manag-
ers. Taggingrates at the hatcheries were
held at a rate of 1 tag per 600 fish. Wild
stock tagging rates ranged from 1 tag per
5 fish to 1 tag per 20 fish.

Tags were recovered from adults
caughtin the common property and cost-
recovery fisheries. Stratified random
samples were taken from the catches
madeduring 1989 through 1991, thestrata
being formed from district, week and
processor combinations. The tendency
of processors to concentrate their buying
in certain areas of a district (Peltz and
Geiger, 1990) necessitated thelatter strati-
fication. Technicians sampled adult
salmon as they were pumped from ten-
ders onto conveyor belts at various pro-
cessors located in Cordova, Valdez,
Whittier, Anchorage, Kenai, Seward and
Kodiak duringeach district/period open-
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ing. Time and location of catches were
determined from processor tender logs
and fish sales receipts (fish tickets). Tech-
nicians used visual and tactile methods
to scan the fish for missing adipose fins,
indicating that a coded wire tag prob-
ably resided in the snout. Harvest data
and number of fish scanned were re-
corded for each tender load of fish and
heads of adipose-clipped fish were sent
to the Juneau Tag Lab for tag removal
and decoding.

Tags werealsorecovered fromadults
in the brood stock at four Prince William
Sound pink salmon hatcheries during
egg takes. After the salmon were manu-
ally spawned, technicians used visual
and tactile methods to scan approxi-
mately 95% of the fish. Brood stock
scanning is an important part of estimat-
ing hatchery contributions. Due to dif-
ferential mortality between tagged and
untagged fish as well as differential tag
loss between release groups, the tag ex-
pansion factor at release does not accu-
rately reflect the tag expansion factor in
the adult population. Theoretically, the
brood stock is 100% hatchery fish. There-
fore, tag recovery rates found inthebrood
stock were used to adjust the initial tag
expansions for each hatchery.

Escapement tag recoveries fulfilled
the same function as the brood stock
recoveries. The tag rates found from
scanning carcasses On stream surveys
were used to adjust theinitial release tag
expansions. Carcasses were scanned for
coded wire tags at the six tagged wild
stock streams. Only carcasses with a
visible adipose region were counted.
Total number of carcasses and total num-
berof adipose-clipped fish wererecorded
on a daily basis for each stream sur-
veyed.

The number of tag recoveries along

with the catch information and total-
release data wereused in generating con-
tribution and survival estimates. The
total hatchery contribution to each har-
vest type was calculated as the sum of the
estimated contributions of all release
groups over all week, district and pro-
cessor strata. A variance approximation
for this quantity, which ignores covari-
ance between release groups, was de-
rived for sampled strata by Geiger (1990),
and used to calculate appropriate confi-
dence intervals. The average tag recov-
ery rate for all processors in a week and
district was used to estimate hatchery
contribution in catches delivered to pro-
cessors not sampled in that district and
week. Variances associated with
unsampled strata were not calculated.
They are believed to be small.
Hatcheries contributed 83% of the
pink salmon catch (18 million fish) in
1989, 70% (32 million fish) in 1990, and
84% (31 million fish) in 1991. The total
contribution by hatchery for the three
years was 15% (16 million fish) for Armin
F. Koernig, 29% ( 30 million fish) for
Wally H. Noerenberg, 16% ( 17 million
fish) for Cannery Creek, and 17% (18
million fish} for Solomon Gulch. Wild
pink salmon contribution to the fisheries
was estimated by subtracting the hatch-
ery contribution estimate from the total
catch. When contribution data were com-
bined with escapement data, post-spill
returnsat the populationlevel weremade
available. These are key components in
a major part of the damage assessment
study, as are district-time contribution
data in the Run Reconstruction project.
Recovery results were also used to
estimate survival rates for hatchery fish
and for wild fish originating in oiled and
unoiled streams. Survival rates for each
tag release group were calculated by




dividing total estimated returns for that
group by the total release of that group.
Appropriate confidence intervals for the
survival rates were generated.

Overall hatchery survival rates were
3.4%,6.2% and 5.2% for fish recovered in
1989, 1990, and 1991, respectively. The
ranking of the survival rates associated
with the A F. Koernig hatchery (an oiled
facility) fell from second for the 1989
recovery year (fish released prior to spill)
to fourth for the 1990 and 1991 recovery
years (fish released during or after spill).
Survivalrates of fish from Cannery Creek
{(unoiled facility) also fell from the 1989
recovery year to the 1990 recovery year,
and moreover, fell from first place to
jointlast. Little could be concluded from
these survival data.

The mean survival rate for fish mi-
grating from oiled streams during peak
migration was 2.8%, and the survival
rate for those migrating after the peak
was 0.77%. The survival rates for fish
leaving unoiled streams over the same
periods were2.3% and 1.3%, respectively.
A significant interaction between the oil-
ing and timing factors was found
(p=0.012). Itappears that theinfluenceof
migration timing is different for oiled
and unoiled streams. The influence of
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timing on survival rates for oiled streams
isbetween 0.53 and 1.47 percentage points
greater than that for unoiled streams (95%
confidence).

These survival data constitute an es-
sential componentin the overall damage
assessment program. In the manage-
ment context, contribution estimates
made in the various districts and weeks
were, where possible, presented to man-
agers attempting to provide migration
corridors for the less abundant wild
salmon. In this way, the coded wire tag
program continued tofunctioninits origi-
nal capacity, as a management tool.

When combined with results from
other damageassessmentstudies (NRDA
F/S Study 1, 2, 3, 28), further and more
penetrating determinations of possible
oil-induced damages to the pink salmon
resource will be made.
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Pink Salmon Spawning Escapement Estimation in Prince William Sound
Samuel Sharr, Daniel Sharp, and Brian G. Bue

Alaska Department of Fish and Game

Each year approximately 400 million
wild pinksalmon Oncorhynchusgorbuscha
fry migrate from hundreds of streams
bordering Prince William Sound and each
summer an average of 8 million adult
wild pink salmon return to those same
streams to spawn and die. Both juvenile
and adult salmon play a major rolein the
Prince William Sound ecosystem. Salmon
are an important prey species for a vari-
ety of other fish and birds as well as
marineand terrestrial mammals. As prey
items and as decomposing carcasses,
adult salmon provide a vital pathway of
nutrients from the marine ecosystem to
the nearshore and terrestrial ecosystem.

In recent times, adult returns of wild
pink salmon have contributed 6 to 7 mil-
lion fish annually to the region’s com-
mercial fisheries. Accurate stream-spe-
cific estimates of wild pink salmon
spawning escapement are essential to
evaluate population damages from the
Exxon Valdez oil spill. Accurate enu-
meration of spawning escapement also
provides fisheries managers with infor-
mation necessary to protect impacted
stocks from excessive harvestin fisheries
dominated by healthy wild and hatchery
stocks.

This study is a part of an integrated
group of Natural Resources Damage
Assessment Fish/Shellfish Studies
(NRDAF/S) conducted toquantify dam-
age to pink salmon populations as a re-
sult of the Exxon Valdez oil spill. Some of
these studies were designed to identify
injury at specific life history stages while
others were designed to quantify popu-
lation level damages. Assessment of

damage to wild populations cannot be
completed without accurate stock-spe-
cific estimates of total adult returns in
both the pre-and post-spill era. Results
from this study will be used in conjunc-
tion with catch contribution data from
NRDA F/S Study 3 to estimate post-spill
returns for oil-impacted stocks. The re-
sults will also be used by another NRDA
study (F/S Study 28) to reconstruct pre-
spill returns for damaged pink salmon
populations. Finally, moreaccurate esti-
mates of pink salmon escapements will
be used by resource managers to refine
harvest management strategies and di-
rect fishing effort away from damaged
stocks which are receiving inadequate
escapement.

Historically, counts of spawning fish
obtained from a systematic weekly aerial
survey program and stream residence
time (stream life) data from one large
stream in eastern Prince William Sound
have been used to estimate pink salmon
escapement for 209 streams in Prince
William Sound (described by Johnson
and Barrett, 1986). This method of esti-
mating escapement did not account for
observer bias, inter-stream variations in
stream life, temporal variationsin stream
life, or missing counts from unsurveyed
streams. The purpose of this study was
to (1) estimate aerial observer bias
through comparisons of aerial counts to
weir and foot survey counts on a variety
of stream types, (2} estimate temporal
and spatial variations in stream life for a
subset of the 209 streams surveyed aeri-
ally, and (3) use observer bias and stream
life data to estimate current year and




historic escapements for the 209 streams
in the aerial survey program.

Weirs were placed across one large
stream in eastern Prince William Sound
and three smaller streams in western
Prince William Sound in 1990. The same
four streams plus six additional small to
moderatesized streams in western Prince
William Sound were weired in 1991. All
weirs were placed at the lower limit of
intertidal spawning (approximately
1.8 m above mean low water). The total
upstream migration to spawning areas
was enumerated daily through each weir.

Foot surveys were conducted oneach
weired system in 1990 and 1991. Daily
foot surveys were also conducted on 36
unweired streams representative of a
varjety of stream types. Foot survey
crews reported daily counts of live and
dead salmon by species for five zones in
each stream; four intertidal zones be-
tween elevations of 0.0- 1.8 m, 1.8-2.4 m,
2.4-3.0m, and 3.0-3.7 m above mean low
water; and the upstream zone above
mean high water to the upstream limit of
spawning. Dead salmon were marked to
preventduplicate counting in subsequent
surveys.

Numbers of live fish in the stream on
any given day were estimated from weir
data and foot survey counts of dead fish.
This estimate was compared to aerial
survey counts to estimate aerial survey
bias. At weired streams, the number of
live fish present on day i was estimated
as the cumulative count of fish through
the weir on day i minus the cumulative
count of dead fish above the weir on day
i. For streams in the foot survey pro-
gram, the number of live fish present on
day i was simply the foot survey estimate
of live fish on that day.

Mean stream life by week and the
associated variance were estimated by
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Peterson disk tagging studies. Tags were
applied at weekly intervals to fish enter-
ing the mouth of each stream. Tags were
uniquely colored to represent date of
tagging, uniquely lettered to identify the
stream where applied, and uniquely
numbered foridentification of individual
fish. Weir and foot survey crews re-
corded the date of entry and death of
tagged fish. Stream life was estimated
for each tagged fish by the difference
between the date of death and the date of
entry into the stream.

Mean stream life was also estimated
using two methods which did notrely on
tag data. The first method estimated
mean stream life by dividing the cumu-
lative live fish days for a stream by the
estimated total escapement where total
escapement was estimated by either the
cumulative weir count or the cumulative
dead count for unweired streams. The
second method estimated mean stream
life as time elapsed between the mean
date of abundance of newly arrived live
fish (mean date of arrival) and the mean
date of abundance of fresh carcasses
(mean date of death).

Estimates of live fish in streams using
aerial and ground survey methods were
compared with data from weirs. The
correlations between weir data and con-
current ground survey estimates in 1990
(r2=0.893, n = 31) and 1991 (12 =0.949,
n = 92) were closer than a similar com-
parisonbetween weir-derived and aerial
survey derived estimates (r’=(0.572,
n = 36and r? = 0.495,n = 92). Both meth-
ods were biased; ground surveyors ob-
served approximately one half of fish in
the stream in 1990 and 1991 while aerial
surveyors viewed approximately one-
half of the true number of fishin 1990 and
one-third of the true number in 1991. In
general the bias increased as numbers of
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salmon increased and was greater on
long streams with significant upstream
spawning. Thelarger biasinaerial counts
in 1991 is consistent with the larger per-
centage of upstream spawners observed
in the odd year cycle in Prince William
Sound. Upstream channels are gener-
ally more convoluted and the forest
canopy precludes good visibility.

Average times from date of tag appli-
cation to date of tag recovery from dead
fish were not significantly different be-
tween 1990 and 1991 (15.1 days versus
13.9 days). Milling of tagged fish at the
stream mouth was not accounted for in
1990 and the mean time of 15.1 days from
date of tagging to date of death is longer
than the true stream life. When milling
time at stream mouths was accounted for
by using date of entry and date of death
data in 1991 the average stream life esti-
mated for all streams ranged from 3.2 to
19.6 days and averaged 9.8 days. Mean
stream life estimates from other methods
differed only slightly but were higher
than those from tagging results.

Estimates using cumulative fish days
through weirs averaged 10.5 days while
estimates using the mean date of entry
into weired stream and mean date of
death averaged 11 days. If foot survey
data were used instead of weir data to
estimate live fish entry into streams,
stream life estimates were approximately
one day shorter than indicated by tag-
ging results.

Pink salmonescapement through four
weirs in 1990 was 72,244 fish. Escape-
ments through the same weirs in 1991
totaled 159,748 fish. Escapements tothese
four streams in 1990 and 1991 were
greatly underestimated (-41% and - 75%)
when the traditional method and stream
life value were applied to aerial survey
data. When the escapement estimates

from aerial data were adjusted for sur-
veyor bias and recent stream life data,
the negative bias of the aerial method
was reduced to-28% in 1990 and to -17%
in 1991. The greater bias observed in
1990 is due in part to using stream life
estimates which areuncorrected for mill-
ing time at the stream mouths.

Surveyor bias and stream life esti-
mates for the various stream typesin this
study can be applied to similar streams
and used to improve escapement esti-
mates for all 209 streams in the aerial
survey program. Because they differ,
surveyor bias and stream life must be
estimated independently for theodd and
even year cycles.

Analyses of 1990 and 1991 aerial data
which incorporate counts corrected for
surveyor bias and new stream life data
are preliminary but indicate that tradi-
tional escapement estimates for many
Prince William Sound streams may be
far toolow. The sources of biasinescape-
ment estimates vary geographically. In
eastern Prince William Sound long
streams with significant upstream
spawning are prevalent, updated stream
life values are similar to the 17.5 day
value used traditionally, hence escape-
ment estimation biasis mostly a function
of large observer bias.

Conversely, in western Prince Will-
iam Sound streams are short and steep
and intertidal spawning predominates.
In these streams there is less observer
bias but the 17.5 day stream life used
traditionally is much too long and does
much more tobias escapement estimates.

Given the major role which wild pink
salmon play in the Prince William Sound
ecosystem and the risks these popula-
tions now face from habitat destruction,
over harvest in fisheries dominated by
hatchery returns, and possible genetic

R e e e .



dilution from hatchery stock strayinginto
natural systems, it seems imperative that
we document any additional risk that
these stocks may have inherited as a
result of damage from the Exxon Valdez
oil spill.

It is also imperative that we continue
to provide these populations an added
measure of protection until this potential
new source of risk has been quantified or
discounted. Accurate escapement esti-
mation procedures are vital for damage
assessment and enhanced management
of Prince William Sound pink salmon
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populations.
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A Life History Approach to Estimating the Damage to Prince William
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The precise effects of the Exxon Val-
dez oil spill will never be known. In the
case of pink salmon within Prince Will-
iam Sound, information was collected
that can be used to develop a reasonable
inference. Following the oil spill, studies
were initiated to (1) develop improved
estimates of salmon escapement for pre-
and post-spill years, (2) measureegg sur-
vival, (3) measure fry survival, (4) ob-
serve the nearshore condition and distri-
bution of fry in Prince William Sound, (5}
measure hatchery and wild salmon sur-
vival in the saltwater environment, and
(6) survey the pink salmon habitat af-
fected by the oil spill.

To estimate the effects of the oil spill
on Prince William Sound pink salmon,
we followed the 1988 brood year of pink
salmon, from their emergencein 1989, to
their migration through the oil in the
nearshore environment in the spring of
1989, to their return in 1990. We then
continued with the odd-year line, fol-
lowing the 1989 brood year. These fish
incubated in the oiled and unoiled
streams in Prince William Sound and
returned in 1991. At each lifestage, we
summarized the evidence of an oil effect
on survival by means of probability dis-
tributions. These estimates were based
on a life history approach, coupled with
an analysis of the mechanisms of dam-
age to the pink salmon resource.

A central issue that we will need to
continue torefer tois that of compensatory

mortality (i.e. mortality that controls
population size by increasing when den-
sity is high, and decreasing when den-
sityislow). The mechanisms of compen-
satory mortality could be such things as
overtaxing the food supply or disease
outbreaks triggered when the organisms
become too crowded. If compensatory
mortality effects are negligible at a par-
ticular lifestage and all subsequent
lifestages, then estimating the effects of
the oil spill are straightforward: The esti-
mated proportional loss of production is
simply the measured decrease in esti-
mated survival at thatlifestage. Alterna-
tively, if compensatory mechanisms ex-
ist, the loss of production from the oil
spill will be proportional to the decrease
in survival, adjusted, in some fashion,
for the magnitude of compensation.

Compensatory Mortality v

Does there appear to be compensa-
tory mortality in pink salmon at moder-
ate escapement levels? If so, at which
lifestages does compensatory mortality
occur? A consensus is emerging that
compensatory survival effects in pink
salmon, if they exist, occur in the fresh-
water and early marine lifestages. For
example, Alexandersdottir (1987) states

“Compensatory mortality appears
to be a factor in the lifestage from
spawning to outmigration. Heard
(1978) reported on low year class
survival of fry in Sashin Creek in




Southeastern Alaska in 1967, where
he suggested compensatory mortal-
ity was due to an overabundance of
spawners. Donnelly (1983) found
thatdensity-dependent factors were
significant in the survival of pink
salmon in Kodiak to outmigration.”

Heard (1991) and Ignell (1988) have
further information on the mechanisms
and themagnitudeof compensatory mor-
tality in the freshwater stages.

The effect of density on pink salmon
in the marine environment appears to be
unrelated mortality. Density in the ma-
rine lifestages does affect growth and
size, which affects fecundity (Heard
1991). In Prince William Sound, the hatch-
eries provide strong evidence that the
number of fry emigrating from fresh
water systems are linearly related to the
number of returning adults. The rela-
tionship between fry released and adult
recruitment in Prince William Sound
hatcheries has been observed over the
range of 0 to approximately 500 million
fry, with no evidence of compensatory
survival mechanisms in the marine
lifestages. Although the estimates from
the early years of this series were some-
what speculative, the estimates from
years with large releases are based on
coded wire tags. The slope of a smooth
line through this data is approximately
5%, a fully reasonable average survival
value based on other pink salmon popu-
lations (Heard, 1991).

BasicLife History Population Dynamics

Thefisheries managementapparatus
in Prince William Sound has collected
some of the most consistent, reliable, and
well organized data relating to pink
salmon population dynamics in the
world. However, these data are actually
of limited use in quantifying these popu-
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lation dynamics in the Sound. The pink
salmon fishery is managed to achieve a
fixed escapement level; for that reason,
the historical record contains very little
information about pink salmon recruit-
ment outside of a small escapement
range. While recruitment is usually
thought of as a function of stock size ata
previous step (e.g. Ricker, 1975), the data
contain large observational error in the
stock size relative to the subsequent er-
ror in observing recruitment. Thiserror-
in-predictor problem will lead to poten-
tially disastrous biases (Draper and
Smith, 1981) if usual least-squares ap-
proaches are used to estimate stock-re-
cruitment parameters based on the in-
correct values of stock size.

Accordingly, we used Kalman filters
and various robustnonparametric meth-
ods to estimate the relationship between
potential egg deposition (PED) and sub-
sequent observed recruitment.

Mortality Effects in the Freshwater Stage
In this lifestage, the mechanism by
which the oil spill reduced survival is
direct mortality. Up to 75% of the wild
pink salmon which spawn in Prince Wil-
liam Sound use intertidal areas (Helle et
al., 1964). These areas are highly suscep-
tible to contamination from marine oil
spills. Moles et al. (1987) and Rice et al.
(1975) found that pink salmon eggs and
pre-emergent fry were affected by expo-
sure to crude oil and that the effect was
most acute in intertidal environments.
Estimates of direct mortality and the
proportion of eggs affected are taken
from other studies reported at the sym-
posium. We examined 1) the immediate
effects of oil exposure on pre-emergent
pink salmon numbers in the spring of
1989, 2) the effect of intertidal oil expo-
sure on pink salmon egg mortality, and
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3) the effect of intertidal oil exposure on
pink salmon egg to pre-emergent fry
survival. Thus we are provided a basis
for estimating the reduced survival
through direct mortality.

Mortality Effects in the Nearshore Stage

Mortality in nearshore areas can re-
sult from several mechanisms. Petro-
leum is toxic to pink salmon fry if in-
gested (Moles et al., 1987). However,
various authors have shown that crude
oil and petroleum components will re-
duce the growth rates of juvenile salmo-
nids (Woodward et al. 1981; Moles et al.
1987; Vigner et al., 1992). In particular,
Moles and Rice (1983) have described
reduced weight and growth rate in pink
salmon exposed to a 40 day dose of 33%
of the 96-h LC,. Aside from direct toxic
effects of petroleum products, elevated
mortality in the nearshore environment
can be predicted from decreased growth
rates that cause juveniles to remain at
size stages with increased predation. In
Heard’s (1991) review of pink salmon life
history, he discusses predation of pink
salmon and concluded that mortality is
highestin the early marine environment;
Heard also cites others that concluded
that mortality in juvenile pink salmon
decreases with size. Parker (1962a, 1962b,
1964, 1965, 1968, 1971) has studied the
relationship of pink salmon size to natu-
ral mortality, and his work forms the
basis for estimated losses at this lifestage.

Survival Effects in the Oceanic Stage
Survival in the oceanic lifestage is
assumed be random, and unrelated to
density in the freshwater and nearshore
environment, and independent of oiling
level. This assumption is in agreement
with much of the literature (discussed in
the section on the nearshore lifestage),
and is in complete agreement with the

available information from Prince Will-
iam Sound hatchery survival patterns.

The pink salmon in Prince William
Sound represent different things to dif-
ferent people: They are an important in-
put to the fishing industry, and therefore
have an important economic role; they
also play an important role in the terres-
trial and aquatic ecology, and therefore
have an important biological role. We
have estimated the effects of the oil spill
from a fisheries perspective, using bio-
logical models to describe the effects of
the oil spill to the fishery resource.
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Overescapement Impacts of Kenai River Sockeye Salmon
Dana C. Schmidt, Ken Tarbox, Gary Kyle, Bruce King, Linda Brannian and Jetf

Koenings.
Alaska Department of Fish and Game

Studies conducted on theKenai River
system have provided new insight into
the effects of the 1989 Exxon Valdez oil
spill fisheries closures on production of
sockeye salmon. Overescapements of
adult sockeye into the Kenai River dur-
ing 1987, 1988, and 1989 resulted in a
declining trend in smolt production;
smolt outmigration in 1991 was three
million, followed by less than 500,000 in
1992.

Densities of juvenile sockeyein Skilak
Lake, as indicated by a hydroacoustic
survey conducted in May of 1992, were
less than 10% of those observed during
the fall of 1991. Thisis approximately the
decline observed from the 1990 fall fry to
1991 smolt, during the previous years
investigations.

Fall fry length and weight data from
Skilak Lake, Kenai Lake, and Tustumena
Lake have been collected over time and
indicate a significant decrease in length
and weight when compared to earlier
samples from 1986.

All of the Kenai fry and smolt data
from the studies over the past several
years are internally consistent, and sup-
portthe hypothesis thatoverescapements
during 1987, 1988, and 1989 have ad-
versely affected the sockeye smolt pro-
duction from the Kenai River system.

The investigations of the cause of the
decline have centered on the availability
of zooplankton to juvenile sockeye.
Biomass of zooplankton in Skilak Lake
decreased during the past two years, but
the decrease was moderate compared to
the decline in fish production. Diel

vertical migration (DVM) of zooplankton
observed in the spring and summer of
1992 in Skilak Lake was highly
accentuated, particularly for egg-bearing
copepods. These phenomena were not
observed in Tustumena Lake, a nearby
glacial system which hasnotexperienced
a major collapse in sockeye salmon
production or overescapement. We
investigated zooplankton in two
additional glacial lakes within the Kenai
River drainage (Grant and Ptarmigan
lakes), because they did not have
significant sockeye salmon populations.
These lakes did not demonstrate the
degree of DVM displayed in Kenai and
Skilak lakes. More intensive
investigations as tc the density-
dependent mechanism that has created
catastrophic declines in sockeye smolt
production from thissystem are currently
being conducted.

If the hypothesized change in the
plankton community proves to be the
density-dependent mechanism respon-
sible for the poor smolt production, res-
toration of the plankton community to a
more productive state would be desir-
able. Other authors suggest that these
changes may be induced behaviorally
and subsequently may recover instantly
once the stimulus is removed (Stirling,
1990). The most likely stimulus removal
could occur naturally by predator reduc-
tion through lowering of sockeyespawn-
ers in the future. The availability of
zooplankton would probably increase as
food limitations would provide an ad-
equate stimuli to promoteincreased time



of surface feeding. This would be ex-
pected to occur when the system con-
verts from top-down control over the
system’s trophic state to bottom-up con-
trol as sockeye predationisreduced (Car-
penter et al., 1985). Other investigators
have experimentally established food
reduction as a method of increasing the
surface time or elimination of the DVM
response (Johnsen and Jakobsen, 1987).
Alternatively, thisresponsebehavior may
be caused by natural selection of those
individuals which have the propensity
to migrate, probably at the expense of
reproduction. Genetic differences have
been demonstrated in Daphnia between
individuals exhibiting DVM and those
which do not (Weider, 1984). We know
some genetic variation occurs in the
Diaptomus taxain the Kenai River system
because of a pigmented racial variate
which occurs in Ptarmigan Lake. In this
and other lakes which are absent of
planktivores, ared carotinoid pigment is
presentin virtually all individuals within
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these subpopulations of this taxa. This
pigment apparently is an adaptation to
harmful near-surface sun radiation
(Hairston, 1976). We would expect sig-
nificantly longer recovery times if the
sockeye production has been reduced
because of genetic changes in the zoop-
lankton community.
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Effects of the T/V Exxon Valdez Oil Spill on Murres: A Perspective

From Observations at Breeding Colonies
D. R. Nysewander, C. Dippel, G. V. Byrd, and E. P. Knudtson

U. 8. Fish and Wildlife Service

Murres (Uria spp.) were congregat-
ing near their breeding colonies in the
western Gulf of Alaska when the T/V
Exxon Valdez oil spill occurred in March
1989. Tens, perhaps hundreds, of thou-
sands were killed (Piatt et al. 1990). In
order to evaluate the impacts of the oil
spill on murres, we surveyed murre
breeding populations at five locations
where there was directevidenceof oiling
(Chiswell Is., Barren Is., The Triplets,
Puale Bay, and Ugaiushak I.) and at two
locationsjust outside the trajectory which
were probably not affected by oil
(Middleton L. and ChowietI., SemidiIs.).
Most sites were surveyed annually from
1989 to 1991. In addition to counts of
birds, we gathered information at some
of the sites about the timing of nesting
events and productivity.

Historical data on murres at most
colonies in the Gulf of Alaska were ob-
tained during brief visits which necessi-
tated single counts or crude estimates,
and survey methods wereseldom clearly
documented. In contrast, we counted
murres after the spill during hours and
dates when variability in attendance at
colonies is minimal (Byrd 1989, Hatch
and Hatch 1989) and under observing
conditions that minimized observer er-
ror. Furthermore, replicate counts were
made at most sites to improve estimates.
Annual counts of murres from 1989-1991
at colonies within the trajectory of the oil
were 40% to 60% lower than pre-spill
counts, whereas counts at colonies just
outside the trajectory did not decline
following the spill.

Despite uncertainties about the accu-
racy of historical counts, significant dif-
ferences in numbers present before and
after the spill indicated definite declines.
Only themagnitudewas equivocal. Since
populations of murres at colonies just
outside the trajectory of the oil did not
decline following the spill and direct
mortality within the trajectory was so
pronounced, it seems likely that oil mor-
tality caused the population declines
observed at affected colonies.

Mortality is not the only possible
cause of reduced counts at murre colo-
nies. In cases where environmental per-
turbations aresevere(e.g., EI Nifio South-
ern Oscillation), food webs can be so
disrupted near colonies that many murres
abandon dliffs during the breeding sea-
son (Stowe 1982, Murphy et al. 1986,
Boekelheide et al. 1990). Reduced num-
bers at colonies during such phenomena
result from absence, not mortality, of
breeding adults; therefore, increases to
former numbers generally occur within
1 or 2 years after such events (Birkhead
and Hudson 1977, Stowe 1982,
Boekelheide et al. 1990). Reductions in
numbers of murres at colonies within the
trajectory of the T/V Exxon Valdez oil spill
have persisted for 3 years; thus, we think
itis unlikely that murres were only tem-
porarily away from colonies. Further-
more, a perturbation other than the spill
sufficient in magnitude to affect colonies
over such a wide area, from the Chiswells
to Ugaiushak, shouid have similarly af-
fected Middleton and the Semidi islands.

Besides reduced numbers of birds
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following thespill, murre nesting behav-
ior at colonies within the trajectory was
disrupted. Nesting phenology (timing)
was delayed and reproductive success
was lower than normal. These effects
have persisted for at least three years at
monitored sites. Prior to thespill, murres
at colonies in the western Gulf of Alaska
typically initiated egg laying in June, but
after the spill, the onset of laying was
delayed until mid- to late July at the
Barren Islands and Puale Bay, the two
colonies for which wehad data. No such
delays occurred at colonies just outside
the trajectory. Delays, and indeed fail-
ures to lay eggs, in 1989 could have been
due to the loss of breeding birds, hydro-
carbon contamination, food web disrup-
tions, frequent disturbances due to spill
cleanup activities or a combination of
thesefactors. By 19900il was apparently
no longer present near breeding colo-
nies, and the level of human activity had
diminished. Therefore, probable causes
of disruptions to murres in 1989 wereno
longer a factor.

Persistent delays in nesting could
haveresulted from the abruptdeclines in
breeding populations with commensu-
ratereductions in densitiesatmostbreed-
ingledges. Reduced densities could have
caused social disruption at colonies. So-
cial stimulation apparently is an impor-
tant factor in the timing of laying in
murres (Birkhead 1985) because murres
within clusters tend to lay more synchro-
nously than the colony as a whole
(Birkhead 1977, Birkhead 1980, Harris
and Wanless 1988, Schauer 1991). A
critical density of murres on nesting
ledges may be necessary to stimulate
ovulation. Clusters of potential breeders
may not have reached adequate densi-
ties until the arrival of young birds pros-
pecting for nest sites, an event that nor-

mally happens after incubation is under-
way (Tuck 1961).

Most of the murres killed near colo-
nies in 1989 were probably experienced
breeders, because younger birds do not
return to colonies until later in the season
if at all (Birkhead 1977, Stowe 1982) The
removal of many of the experienced birds
probably resulted in a population con-
taining a much higher proportion of
young, inexperienced breeders than nor-
mal. We speculated that surviving expe-
rienced breeders had a high probability
of pairing with inexperienced birds.
Young birds lay relatively late, even un-
der normal conditions (Perrins 1970,
Birkhead and Nettleship 1981, Gaston
1991, Nobel 1991), so a skewed age distri-
bution could have caused a delay in the
onset of laying.

Drastic changes in neighbors at nest-
ing cliffs could also have caused disrup-
tion of normal nesting behavior. Murres
occupy the same nest ledges annually
(Hedgren 1980); thus, a breeding con-
centration of murres would becomposed
of a high proportion of birds that had
spent previous summers on the same
ledge with each other.

Murres experienced nearly total re-
productive failures at every colony we
monitored within the trajectory of the oil
following the spill in 1989. Success re-
mained below normal in 1990 and 1991
(i.e., in most cases <10 chicks per-100
adults compared to the normal rate of
>50). Persistently low reproductive suc-
cess following the oil spill, like phenol-
ogy, may have been due to social disrup-
tion, reduced densities and skewed age
ratios. Murre reproductive success is
positively correlated with the density of
nests (Birkhead 1977, Hatchwell and
Birkhead 1991), and densities must have
been lower at all colonies with reduced



populations after the spill. Birkhead
(1977) found that a decline of common
murre populations reduced the density
of breeding groups and exposed the eggs
and chicks of the remaining birds to gull
predation. Furthermore, young murres
are usually less successful than older
birds, thus a colony with a high percent-
age of inexperienced breeders would be
expected to have low productivity
(Hedgren 1980, Gaston 1991, Nobel 1991).

Delayed nesting phenology seemed
to be partially responsible for chick mor-
tality at Puale Bay, and probably contrib-
uted to reduced reproductive success
elsewhere. For murres there is usually a
seasonal decline in reproductive success
(i.e., late laying results in poor success)
(Birkhead and Nettleship 1981, Gastonet
al. 1983, Birkhead and Nettleship 1982,
Boekelheide et al. 1990), therefore de-
layed phenology would also contribute
to lower productivity of murres.

Another possible cause of abnormal
laying phenology and reproductive per-
formance is food shortages near the
breeding colonies. Inour study area, this
is an unlikely explanation, because
nearby colonies outside the trajectory of
the oil were not affected. Furthermore, at
the BarrenIslands in 1990, tufted puffins
(Fratercula cirrhata) experienced a nor-
mal rate of reproductive success and
chicks grew at normal rates (D. Boersma,
Univ. of Washington, pers. comm.). Puf-
fins are diving fish-eaters like common
murres, so that if food were limiting, we
would have expected puffins to have
demonstrated poor success.

If social disruption and a skewed age
distribution were causing reduced re-
productive rates, productivity should
have begun to increase as birds became
more experienced. Indeed, success rates
weresslightly higher at the Barren Islands
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and substantially higher at Puale Bay in
1991 than in 1989 or 1990. Nevertheless,
itis too soon to know whether this trend
will continue. Most likely, a return to
more normal laying dates will have to
precede a sustained improvement in re-
productive success.

We conclude that murre populations
at breeding colonies within the trajectory
of the oil declined following the spill.
Furthermore, surviving murre popula-
tions likely had disrupted social struc-
tures due to a preponderance of young,
inexperienced breeders and reduced den-
sities on nesting ledges. By 1991, we
found neither an indication of increases
in populations nor a return to normal
laying phenology, but reproductive suc-
cess was slightly higher than in previous
post-spill seasons.

References

Birkhead, T. R. 1977. The effect of habitat and
density on breeding success in the common
guillemot, (Liria aalge). J. Anim. Ecol. 46:751-
764.

. 1980. Timing of breeding of common
guillemots (Uria aalge) at Skomer Island,
Wales. Ornis Scandinavica 11:142-145.

. 1985. Coloniality and social behavior in
the Atlantic alcidae. Pages 355-382 in D. N.
Nettleship and T. R. Birkhead, eds. The
Atlantic alcidae. Academic Press, Oriando,
Fla. 574pp.

and P. ). Hudson. 1977. Population

parameters for the common guillemot (Uria

aalge). Ornis Scandinavica 8:145-154.

and D. N. Nettleship. 1981. Reproduc-
tive biology of thick-billed murres (Uria
lomuvia): an inter-colony comparison. Auk
98:258-269.

. 1982. The adaptive significance of egg
sizeand laying datein the thick-billed murres
(Uria lomvia). Ecology 63:300-306.

Boekelheide, R. J., D. G. Ainley, 5. H. Morrell, H.
R. Huber, and T. ]. Lewis. 1990. Common
murre. Chapter 8 in D. G. Ainley and R. ].
Boekelheide, eds. Seabirds of the Farallon
Islands. Stanford Univ. Press, Stanford, Ca-

lif. 450pp.




Birds: Effects of the Spill on Murres

Byrd, G. V. 1989. Seabirdsin the Pribilof Islands,
Alaska: trends and monitoring methods. M.
S. Thesis, Univ. of Idaho, Moscow. 96pp.

Gaston, A. ]. 1991. Project on the population
dynamics of the thick-billed murre, Uria
lomvia: interim report on studies at Coats
Island. Can. Wildl. Serv. Tech. Rep. Ser. No.
134. 43pp.

G. Chapdelaine and D. G. Noble. 1983.
The growth of thick-billed murre chicks at
colonies in Hudson Strait: inter- and intra-
colony variation. Can. J. Zool. 61:2465-2475.

Harris, M. P. and 5. Wanless. 1988. Fall colony
attendance and breeding success in the com-
mon murre. Condor 91:139-146.

Hatch, 5. A.and M. A. Hatch. 1989. Attendance
patterns of common and thick-billed murres
at breeding sites: implications for monitor-
ing. ]. Wildl. Manage. 53:483-493.

Hatchwell, B.]., and T. R. Birkhead. 1991. Popu-
lation dynamicsof commeon guillemots (Uria
aalge} on Skomer Island, Wales. Ornis
Scandinavica 22:55-59.

Hedgren, 5. 1980. Reproductive success of
guillemots (Uria aalge) on the island of Stora
Karlso. Ornis Fenn. 57:49-57.

Murphy, E. C., A. M. Springer, and D. G.
Roseneau. 1986. Population status of com-

monguillemotsatan Alaskan colony: results
and simulations. Ibis 128:348-363,

Noble, D. G. 1991. Factors affecting recruitment
of thick-billed murres (Uria lomvia) on Coats
Island, Northwest Territories. Appendixlin
A.]. Gaston, compiler. Project on the popu-
lation dynamics of the thick-billed murre,
(Uria lomvia). interim report on studies at
Coats Island. Can. Wildl. Serv. Tech. Rep.
Ser. No. 134.

Perrins, C. M. 1970, The timing of birds’ breed-
ing seasons. Ibis 112:242-255.

Piatt,].F.,C.]. Lensink, W. Butler, M. Kendziorek,
and D. R. Nysewander. 1990. Immediate
impact of the “Exxon Valdez” oil spill on
marine birds. Auk 107:387-397.

Schauer, ]. H. 1991. Breeding neighbor synchrony
and other site-related factors affecting breed-
ing success of common murres {Uria aaige) at
Bluff, Alaska. M. S. Thesis. Univ. of Alas.,
Fairbanks. 73pp.

Stowe, T.}. 1982, An oil spillage at a guillemot
colony. Mar. Pollut. Bull. 13:237-239.

Tuck, L. M. 1961. The murres: their distribution,
populations, and biology - a study of the
genus Uria. Can. Wildl. Serv. Monogr. Ser.

No.1. 260pp.

L ——



Exxon Valdez Oil Spill Symposium Abstracts

e —

How Long to Recovery for Murre Populations, and Will Some Colo-

nies Fail to Make the Comeback?
Dennis Heinemann
Manomet Bird Observatory, Inc.

By anyone’s estimate, hundreds of
thousands of marine birds died in 1989
as aresult of contact with oil spilled from
the ruptured hull of the Exxon Valdez.
One post-spill, computer-modelling
project, funded by the Department of
Justice, used data from a large study of
the fates of radio-tagged bird carcasses
to estimate the number of birds killed
based on the number of carcasses recov-
ered after the spill (Ford et al., 1991).
That study concluded thatthemostlikely
estimate of the number of birds killed
was 375-435 thousand individuals. They
also estimated that there was only a 5%
chance that fewer than 300 thousand birds
died, and, more ominously, that there
was nearly a 10% possibility that more
than 600 thousand bird werekilled. Based
on the carcasses recovered on beaches
and at sea, well over half of those birds
must have been murres, and, given the
relativeabundance of the twomurrespe-
cies in the northern Gulf of Alaska, most
of thosemusthavebeen commonmurres
(Uria aalge).

This was an unprecedented catastro-
phe for the common murres of the north-
ern Gulf of Alaska. Data from the U.S.
Fish and Wildlife Service’s seabird colony
catalog (Sowls et al., 1978) indicate that
prior to 1989 only 230,000-350,000 breed-
ing-agemurres occupied coloniesin those
areas of the Gulf of Alaska mostexposed
tooil. Assuming thatthe population was
at equilibrium prior to the spill, and that
survivalratesof differentage classes were
similar to those in populations for which
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survival estimates have been obtained,
the total population of adults and sub-
adults would have been roughly 350,000-
750,000 murres. Thus, it is quite possible
that a large portion of the murres living
in the region were killed by the Exxon
Valdez oil spill.

Earlier research on the potential im-
pactsof oil spills on Alaskan murre popu-
lations concluded that mortality of breed-
ing adults would havethe strongestlong-
term effect on the population (Ford et al.,
1982). U. S. Fish and Wildlife research
conducted since the spill has shown that
at the two largest of the oil-impacted
colony-clusters (BarrenIslands and Puale
Bay), the numbers of breeding murres
that occupied their colonies in 1989 were
down from previous years by 50-70%
(Nysewander, 1990). Perhapseven more
significantly, there has been very little
rebound in subsequent years
(Nysewander and Dipple, 1990; Dipple
and Nysewander, 1991, Nysewander
pers. comm.), suggesting that early re-
cruitment of sub-adults to the breeding
population or immigration from unaf-
fected areas, processes that have acceler-
ated recovery of seabird populations in
other cases, are not as yet contributing to
recovery. Thesedataimply thatonorder
of 120-140 thousand adult common
murres must have died in the aftermath
of the Exxon Valdez oil spill, and that
recovery has not yet begun or is pro-
gressing very slowly.

Murres are long-lived birds with low
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reproductiverates. Soitis notsurprising
that our earlier investigation of long-
term oil-spill impacts, Ford et al. (1982),
also demonstrated that relatively small
chronic decreases infecundity ratescould
have a large impact on the ability of a
population to recovery from oil-spill
mortality. Indeed, it does not take very
large declines before the population may
beincapableof recovery. Unfortunately,
the effect of the Exxon Valdez oil spill on
the fecundity rates of murres has not
been a slight decline, instead it has been
reduction to nearly zero. Egg laying was
delayed by a month in 1989 in the Bar-
rens and at Puale Bay, and it is highly
unlikely that any young were fledged
that year (Nysewander 1990). This pat-
tern was repeated in 1990 and 1991
(Nysewander and Dipple 1990,
Nysewander pers. comm.). It appears
that the density of murres on the breed-
ing ledges has been reduced to such an
extent that the early, synchronous egg
laying that is crucial to successful repro-
ductionin murres could notbe achieved.
It is likely that this density effect is a
threshold phenomenon, which means
that until densities climb above the
threshold, reproductive rates will stay
very low. This raises the possibility that
some colonies may not recover at all, or
will require very long times and the con-
tribution of immigration from other ar-
eas to do so.

Studies of other populations of com-
mon murres suggest that the maximum
population growth rate isapproximately
4% per year. If the northern Gulf of
Alaska population could achieve that
rate and that only half the population
perished in 1989, a best case scenario,
thenit would takeapproximately 18 years
for the population to return to its pre-
spill size. On the other hand, if the per-

centage killed was 70% and the growth
rate is 2.5%, a more realistic scenario, it
would take nearly 50 years for the popu-
lation to recover! Of course, the density-
threshold effect may be delaying the on-
set of any recovery indefinitely.

What does the future hold for com-
mon murres? Will all of the colonies
recover, or will some become extinct?
How long will it be before the seabird
cliffs of the northern Gulf of Alaska again
teem with murres?

I will describe computer simulation
models built to answer these questions.
Because of the uncertainties introduced
by the density-threshold effect and the
lack of any data on the pre- or post-spill
survival rates of Alaskan murres, model
predictions cover a wide range of pos-
sibleoutcomes. Nonetheless, early model
resultssuggest thattherecovery willmost
likely require several decades, and that
some colonies or sub-colonies may face
extinction. Themodelsindicate that other
poorly known factors, such as immigra-
tion and recruitment from other colo-
nies, the response of predators and the
occurrence of new oil spills can have a
significant impact on the outcome of
murre population recovery. While mod-
els such as these can be used to give us
quantitative estimates of the likelihood
of thevarious possiblerecovery scenarios
for these murre populations, they may
serve a greater purpose by helping to
assess the potential effect of different
population or colony restoration options.
In addition, sensitivity analyses of the
models can be used to point to the areas
that need the most study to enable an
effective monitoring of the recovery pro-
cess and improved damage assessment
and restoration effort the next time sea-
bird populations suffer such a cata-
strophic oil spill.
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Effects of the Exxon Valdez Oil Spill on Bald Eagles
Timothy D. Bowman and Philip F. Schempf

L. S. Fish and Wildlife Service

In March, 1989, the tanker Exxon Val-
dezranaground and spilled morethan 11
million gallons of crude oil, fouling shore-
lines from Prince William Sound to the
Alaska Peninsula. About 8000 bald eagles
inhabit that area. A 3-year study was
initiated soon after to assess damages to
bald eagles. Specific objectives were to
determine effects of the spill on bald
eaglereproduction and survival of adults
and fledglings, conduct population sur-
veys to assess population response, and
examine eggs, prey, and blood for evi-
dence of hydrocarbon exposure. The
greatest damages tobald eagles occurred
in 1989 and were manifested by direct
mortality of bald eagles throughout the
spill area, and significantly reduced re-
production in Prince William Sound.
Damages after 1989 were not docu-
mented.

Although 151 dead eagles were re-
corded at wildlife collection centers, these
probably represented a small fraction of
the total mortality. We adjusted this
figure for carcasses not found, not re-
ported, scavenged, drifted out to sea, or
otherwise lost, and estimated that be-
tween 614 and 1871 eagles (best estimate
was 902; about 11% of the population)
died as a result of the spill.

Reproductive failures were directly
related to the extent and intensity of
shoreline oiling near nests, but effects on
reproduction apparently did not extend
beyond Prince William Sound. It was
not possible to differentiate the effects of
the oil itself from that of disturbance
caused by shoreline cleanup operations.

The lack of observed reproductive fail-
ure in other areas was likely due to the
later arrival of oil during the nesting
season, adecreased toxicity due to weath-
ering of oil, or changes in consistency of
the crude oil which made oil less adher-
ent as the slick moved westward along
the coast. Bald eagle reproduction in
Prince William Sound rebounded in 1990
tolevels typical of other bald eagle popu-
lations in coastal Alaska.

Stratified random plot surveys of
adult bald eagles within Prince William
Sound provided indices of population
size. Indices for 1982, 1989, 1990, and
1991 were 1565 + 473, 2089 + 308, 1941 +
283, and 2088 t 273, respectively. These
indices represented approximately 47%
of the total population size because they
did not include immature eagles or ac-
count for adult eagles not seen during
surveys. Population size did not change
significantly from 1989 to 1990 or 1991.
However, because confidence limits on
estimates ranged from 13-15% for these 3
years, it is unlikely that we could have
detected a statistically significant differ-
ence given the estimated magnitude of
mortality caused by the spill.

Analysis of addled eggs and prey
remains confirmed exposure to
petrogenic hydrocarbons. However, the
high incidence of exposed samples from
eastern Prince William Sound in 1990
muddle interpretation and suggest that
contamination from other sources may
occur in areas distant from the spill area.
Uric acid and other blood chemistry pa-
rameters were compared for birds
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sampled in oiled and unoiled areas of
Prince William Sound in 1989 and 1991.
Although uric acid values were higher
for eagles from oiled areas of west Prince
William Sound in 1989, they were lower
for birds sampled in the same areas in
1991, as compared to eagles sampled in
east Prince William Sound. Because uric
acid values were strongly influenced by
the presence of food in the crop, we con-
cluded that uric acid was not a reliable
means of assessing chronic damages from
oil. Concentrations of hydrocarbons in
blood seemed low, but there is no infor-
mation available toenableinterpretation
of these levels.

Survival was high for eagles
radiotagged in Prince William Sound 4-
5 months after the spill. We used three
schemes to compare survival of birds
radiotagged in oiled and unoiled areas.
Theseschemes werebased on (1) whether
the eagle was tagged in east or west
Prince William Sound, (2) presence or
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absence of oil at the capture site, and (3)
the percentage of relocations in oiled
areas after tagging. There wereno differ-
ences in survival between groups using
any of the 3 schemes. Any adverse effect
on survival likely occurred before we
tagged the eagles. A population model
of bald eagles in Prince William Sound
indicates thatthe population wasincreas-
ing before the spill at a rate of about 2%
per year. This is consistent with the
observed population increase from 1982
to 1989.

We believe that the effects of the oil
spill wereshort term, and were limited to
direct mortality throughout the spill ar-
eas, and impaired reproduction in Prince
William Sound. The population model
indicates that the cumulative effects of
these damages will set back the eagle
population in Prince William Sound by
about 4 years, but population recovery
and growth should occur naturally in the
absence of other major disturbances.
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Effects of the Exxon Valdez Oil Spill on Pigeon Guillemots
(Cepphus columba) in Prince William Sound, Alaska

K. L. Oakley and K. J. Kuletz
U. 5. Fish and Wildlife Service

The supertanker Exxon Valdez ran
aground in Prince William Sound,
Alaska, on March 24, 1989, spilling
260,000 barrels of Prudhoe Bay crudeoil.
We studied the effects of the spill on the
population and reproduction of the pi-
geon guillemot (Cepphus tolumba), a div-
ing seabird, at Naked Island, Prince Wil-
liam Sound, from 1989 to 1992,

The pigeon guillemot breeds ubiqui-
tously (existing everywhere) on rocky
shores along the west coast of North
America, nesting in pre-existing cavities
in coastal cliffs and talus. Guillemots
feed in inshore waters on benthic (bot-
tom) fishes (e.g., blennies, sculpins, cods),
schooling fishes (e.g., sand lance, her-
ring), and invertebrates such as crab and
shrimp. Unlike most seabirds, guillem-
ots nest in many, small colonies, rather
than in afew, large colonies. Thisnesting
distribution is thought to be related to
their use of inshore feeding areas.

Naked Island, a major breeding site
for guillemots in the Sound, is located 30
km southwest of the grounding site, and
oil was observed on the waters surround-
ing Naked Island between March 29 and
April 19, coinciding with the guiliemot
pre-breeding season. Qil remained on
the beaches of certain Naked Island
guillemot colony sites throughout the
1989 breeding season. Guillemots con-
gregate on beaches at their colonies dur-
ing the breeding season, and guillemots
could therefore have been exposed to oil
during their breeding activities.

To determine whether the spill

affected Naked Island guillemots, we
compared reproductive data collected
during the 1989 and 1990 breeding
seasons and population data collected
during 1989-1992 to data collected using
similar methods during the 1978-1981
breeding seasons (Oakley and Kuletz
1979; Oakley 1981; Eldridge and Kuletz
1980; Kuletz 1981,1983). Wealsocollected
a small sample of guillemots and eggs in
1989 and 1990 for analysis of petroleum
hydrocarbon residues.

The Naked Island area guillemot
population was 25-36% lower in 1989
than in the early 1980s, and the popula-
tion continued to decline through 1992.
In 1992, the population was only 1,016
guillemots; in 1978 and 1979, the popula-
tion had been 1,965 and 2,230 guillemots.
Thus, by 1992, the Naked Island popula-
tion was roughly half its former size.

The Prince William Sound guillemot
population declined by as much as 50%
between 1972 and 1985 (Laing and
Klosiewski in prep.), and the extent to
which the decline we observed at Naked
Island was due to this overall population
decline or to the oil spill is unknown.
However, the most heavily oiled areas
on Naked Island were the areas with the
largest declines in the number of guillem-
otsin1989. A similarresultwasfoundby
Laing and Klosiewski (in prep.) for the
Prince William Sound guillemot popula-
tion as a whole: the guillemot popula-
tion declined by 50% between 1985 and
1989, and the decline was twice as great
in oiled areas as in unoiled areas.




The reproduction of guillemots nest-
ing at Naked Island in 1989 was similar
to previous years. Chronology wasiden-
tical to that in other good weather years.
Adults fed their chicks at similar rates,
and chicks fledged at similar weights.
Based on a small number of nests, hatch-
ing, fledging and nesting success rates
were not significantly different than in
pre-spill years.

Based on oil dosing studies (e.g., Na-
tional Research Council 1985, Nero and
Associates, Inc. 1987, Peakall et al. 1980),
oil from the Exxon Valdez was most likely
to have disrupted guillemot breeding by
delaying egglaying, increasing egg mor-
tality, decreasing hatching success, in-
creasing nest abandonment and slowing
the growth of chicks.

The relative normality of reproduc-
tion in 1989 suggested that the oil spill
did nothaveanegativeeffectonguillemot
reproduction. However, the cryptic na-
ture of guillemot nests decreased our
ability to detect one of the more likely
effects the spill could have had: an in-
creased incidence of unhatched eggs.

The number of active nests at five
intensively-studied colonies increased
from 21 nests in 1989, to 34 nests in 1990,
while the maximum counts of attending
guillemots did not change. This increase
in the number of active nests suggested
that breeding in 1989 was disrupted ei-
ther through decreased hatching success
or because fewer pairs initiated nests.

Oil was found on the surface of
guillemot eggs which failed to hatch in
1989 and 1990, suggesting that the pre-
dicted effect of decreased hatching suc-
cess occurred. The presence of oil on
unhatched eggs during 1990 suggested
thateven though most Naked Island area
beaches had been cleaned, guillemots
were still being exposed to oil one year
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after the spill.

Although the number of active nests
increased in 1990, reproductive success
was poor. Many nests failed due to low
hatching success and predation. The
percentage of schooling fish in chick di-
ets decreased, and chicks grew at slower
rates. The relationship between poor
reproduction in 1990 and the oil spill is
unknown.

Local guillemot population declines
inNorway, Scotland, Denmark and Cali-
fornia have been attributed to oil pollu-
tion. In most cases the populations ap-
pear to have recovered fairly quickly
(Ainley and Lewis 1974, Heubeck and
Richardson 1980, Nettleship and Evans
1985). The relatively large clutch of the
pigeon guillemot, typically two eggs,
gives guillemots the potential to rebuild
their populations faster than most other
alcid species, which generally lay only
one egg.

Identification and protection of im-
portant nesting and feeding areas would
facilitate restoration of guillemot popu-
lations affected by the Exxon Valdez oil
spill. Knowledge of the distribution of
guillemot colonies in the spill area is
incomplete, because surveys specifically
for guillemots have not been conducted,
except at Naked Island. Guillemots nest
at many sites where no other seabirds
nest,and normal colony census practices
only document guillemots breeding at
sites where other seabirds also breed.

An understanding of the causes of
the long-term decline in the Prince Will-
iam Sound guillemot population is re-
quired to properly plan any guillemot
restoration action.
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Quantification of Habitats in Prince William Sound from Landsat
Thematic Mapper Satellite Imagery

Richard Podolsky
GAIA Software

The first goal of this project was to
identify and quantify habitats in West-
ern Prince Willliam Sound, Alaska from
Landsat Thematic Mapper satellite im-
agery. Secondarily the goal was toassess
the feasibility of using satellite imagery
and other remote sensing products to
measure the habitat of Marbled Murrelets
impacted by the Exxon Valdez oil spill.
Here I present detailed habitat informa-
tion on a total of two million acres in the
Exxon Valdez oil spillarea including acre-
age reports of 18 surface features for the
mainland and the eleven principle is-
lands of western Prince William Sound.
I also present full-color thematic maps
for each of these geographicareas as well
as a parcel analysis of forested slopes
near streams, a habitat thought to be
important to Marbled Murrelets and
other Exxon Valdez oil spillimpacted spe-
cies. The Landsat image analyzed was
acquired on August 13, 1986.

This work hasimportantimplications
because satellite imagery represents an
ideal source of data for mapping habitats
over vast wilderness areas such as Prince
William Sound. Because each satellite
image is a single large data set collected
at asinglemoment, amodestinvestment
in ground-truthing a small area, such as
a few thousand acres, allows one to ex-
trapolate the results with a high level of
confidence to the millions of acres con-
tained in the entire image. In rugged
coastal areas such as Prince William

Sound (where field seasons are short,
logistics are expensive and operations
are dangerous), remotely sensed data
provide efficient coverage of vast and
inaccessible areas, thereby reducing the
time, cost, and risk associated with alter-
native methods of field survey.

In the entire study area, forests were
the most abundant habitat, covering 28
percent of theregion. Muskegs were the
second most abundant habitat, covering
20.4 percent of the land area, and snow
fields and glaciers were third at 13 per-
cent. Rock, cloud, alpine and shrub thick-
ets and several other habitat types each
covered under 10 percent of the study
area.

On islands, muskegs covered 25 per-
cent of the land, whereas on the main-
land they covered only 14 percent. For-
ests covered 34 percent of the islands
compared to 19 percent on the mainland.
Twenty-nine percentof themainland was
covered by ice fields and glaciers com-
pared toless than 2 percent for this cover
type on the islands. Sixty-one thousand
acres of forested slopes (17%), a habitat
possibly important to Marbled Murrelets
and other Exxon Valdez oil spill damaged
resources, werefound onislands,as com-
pared to 24,208 acres on the mainland (9
percent). An assessment of the accuracy
of the thematic map produced from the
Landsat data when compared torandom
points on aerial photographs yielded an
accuracy of 91 percent.
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Effects of the Exxon Valdez Oil Spill on Marbled Murrelets

K. J. Kuletz
U. S. Fish and Wildlife Service,

The March 24, 1989 Exxon Valdez oil
spill caused immediate mortality to hun-
dreds of thousands of seabirds. In Prince
William Sound, where the grounding of
the supertanker occurred, marbled
murrelets (Brachyramphus marmoratus)
were 12% of the recovered carcasses, al-
though they were only about 6% of the
seabird population at the time of the spill
(Piatt et al. 1990). In the summer the
marbled murrelet, a small divingalcid, is
the most abundant seabird in Prince
William Sound, and is common through-
out the spill zone. Prince William Sound
and theKodiak Archipelagoarebelieved
to have a high percentage of the marbled
murrelet population occupying U.S. wa-
ters (Mendenhall 1992). The marbled
murrelet is a species of concernin Alaska
and is listed as threatened under the
Endangered Species Act in Washington,
Oregon and California. Following the
Exxon Valdez oil spill, I conducted an
injury assessment study on the marbled
murrelet in 1989 and 1990. Additional
data were collected in 1991 and 1992
during related restoration studies.

The objectives of this study were to
test for differences in murrelet numbers
before and after the spill at selected sites,
provide an index of breeding activity
and test for exposure to petroleum hy-
drocarbons in adult marbled murrelets.
In addition, I synthesized data on
murrelet carcasses recovered following
the spill and on murrelet populations
from other oil spill studies.

To test for changes in local murrelet

populations, I compared pre- and post-
oil murrelet counts onrepeated transects
at Naked Island, located in the center of
Prince William Sound (1978-1980 v. 1989-
1990) and Kachemak Bay in lower Cook
Inlet (1988 v. 1989). Complete shoreline
surveys were also available for Naked,
Storey and Peak islands (1978-1980 v.
1989-1992). As an index of breeding
success, observations of juvenile
murrelets on the water at these sites dur-
ing transects and shoreline surveys be-
tween mid-July and mid-August were
compared between pre- and post-oil
years. To test for petroleum hydrocar-
bon contamination, 28 birds were col-
lected from three locations in Prince Wil-
liam Sound (unoiled, lightly oiled and
heavily oiled sites).

On five mid-bay transects at Naked
Island there were significantly fewer
murreletsin 1989 compared to 1978-1980,
but the number of murrelets on these
same transects in 1990 were comparable
to pre-spill numbers. Shoreline murrelet
counts of Naked, Storey and Peak islands
were also significantly lower in 1989, at
less than 30% of pre-spill counts.
However, the mean of murrelet counts
from 1989-1992 was not significantly
different from pre-spill means, although
the post-spill mean for Naked Island was
only 68% of the pre-spill mean. In
Kachemak Bay, I found no significant
differencein countson transectsbetween
1988 and 1989. Atboth study sites, there
was anegativerelationship betweenboat
oraircraftactivity and murreletnumbers.




During transects and shoreline sur-
veysatNaked Island, significantly fewer
juveniles were counted on the water in
post-oil surveys than were counted in
pre-oil surveys. There was no significant
differenceinjuvenile counts atKachemak
Bay between 1988 and 1989. Birds col-
lected in Prince William Sound in 1989 in
oiled areas showed petroleum residuein
liver tissue, whereas none of the birds
collected at the unoiled site were con-
taminated.

I concluded that in the Naked Istand
complex, a moderately oiled area, the
low numbers of murrelets in nearshore
waters in 1989 was due to disruption of
breeding activity by human disturbance
that year and partly to mortality from the
spill. Based on juvenile counts on the
water, reproductive success was low in
post-oil years, particularly in 1989. The
occurrence of liver contamination in
adults which appeared healthy suggested
that murrelets were contaminated by
eating contaminated prey, which could
have long-term effects on the popula-
tion. There was no evidence of popula-
tion declines or lower reproductive suc-
cess for murrelets at Kachemak Bay,
which was only lightly oiled with weath-
ered crude oil near the mouth of the bay.

The July murrelet population of
Prince William Sound has declined 67%
since the early 1970’s (Laing and
Klosiewski, in prep), but the contribu-
tion of the spill to their decline is uncer-
tain . Most murrelet carcasses were re-
trieved from thelower southwestislands
of Prince William Sound before mid-
April, when many murrelets were mi-
grating into the Sound. The dispersal of
birds to their breeding sites once they
migrated into the Sound, would have
masked any strong association between
low numbers of birds and oiled areas.
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At the time of the spill, marbled
murrelets were probably beginning to
move into nearshore waters of
southcentral Alaska, but the majority of
murrelets would not have reached their
summer breeding locations until early
May. This study found that marbled
murrelet numbers increased throughout
AprilinKachemak Bay and reached sum-
mer concentrations in mid-May. Along
the southern Kenai Peninsula, Vequist
and Nishimoto(1990) documented a30%
increase in murrelets between surveysin
early and late April, and another 78%
increaseby June. Theincreasein murrelet
numbers coincides with their expected
movement into breeding areas.

Murrelets already in the southwest
corner of Prince William Sound or along
the southern Kenai Peninsula would have
been affected by the spill throughout
April, as the oil moved south. Applying
the model derived by Ford etal. (1991} to
carcass counts, I estimated the immedi-
ate mortality of Brachyramphus murrelets
from the spill to be between 10,200 -
22,000 murrelets, with a best approxima-
tion 0f 12,700 - 14,800 murrelets. Because
of their small size and low probability of
carcass beaching and recovery, especially
outside the Sound, I consider this a mini-
mum estimate of direct mortality from
the oil spill.
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Acute and Sublethal Effects of the Exxon Valdez Oil Spill on Harlequins

and Other Seaducks

Samuel M. Patten, Jr.
Alaska Department of Fish and Game

This paper describes effects of the
Exxon Valdez oil spill on seaducks. The
study found that effects arelinked totwo
causes: oiling, both sublethal and direct,
and disturbance. Comparisons are pre-
sented for reproductive rates of Harle-
quin Ducks in oiled and non-oiled areas.

Six species of seaducks commonly
occur in the Exxon Valdez oil spill area:
these are Harlequin Ducks, Barrow’s
Goldeneyes, Common Goldeneyes, Surf
Scoters, Black Scoters, and White-winged
Scoters. These seaducks forage mainly
in invertebrate prey in different areas:
Harlequin Ducks forage mainly in the
upperand middleintertidal zone on small
clams, chitons, limpets, hermit crabs and
blue mussels; goldeneyes and Surf Sco-
ters feed in the lower intertidal and shal-
low subtidal zones on larger blue mus-
sels and snails; White-winged Scoters
forage in deeper water (up to 30 m) on
scallops and clams.

The Harlequin Ducks became the
main focus of this study after the spill
because of their particular susceptibility.
Harlequin Ducks have a population in
the affected area that consists of both
resident and migratory birds. The resi-
dents breed in the spring along forested
streams within a few kilometers of salt-
water; the hensraise young ducklingson
streams but move them to saltwater later
in the summer. All adults molt in se-
cluded bays and lagoons in late summer.
When not occupying nests, Harlequin
Ducks can often be seen roosting on off-
shore rocks.

Non-resident Harlequin Ducks
spending the winter in Prince William
Sound breed elsewhere in Alaska on
mountain streams. They arrive in the
southcentral area in October and depart
inMay. The summer population of resi-
dent Harlequin Ducks in the Prince Wil-
liam Sound oil spill area was estimated
at approximately 2000 individuals.

Allsixspecies of seaducks werein the
path of the spill and suffered varying
degrees of acute mortality. In addition,
by virtue of their nearshorehabitats, they
were chronically exposed by oil remain-
ing in the intertidal by direct contact to
feathersand skin, and internally through
preening and ingestion of contaminated
food (e.g., in blue mussels). This was
especially true of Harlequin Ducks which
forage in the upper intertidal zone where
the greatest amounts of oil remained af-
ter the spill. In addition to direct oil
exposure, Harlequin Ducks also were
effected by the massive clean-up effort of
many beaches in Prince William Sound.
These activities may have temporarily
displaced or disturbed the normal repro-
ductive cycle of this species.

Information on acute mortality came
from countsof birdsin themorgues (Piatt,
1989), and from comparing pre-spill and
post-spill population counts from boat
surveys conducted by the U.S. Fish and
Wildlife Service (see Klosiewski and
Laing, this volume).

The post-spill studies were carried
out to determine if there were sublethal
effects to seaducks, particularly resident
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Harlequin Ducks in Prince William
Sound. For these studies the cil-exposed
ducks in western Prince William Sound
were compared to unexposed popula-
tions in eastern Prince William Sound.
Internal exposure was determined by
analysis of liver for petroleum hydrocar-
bons and bile for hydrocarbon metabo-
lites. Body condition and fat content
weredetermined by examination. Breed-
ing activity was determined by mist-net
collection efforts at the mouths of streams
with potential nesting habitat for Harle-
quin Ducks. Reproductive successin the
two portions of Prince William Sound
was determined by a census of the Sound
shoreline during the late summer for
hens with fledged ducklings.

Collections of Harlequin Ducks were
also carried out during the late-summer
molt period of harlequins when they
could be captured live. The ducks were
released after taking blood samples for
biochemical analysis for oil-induced
steriod changes and fecal samples for
hydrocarbon analysis.

There was significant immediate
mortality of seaducks from the spill. Up
to September 25, 1989, 148 carcasses of
Harlequin Ducks arrived at the U.S. Fish
and Wildlife Service Valdez receiving
station. Applying the estimated 35%
recovery rate of carcasses to this figure
resulted in an estimated total acute loss
of 423 Harlequin Ducks in Prince Will-
iam Sound.

For the other species total recovered
carcasses from all receiving stations in
the spill areas are as follows: 33 Barrow’s
Goldeneyes; 6 Common Goldeneyes; 25
unidentified goldeneyes; 175; Surf Sco-
ters; 132 Black Scoters; 342 White-winged
Scoters; 162 unidentified scoters. No
estimates of total mortality and the pro-
portion of the population in the spill

areas thatthisrepresentshavebeenmade
for these other species.

Harlequin Ducks collected from west-
ern Prince William Sound had indica-
tions of elevated exposure internally to
petroleum hydrocarbons compared to
those collected in eastern Prince William
Sound in 1989. The mean concentration,
for example, of compounds in bile
samples fluorescing at phenanthrene
wavelengths were 56,000 ug g in west-
ern Prince William Sound and 10,030 ug
g in the control area.

Comparison of body condition of
Harlequin Ducks indicate that those in
eastern Prince William Sound were in
much better condition than those in the
western Sound.

Mist netting efforts to capture birds
attending nests on streams in 1991 and
1992 were as follows: in 1991 in eastern
Prince William Sound 12 streams were
netted for 149.5 hours and 23 ducks were
captured, banded and released. Four-
teen breeding hens were radio-tagged
and five nests were located. In 1992 in
eastern Prince William Sound 20 streams
were netted for 485 hours and 44 ducks
werecaptured. Thirty-twobreeding hens
wereradio-tagged. Three new nests were
located.

In 1991 in the western Prince William
Sound oil spill area 16 streams were net-
ted for 132 hours and 0 ducks were cap-
tured. In 1992, 37 streams were netted
for 254 hours. Only 2 ducks were cap-
tured at Hanning Bay on Montague Is-
land on the extreme periphery of the oil
spill area. These two hens were radio-
tagged. One nest was located by radio-
tracking the hen to a site on Hanning
Creek.

Based on mist-netting and observa-
tions of pairs at stream mouths, we esti-
mate that there are an average of 5 pairs



of ducks per nesting stream in eastern
Prince William Sound and O pairs of ducks
per stream in the western Sound oil spill
area. The dataindicate significant differ-
encesin thedistribution of breeding pairs
in the oiled and non-oiled study areas.

The results of late summer shoreline
census for harlequin hens with duck-
lings in 1991 and 1992 were as follows: in
eastern Prince William Sound in 1991,
232 miles of shoreline searched; 16 hens
were sighted with an average brood of
3.4 ducklings. In1992,248 miles of shore-
line were searched; 5 hens were sighted
with an average brood size of 4.0 duck-
lings. A cold, late spring probably re-
duced harlequin productivity in eastern
Prince William Sound in 1992 as it did for
many other waterfowl species in Alaska.

During 1991, 285 miles of shoreline
in the western Prince William Sound oil
spill area and periphery were searched.
Results of the shoretine survey in the oil
spill area per se were the following: a
single harlequin hen with a late brood of
three ducklings was sighted in mid-Sep-
tember in Bay of Isles, Knight Island.
One hen with three ducklings was ob-
served at Johnson Bay on the west side of
Knight Island on the periphery of the oil
spill area. One hen with a brood of four
was observed at Whale Bay in south-
western Prince William Sound. Two
other hens with broods of 3 and 4 duck-
lings were recorded at Hanning Bay,
Montague Island. None of these bays
were oiled.

In western Prince William Sound in
1992, 465.7 miles of shoreline were sur-
veyed in the oil spill area and periphery.
One brood of five was sighted on the
west side of Knight Island near Drier
Bay; and one brood of three was sighted
in Hanning Bay. No other broods were
sighted.
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The prespill data indicate that Harle-
quin Ducksraised ducklings successfully
throughout western Prince William
Sound (Isleib and Kessel, 1973; Oakley
and Kuletz, 1979; Dzinbal, 1982; Isleib,
personal communication). The data col-
lected after the spill indicate that there
was a massive reproductive failure in
Harlequin Ducks.

There appear to be two potential
causes for the reproductive failure of
Harlequin Ducks. One is that oil expo-
sure from contaminated intertidal food
items ingested by the ducks caused ces-
sation of reproduction. The other poten-
tial cause is the effects of human distur-
bance from the massive clean-up of con-
taminated shorelines from 1989 through
1991. Since the reproductive failure con-
tinued in 1992 and disturbance levels
declined each year and stopped in June
1992, disturbance is considered at mosta
secondary contributing factor. We favor
the oil exposure hypothesis, i.e., the ducks
are continuing to ingest contaminated
food.

It has been clearly documented that
the crudeoil spilled from the Exxon Valdez
exposed marine invertebrates such as
blue mussels. We determined that as
many as 45 blue mussel beds retained
significant amounts of Exxon Valdez oil
spill petroleumin western Prince William
Sound in 1992. Blue mussels are a key
prey species for seaducks. As a result of
an investigation of the pathway of oil
exposure, we have proposed that blue
mussels from oiled mussel beds are an
agent of transmission of petroleum
hydrocarbons from theenvironment. The
oilremains trapped beneath byssal thread
mats in anoxic conditions and retains
toxic components. Bicaccumulation in
the food chain has resulted in uptake of
petroleum hydrocarbons by Harlequin
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Ducks over a long period. How long
Harlequin Duckreproductivefailure will
continue is unknown, especially in
consideration of the unweathered Exxon
Valdez oil spill crude oil remaining
beneath mussel beds. Previous studies
have shown that very small single doses
of petroleum exposure, either from
ingestion or by preening oiled feathers,
caused cessation of reproduction in
certain seabirds for up to a year. Birds
fed single doses of petroleum oils also
exhibited altered yolk structure and
reduced hatchability of eggs. Unless
measures are taken to remove oil from
mussel beds, it is possible that a local
extinction of Harlequin Ducks may occur
within the oil spill area.
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Black Oystercatchers in Prince William Sound: Oil Spill Effects on

Reproduction and Behavior
Brian E. Sharp' and Mary Cody?
Ecological Perspectives

2(1.S. Fish and Wildlife Service,

Reproductive success of Black Oys-
tercatchers was studied in Prince Will-
iam Sound at Green Island (oiled) and
MontagueIsland (non-oiled) in 1989 and
1990; Brad Andres, now with U.S. Fish
and Wildlife Service (USFWS} in An-
chorage, obtained additional data at our
study sites and at oiled and non-oiled
sites at Knight Island in 1991. In 1989
fourteen oystercatcher breeding pairs on
Green Island, three on Channel Island,
and 20 on Montague Island were moni-
tored from late May until mid-July. In
1991 the number of nests at Green Island
was 21, anincrease of seven pairs, among
them five pairs that were present in 1989
but either did not attempt to breed or
failed earlier in the season and did not
attempt to re-nest. In 1989 mean hatch-
ing date of chicks in nests on Green Is-
land was six days later than Montague
Island (June 29 vs June 23) (p=.10). Nest-
ing chronology was earlier at Green Is-
land in 1990—most pairs checked had
chicks by June 22—and was earlier at all
Prince William Sound study areasin 1991
(mean hatching date June 18). In 1989
eggs on Green Island were smaller than
on Montague (p<.07). Due to effects of
oiling or disturbance by cleanup crews,
black oystercatchers may have laid
smaller eggs because a higher propor-
tion of earlier clutches failed (second
clutches tend to be smaller), or because
they ingested oil which affected them
physiologically.

Habitat parameters were measured

on meter-square quadrats from high to
low tidelines in oystercatcher feeding
areas in 1989. Oil was present on 91% of
53 transects, on 59% of quadrats within
the transects, and mean percent oil cover
was 23% on plots with measurable oil.
Mussels collected within oystercatcher
feeding territories atGreenIsland in 1989
were severely contaminated with Exxon
Valdez hydrocarbons, and contained as
much as 28 mg oil /g, or 0.3% of mussel
body weight (Jeff Short, personal com-
munication, Nov 1992), but wereat mini-
mum detectable concentrations on
Montague Island. On Green Island,
mortality of blue mussels was signifi-
cantly higher (35% vs 16%. p<.01), mor-
tality of Fucus was higher (78% vs 0%),
and mussels tended to be smaller (33.9 vs
38.2 mm) than on Montague Island. In
1989 adult oystercatchers fed at a signifi-
cantly slower rate on Green Island than
on Montague (1.5 vs 4.2 ingestions per
minute, p<.05), and their feeding bouts
were longer (21 vs 11 minutes).
Hatching success, surprisingly, was
higher at Green Island, the oiled site, in
1989 (73% vs 53% for Montague Island).
Predators were responsible for destroy-
ing a larger proportion of nests on
Montague Island, the non-oiled site.
Oystercatcher hatching success in the
oiled area may have been higher due to
possibly reduced efficacy of mammalian
predation on oil-contaminated shorelines
in 1989. We were surprised that eggs
were not oil-contaminated by incubat-




ing adults. Itis possible that oystercatch-
ers avoided oiled areas, but no data were
collected in either 1989 or 1991 to deter-
mine whether oystercatchers were able
to distinguish between oiled and non-
oiled feeding areas, i.e., whether they fed
innon-oiled areas disproportionately. In
1991, it was found by Andres thatoyster-
catchers tended toremovenon-oiled lim-
pets experimentally presented to them,
in preference to oiled limpets.

In 1989, daily chick mortality was
directly correlated with degree of oiling,
with 6% daily mortality on heavily oiled
teeding territories, 3% on moderately
oiled territories, and no mortality on the
non-oiled control site. Fledging success
was therefore lowered on Green Island
in 1989. It should be noted that what
Alaska Department of Environmental
Conservation officials defined as lightly
oiled had moderate brood reduction ef-
fects. Similarly, moderate oiling, as de-
fined by ADEC, had severe brood reduc-
tion effects in our study.

In 1990 oiling was still pervasive on
“cleaned” shorelines at GreenIsland, and
fewer chicks fledged on heavily oiled
than moderately oiled territories in 1990
(0.5vs 1.1). On 15intertidal transects on
Green Island examined for oil in 1990,
Mary Cody found oil on 41% of quadrats
and on plots which had measurable oil,
the average oil cover was 17% (vs 21% in
1989). On two of eight oystercatcher
feeding territories, average oil cover was
higher in 1990 than in 1989. ADEC data
also indicate that oiling increased on 8 of
17 oystercatcher territories on Green Is-
land from fall, 1989 to spring-summer,
1990. In the Exxon Valdez-affected area,
the known extent of oiled shorelines in-
creased from 1989 to 1990 on the Kenai
Peninsula by 208% and on the Kodiak-
Alaska Peninsula by 189%.
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Observed brood reductions in 1989
may have been caused by the direct oil-
ing of chicks, which are flightless for 35
days. There were two observations of
directly oiled chicks in 1989. Chick mor-
tality was probably also caused by the
effects of ingesting oil in food. As noted
above, mussels were heavily contami-
nated with hydrocarbons in 1989, and
concentrations were probably toxic.

In 1990, Inipol was applied to Green
Island to accelerate biodegradation of
oil. No chicks fledged in bioremediated
areas, compared to a small number
fledged in areas that were oiled only.
Hydrocarbon concentrations in mussels
collected at Green Island in 1990 were
close to minimum detectable concentra-
tions. In 1991 Andres found that chicks
in oiled areas gained significantly less
weight than those on non-oiled sites.
However, this effect was not translated
into lower overall productivity in 1991.

Additional deaths of oystercatchers
dueto the Exxon spill are calculated from
observations of the shoreline density of
oystercatchers, surveys of oiled shore-
lines, and impacts of shoreline oiling on
oystercatchers extrapolated from Prince
William Sound study areas. ADEC esti-
mates of oiled shorelines underestimated
the degree and extent of oiling at Green
Island. At 14 of 16 oystercatcher feeding
territories on Green Island, we found
significant oiling on meter-square quad-
rats, whereas maps generated from cu-
mulative ADEC (overflight) data through
August show oil at only 5. If fall 1989
Walkathon data are added to the cumu-
lative map, the number of oiled territo-
ries increases to 8, though 2 territories
were classified as verylightly oiled where
we found moderate oiling during the
summer. If both fall, 1989 and spring-
summer, 1990 ADEC data are cumula-
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tively added, oil is shown to be present
on 13 of 16 oystercatcher territories,
though by 1990 the ADEC oiling cat-
egory for8of theseis “verylight” whereas
we measured moderate to heavy oiling
in summer, 1989, at those 8 sites.

Data from more intensive USFWS
surveys of Becharof and Kodiak National
Wildlife Refuge shorelines indicate that
ADEC estimates of shoreline oiling were
low for the Kodiak-Alaska Peninsula.
For the Becharof coastline, ADEC shore-
line oiling estimates from fall, 1989, were
7.1% of those conducted by refuge per-
sonnel the previous spring (12.7 km of
oiled shoreline vs 178.2km.). A surveyof
the Kodiak National Wildlife Refuge
coastline by refuge personnelin the sum-
mer of 1989 provided an estimate of
3,146.3 km of shoreline oiled, compared
to122.8kmby ADECin the fall for Alaska
Peninsula-Kodiak Island.

The differences between ADEC data,
ours, and USFWS surveys are probably
due to the facts that (1) the available
ADEC data from the Alaska Peninsula
were collected in the fall; (2) USFWS

examined more shoreline than ADEC

personnel—only 247 km of 11457 km of
the Kodiak-Alaska Peninsula shoreline
were observed by ADEC; (3) in the fall,
ADEC did not revisit some oiled beaches
that were cleaned and officially “signed
off” in the summer; (4) at the time of the
arrival of oil on shore, many beaches
surveyed from the air and appearing
unoiled were in fact oiled when exam-
ined on the ground; and (5) on sandy
beaches oil is quickly buried by sand
deposition after its arrival.

The best available estimates of oiled
shoreline are the cumulative totals of the
aerial surveys conducted by ADEC in
spring and summer for Prince William
Sound and Kenai coasts, though as noted
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they may differ from independent esti-
mates. For Kodiak-Alaska Peninsula,
USFWS we used refuge data. A total of
579, 288, and 3146 km of shoreline were
estimated oiled by the Exxon Valdez in
Prince William Sound, the Kenai Penin-
sula, and Kodiak-Alaska Peninsula Sec-
tors, respectively, for a grand total of
4013 km. Of these, 201 km were heavily
oiled, 282 moderately, 697 lightly, and
2834 very lightly. Hydrocarbon con-
tamination of mussels has been docu-
mented throughout the Exxon Valdez oil
spill-affected area.

Nine black oystercatchers were re-
covered by search crews from all sectors
(Prince William Sound, Kenai Peninsula,
Kodiak Island, and Alaska Peninsula)
and were submitted to the morgue. Us-
ing a recovery rate correction of 7.5%,
120 adult oystercatchers may have been
directly affected by the oil spill. Boat
surveys conducted by USFWS found a
significant reduction in the numbers of
oystercatchers onoiled transectsin Prince
William Sound compared to non-oiled
transects.

Lost production of chicks from these
dead adult birds was estimated at 1290
chicks over the expected life of the adults.

Chick losses from possible breeding
attempts in 1989 were calculated using
an initial brood size of 1.87, which is
derived from a mean clutch size of 2.56
times the mean hatching success of 73%
observed for Green Island in 1989, and
chick losses on lightly oiled and me-
dium-heavily oiled (as defined by ADEC)
of 3% and 6% per day, which result in
overall chick losses of 66% and 89% at
fledging age (35 days). No chick mortal-
ity to oil was assumed for shorelines
classified by ADEC as very lightly oiled,
though data collected from Green Island
in 1989indicated aloss of chicksonshore-



lines where oil cover was 7-10%, the up-
per limit of the ADEC very light cat-
egory. Based on these assumptions, an
estimated 635 chicks were not produced
on shorelines in Prince William Sound,
Kenai Peninsula, and Kodiak-Alaska
Peninsula in 1989. Approximately 6 per-
cent of the potential chick production
along the Guif of Alaska shoreline was
probably lost in 1989.

In 1990, loss of chicks was still occur-
ring at Green Island due to oiling and /or
bioremediation. Indications are that
bioremediation was used on 320 km of
shoreline. Assuming a complete repro-
ductive failure on bioremediated areas,
that most bioremediation occurred in
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Prince William Sound, and a breeding
density of 0.49 pairs of black oystercatch-
ers/km, 157 breeding pairs would not
have raised 293 chicks in 1990. Insofar as
contiruing losses of chicks due to oiling
in 1990 are concerned, it is safe to say
only that on 82.7 km of heavily and mod-
erately oiled shoreline in 1990, the mini-
mum loss of chicks due to oiling, sepa-
rate from bioremediation, was 19,
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Effects of the Exxon Valdez Oil Spill on Black-legged Kittiwakes in

Prince William Sound.

David B. Irons
LL S. Fish and Wildlife Service

Black-legged kittiwakes are the most
abundant colonially nesting seabird in
Prince William Sound. Approximately
40,000 kittiwakes nest at 27 colonies in
theSound. The number of breeding pairs
and reproductive success were moni-
tored at 24 of these colonies from 1984 to
1992. Of these 24 colonies, 10 colonies or
the area adjacent to them were oiled by
the Exxon Valdez oil spill and 14 colonies
were not oiled. The unoiled colonies
were used as a control to determine if the
oil spill had negative effects on the birds
at the oiled colonies.

The number of breeding pairs did not
decline at colonies in the oiled area after
the Exxon Valdezoil spill when compared
to the pre-spill years. Reproductive suc-
cess of kittiwakes (number chicks
fledged /nests built) in 1989 at the oiled
colonies was about one half of what was
expected based on previous years and
the reproductive success of birds at the
unoiled colonies (P = 0.04). From zero
percent to 37 percent of birds at oiled
colonies were observed during June or
July of 1989 with oil on their breast feath-
ers and no birds at unoiled colonies had
oiled breast feathers.

Reproductive success of kittiwakes
at all colonies in Prince William Sound
declined in the post-spill years (1990,
1991, and 1992), compared to the 5 previ-
ous years. The brood size of fledglings
also decreased in the post-spill years
which suggests that there was less food
available during these years (Irons 1992).

Results from contaminant analysis
demonstrated that in 1989 one of ten
birds from oiled colonies had livers that
were contaminated by petroleum hydro-
carbons and a single egg collected in the
oiled area had a contaminated shell. In
1990 none of the five birds collected in
the oiled area were contaminated, but
two of the five had contaminated stom-
ach contents. If this contamination re-
sulted from the oil spill, it suggests that
oil may have persisted at least a year in
the food chain. Only 25 percent of the
birds collected for contaminant analysis
have been analyzed.
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Marine Bird Populations of Prince William Sound, Alaska, Before and

After the Exxon Valdez Oil Spill

K. K. Laing, and S. P. Klosiewski
L. S. Fish and Wildlife Service

We estimated the abundance of ma-
rine birds in Prince William Sound fol-
lowing the Exxon Valdez oil spill, exam-
ined population changes between pre-
spill and post-spill surveys, and com-
pared population trends in oiled zones
of the Sound to trends in unoiled areas.
Data from pre-oil spill boat-based sur-
veys for birds in winter and summer
1972 and 1973 and a summer shoreline
survey in 1984 were compared to data
from this study collected in the winters
and summers of 1989, 1990 and 1991
(Laing and Klosiewski, in prep.).

We counted approximately 100 bird
species on surveys. Population estimates
of 11 species or species groups declined
between 1972/1973 and the years after
the oil spill, including large declines for
loons (Gavia spp.) (»36%), scoters
(Melanittaspp.) (>54%), Arctictern (Sterna
paradisaea) (>78%) and murrelets
(Brachyramphus spp.) (>65%). None of
the species had population estimates in-
crease significantly. Using one-tailed t-
tests, we detected a net population loss
(p<0.05}in theoiled zonerelative to popu-
lation trends in the unoiled zone for pi-
geon guillemot (Cepphus columba) in
March and northwestern crow (Corvus
caurinus) in July, and marginally insig-
nificant (p<0.10) losses for cormorants
(Phalacrocorax spp.), harlequin duck
(Histrionicus histrionicus) and black oys-
tercatcher (Haematopus bachmani).

In shoreline habitats, using the 1984
survey as a baseline, we estimated net
loss in the oiled zone relative to the
unoiled zone; if the 95% confidence in-

terval excluded zero, we concluded a
loss occurred. Outof 18 species or groups
examined in shorelinehabitats, oiled zone
losses were estimated to have occurred
for loons, harlequin duck, scoters, black
oystercatcher, Arctic tern, and mew gull
(Larus canus). These effects were ob-
served in 1990 and 19921, but not in 1989,

We conclude that oiled zone popula-
tions of nearshore species such as harle-
quin duck, black oystercatcher, pigeon
guillemotand northwesterncrow, as well
as several offshore species, declined.
Individual studies on harlequin duck,
black oystercatcher and pigeon guillemot
documented directeffects of oiling which
may explain the population declines
shown here (Andres et al., in prep.;
QOakley and Kuletz, in prep.; Patton in
prep.). In addition, overall population
declines since 1973 of 11 species or spe-
cies groups cause concern.

Statistically rigorous sampling design
has rarely been used to estimate marine
bird populations, and this study served
to demonstrate its feasibility. However,
the real value of using sampling to esti-
mate populations is to illuminate long-
term trends through repeated surveys.
The lack of power of statistical tests in
this study occurred because there were
few baseline or post-spill surveys con-
ducted, and because the baseline sur-
veys occurred years before the oil spill.
We hope that this study will provide
scientists and policy makers with the
impetus to survey populations at fre-
quent intervals using rigorous sampling

design.
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Bioavailability of Residual PAHs From the Exxon Valdez Oil Spill
Gary Shigenaka' and Charles B. Henry, Jr?

! National Oceanic and Atmospheric Administration,

Louisiana State University

Smith Island, located 25 miles south-
west of the Bligh Reef grounding site,
had one of the more heavily impacted
shorelines from the Exxon Valdez spill.
The coast of Smith Island is exposed and
rocky, with boulder/cobble pocket
beaches. Many of these beaches overlie
beds of sand and gravel, and when oil
came ashore it penetrated deeply into
thesubstrate. Despitelarge-scaleremoval
efforts through such means as high-pres-
sure, hot-water washing, chemical
agents, and excavation withheavy equip-
ment, oil remains buried in portions of
some beaches. At these locations, oil
sheens have been observed to leach out
from the substrate each year since the
spill. The purpose of this study was to
assess the extent to which residual poly-
nuclear aromatic hydrocarbons (PAHs)
were available for accumulation by in-
tertidal organisms living at the site, and
to evaluate the physical means by which
organisms were exposed.

Since 1990, National Oceanic and
Atmospheric Administration staff have
sponsored a monitoring effort in Prince
William Sound to evaluate the effects of
both oilingand treatment at selected sites.
Anintegral part of the program has been
chemical hydrocarbon analysis of both
sediments and tissues of intertidal inver-
tebrates found at the sites. In 1990, mus-
sels collected at the Smith Island site
contained the highest concentration of
PAHs of the 23 sites sampled for the
National Oceanic and Atmospheric Ad-
ministration Prince William Sound moni-
toring study, 84 parts per million (dry

weight). Mussel tissue samples from
nearly all other sites contained less than
10 parts per million. The comparatively
high value encountered for Smith Island
mussels was not reflected in results of
hydrocarbon analyses of surface sedi-
ment samples from the site, although
very high concentrations of both total
petroleum hydrocarbons and PAHs have
been consistently found in subsurface
sediments over the period between 1989
to 1992 (Michel and Hayes, 1991; Michel
and Hayes, in preparation).

These conditions at the Smith Island
site resulted in a more detailed study
being implemented at that location for
the 1991 field season. In addition to
standard monitoring analyses of native
mussels and composite sediment
samples, as had been done in 1990, mus-
sels from a nearby sitein Eshamy Bay not
impacted by the oil spill were collected
and subsequently transplanted to two
portions of the Smith Island study area.
These were collected two months later
and analyzed. The results suggested a
rapid and substantial bioaccumulation
of PAHSs, with mussels increasing their
body burden from 0.7 parts per million
in the transplant stock, to 5 and 20 parts
per million after two months. In con-
trast, mussels at the Eshamy Bay donor
site showed a slight decrease in total
hydrocarbon loading over the same pe-
riod of time, to 0.3 parts per million.

In 1992, study activities at Smith Is-
land were further expanded and refined.
Bioavailability and transport of residual
oil were evaluated through analysis of
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PAH concentrations and distributions in
several matrices, induding mussels, an
artificial mussel surrogate, sediment,
water, and oil sheen. “Clean” mussels
were collected from an unimpacted loca-
tion in Prince William Sound (Barnes
Cove, Drier Bay) and transplanted to an
oiled site on the north side of Smith Is-
land, as well as to a site with similar
physical substrate characteristics on the
relatively unimpacted south side. Most
of the mussels were transplanted to the
beaches in small cages placed directly on
the pebble substrate underlying thelarge
rounded cobbles, with cobbles replaced
after deployment. Additionally, an-
chored and buoyed cages were located
just offshore of the intertidal study area
in an attempt to evaluate differences be-
tween intertidal and subtidal conditions.
Half of the deployed mussels were col-
lected after 14 days in the field, and the
remaining half after 52 days.

A new monitoring tool developed by
the National Fisheries Contaminant Re-
search Center of the U.S. Fish and Wild-
life Service was also deployed with the
mussels. These simple devices—
semipermeable membrane devices
(SPMDs)—are essentially polyethylene
envelopes containing triolein lipid, and
are designed to act as bicaccumulation
surrogates through passive uptake of li-
pophilic contaminants such as PAHs
(Huckins et al., 1990). SPMDs, also re-
ferred to as “lipid bags”, were paired
with groups of mussels to evaluateroute
of exposure to the mussels, as SPMDs are
thought to selectively sample the dis-
solved fraction of hydrocarbons. In a
broader perspective, it was hoped that
the experiment would permit some in-
sight as to whether these devices might
realistically be considered for monitor-
ing effects of oil spills.

Aswasthe case with mussels, SPMDs
wereplaced in themiddleintertidal zones
of the target beaches as well as offshore
from the beaches on buoyed deploy-
ments. In addition, to account for pos-
sible atmospheric contribution of PAHs
to the SPMDs in the intertidal zone,
SPMDs were placed in the supratidal
berm where they were exposed only to
air. Half of the deployed SPMDs were
collected after 14 days in the field, and
the remaining half after 52 days.

Some problems were encountered
with physical stability of the SPMD and
mussel deploymentsover the 52-day term
of the study. Dynamic conditions on the
beaches resulted in movement of some
of the cages in which the mussels and
SPMDs were housed, and loss of some
SPMDs. However, stations were essen-
tially intact for the 14-day recovery, and
good results were obtained for those
samples.

Analysis of the 14-day SPMDs
showed a statistically significant uptake
in lipid bags deployed in the intertidal
zone of the oiled north side of theisland,
relative to the unoiled south side. Abso-
lutelevels of hydrocarbons accumulated
in the intertidal SPMDs were, however,
low relative to values measured in mus-
sels in 1990 and 1991: the maximum
summed concentration for target PAHs
was about 1.4 parts per million. Interest-
ingly, the highest accumulation of PAHs
(about double that of the highest inter-
tidal concentration measured) occurred
in the SPMDs deployed on thesupratidal
berm on the north side of Smith Island,
while supratidal SPMDs on the south
side were only slightly elevated above
blanks. Because it is known that SPMDs
are also efficient air samplers, this sug-
gests that volatilization of PAHS contin-
ues to be a pathway for loss of hydrocar-




bons from the buried residual oil that
remains on the north side of the island.

PAH analyses were also performed
on nearshore water, beach sediment in
the immediate vicinity of the mussel and
SPMD deployments, and on sheen ob-
served leaching from the substrate on
falling tides. This information was used
to characterize PAHs in the Smith Island
environment and as a basis for compari-
son to PAH profiles found in the mussels
and SPMDs.

Chemical results were used to evaiu-
ate the extent to which PAHSs had accu-
mulated in mussels and SPMDs, and to
give information on uptake rates. Pat-
terns of PAHSs in sediments, water, and
visible sheen provided a basis for pro-
posing a model of binlooical exnasure.
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We hope thatby providing fundamental
information on residual oil fate,
bioavailability and mechanisms of expo-
sure, this study may facilitate improved
operational guidance on response and
clean-up for future spills.
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Impact of the Exxon Valdez Oil Spill on Intertidal Invertebrates

Throughout the Oil Spill Region

Raymond C. Highsmith!, Susan M. Saupe’, Kenneth O. Coyle!, Tama Rucker’,

Wallace Erickson?
University of Alaska Fairbanks
*Western EcoSystems Technology, Inc.

The Coastal Habitat Injury Assess-
ment Study was initiated to document
and quantify injury to biological re-
sources in shallow subtidal, intertidal
and supratidal (immediately above the
high tide level) habitats impacted by the
Exxon Valdez oil spill. The coast was
divided into three major regions: Prince
William Sound (PWS), Cook Inlet - Kenai
Peninsula (CIK), and Kodiak Island -
Alaska Peninsula (KAP). This report
deals with some of the impacts docu-
mented by the intertidal invertebrate
component. Results for intertidal algae
are presented separately.

The coastline in the above three re-
gions was surveyed by the Alaska Dept.
of Environmental Conservation to deter-
mine the degree of oiling relativetoa GIS
map of shoreline habitat types. Thesites
were classified as heavily, moderately,
lightly or non-oiled; habitat classifica-
tions included sheltered rocky, coarse
textured, exposed rocky, fine textured
and estuarine. Oiled sites wererandomly
selected from each habitat type. A list of
potential control sites for each oiled site
was randomly generated and, through a
ground truthing (verification) process, a
control site was selected from thelistas a
matched site for each oiled site. Control
sitesincluded lightly oiled and non-oiled
locations. Experimental sites included
heavily and moderately oiled locations.
This presentation deals only with shel-
tered rocky and coarse textured habitats.

At each site samples were collected
along six transects (straight lines) per-
pendicular to the water line and evenly
spaced along the beaches. Samples were
collected within each of the first three
meters of vertical drop (MVD) below
mean higher high water along each
transect. Quadrats (sampling squares),
0.1m? wererandomly positioned within
each meter drop and all organisms within
thequadratwereremoved. New transect
lines were established three meters to the
left of the preceding transects on subse-
quent sampling visits; sites weresampled
three to four times between fall of 1989
and summer of 1991. In the laboratory,
organisms were sorted, identified to the
lowest possible taxonomic category,
counted and weighed. Two-tailed t-tests
or two-sample randomized tests were
used to compare abundance and biom-
ass between corresponding matched
pairs of oiled and control sites for each
taxonomic category ateach MVD. Statis-
tical comparisons of abundance and bio-
mass were expanded to all sampled sites
within eachregion, habitattypeand MVD
using Fisher's method (Sokal and Rohlf,
1982); statistical inferences were further
extended to all possible locations within
the universe of a given region, habitat
type and MVD using Stouffer’s method
(Folks, 1984). Potential impact to the
entire community atindividual sites was
examined using k-dominance curves,
Shannon Wiener and Brillouin diversity



indices, and species richness and domi-
nance Simpson indices. Some of the
morenoticeable trends arereported here.

Sites showed varying degrees of im-
pact, probably due to such variables as

the amount of oil, duration of exposure’

and amount of cleaning or
bioremediation. Several sheltered rocky
and coarse textured sites showed abnor-
mal k-dominance curves, suggestive of
siressed communities or communities in
transition. Communities with abnormal
k-dominance curves also had a higher
dominance index, lower diversity index
and lower evenness values. Examina-
tion of individual taxa revealed the fol-
lowing trends.

The most consistent differences in
abundance and biomass between oiled
and control sites in sheltered rocky habi-
tat were observed for mussels, barnacles
and limpets. The mussel, Mytilus edulis,
had significantly higher abundance and
biomass (P < 0.05) on control sites at
MVD 2 and 3 in PWS and CIK during
1990. Comparisons at individual sites
indicate that higher biomass and abun-
dance resulted from unusually strong
recruitment of mussels on control sites.
Differences in Mytilusbiomass and abun-
dance were absent from PWS and lim-
ited to MVD 3 in CIK by 1991, possibly
due to higher mortality of recruits on
control sites, as indicated by the pres-
ence of larger individuals on control and
oiled sites in both regions in 1991.

The barnacle Chthamalus dalli had
higher abundance and biomass on oiled
sites in PWS and CIK, particularly at
MVD 2 and 3 in 1991 (P < 0.05). Abun-
dance and biomass data indicate unusu-
ally high settlement on oiled sites, possi-
bly due to greater amounts of free space
created by cleaning and oil-related mor-
tality of space competitors. Abundance
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and biomass of the limpet Tectura persona
was significantly higher on control sites
at MVD 1 in PWS during both 1990 and
1991 (P <0.05). Limpets can impactalgae
and barnacle recruitment by grazing
down or bulldozing newly settled indi-
viduals.

Barnacle populations were much
lower in coarse textured habitats; the
dominant organisms inciuded mussels,
littorines (organisms living between
high- and low-water marks) and oli-
gochaetes (worms). Themajortrendsare
the following:

Mussel abundance and biomass
showed similar trends in coarse textured
habitats in PWS as occurred in sheltered
rocky habitats. Significantly lower abun-
dance and biomass on oiled sites at MVD
11in 1990 (p < 0.001) apparently resulted
from substantial mortality. Recruitment
to MVD 1 on oiled sites in 1991 reduced
the differences between oiled and con-
trol sites. Significantly higher mussel
abundance on control sitesatMVD 2and
3 was apparently due to higher recruit-
ment on control sites in both years. Asin
sheltered rocky habitats, elevated abun-
dance on control sites was not accompa-
nied by elevated biomass in 1991; these
trends were apparently caused by higher
growth rates on oiled sites and some-
what high loss rates of larger mussels on
control sites. Mussels were present in
low abundance on most coarse-textured
matched pairs in CIK; statistical trends
were moderate to weak or absent.

Littorineabundance was significantly
higher oncontrolsitesatallMVDinPWS
during 1990, but biomass was signifi-
cantly higher on control sites only at
MVD 1 (p < 0.01). Littorine populations
increased by 3-5 times between 1990 and
1991 on three of the four oiled beaches,
thus eliminating statistical differences at



MVD 1 and 3. Substantial increases in
abundance of both Littorinasitkanaand L.
scutulata occurred, however, recruitment
of L. scutulata was higher, particularly at
MVD 3. Elevated abundance on control
sites at MVD 2in 1991 was due primarily
to small individuals; biomass was sig-
nificantly higher at MVD 2 on oiled sites
(p < 0.01). Littorine populations were
much lower in CIK and distinct trends
were absent.

Oligochaete abundance was similar
on control sites in both PWS and CIK,
however, abundance was up to ten times
higher on oiled sites in CIK than on con-
trol sites in 1990. There were substantial
increases in abundancebetween 1990and
1991 on oiled sites, thus suggesting con-
tinued impact as oligochaetes appear to
benefit from oiling, particularly at MVD
3 in both regions.

Two of the most heavily stressed
coarse-textured sites were Chugach Bay
on theKenai Peninsula and Snug Harbor
in Prince William Sound. Both sites had
an unusually high dominance by one or
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two taxa. The total abundance of all
animals in Chugach Bay atMVD 2 and 3
was 3752 - 4450 individuals per quadrat,
over 90% of which were oligochaetes in
1990. The population at MVD 2 was still
dominated by oligochaetes in 1991; the
population at MVD 3 was dominated by
oligochaetes and platyhelminths (flat-
tened worms). The population in Snug
Harbor was dominated by amphipods
(crustaceans) and oligochaetes during
1990; oligochaetes continued to domi-
nate the population at MVD 1 in 1991,
but more diverse populations, similar to
control sites, had begun to develop at
MVD 2 and MVD 3. Thus, some areas
were stressed or still undergoing recov-
ery by the last sampling period in 1991.
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Coastal Habitat Injury Assessment: Intertidal Algal Communities
Michael S. Stekoll!, Lawrence Deysher?, Zhanyang Guo?
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The Coastal Habitat Injury Assess-
ment program, part of the Natural Re-
source Damage Assessment plan, inves-
tigated the effects of the Exxon Valdez oil
spill on the biota of the subtidal, inter-
tidal, and supratidal habitats from Prince
William Sound to the Alaskan Penin-
sula. Here we report the results of a
study on the effects of the Exxon Valdez
oil spill on the intertidal algal communi-
ties.

A random stratified experimental
design was used to compare data from
matched pairs of oiled and control sites
in several different habitats in the three
main areas of the spill: Prince William
Sound, the Cook Inlet and Kenai Penin-
sula area (CIK), and the area including
Kodiak Island and the Alaskan Penin-
sula (KAP). Each area was stratified by
beach type: sheltered rocky, coarse tex-
tured, exposed rocky, and estuarine.
Oiled sites were selected randomly from
information made available from other
agencies (Sundberg et al., 1993). Control
sites were selected to match each oiled
site using physical criteria such as beach
slope, aspect, beach texture, and wave
exposure. The overall statistical design
was to compare data sets within site pairs
and then to compare across all sites of
one habitat from an area.

Sites were sampled during the field
seasonsin 1989 (latesummer), 1990 (early
summer, late summer) and 1991 (early
summer, mid summer). Most sites had
six randomly selected vertical transects
with 3 quadrats (either 20 cm x 50 or 40
cm x 50 cm) located randomly within the

first, second, and third meter drop(MVD)
from the high water mark. Percent cover
of algal taxa was determined in 1991
from a 40- or 80- point grid in undis-
turbed (control) quadrats, quadrats
cleared of all overstory algae, and quad-
rats scraped bare. Algae from scraped
quadrats at all sampling times were pre-
served in formalin then sorted and
weighed in the laboratory. '
Becausein all areas the most common
alga, especially in the oil-affected upper
intertidal, was the rockweed Fucus
gardneri Silva, we performed several
measurements on collected Fucus speci-
mens to better ascertain potential dam-
age to the population. In the field fertile
receptacles were collected fromrandomly
selected Fucus plants to determine the
viability of released eggs. Fucus plants
collected in cleared quadrats were mea-
sured for a variety of attributesincluding
plant length, number and maturity of
receptacles, and occurrence of damaged
fronds, epiphytes, and regeneration.
Each data set was analyzed by site
pair comparisons. Percent data were
arcsine-square root transformed and
tested for differences by Student’s t-test.
Fucus attributes were tested using either
t-testsorarandomization test developed
by WEST, Inc., Cheyenne, WY, from the
two-sample randomization test algo-
rithms by Manly (1990). Plate data were
tested with a Fisher's exact test (Sokal
and Rohlf, 1981). Overall tests of signifi-
cance were tested with both a Fisher’s
combined test (Sokal and Rohlf, 1981)
and by using Stouffer’s consensus test
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(Rice, 1990). In the discussion below all
pairs of values are reported with the
control value first, followed by the value
from the oiled sites, and all p-values
were calculated from the Fisher's com-
bined test.

An overview of the data shows that
in most habitats in the 3 areas Fucus
showed significant differences between
the control and oiled sites. However,
each meter drop, each habitat, and each
area had different patterns.

For the Prince William Sound area
Fucus percent cover wassignificantly less
at oiled sites in all habitats in 1991, more
than 2 years after the spill. This pattern
was found in the upper MVD in exposed
rocky sites, in the upper 2MVD's in both
sheltered rocky and estuarine sites and
atall 3MVD’sin coarse textured beaches.
For example, in sheltered rocky sites Fu-
cus covered 28.4% of the area in controls,
butonly 11.3% in the oiled sites (p < 0.01)
in late summer 1991.

In the CIK area Fucus coverage gener-
ally showed more differences between
oiled and control sites later in the sum-
mer in 1991. In sheltered rocky sites
there was greater coverage of Fucus in
controls (30.7% vs. 14.0%, p < 0.01) in the
upper intertidal (1 MVD) but less cover-
age (16.4 vs. 37.2%, p < 0.01) 2 m lower
(3MVD). In coarse textured beaches
Fucus coverage was not significantly dif-
ferent at any tide level in 1991. In estua-
rine sites there was greater coverage of
Fucus in the upper 2 meters, but less
coverage in the lower intertidal at con-
trol beaches.

The general pattern of more coverage
by Fucus in control sites was repeated in
the KAP area in the upper intertidal in
sheltered rocky sites, and atalltidelevels
in coarse textured sites.

The lower coverage of Fucus in oiled

sheltered rocky and coarse textured habi-
tats was complemented by thelower bio-
mass of Fucus in the oiled sites in 1991.
Fucus biomass averaged 1.2 kg m? in
controls and only 0.36 kg m?(p < 0.05) at
oiled sites in the upper intertidal shel-
tered rocky habitats in Prince William
Sound. In coarse textured sites the dif-
ferences were significant in the lower
intertidal (3 MVD) zone (0.62 vs. 0.28
kg m?, p <0.05).

Data from oiled sites indicate that the
Fucus plants present in those sites were
not as reproductive as those in control
sites and suffered from a higher level of
epiphyte infestation. The average Fucus
plant at oiled sites at the second MVD
waslonger (2.5 vs. 4.4 cm, p <0.05) dueto
the absence of smaller plants at the oiled
sites. In the upper intertidal in oiled sites
the Fucus plants had fewer receptacles
(860 vs. 36 m?, p<0.01), fewer receptacles
per mature plant (16.5 vs. 9.2, p < 0.05),
and a lower reproductive index. How-
ever, egg viability was not significantly
different between plants from control
and oiled sites. Fucus from oiled areas
had more adult plants with attached epi-
phytes (10% vs. 54%, p < 0.01) with a
greater percentage of the area of each
plant covered.

Because of the dominance of Fucusin
the upper intertidal zones, the values for
coverage of total algae and of perennials
co-varies with the values for Fucus. The
patterns for annuals and ephemerals
varied with respect to the habitat and
tide level. In Prince William Sound an-
nuals and ephemerals were significantly
greater in oiled sites with respect to both
biomass and percent cover inrocky habi-
tats in the upper intertidal in 1990 and
early in 1991. By the end of the summer
in 1991, there were no significant differ-
ences in these variables. In coarse tex-



tured sites there were initially no differ-
ences in annual and ephemeral cover-
age, except at the 3MVD where coverage
was higher in control sites. This pattern
was retained through the end of the field
season in 1991 in Prince William Sound.
Estuaries in Prince William Sound had
greater coverage of annuals and ephem-
erals in controls in early summer of 1991,
but there were no differences by late
summer.

The percent cover by ephemeral and
annual algae in CIK in sheltered rocky
and estuarine sites was similar to the
trend in Prince William Sound but the
differences between oiled and control
sites persisted to thelast visitin 1991. In
coarse textured sites there were no dif-
ferences in the cover of annuals and
ephemerals in CIK between oiled and
control sites, except for the last visit in
1991 at the 3 MVD where there was a
slight trend for more annuals at oiled
sites,

The KAP area had no significant dif-
ferences between control and oiled sites
with respect to coverage by annuals and
ephemerals atany MVD atany habitatin
1991.

Other algae had varying responses to
the oiling. Green algae that appeared to
be adversely affected by the oiling and /
or subsequent beach treatment (that is,
those with percent cover values signifi-
cantly lower in oiled sites) were bladed
greensinall estuarinebeaches, Cladophora
in sheltered rocky sitesin Prince William
Sound, and Acrosiphonia in sheltered
rocky sites in CIK. Coverage by filamen-
tous browns was less in oiled coarse tex-
tured beaches in Prince William Sound
and in oiled estuarine sites in Prince
William Sound and CIK. Plants identi-
fied as Myelophycus/ Scytosiphon had
lower coverage in Prince William Sound
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sheltered rocky oiled sites. Red algae
that had lower coverage in oiled sites
were Halosaccion, Endocladia/Caulocan-
thus, Odonthalia , Palmaria, and Polysipho-
nia in sheltered rocky sites in CIK,
Gloiopeltis in sheltered rocky sites in
Prince William Sound, Cryptosiphonia in
exposed rocky habitats in Prince William
Sound, and Neorhodomela in both exposed
rocky sites in Prince William Sound and
sheltered rocky sites in CIK.

A few algal taxa had greater coverage
in the oiled sites than the controls. Mem-
bers of the Gigartinaceae family had en-
hanced coverage in exposed rocky sites
in Prince William Sound and in sheltered
rocky sitesin CIKand KAP. Brownalgae
that followed a similar pattern were
Muyelophycus / Scytosiphon in exposed
rocky sites in Prince William Sound and
filamentous browns in coarse textured
beaches in CIK. In the red algae,
Gloiopeltis had more coverage in oiled
sheltered rocky beaches in CIK as did
Palmaria in oiled exposed rocky beaches
in Prince William Sound. Cryptosiphonia
and Odonthalia had higher percent cover
in oiled sheltered rocky habitats in KAP.

The Cook Inlet/Kenai area had the
highestnumber of significant differences
between oiled and control site pairs in
the algal percent cover data. Most of
these differences occurred at the shel-
tered rocky beaches. TheKodiak/Alaska
Peninsula area had few significant dif-
ferences, but many of the taxa that did
show differences exhibited higher cov-
erage in oiled sites. All areas had signifi-
cant differences in the amount of
uncolonized substrate. There was sig-
nificantly more bare rock at oiled sites in
all habitats at most tidelevels in the three
areas.

The perennial alga Fucus was the spe-
cies most obviously affected by the Exxon
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Valdez oil spill, especially in the upper
intertidal. Asof theend of the summerin
1991 coverage by Fucus was still signifi-
cantly less in most oiled beaches. Our
data indicate that recovery will be lim-
ited by the few mature plants in the area
since the dispersal of Fucus zygotes is
restricted to an effective diameter of 1 to
2 m (McConnaughey, 1985). The pres-
ence of a protective canopy is probably
also a factor in enhancing the survival of
Fucus germlings (van Tamelen and
Stekoll, 1993). The length of time for the
upper intertidal populations of Fucus to
recover to the level of the control sites is
unknown at present, but will be a func-
tion of the rate of dispersal from nearby
Fucus beds.
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Damage and Recovery Rates of Fucus in Herring Bay, Knight Island
Peter G. van Tamelen and Micheal S. Stekoll

University of Alaska Fairbanks

The brown alga Fucus gardneri is the
most abundant intertidal seaweed in
Herring Bay, Knight Island, Prince Will-
iam Sound, comprising up to 90% of the
total algal biomass. The abundance of
this plant and its simple and observable
life cycle allowed detailed observations
and experiments to be carried out re-
garding the consequences of the Exxon
Valdez oil spill. Much of Herring Bay was
heavily oiled, and a variety of clean-up
technologies were performed through-
out the bay. However, the southeastarm
of the bay received little or no oil, allow-
ing comparisons of oiled and unoiled
areas within the same bay. Over three
field seasons, 1990-92, we were able to
quantify the damage done by the oil spill
and associated clean-up to Fucus popu-
lations in Herring Bay. Using a variety of
experimental techniques we also deter-
mined some of the factors influencing
recovery of Fucus populations.

Five pairs of oiled and control sites
were monitored, but for brevity and clar-
ity we will report only the results from
one representative pair of sites. The pair
we will consider are two sheltered rocky
sites. The oiled site was heavily oiled
and probably received high pressure-
hot water clean-up treatment. To assess
damage to Fucus populations and assess
recovery rates, we monitored 18 perma-
nent plots (20x50 ¢m) at each oiled and
control site. There were six randomly
located plots in each of three tidal levels.
Sampling consisted of estimating per-
cent cover of all sessile organisms using
a systematic point contact method. All

Fucus plants were then measured, and, if
they were reproductive, the number of
receptacles and stage of development
were recorded.

In the upperintertidal, Fucus covered

-about 50% of the area at the control site,

while at the oiled site Fucus cover was
initially about 10%, increasing to about
20% in 1992. None of these differences
were statistically significant due to the
high variability in the data. In the mid
intertidal, initially 80% of the area was
occupied by Fucus at the control site,
compared to 20% at the oiled site. By
1992 these significant differences had
converged and were no longer statisti-
cally different. The percent cover of
ephemeral algae was greater at the oiled
site compared to the control. In the mid
intertidal, about 20% of the area was
initially covered by ephemeral algae,
declining toalmostnonein1991. Ephem-
eral algae were always scarce at the con-
trol site in the mid intertidal. In the low
intertidal, ephemeral algae wereinitially
more than twice as abundant at the oiled
site compared to the control site, but this
difference disappeared in 1991.

The differences in the percent cover
of Fucus can be attributed to lower densi-
ties of large plants (>10 cm) and repro-
ductive plants at the oiled site. In 1990
and 1991 large plants were almost non-
existent at the oiled site in the upper and
mid intertidal. At the control site there
were about 5 large plants per quadrat in
the upper intertidal and 5-20 in the mid
intertidal. In 1992, there were no signifi-
cant differences between the oiled and
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control sitesin thenumber of large plants,
but the upper intertidal recovery is not
apparent. There were also few repro-
ductive plants at the oiled site in the
upper and mid intertidal. At the control
site there were about 5 reproductive
plants per quadrat at the same two tidal
levels.

At the oiled site in the mid intertidal
there were more germlings in late 1990
and early 1991. In 1991, there were more
small plants and in 1992 there were more
medium plants at the oiled site. This
year class of plants probably settled the
summer after the oil spill in 1989 and
have grown into new size classes over
theyears, increasing the number of plants
in subsequently larger size classes. It
seems that recovery of Fucus in the mid
intertidal is proceeding.

In order to assess the ability of Fucus
to recolonize damaged sites the settle-
ment rate of Fucus eggs was estimated.
The relative number of Fucus eggs land-
ing on oiled and control beaches was
assessed by placing four Plexiglass plates
designed to trap Fucus eggs at each of
three tidal levels. By scoring the plates
with a utility knife, grooves just wider
than the diameter of a Fucus egg were
made, Fucus eggs settle on the plates,
concentrating in thegrooves. These plates
were left in the field for 24 hours after
which the number of eggs on each plate
was counted under a dissecting micro-
scope. The 24 hour cycle was repeated
for three consecutive days. These obser-
vations were performed three times in
the summer of 1992. The distance to the
nearest fertile Fucus plant was measured
during all three sampling periods

There were almost no eggs collected
by the egg catcher plates at the oiled sites
throughout the summer. At the control
sites egg counts averaged up to 800 eggs

per plate per day. This difference in
settlement rate can be explained in part
by thelow density of reproductive plants
at oiled sites. The distance to the nearest
fertile Fucus plant, which is inversely
related to density, was about four times
as great in oiled areas.

To assess Fucus recruitment and
germling survival, unglazed ceramic
plates were made and deployed in the
field. These plates were made with
grooves of three widths and two depths.
Half of the plates were seeded in the lab
with Fucus eggs, and the germlings were
grown for a month before deployment.
Four plates were placed at each of two
tidal levels at three ciled and three con-
trol sites. After 2 months the number of
germlings in each groove was recorded.
Areas not in grooves on the plates were
also monitored.

Seeded germlings only survived in
the grooves of the ceramic tiles, and re-
cruitment only occurred in the grooves.
The widest, shallow grooves provided
little protection for germlings from detri-
mental conditions. The narrowest
grooves wereslightly smaller than Fucus
eggs and Fucus did not recruit well to
these grooves. Medium-width grooves
and deep, wide grooves provided good
habitats for young Fucus plants.

Experiments performed in 1991 us-
ing petri dishes instead of ceramic plates
showed that germlings usually did not
survive more than 1 month on flat sur-
faces. Todetermine possible mechanisms
of this high mortality, the survival, esti-
mated percent cover, of these germlings
was compared to the desiccation rate at
the site of the petri dishes. Also, four of
these dishes were experimentally ex-
posed to whiplash from adult plants.
Desiccation rates were greater at oiled
sites, and desiccation was negatively cor-




related with percent cover of seeded
germlings in petri dishes. Where desic-
cation was greater, Fucus germlings were
less abundant due to higher mortality.
Adult Fucus canopy can lower desicca-
tion stress, potentially enhancing
germling survival. However, when
germlings on plates were placed under
Fucus canopy without herbivores and in
constant contact with the ocean, very
tew germlings survived after 2 weeks.
Whiplash from the adult plants removed
the germlings from the substrate. By
providing a refuge from desiccation and
whiplash from adult plants, cracks and
crevices in the substrate seem to greatly
enhance germling survival.

The growthrates of established Fucus
plants were determined by marking ran-
domly chosen individual plants in each
of three size categories at three tidal lev-
els. The size categories were 2.0-4.5 cm,
5.0-9.5 cm, and >10 cm. These plants
were measured to the nearest 0.5 cm in
spring 1991, fall 1991, and summer 1992.
New plants were tagged when mortality
or loss of tags occurred.

In the upper intertidal in oiled areas
Fucusplantsinall size classes grew about
twice as fastas plantsin control sites over
a period of 1 year. In the mid intertidal
only large plants grew faster in the oiled
areas. This indicates that once Fucus
plants become established in oiled areas
recovery may proceed rapidly.

Results from our experiments and
observations showed that large Fucus
plants in the upper and mid intertidal
showed lower densities in oiled sites com-
pared to control sites. Fewer large plants
created less cover of Fucus and more
open space for ephemeral algae to colo-
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nize. Ephemeral algae showed greater
abundances up to2 years after the spill at
oiled sites. Since reproductive Fucus
plants are usually atleast 10 cm inlength,
fewer large plants meant lower densities
of reproductive Fucusat oiled sites. Since
Fucus eggs have limited dispersal, the
lack of reproductive plants has led to
observed lower Fucus egg settlement at
oiled sites. Heterogeneity in settlement
substrata was required at both oiled and
control sites for recruitment of settled
eggsintothe Fucus populations. Atoiled
sites, cracks and crevices reduce the ef-
fects of heat and desiccation, while at
control sites, whiplash from aduit plants
was ameliorated by cracks. Thus, sur-
face heterogeneity is almost essential for
Fucustorecruitintodamaged and unoiled
areas. New recruits in upper zones of
oiled areas were confined to relatively
deep cracks in the rock surface, and ca-
sual observations revealed that almost
all Fucus plants are found to be attached
in cracks.

Due to low settlement rates and se-
vere environmental conditions recruit-
ment of Fucus into areas severely dam-
aged by the oil spill and associated clean-
up efforts, particularly the upper inter-
tidal, has been minimal. In areas with
less harsh conditions, mid and low inter-
tidal zones, Fucus has recruited abun-
dantly. Once recruited to a damaged
area Fucus plants grow faster due to re-
duced intraspecific competition since few
plants remain at oiled sites, especially if
those sites were heavily cleaned. Thus,
where recruitment has occurred, recov-
ery of Fucus populations is proceeding
rapidly. However, where Fucus recruit-
ment is low, recovery has been slow.
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Meiofaunal Recolonization Experiment with Oiled Sediments; The

Harpacticoid Copepod Assemblage
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'Louisiana State University
*Untversity of Alaska Fairbanks
*National Oceanic and Atmospheric Administration

To gain insight into the effects of the
Exxon Valdez oil spill on the meiobenthos
(small organisms living on the ocean
floor) of Prince William Sound, Prudhoe
Bay crude oil was used in a colonization
study initiated in 1990. Sediment, col-
lected near Juneau, Alaska, was repeat-
edly frozen and thawed, washed with
freshwater and sieved through 2 and
0.417 mm screens to kill and remove
meiofauna. Prudhoe Bay crude oil was
added and mixed into this azoic sedi-
ment to reach concentrations of 0.5 and
1.7% crude oil. The resulting mixture
was added to replicated colonization
trays (13 x 28 x 33 cm). Non-oiled azoic
sediments wereadded toadditional trays.
Triplicate trays of all treatments were
placed flush with the sediment surface
on beach transectsina randomized block
design near mean low water (-0.6 m) in
Herring Bay (a cove that was heavily
oiled from the Exxon Valdez spill), Prince
William Sound. Trays were sampled by
coring ondays 0, 1,2 and 29. Cores were
also collected from nearby undisturbed
ambient sediments on each collection
date, including Day 0, to quantify the
colonizing source pool. Here, we report
on an analysis of the harpacticoid cope-
pod specdies from these collections.

Collections of meiofauna taken from
azoic sediment prior to placement in the
field (Day 0) suggested that although
meiofauna were killed, decomposition
was incomplete. Copepods, with chiti-

nous cuticles, were especially resistant.
Residual copepods in our colonization
samples were identified by observation
of the condition of the setae of various
appendages, with particular attention
given to the caudal setae; a large number
of broken setae indicated to us that these
individuals were dead when collected.
Most copepods with broken caudal setae
showed signs of decomposition includ-
ing ruptured cuticles, partially decom-
posed flesh and a dense detrital coating
over the body. All copepods were re-
corded as “dead” or “alive” at the time of
collection based on this observation.
Generally, the number of “dead” copep-
ods was roughly equal in all experimen-
tal treatments (high, low and control) on
all collection dates. An ANOVA con-
ducted on data from Day 29 did not
identify an oiled treatment effect sug-
gesting that dead copepods wereresidu-
als in all treatments including the con-
trols, and that the density of “dead” cope-
pods was not related to oil-induced mor-
tality. Dead copepods wererarein ambi-
ent sediments.

Harpacticoids were diverse with > 40
species encountered. Thedensity of cope-
pods increased in ambient sediments
throughout the collection period. High-~
est densities of copepods in colonization
trays were also observed in Day 29 col-
lections. Species analysis indicated that
sediments and colonization trays were
occupied primarily by copepods associ-




ated with surrounding eel-grass and al-
gal-mat habitats. Most species displayed
strongly prehensile first legs, belonging
to families associated with a phytal
lifestyle. Day 1 and 2 collections demon-
strated that colonization was generally
rapid (mean densities in trays were simi-
lar to those from ambient sediment col-
lections). Nosingle species or succession
of species accounted for the rapid coloni-
zation; instead colonists belonged to a
large number of taxa each found in rather
low densities.

A two-way ANOVA was conducted
as a randomized block (tray replication
was blocked) design. ANOVA treat-
ments were collectionday (1,20r29) and
oil treatment (control, 0% oil, low, 0.5%
oil or high, 1.7% oil). Tests were per-
formed on the total living copepods,
unidentified copepodites, and the five
most abundant species, two of which
were in the Family Diosaccidae, and one
each in the Families Canthocamptidae,
Laophonitidae and Ectinosomatidae.
Collection day effects were significant in
all taxa tested reflecting the increase in
abundances from Days 1-29 (density in
ambient collections increased for the
same time). A treatment effect was ob-
served in total copepods, and species
designated Canthocamptus sp. and
Ectinosomatidae sp. 1. For total copep-
ods and Canthocamptus sp., Tukey’s
Studentized Range Test indicated that
densities in control and low-oiled sedi-
ments did not differ, but that densities in
high-oiled sediments were significantly
lower than other treatments. For
Ectinosomatidae sp. 1, means were sig-
nificantly different in all experimental
treatments, but densities in control sedi-
ments were significantly higher than in
low-oiled treatments and, in turn, densi-
ties in low-oiled were significantly higher
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than in high-oiled treatments. Our data
suggest that differences in colonization
rate (either immigration or emigration),
rather than oil-induced mortality, were
the cause of this difference.

Detrended correspondence analysis
was conducted to determine if an oiling
effect influenced the copepod assem-
blage. Results indicate that two axes
comprised > 70% of the variance. Axis
one contained relatively high levels of
variation, with values approaching two
standard deviations overall (four indi-
cates completefaunal turnover). Allnatu-
ral samples separated from experimentals
on axis one and clustered near to each
other indicating that experimental trays
could be distinguished from the sur-
rounding sediments in species composi-
tion on all collections. Other collections
were separated on axes 2 with only 1
standard deviation of faunal turnover.
Day 1 and 2 low- and high-oiled treat-
ments clustered together as did control,
low- and high-oiled sediments from Day
29. Control Day 1 collections were inter-
mediate. Results therefore indicate that
an oiling effect was present on Days 1
and 2, but no difference between control
and oiled sediments was apparent by
Day 29. Species diversity and evenness
were similar in all treatments, suggest-
ing that were no oil-related effect on the
number of species colonizing the experi-
mental trays.

Knowledge of the ability of organ-
isms to recolonize an area following an
oil spill is vital to understanding the
impact of such spills. The response of
benthic animals to hydrocarbons varies
(Fleeger and Chandler, 1983; Coull and
Palmer, 1984; Coull and Chandler, 1992).
A combination of effects on mortality,
reproduction and migration may all con-
tribute to observed changes in density.
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Our data suggest that copepods have
the ability to recolonize azoic sediments
over small spatial scales (many cm?
quickly following the addition of hydro-
carbons (see also Alongi et al., 1983;
Decker and Fleeger, 1984). Meiofauna
areknown tobe active colonizers through
the water column, especially in muddy
sediments (Chandler and Fleeger, 1983;
Palmer, 1988), and many individuals
colonized our experimental trays after
one day, even in highly-oil sediments.

However, hydrocarbons, especially
at high concentrations, altered coloniz-
ing ability. The abundance of two indi-
vidual species and total copepods was
significantly depressed at high-oil dos-
ages. The effect was short-lived how-
ever, as a influence of high-oil dosages
on community structure was apparent
on Days 1 and 2 of the experiment, but
not identifiable after 29 days.

We could identify nostrong evidence
for oil-induced mortality in our coloni-
zation trays; the number of “dead” cope-
pods was not different in oiled- com-
pared to non-oiled trays on any collec-
tion. Copepods may have avoided the
oil-enriched trays or they may have emi-
grated from the trays at faster rates. Re-
centdata suggest thatcopepods thathave
entered the water column have the abil-
ity to select specific locations to colonize
(Fegley, 1988; Sun and Fleeger unpub-
lished data), but only under low flow
conditions.

Emigrationrates could alsohavebeen
affected by hydrocarbons. Copepods
under high-oil conditions may display
different behaviors; they may have ac-
tively emigrated by swimming into the
water column or passively emigrated by

allowing themselves to be carried away
by tidal currents.

In summary, abundance data col-
lected after an oil spill cannot alone de-
termine if migration or birth and death
processes are responsible for changes in
density. Ourdata suggestthatmeiofauna
are rapid colonizers, but at high doses of
oil, colonization rates are significantly
reduced. Better information on thesource
pool of immigrating copepods is needed
to help interpret density changes in a
givenlocale after a spill of the magnitude
of the Exxon Valdez.
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Influence of the Exxon Valdez Oil Spill on Intertidal Algae: Tests of

the Effect of Residual Oil on Algal Colonization
P. Bruce Duncan’, Anthony-J. Hooten?, Ray C. Highsmith?®
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Following the Exxon Valdez oil spillin
1989, we began to study the effects of
stranded oil onalgal colonizationinrocky
intertidal communities in Prince Will-
iam Sound. This knowledge is critical
because (1) algae are extremely impor-
tant structurally and functionally to in-
tertidal communities; (2) there appears
to be a predictable succession of organ-
isms following a spill, and enhancement
of the early phases could reduce the time
to recovery; (3) there is evidence that oil
inhibits algal growth (Straughan, 1971);
and (4) there is evidence that cleanup
measures on rocky shores might even
delay recovery, if their biotic effects are
as harmful as those of the oil (Thomas,
1978; Foster et al., 1990). As part of
recovery fromaspill, succession on oiled
substrates can differ from natural suc-
cession, duetoresidual toxicity of theoil,
large scale mortality that reduces avail-
able propagules, and loss of herbivores
(Southward and Southward, 1978). We
were particularly interested in whether
normal mechanisms of colonization were
affected by thestranded Exxon Valdez oil,
so we examined the initial stages of a
succession, the settlement, growth, and
early survivorship of algae.

Rocks or tiles were used as substrates
for colonization. In 1989, oiled rocks of a
similar size were collected from beaches
on Knight and Eleanor Islands. In 1990,
oiled rocks were collected from the west-
ern arm of Herring Bay. In addition,

clean rocks were collected from the
supratidal zonein southeast Herring Bay,
coated with fresh Prudhoe Bay oil, and
allowed to weather for a month until the
oil was a tarred consistency. Ceramic
tiles were similarly prepared with
Prudhoe Bay crude oil.

To account for inherent patchiness in
algal colonization, we paired oiled and
unoiled substrates in each experiment.
Inaddition, the Herring Bay experiments
were set up on carefully matched oiled
and unoiled beaches. The oiled rocks
had one half of the upper surface area
cleaned with methylene chloride and
oiled tiles were paired with unoiled tiles.
All substrates were placed in the rocky
intertidal. Prepared rocks from Knight
and Eleanor Islands were placed on Gull
Island, an unoiled site southeast of the
grounding site, and retrieved in 1990.
Thettiles and the Herring Bay rocks were
placed on 6 beaches (3 oiled, 3 unoiled) in
Herring Bay and retrieved in 1991. Also
in 1991, new oiled and unoiled tiles (un-
glazed) were placed, ridged side up, on
the 6 Herring Bay beaches and a new
treatment was added. Half the tile pairs
were in cages designed to exclude graz-
ers and half were unprotected. Settle-
ment on these tiles was measured 1992.

In most cases, the oiled sides of rocks
and oiled tiles had been colonized by
significantly fewer algae than the clean
surfaces. On average, algal coverage on
oiled sides was less than one third the




coverage on the clean sides. In 1990, for
example, the half-cleaned rocks on Gull
Island had approximately 70% less algal
cover on the oiled sides than the cleaned
sides (paired t-test; p=0.001). In Herring
Bay in 1991, many of the rocks had been
lost, so only the tile data are presented
here. For the six beaches, paired t-tests
revealed consistently lower algal cover
and fewer Fucus germlings on oiled tiles
than on unoiled tiles, but at p levels that
were generally 0.1 to 0.2. These results
prompted the caging experimentin 1991,
The 1992 results for the caged tiles also
showed a reduction in algal cover, with
significant differences (paired t-test;
p<0.05) detected at several beaches. For
the other beaches, p ranged from 0.06 to
0.17 for Fucus germlings. Testing the
combined probabilities from the sepa-
rate tests (Sokal and Rohlf, 1981) revealed
that oil significantly reduced the settle-
ment of Fucus germlings (p<0.001; ¢ test
with 12 d.f.). The effect of oil on settle-
ment on the exposed tiles was not as
consistent. .

Excluding grazers enhanced the abil-
ity to detect statistically significant ef-
fects of the oil in Herring Bay. Grazers
were not controlled on Gull Island or the
1990 studies in Herring Bay. Grazers
feeding preferentially on the oiled sides
of rocks and tiles could have accounted
for our results. However, we hypoth-
esize thatgiven the susceptibility of graz-
ers to stranded oil (Peltier et al., 1976;
Crapp, 1971), the grazers would prob-
ably feed preferentially on the unoiled
substrates, which would mean we may
have underestimated the effect of the oil.
Indeed, in our 1991 study, we saw sig-
nificantly more limpets and littorinids
on unoiled tiles than oiled tiles (p<0.001;
combined probabilities from separate
paired t-tests, c? test with 48 d.f.; Sokal
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and Rohlf, 1981).

The effect of oil on algal colonization
was very pronounced and consistent
across a variety of locations in Prince
William Sound and from year to year as
well as across methods. The two-thirds
reduction in percent cover indicates how
sensitive this stage of the natural recov-
ery process was to even residual levels of
oil. The paired design helped reduce
variability due to differences in surface
texture of rocks and tiles, and heteroge-
neity of microenvironments on Gull Is-
land and in Herring Bay. The reduced
colonization on oiled substrates in our
experiments is similar to that previously
described (Nelson, 1981; Notini, 1978;
Southward and Southward, 1978), sug-
gesting that inhibition of initial recovery
reported from other spills was operating
at our sites in Prince William Sound.
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Variability of Exxon Valdez Hydrocarbon Concentrations in Mussel
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Concern for mussel beds contami-
nated by the Exxon Valdez oil spill in-
creased rapidly in 1991 when poor re-
covery in several predator species was
thought to be linked to oiled mussels. A
pilot survey confirmed the persistence of
Exxon Valdez oil at relatively high con-
centrations in mussels and underlying
sediments in several beds (Babcock etal.,
these proceedings). The uneven distri-
bution of cil within beds observed dur-
ing the survey prompted us to sample
several beds intensively in 1992 to deter-
mine the within-bed variation in sedi-
ment hydrocarbon concentrations. In
this paper we document concentrations
and distribution of hydrocarbons within
one bed and examine the effects of sev-
eral variables.

The study site, on the northern tip of
ChenegaIsland, is fairly typical of highly
oiled beds. It is small (approximately
50 m?) and on a low angle beach (4.4%
slope) protected from intense wave ac-
tion by bedrock headlands. Tidal range
occupied by the bed is approximately
1.43 m to 1.77 m above mean lower low
water. Mussel densities average 1900
animals per m? on sediments ranging
from small pea gravel to fine silt.

At each of the 15 subsites within this
bed, mussel density wasdetermined and
sedimentsentrained in themussel byssal
mat (threadlike mass holding mussels
together), and sediments under this mat
to a depth of 2 cm were sampled for
hydrocarbons. All sediment samples

wereextracted and analyzed by UV spec-
trophotometry at the Auke Bay Labora-
tory. This method, adapted from Krahn
(1991), approximates total oil concentra-
tions based on the concentrations of two
and three ring aromatic compounds that
fluoresce at the phenanthrene wave-
lengths (260/380 nm). Althoughanalyti-
cal results are not strictly quantitative
and can not be compared with results
produced-by GC-MS analysis, they are
extremely useful in comparing large
numbers of samples.

Oil concentrations in sediments un-
derlying the mussel bed were highly
variable, ranging from 20 pg/g wet
weight to 40,498 ug/g with a mean of
13,662 ug/g (5.D.=13,326ug/g). The ef-
fects of position on the beach and depth
were tested with a three way ANOVA
(beach position has two components: y
axis represents tidal height, x axis is at
right angles to y and represents distance
from the bed’s central axis). Oil concen-
trations were significantly greater (P<.05)
at the twolowertidal heights, 1.50m and
1.59 m; mean o0il concentrations were
25,778 ug/gand 26,403 g/ grespectively.
At the upper tidal height, 1.73 m, mean
oil concentration was 1515 ug/g. A two
way split plot analysis, treating the two
sediment depths sampled at a subsite as
two treatments applied to one plot, de-
termined that at each subsite oil concen-
trations in byssal mat sediments
(mean=9383ug/g) were significantly
lower than in sediments collected below



the mat (mean=17940ug/g).

Mussel densities ranged from 15 to
244 animals per sample quadrat (625cm?)
with a mean of 120 mussels per quadrat
(1900 per m?)(S.D.=72). The ANOVA
found nosignificantrelationship between
mussel density and oil concentrations in
either byssal or underlying sediments.
This finding is not at odds with the idea
that mussels insulate underlying sedi-
ment hydrocarbons from tidal flushing.
The stability provided by even a sparse
mussel cover may be sufficient to allow
high levels of hydrocarbons to persist in
sediments.

Sediments appear to be a complex
reservoir of oil that continues to con-
taminate mussels. The UV analyses of
mussel bed sediments have confirmed
visual observations that oil in the study
bed is unevenly distributed and that con-
centrations are higher at lower tidal
heights and below the byssal mat. Given
that the physical distances are minimal
between the lower and upper tidal
heights and between sediment depths,
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the apparent effects of both depth and
tidal heighton oil concentrations may be
related to a third factor, sediment grain
size. Further analysis will examine these
relationships. The variability of mussel
hydrocarbon concentrations withinabed
and the relationship to contamination in
directly underlying sediments will be
clarified when GC-MS mussel analyses
become available.

Given the currentlevel of contamina-
tion three years after the Exxon Valdez
spill, the decline of hydrocarbon concen-
trations in mussel beds to pre-spill levels
will be a prolonged process. In monitor-
ing thatrecovery, sampling mustaccount
for high within-bed variability.
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In 1991, two years after the Exxon
Valdez oil spill, scientists observed crude
oil associated with some mussel beds
that still smelled of fresh aromatic hy-
drocarbons. Coincidentally, biologists
observed continued reproductivefailure
among harlequin ducks and oystercatch-
ers in thespill area, and possiblereduced
survival among young sea otters and
river otters. All of these higher order
consumers are dependent on mussels
(Mytilus trossulus) for a large portion of
their diets.

We conducted surveys to determine
the geographic distribution oiled mussel
beds and the concentrations of oil in the
beds inside Prince William Sound and
along the northwestern shoreline of the
Gulf of Alaska. Thirteen mussel beds
with evidence of oil present werelocated
in Prince William Sound in 1991, and
samples of mussels and underlying sedi-
ments were taken from each for analysis
of aromatic hydrocarbon content.

In 1992, we resampled most of the
1991 sites and located and sampled 46
additional oiled mussel beds in Prince
Willaim Sound. At some sites we
sampled more than one mussel bed.
Cooperating in the survey and sampling
were the Alaska Department of Fish &
Game, Alaska Department of Environ-
mental Conservation and theU.S.Fish &
Wildlife Service.

Sampled oiled mussel beds within
Prince William Sound encompassed pri-
marily the Knight Island group but were
actually bound by Green Island on the

eastern side, Naked Island on the north,
Applegate Island on the northwest, and
the Fox Farm site on Elrington Island on
the south.

Five control sites were also sampled
(Barnes Cove on Knight Island, Olsen
Bay, Crab Bay on Evans Island, and West
Bay on Bligh Island); extensive histories
of petroleum hydrocarbon concentra-
tions in mussels and sediments exist for
all these control sites.

Forty mussel beds were evaluated on
the Kenai Peninsula, Kodiak Island, and
in Katmai National Park and Preserve;
oil was observed and mussels and sedi-
ments sampled at 13 of these sites.
Sampled sites ranged from Tonsina Bay
ontheKenai Peninsula, toCapeNukshak
in the Katmai National Park and Pre-
serve.

Criteria for sampling mussels and
underlying sediments were the appear-
ance and smell of crude oil in the sedi-
ments immediately underlying a moder-
ate to dense mussel bed. Triplicate sedi-
ment samples (each consisting of a com-
posite of 8-10 subsamples) were taken
along a 15-50 m transect line laid through
the densest part of the mussel bed, gener-
ally 0-2 cm immediately underneath the
mussels. Triplicate, pooled mussel

- samples (20mussels each) were collected

from the same areas as the sediment
samples.

The 1991 mussel and sediment
samples were analyzed using gas chro-
matography/mass spectroscopy (GC/
MS) and units are reported as pg/g total



aromatic hydrocarbons. Sediment
samples collected in 1992 were analyzed
using a UV fluorescence screening pro-
cedure adapted from Krahn et al. (1991).
Excitation/emission spectra of the ex-
tracts were read at the phenanthrene
wavelength (260/380 nm), and values
reported are pug/g wet weight total oil
equivalents (OE). This procedure does
not measure individual analytes within
a sample, but does approximate total oil
concentration and allows comparison of
relative oil concentrations between
samples. The UV screening permits the
rapid analyses of more samples than by
the costly GC/MS procedure.

In 1991 samples, the highest total aro-
matic hydrocarbon concentrations in
mussels were collected from Foul Bay on
the Western mainland {mean = 10.3142.9
standard error pug/g dry weight), Bay of
Isles on Knight Island {mean = 6.0+1.1)
and Northeastern LatoucheIsland (mean
= 3.811.3). Highest concentrations of
total aromatic hydrocarbons were shown
in underlying sediments collected from
the north end of Chenega Island (mean =
427 2429 .4 pg/ g wet weight), a tombolo
on Eleanor Island (mean = 36.1124.3) and
Bay of Isles (mean = 28.719.4).

In sediments samples collected in
1992, 19 mussel beds in Prince William
Sound had concentration in excess of
10,000 pg/g wet weight oil equivalents.

The UV analyses of sediments collected

in 1992 indicated the highest petroleum
hydrocarbon concentrations from an is-
letin Foul Bay (mean = 62,258+1,558 ug/
g), a small tombolo on an islet in Herring
Bay (mean = 39,394+8,655), and the east-
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ern shore of Applegate Island (mean =
30,394+1,081). Mean concentrations of
sediments from 3 control sites were less
than <3 pg/g OE.

Sediments from mussel beds in the
Gulf of Alaska show highest levels from
Port Dick (mean = 9,12242,312 OE),
Tonsina Bay (8,250+2,793), and Windy
Bay (4,64511,169)—all along the Kenai
Peninsula.

No mussel samples collected in 1992
have been analyzed.

The limited data available to com-
pare levels between 1991 and 1992 sug-
gest that petroleum hydrocarbon con-
centrationsin sediments beneath thelayer
created by moderately to densely packed
mussels are relatively unchanged, indi-
cating that natural processes are only
slowly cleansing these beds. This means
that the mussels will probably experi-
ence chronic oil exposure for years.

Wehave documented 31 mussel beds
within Prince William Sound and 9 along
the Kenai Peninsula and Alaska Penin-
sula showing sediment petroleum hy-
drocarbon levels in excess of 1700 pug/g
wet weight oil equivalents. The poten-
tial continued contamination of overly-
ing mussels which form an important
food source for higher consumers needs
to be closely monitored for natural re-
covery or for possible use of manipula-
tive restoration measures.
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Intertidal: Hydrocarbons in Seawater— Analysis of Caged Mussels

m

Determination of Petroleum-Derived Hydrocarbons in Seawater Fol-

lowing the Exxon Valdez Oil Spill II: Analysis of Caged Mussels

Jeffrey W. Short and Patricia Rounds
National Oceanic and Atmospheric Administration

We deployed bay mussels (Mytilus
trossulus) that were initially free of hy-
drocarbons in nearshore waters along
the path of oil spilled by the T/V Exxon
Valdez to determine the persistence and
the biological availability of petroleum-
derived hydrocarbons to living marine
resources. Mussels filter substantial vol-
umes of seawater, and may therefore
accumulate petroleum hydrocarbons in-
tegrated over the transplant period.

Petroleum hydrocarbon-free mussels
were collected from Admiralty island in
southeastern Alaska, and were trans-
planted to 12 locations inside Prince Wil-
liam Sound and to 18 locations outside
the Soundfor 2 to 6 weeks at depths of 1,
5, and 25 meters at each location. In
Prince William Sound, four successive
transplants were conducted in both 1989
following the spilland in 1990; two trans-
plants were conducted during 1991.

Three successive transplants to sites
along the Kenai Peninsula, Alaska Pen-
insula, and Kodiak Island occurred in
1989 and 1990. Mussels wereretrieved at
the end of each transplant period and
stored frozen at -20°C for petroleum hy-
drocarbon analysis.

Transplanted and control mussels
were analyzed using singleionmodegas
chromatography-mass spectromeftry
(GCMS/SIM) for the most abundant 2-
to 5-ring polynuclear aromatic hydro-
carbons (PAH's) in the spilled oil, and
usinggas chromatography-flameioniza-
tion detection for alkane hydrocarbons
including pristane, phytane, and the nor-

mal alkanes of 10 to 30 carbon atoms.

Results indicate that mussels trans-
planted along the trajectory of the oil
spill accumulated particulate oil at con-
centrations that decreased with depth,
elapsed time after the spill, and distance
from heavily oiled beaches. The highest
concentration of total PAH's in the trans-
planted mussels was 5.70+0.358 standard
error y1g/ g wet tissue weight at Herring
Bay, 1 meter depth, 1to 2 months follow-
ing the spill; at the 5 and 25 meter depths,
concentrations were 3.17 ug/g and
0.37240.139pg/ g, respectively. Concen-
trations of PAH nearly as high at the
respective depths were also found at
north Smith Island and at Snug Harbor.

The mussel transplant sites at each of
these three locations were within 500 m
of beaches that had been heavily oiled by
the spill. The relative concentrations of
PAH and of alkane analytes detected are
generally consistent with those of Exxon
Valdez 0il (EVO), indicating up to 281 ug
EVO/g wet tissue weight.

Lower but detectable PAH concen-
trations were observed at most other
transplant locations within PWS, with
relative concentrations of PAH and of
alkane analytes that are generally consis-
tent with those of EVO. However, the
lowest PAH concentrations were found
at the control site, Olsen Bay, where total
PAH concentrations generally ranged
from .010 to .050 ug /g, with relative con-
centrations that are not consistent with
those of EVO.

Concentrations of PAH’s consistent



with EVO inside Prince William Sound
declined substantially at all locations by
late summer 1989. Total PAH concentra-
tions of up to 1.47 ug/g were observed at
Herring Bay, and were at least an order
of magnitude lower at north Smith Is-
land or at Snug Harbor. Still lower con-
centrations of total PAH's consistent with
EVO were detected at most of the re-
maining locations inside Prince William
Sound, although not at Olsen Bay.

Low concentrations of PAH's were
sporadically detected at locations where
the transplant sites were adjacent to
heavily oiled beachesin 1990 and in 1991.
Total PAH concentrations of about 0.26
ug/g were detected at 1 m depth at
Herring Bay and at Snug Harbor in 1990,
while the highest PAH concentrations
detected in 1991 were near detection
limits.

Petroleum hydrocarbons were de-
tected only sporadically in mussels de-
ployed at locations outside Prince Will-
iam Sound in 1989, and were generally
below detection limits in mussels de-
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ployed during 1990 and 1991. This may
have been due in part to poorer survival
of the mussels transplanted to locations
outside Prince William Sound, resulting
from longer transport times.

The accumulation of petroleum hy-
drocarbons by the transplanted mussels
in 1989 indicates that particulate petro-
leumhydrocarbons weregenerally avail-
able to subsurface marine fauna the sum-
mer following the spill. Theseresults are
consistent with, and support, results of a
companion study where direct chemical
analyses of subsurface seawater for pe-
troleum hydrocarbon were performed
on samples collected 1 to 6 weeks follow-
ing the spill: both thesestudies found the
highest concentrations of PAH’s attrib-
utable to EVO at the 1 m depths of sites
adjacent to heavily oiled beaches.

However, comparison of the results
of these two studies indicates that the
caged mussels may accumulate petro-
leum hydrocarbons from much lower
seawater concentrations than may be
detected by direct chemical analysis.
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Estimation of the Exposure Concentration of the Seawater Soluble
Fraction of Crude Oil from Mussel Tissue Concentrations

Thomas D. Mehl and Richard M. Kocan
University of Washington

Mussels have been used for many
years to monitor petroleum hydrocar-
bon pollution in the marine environment
(Farrington, 1980). Mussels appear to be
ideal living monitors as these filter-feed-
ers process large amounts of water, rap-
idly accumulate oil to high concentra-
tions without apparent toxicity and rap-
idly purify the accumulated body bur-
den without appreciable metabolism of
theoilhydrocarbons when placed indean
seawater. For mussels to be useful in
monitoring environmental contamina-
tion, the tissue concentrations must ac-
curately reflect the magnitude of con-
taminants in the water. Despite a large
number of studies devoted to quantitat-
ing oil hydrocarbon concentrations in
mussels as a measure of water pollution,
very few laboratory or field studies have
attempted to correlate 0il concentration
in water with tissue concentrations.

Recently, however, a careful study
has documented a relationship between
water and tissue concentrations (Mason,
1988, 1 & 2). The extensive laboratory
data from this study using black mussels
and the water soluble fraction of Quatar
crudeoil were carefully analyzed usinga
well studied mathematical uptake model
which relates the oil in water concentra-
tion and the uptake and purification rate
constants with tissue concentrations over
time. Since the major objective for moni-
toring mussels is to determine the pollu-
tion concentrations in the water, there is
a need for a simple method to estimate
the exposure concentrations based on

tissue concentrations.

The work described in the present
paper extends Mason’s methodology to
provide a rapid simple method to esti-
mate exposure concentrations of oil in
seawater from previously determined oi!
concentrations in mussel tissue. The
uptake period was shortened to 12 hours
using small incubation volumes and fre-
quent replacements of the water soluble
fraction of Exxon Valdez crude ol to bet-
ter provide a constant exposure concen-
tration. In addition, the uptake data was
analyzed using an equivalent but alter-
native mathematical uptake model to
derive the uptake constants and provide
a direct method for estimating exposure
concentrations from predetermined con-
centrations of oil in the mussel tissue
(Spacie, 1983).

Mussels (Mytilus edulis) were ob-
tained from Hood Canal, WA, and main-
tained in 2.5% artificial seawater (Instant
Ocean) at 11°C. The water soluble frac-
tion (WSF) of Exxon Valdez crude oil was
prepared by shaking 25 ml of oil with one
liter of 2.5% artificial seawater for five
minutes at 11°C. The phases were al-
lowed to separate for 21-22 hours in the
cold and theseawater phase drained from
the separatory funnel into a glass stop-
pered bottle. The WSF was immediately
diluted to 0.1%, 1%, and 10% for the
mussel experiments.

Fluorescence was used to quantify oil
hydrocarbons in unextracted or hexane-
extracted water. The samples were ex-
cited at 280 nm and the emission read at
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374 nm with no barrier filter in a Hitache
MPE-2A analytical fluorescence spectro-
photometer (Mason, 1987). Fluorescence
was recorded in centimeters of pen de-
flection. Hydrocarbon concentrations in
unextracted water were determined di-
rectly by fluorescence for the time course
studies on the effect of aeration of the
WSFin the absence of mussels. Seawater
samples taken from the flasks containing

mussels were centrifuged at 1000 xg for

10minutes at11°C toremove debris prior
to hexane extraction. The volume of
water extracted with 5 ml hexane was
40 ml for the0.1% WSF exposure; 5 ml for
the 1% WSF exposure; and 0.5 ml for the
10% WSF exposure.

Hexane extraction was necessary to
eliminate nonspecific fluorescence pro-
duced by the mussels and to concentrate
the hydrocarbons sufficiently to be read-
able in the fluorimeter. The hydrocarbon
concentrations in the hexane fraction of
the water taken from the flasks contain-
ing mussels were determined by fluores-
cence from a standard curve of Exxon
Valdez crude oil diluted in hexane. The
concentration of hydrocarbons in undi-
luted crude oil was determined to be 600
mg/ml by gravimetric analysis. In addi-
tion to the quantitation of hydrocarbons
in the WSF by fluorescence, the concen-
tration of aromatichydrocarbons (AHC)
in the C12-C24 range in the WSF prepa-
rations was determined by gas chroma-
tography (GC) (Analytical Resources,
Inc., Seattle, WA).

Time course experiments with mus-
sels were performed by exposing 10
mussels /flask (approximately 5 g /mus-
sel) to one liter volumes of 0.1%, 1%, and
10% WSF at 11°C. The flasks were gently
aerated. The one liter volumes of WSF
were completely replaced with fresh WSF
every two hours for a total time course of
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12 hours. Hydrocarbon concentrations
in the water at the end of each two hour
incubation were then determined. Since
mussel tissue has not been analyzed at
this point in time, uptake by the mussels
was determined from the amount of hy-
drocarbons which disappeared from the
water over time assuming the disappear-
ance from the water equals uptakeby the
mussels. Mussels retrieved at two hour
intervals were wrapped in aluminum
foil and frozen at -20°C for later analysis.

Fluorescence of 2-fold dilutions of
the water soluble fraction (WSF) of Exxon
Valdez crude oil in 2.5% artificial seawa-
ter was directly proportional over a 100-
fold range (1:8 - 1:1024 dilution). The
regression was statistically significant (r
= 0.996, p<0.01). This plot suggests oil
hydrocarbons soluble in seawater can be
reliably detected at very low concentra-
tions. To determine the concentration of
water soluble crude oil in the seawater
and in the mussel tissue, a fluorescence
standard curve was obtained using 10-
fold dilutions of Exxon Valdez oil in hex-
ane. The logarithm of fluorescence was
linearly related to the logarithm of the
hydrocarbon concentration over a 100-
foldrange (0.001-0.1g/ml) Theregres-
sion was highly significant (r = 0.945,
p<0.01). The concentration of oil in the
WSF preparations used for the mussel
uptake experiments determined from this
standard curve were 4.27 pg/ml for the
experiments using 0.1% and 10% WSF
and 2.35 pg/ml for the experiments us-
ing 1% WSF.

The stability of the fluorescent hy-
drocarbons in the 10% WSF preparation
under conditions of aeration was deter-
mined by fluorescence. Aeration of the
10% WSEF in the absence of mussel re-
sulted in a 6.4% / day loss of fluorescence
(r = 0.965, p<0.01) with no statistically



significant loss in the unaerated control
over a six day period. In contrast, ten
mussels in one liter aerated volumes of
0.1%, 1%, and 10% WSF removed ap-
proximately 90% of the fluorescent hy-
drocarbons in two hours at 11°C. The
percentageloss of fluorescent hydro-car-
bons from the water was similar for each
of the six consecutive two hour incuba-
tions which constituted an individual 12
hour time course. These results suggest
that the uptake rates were rapid and
uniform for 0.1%, 1%, and 10% WSF ex-~
posures throughout the 12 hour uptake
period and saturation was not evident.
The petroleum hydrocarbon concen-
trations remaining in the hexane ex-
tracted water were determined from the
oil in hexane standard curve using fluo-
rescence. By assuming the loss of fluo-
rescent hydrocarbons from the water
equaled the accumulation of oil hydro-
carbons in the mussel tissue, uptake val-
ues for mussels could be calculated. The
tissue mass was taken to be 50 grams.
For the three 12 hour time courses with
complete renewal of the WSF attwo hour
intervals, the accumulated 12 hour up-
take values for 0.1%, 1%, and 10% WSF
were 0.442, 2.80, and 44.7 ug oil/gm wet
weight musse] issue respectively.
Uptake constants for the three expo-
sure concentrations were determined
graphically by plotting ug oil /gm weight
against the relation 1 - ¢ (plot 1) or by
plotting pg oil/gm wet weight against
c,t (plot 2). In plot 1, e is the base of
natural logarithms; k, is the depuration
rate constant in day’; and t is time in
days. In plot 2, c_ is the concentration of
oil in the WSF in pug/ml and t is time in
days. Both types of uptake plots have
unique and valuable features. In plot 1,
the slope of the least squares linear re-
gression line is (k,/k,)(c ) which can be
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used to calculate k., the uptake rate con-
stantknowingk, and ¢ .. Inaddition, the
slope in plot 1 is equal to the maximum
concentration of oil that can be accumu-
lated by the mussels. In plot 2, the slope
of the least squares regression lineis k ,
the uptake rate constant. Plot 2 differs
from plot 1 as it does not depend on
knowiedgeofk,, the depurationrate con-
stant. In addition, the exposure concen-
tration, c_, canbeestimated directly from
this graph if the exposure time, t, is
known.

The least squares linear regression
lines were statistically significant in both
plot 1 and plot 2 for each of the three
exposure concentrations using the up-
take values for the six time points for
each plot. For plot 1, the literature value
of k, = 0.15 was used (Mason, 1988,1).
The uptake constants were 222, 249, and
219 day for plot 1 and 212, 238, and 209
day! for plot 2 for 0.1%, 1%, and 10%
WSF exposures respectively. The maxi-
mum uptake values derived from the
slopes of the linear regression lines for
uptake values in pg oil/gm wet weight
plotted against 1 - e** (plot 1) were 6.3,
39, and 622 ug oil/gm wet weight for
0.1%, 1%, and 10% WSF exposures re-
spectively. These data confirm that tis-
sueconcentrations inmussels aredirectly
related to the product of exposure con-
centrationand time; the uptake constants
are independent of exposure concentra-
tions; and the two methods of plotting
the uptake data are mathematically
equivalent for determining the uptake
constants.

The concentration of aromatichydro-
carbons (AHC) in the water associated
with mussels taken from sites in Prince
William Sound were estimated using our
laboratory uptake curves. Tissue con-
centrations of AHC were determined in



triplicate by the Auke Bay Laboratory
using GC and reported in Fish /Shellfish
Study #11 (Injury to Herring). The mus-
sels wereretrieved between 4/28/8%and
5/4/89 from Fairmont Bay (5 transects);
Naked Island (14 transects); Storey Is-
land (2 transects); and Rocky Bay (4
transects).

The mean t SD values for the tissue
concentrations for the indicated number
of transects for the four sites were 0.1047
10.0404, 0.6955 +0.6227, 0.8445 £ 0.5518,
and 1.256 % 0.995 pg AHC/gm wet
weight, respectively. The correspond-
ing mean * SD values for ug AHC/liter
(PPB) using our laboratory uptake curves
converted to GC values for the 0.1% WSF
exposure were 0.493 £ 0.190 (FB); 3.273 +
2.930 (NI); 3.974 £ 2.597 (SI); and 5.911
4.493 (RB), respectively, for a one day
exposure. The elevated values for AHC
in the water or in the mussels at the oiled
sites relative to Fairmont Bay values were
significant by the t-test (p<0.05). Similar
values were obtained from the uptake
curve conducted with 1% WSF or 10%
WGF.

The predicted concentrations of
AHC/mlindicate thatsignificantbutlow
levels of oil pollution were present at
selected sites in Prince William Sound 4~
5 weeks after the oil spill. The estimated
aromatic hydrocarbon concentrations in
the water at the sites may be high as the
predicted values rest on the assumption
of a24-hour site exposure. Longer expo-
sure periods would proportionately de-
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crease the AHD values in the water. In
addition, the high fluorescence to GC
conversion factor we determined (8.9)
could exaggerate the predicted values.
Finally, oil droplets trapped in the pre-
pared WSF or at the environmental site
would also exaggerate the values for
AHC in the water. Subject to the confir-
mation of the oil concentrations in the
mussels used for the uptake curve, the
rapid and convenient laboratory assay
described in this paper may provide a
simple method for predicting oil expo-
sure concentrations in water samples
from determined oil concentrations in
mussel tissue.
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Impacts to Intertidal Invertebrates in Herring Bay, Prince William

Sound, Following the Exxon Valdez Oil Spill

Anthony J. Hooten! and Raymond C. Highsmith?
'Coastal Resources Associates, Inc. and University of Alaska Fairbanks

*University of Alaska Fairbanks

Intertidal monitoring and experimen-
tal studies were carried out in Herring
Bay, KnightIsland, Prince William Sound
(60°N:147°W) as part of the Coastal Habi-
tat Injury Assessment program (CHIA).
Population densities for several species
of invertebrates were compared between
matched oiled and control sites from 1990
to 1992. Limpets were included because
they areimportantintertidal grazers. The
periwinkle, Littorina sitkana, the dog
whelk, Nucella spp., and the six-armed
starfish, Leptasterias hexactis, were stud-
ied because they lack a free-swimming
larval stage, and may recover slowly af-
ter a large reduction in population overa
large area.

The initial study design in Herring
Bay was to select a range of sites with
different oiling histories, including a
non-oiled control site, and oiled sites that
weremechanically treated (washed) and
bioremediated. Ideally, this combina-
tion of sites would have been replicated
several times to achieve statistical rigor.
However, after surveys in May, 1990,
review of data from the Exxon/Federal /
State spring shoreline assessments, and
detailed discussion with Alaska Depart-
ment of Environmental Conservation
monitors working in Herring Bay, treat-
ment history of specific sites could not be
determined with certainty. Therefore,
the matched pair design of oiled and
non-oiled study sites was adopted and
treatment was notincluded as a variable.
Sites werematched for substrate compo-

sition, slope, direction and solar aspect,
wave exposure, and common biological
communities. Control sites were re-
stricted to the southeast corner of Her-
ring Bay, where ice had prevented oil
from entering in the spring of 1989. Most
matched oiled sites were located in the
lower-mid and western portion of Her-
ring Bay.

In 1990, permanent 50 X 20 cm quad-
rats were established at five pairs of sites:
three sheltered rocky and two sheltered
coarse grained beaches. At each site six
quadrats were located within each of
three tide levels, or meters of vertical
drop (MVD), below mean high high
water. Within each quadrat, all limpets,
Nucella spp., Littorina sitkana and
Leptasterias hexactis were counted. In
1991, one additional protected rocky site
pair and one coarse-textured oiled beach
site, for comparison to an existing con-
trol site, were added to the study. In
1992, examination of these quadrats con-
tinued and four additional protected
rocky site pairs wereadded. There were
only three quadrats per MVD for the
pairs added in 1992, but they were ran-
domly established as previously done.

Densities of the limpet, Tectura per-
sona, have remained significantly higher
at control sites during the 3-year study
period, with this difference pronounced
at the 1 and 2 MVD (p<0.05, at 5 of the 7
pairs at 1 MVD; p<0.01 at 3 of 7 site pairs
at2MVD, repeated measures ANOVA).
Also, the differences in density of T. per-




sona between control and oiled sites
tended to increase substantially in 1991.
This pattern may have continued into
1992, but is uncertain with only two
sample periods for this season.

In sheltered rocky habitats, T. persona
is common in the upper intertidal but is
not abundant at the third MVD. In con-

trast, T. persona is reasonably common at

the third MVD in coarse textured habi-
tats,and the density remainssignificantly
lower at the oiled site in only one of the
three pairs at this tide level (P<0.04, re-
peated measures ANOVA). For the four
site pairs added in 1992, the data support
the general trends seen in the original
sites. On both sample dates at the 1
MVD, T. persona densities were signifi-
cantly lower (p < 0.04, t-Test) at two of
the oiled sites, with weak significance (p
< 0.17, t-Test) at the remaining pairs. A
similar pattern occurred in the second
and third MVD, but differences were not
consistently significant.

Anotherlimpet, Lottia pelta, is distrib-
uted lower on the shore, being more
abundant in the second and third MVD.
Similar to T. persona, differences in L.
pelta densities between control and oiled
sites peaked in 1991 for the second MVD
at most sites. However, L. pelta appears
to be recovering more rapidly than T.
persona. L.pelta densities at the four sites
established in 1992 weregenerally greater
at control than oiled sites, but were sig-
nificant in only a few cases.

The periwinkle, Littorina sitkana, was
significantly less dense, especially at
MVD 2, at four of the seven oiled sites
compared to controls over the course of
the study (0.000=>p<=0.03, repeated
measures ANOVA). Recovery has been
minimal. For the four sites added in
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1992, L. sitkana densities tended to be
lower at oiled than control sites though
differences were not always significant.
For example, significantly fewer indi-
viduals were found at oiled sites in only
1 of the site pairs at the 2 MVD in the
spring but by summer, differences were
significant at three of the four pairs
(p<0.05 t-Test).

The dog whelk, Nucella lamellosa, had
only sufficient densities for statistical
comparison at one of the seven site pairs
and there were nodifferences found over
the course of the study. However, den-
sity at the oiled site dropped by one-half
toward the latter part of the 1990 season,
and a similar drop was observed in 1991.
However, N.lamellosa densitiesremained
higher at the oiled site compared the
control on both sample dates in 1992.

Theother species with direct embryo-
logical development, Nucella lima and
Leptasterias hexactis , were either not
present or found in very low densities,
and no differences were observed be-
tween site pairs.

Reductions in densities of inverte-
brates, particularly intertidal grazerssuch
as limpets and periwinkles have been
reported for previous oil spills (Nelson-
Smith, 1977; Mann and Clark, 1978;
Southward and Southward, 1978), and
our findings are consistent with these
earlier results. Effects from the Exxon
Valdez oil spill on the invertebrates in
Herring Bay havebeen variable, butdam-
age has been documented, and recovery
remains incomplete in some cases, espe-
cially the upper intertidal zone. The loss
of Fucus from the 1MVDisbelieved tobe
largely responsible for the inability of
limpets to survive there. However, with
the exception of T. persona, the other af-



fected invertebrates show populations
increases since the spill.

A main hypothesis of the population
studies was that brooding invertebrates,
such as Littorina sitkana, Nucella spp. and
Leptasterias, would suffer greater long
term consequences because of limited
dispersal, and the potential effect of oil
on fecundity and development. Based
on the data collected to date, only L.
sitkana appears to have been slightly af-
fected by oil. In 1990 L. sitkana showed
significant differences only at the coarse-
textured sites, but in subsequentseasons
abundances have been reduced at the 1
and 2 MVD of oiled sites, similarly to the
changes seen in limpets.

Intertidal: Impacts to Intertidal Invertebrates in Herring Bay
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Exxon Valdez Oil Spill:
Substrates

Recruitment on QOiled and Non-Oiled

Anthony J. Hooten! and Raymond C. Highsmith?
"Constal Resources Associates and University of Alaska Fairbanks

University of Alaska Fairbanks

As part of the Coastal Habitat Injury
Assessment program, intertidal experi-
ments were established in Herring Bay,
Knight Island, Prince William Sound
(60° N: 147° W) in 1990. Two separate
studies, continued through 1992, exam-
ined the effect of north slope crude oil on
recruitmentof barnacles, Fucus germlings
and filamentous algae. The effects of oil
on algal recruitment are reported in a
separate abstract in this symposium.

In 1990 two oiled sites and two con-
trol sites of similar character were se-
lected tostudy recruitmenton tarred and
clean vertical rock faces. At each site,
paired 10 X 10 cm plots were randomly
established. One member of each pair
was scraped and brushed to remove all
visible tar and/or barnacles. The sites
were periodically visited and numbers
of barnacles and Fucus germlings were
noted. In 1991 the study was expanded to
include a total of five site pairs and graz-
ing-exclusion cages were added to half
of the study plots.

The 1990 data show that barnacle re-
cruitment was initially retarded on the
oiled plots at oiled sites, compared to the
scraped ones (p<0.05, paired t-Test), but
these differences began to fade at several
sites over time (p=>0.2, paired t-Test).
This trend is most evident with the caged
plots. The control sites have had consis-
tently greater densities on the control
plots compared to the scraped ones. Fu-
cus germlings began to emerge at control
sites in 1990, and only in low density at
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the oiled sites in 1991. In 1992 Fucus was
in greater abundance at oiled sites, and
weregreater on the unscraped plots (both
control and oiled sites) compared to the
scraped ones (0.2>p<0.8, paired t-Test).

Densities of grazers (limpets, Littorina
sitkana, and L. scutulata), were signifi-
cantly greater at control sites compared
to oiled sites in 1991 (p<0.05, ANOVA for
four of five site pairs).

In 1992 data analysis was further sub-
divided to include measurement of sur-
viving adults of Semibalanus, Balanus,and
Chthamalus dalli from the previous sea-
sons. Fewer differences were observed
in 1992 compared to the previous years
for all species and ages. Adultbarnacles
represent those individuals which have
successfully recruited onto scraped plots.
Adults are found in greater density at
control sites because these werenonoiled
individuals alive before the spill and left
as controls. However, at the oiled sites,
adults have successfully recruited on both
plots. Within cages, the density of sur-
viving adults are similar on both oiled
andscraped plots. However,onuncaged
plots, this patternisreversed. Chthamalus
dalliwere generally greater on thescraped
plots compared to theoiled / control plots.

In a second recruitment study,
intiated in 1990, three pairs of oiled and
control sites were selected for transplant-
ing oiled substrates. Thesubstrates used
wererocks retrieved from an oiled shore-
line in Herring Bay, as well as rocks
treated with fresh North Slope crudeoil,




taken from the T/V Exxon Valdez in 1989.
Tarred rocks of similar size were col-
lected from an oiled beach in Herring
Bay, and represent a substrate coated
with 1-year-old Exxon Valdez Prudhoe
Baycrude oil (EV). One-half of each rock
was cleaned with the solvent methylene
chloride (MeCl,) to remove the oil
(Duncan, et al. 1992a). In addition, rocks
approximating the sizes of the EV rocks
were collected from a similar, but
unoiled, beach. Half of each rock was
dipped in fresh Prudhoe Bay Crude (PB)
until a “tarred” coating was achieved.
These rocks were allowed to dry for sev-
eral weeks and were handled in a man-
ner identical to the EV rocks.

As a control for possible effects of
MeCl, on recruitment, half of six unociled
rocks were “cleaned” with MeCl, (one
rock placed per site). As a control on
surface heterogeneity, white clay tiles
were included in the experiment as oiled
and clean pairs.

At each of the six experimental sites,
12 EV, 12 PB rocks and 6 tile pairs were
placed randomly at the elevation con-
tour 2 m below MHHW (Mean Higher
High Water, included in the upper inter-
tidal zone). Control rocks for MeCL, were
also placed at each site. Periodically,
settlement by barnacles and macro algae
on each surface type was recorded.

In 1991, the study was modified to
include nine pairs of red clay tiles at each
study site. Six of the pairs consisted of a
tarred and a clean tile and half of these
pairshad cages constructed around them
to exclude grazers. The remaining three
pairs consisted of a clean tile and a tile
painted black (rather than oiled) as a
control for dark coloration and possible
temperature differences (Straughan,
1976). The tiles were also randomly
placed at the 2-m contour.

Intertidal; Recruitment on QOiled and Non-Qiled Substrate

Only 2 oiled sites were consistently colo-

nized over the three year period (Sites
1322X & 1723X). Control sites received
fewer recruits of all species (except for
Fucus) compared to the oiled sites. The
rocks deployed in 1990 were weathered
and dislodged from the substrate over
the course of the 1990-91 winter at most
sites. Many of the rocks had the oil
weathered completely from the sampling
surface and, consequently, could not be
sampled in 1991.

During 1990, the oiled halves of EV
and PB rocks had lower densities of bar-
naclerecruits in most cases. Initial settle-
ment (early July) tended to be greater on
unoiled halves but differences were only
weakly significant (p<=0.18, paired t-
Test). There was little recruitment in
general later in the season. The freshly
coated PB rocks showed greater differ-
ences, which were significant over sev-
eral sample datesatboth sites (p=>0.001<
0.1, paired t-Test). However, the oil on
the PB rocks was washed away in many
cases and, by the end of the season with
little recruitment occurring, no differ-
ences remained. The control rocks
cleaned with methylene chloride had no
differences in barnacle recruits between
treated and untreated sides (0.35=>p<0.9,
paired t-Test).

The six tile pairs placed in the field in
1990 had fewer barnacle recruits. Densi-
ties were significantly lower (p=0.01,
paired t-Test) in early July, and weak
significance (p=>0.07<0.2, paired t-Test)
was found at 6 of 10 sample dates.

There was sparse settlement on the
tile pairs placed at control sites in 1991.
There were few differences in barnacle
recruits, Fucus germlings and percent
algal cover and no trends were apparent.
However, thetwosites (1322X and 1723X)
which had good recruitment in 1990 also
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had substantial recruitment activity in
1991. The caged tiles of both sites had
somewhat greater numbers of barnacles
on the unoiled tile compared to the oiled
tile except toward the end of the recruit-
ment season, but differences were only
weakly significant(p>0.18, paired t-Test).
The painted tile pairs had similar levels
of barnacle and Fucus recruitment on
both tiles.

In 1992, barnaclerecruitment was sub-
stantially lower than in 1991 and pat-
terns were not evident. Data on adult
barnacles present on the tiles indicate
very few recruits reach adult sizes.
Chthamalus dalli tended to recruit better
on oiled tiles in caged treatments and on
unoiled tiles in uncaged treatments, and
were not significantly different on
painted and unpainted tiles.

In 1991, Fucus did not recruit on
uncaged or painted tile pairs and only
began to recruit on caged, clean tiles at
the end of the season. Again in 1992,
there was almost no Fucus recruitment
on uncaged or painted tile pairs. For
caged treatments, recruitment tended to
be higher on clean tiles with a slight
tendency for higher recruitment at con-
trol sites.

Recruitment, including that of algal
cover, appears to play the major role in
structuring invertebrate communities at
theHerring Bay study sites. These studies
show that oil had an initial effect on
barnacle recruitment, and depending
upon substrate character, may have a
moderate to long-term effect on algal
recruitment (Duncanetal, 1992b). Within
Herring Bay rock substrate differs from
site to site, and several of the study sites
have amore porous substrate thanothers.

For barnacles it is likely that residual
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tar is an unstable settlement substrate
and the reduced densities are a conse-
quence of tar sloughing rather than tox-
icity. The sites showing the most rapid
increases in invertebrate abundance are
those most exposed to open water or
tidal currents, which probably increases
larval availability at those sites. Not
surprisingly, these were also the sites hit
by the floating oil. Although care was
taken in matching rock sizes, the parent
material (including the degree of poros-
ity for each rock) varied greatly. This
was especially true with the PB rocks
selected. Many rocks were dense and
non-porous and the oil quickly dissi-
pated to the extent that comparisons be-
tween oiled and non-oiled halves could
no longer be made.

The tile pairs were much less vari-
able. Tiles placed in the field in 1990
were of a silicious clay and may have
retained north slope crude more effec-
tively than thered clay tiles used in 1991.
Nonetheless, all tiles have retained a de-
gree of oil staining not found on many of
the rocks.
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The Response Process: The Goals of the Oil Spill Health Task Force

Thomas S. Nighswander
Alaska Native Medical Center

The day of the Exxon Valdez oil spill
had special meaning for the 4,500 Alaska
Natives who live on the shores of Prince
William Sound and depend upon the sea
and shoreline to maintain a subsistance
lifestyle. Walter Meganack, the tribal
chief of the native village of Port Gra-
ham, described theday as “the time when
the water died.” He said that the native
story was different from the white man’s
story.

“Qur values are different, how wesee
the water and theland, the plantsand the
animals are different. What the white
men do for sport and recreation and
money, we do for life: for the life of our
bodies, for the life of our spirits, and for
the life of our ancient culture. The water
is sacred.” (Meganack, 1989).

The sea, shoreline and inland areas
also provided the majority of protein
intake in the diet of Alaskan Natives in
the area.

Household surveys conducted by the
Subsistence Division of the Department
of Fish and Game prior to the oil spill
from representative Prince William
Sound villages documented up to 300
pounds of protein per person per year
came from wild meat, fish and foul
(ADF&G, 1984). By comparison the com-
parable amount of the above food pur-
chased in the Western U. S. is 220 1b.

The Oil Spill Health Task force was
formed initially in April 1989 to respond
in as timely and informative way as
possible to the public’s inquiry about the
short and long term safety of subsistance
food exposed to Exxon Valdez oil. The
collective knowledge of the initial group

of members (Indian Health Service, State
Division of Epidemiology, Subsistence
Division of the Alaska Department of
Fish and Game, The North Pacific Rim
Native Corporation and theKodiak Area
Native Association) on the toxicology of
oil and subsistence food was nonexistent.

Calls for federal assistance were not
answered. The reason for the lack of
response soon became clear. In a review
of the world literature on behalf of the
Qil Spill Task Force, toxicologist Dr. Gary
Winston of Louisiana State University
found “a virtual absence of literature
which investigated any human health
effects, concernsorimplicationsas afunc-
tion of oil spills other than those which
were related directly to primary expo-
sure to clean up crews.” (Winston, 1990).
Further inquiry to the Food and Drug
Administration revealed no established
safety levels for hydrocarbons for food.

The Task Force (joined in the late
summer of 1989 by representatives from
NOAA, the Toxicology Division of the
Exxon Corporation and the Alaska De-
partment of Environmental Conserva-
tion) developed the following mission:
obtain as much historical information as
possible about health effects of crude oil
by both direct exposure and exposure
through the food chain, conduct studies
of subsistence foods for contamination
with oil, interpret the results of these
studies, and disseminate this informa-
tion to the public.

As sample data on hydrocarbon con-
centrations in subsistence foods became
available, expert advice was needed to
interpret the results. Through NOAA's
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help the task force was able to gather a
group of nationally known senior toxi-
cologists and scientists in what has be-
come known as the Oil Spill Expert Toxi-
cology Committee (Shank, 1990). Their
recommendations formed the basis of
our communication to the public.

At our request the FDA did a quanti-
tative health risk assessment of subsis-
tence food exposed to Exxon Valdez oil,
and in August 1990 we received an advi-
sory opinicn of the safety of aromatic
hydrocarbon residues found in subsis-
tence foods most important to Alaskan
Natives.

This then is the background to the
monumental effort that ensued to insure
food safety and the efforts of the Task
Force to communicate this information
to subsistence users in the numerous vil-
lages in the oil spill area.
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Subsistence Uses of Fish and Wildlife Resources in Areas Affected by

the Exxon Valdez Oil Spill

James A. Fall
Alaska Department of Fish and Game

This paper discusses changes in sub-
sistence usesof fishand wildliferesources
in 15 predominantly Alaska Native com-
munities whose hunting, fishing, and
gathering areas were affected by the
Exxon Valdez Oil Spill. It is based upon
research conducted by the Division of
Subsistence of the Alaska Department of
Fish and Game. Study communities in-
clude Tatitlek and Chenega Bay in Prince
William Sound; English Bay (Nanwalek)
and Port Graham in lower Cook Inlet;
Akhiok, Karluk, Larsen Bay, Old Har-
bor, Quzinkie, and Port Lions in the
Kodiak Island Borough; and Chignik,
Chignik Lagoon, Chignik Lake,
Perryville, and Ivanof Bay on the Alaska
Peninsula. In 1990, the population of
these 15 communities was 2,036, 82.3
percent of which was Alaska Native.

Prior to the spill, the division had
conducted baseline research in all 15 vil-
lages. These studies found that subsis-
tence harvests in these communities in
the 1980s were large and diverse, rang-
ing from about 200 pounds per person 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
mammals, birds and eggs, and wild
plants. Virtually every household in all
15 villages used and harvested wild
foods, which were widely shared within
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and between communities. A patterned
seasonal round of subsistence harvest-
ing structured much of economic, social,
and cultural activities in each commu-
nity.
In early 1990, division researchers
interviewed representatives of 403 house-
holds in these 15 communities. Study
findings revealed thatafter thespill, sub-
sistence harvests declined markedly 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 theaverage
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 study year in
1985-86, the average household at
Chenega Bay used 19kinds of wild foods,
compared to just 8.2 kinds in the year
after the spill.

Very similar changes were docu-
mented for English Bay and Port Gra-
ham. Compared to 1987, harvest quanti-
ties were down 51 percent at English Bay
and 47 percent at Port Graham. The
range of resources used per household
dropped at English Bay from an average
of 25.0kinds in 1987 to 13.7 kinds in 1989.
At Port Graham, the household average
was 21.5 in 1987 and 11.2 in 1989.

Subsistence harvestsin all six Kodiak
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area villages also declined in 1989 com-
pared to pre-spill averages, although a
wider rangeof changes was documented.
Harvests as measured in pounds per
person per year were down 77 percentin
Ouzinkie, 60 percent in Karluk, 52 per-
cent in Port Lions, 40 percent in Old
Harbor, 31 percentin Larsen Bay, and 12
percent in Akhiok.

In contrast, subsistence harvests in
the five Alaska Peninsula communities
showed little change, or increased, in
1989 compared to 1984, the only pre-spill
year for which comprehensive data are
available. Household interviews re-
vealed that the presence of sheen, mousse,
and tar balls temporarily disrupted sub-
sistence harvests near these communi-
ties. However, most families resumed
subsistence activities within several
months. Resource use diversity also re-
mained very high in the Alaska Penin-
sula villages, ranging from 15.3resources
per household in Chignik Lagoon to 29.7
kinds per household in Ivanof Bay.

When asked to provide reasons for
declines in subsistence harvests in the
year following the spill, 33.2 percent of
the sampled households attributed re-
ductions in overall subsistence harvests
to concerns about resource contamina-
tion, and 44 percent said such a concern
had caused areductionin theirharvest of
at least one kind of subsistence food.
Levels of concern about contamination
were notably higher among Prince Will-
iam Sound (92.1 percent) and Lower Cook
Inlet (77.8 percent) households than in
the Kodiak area (29.5 percent) or Alaska
Peninsula (22.8 percent) communities.
Other reasons cited for lowered levels of
subsistence uses included the time har-
vesters spent on the oil spill cleanup and
the perception that less resources were
available because of spill-induced mor-

talities.

Regarding contamination concerns,
it should be noted that little specific in-
formation was available to subsistence
harvesters concerning the safety of using
subsistence resources from the spill area
until September 1989, by which time
spring, summer, and most fall harvest
opportunities had passed. Complete in-
formation from tests of fish and shellfish
from subsistence foods testing programs
were not available until February 1990,
and information about marinemammals,
birds, and deer was not available until
June 1990. Interviews conducted in 1990
found that many households continued
to express doubts aboutsubsistence food
safety. Respondents cited the relatively
small number of samples tested in 1989,
the limited sites examined, and the lim-
ited range of species tested as some rea-
sons for their continuing questions. Also,
hunters and fishermen continued to ob-
serve the presence of oil in harvest areas
as well as dead and damaged wildlife
which they attributed to the spill. Such
signs were understood as evidence of
continuing danger and many households
thus acted cautiously with respect to us-
ing subsistence foods. Such behavior is
culturally consistent for people whose
survival has long relied upon their ob-
servations of the natural environment.

In 1991, the division conducted
follow-up interviews with 221
households in seven spill-area villages
pertaining tosubsistenceharvestsduring
the second post-spill year. Harvestlevels
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, Ouzinkieand English Bay,
harvest levels also increased, but




remained below pre-spill averages. This
general increase in harvest levels and
range of wild foods used suggests some
renewed confidencein using subsistence
foods during 1990.

Ontheotherhand, lingering concerns
about food safety were expressed in all
five villages. Some families reported
that they resumed their subsistence
harvests despite misgivings because they
could not afford to purchase substitutes
and could nolonger do without culturally
important foods.

In contrast, no evidence of arecovery
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 same as the previous
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year (148.1 pounds per person) and still
well below the pre-spill average of 340
pounds per person. At Tatitlek, the 1990- .
91 per capita harvest was 152.0 pounds,
compared to 214.8 pounds per person in
the first post-spill year and a pre-spill
average of 497.6 pounds per person.

In these Prince William Sound com-
munities, deep concerns about the safety
of using subsistence foods from their
traditional harvest areas continued. In
addition, respondents from Chenega Bay
and Tatitlek reported perceived declines
in the numbers of some important sub-
sistence resources, such as certain spe-
cies of waterfowl, marine invertebrates,
and marine mammals, which led to well
below normal subsistence harvests dur-
ing 1990-1991.
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Overview of Subsistence Food Safety Testing Program

L. Jay Field
National Oceanic and Atmospheric Administration

The Oil Spill Health Task Force, a
group chaired by a Public Health Service
physician and composed of representa-
tives from state and Federal agencies,
native organizations, and Exxon, was
formed soon after the Exxon Valdez oil
spill to address public health concerns
resulting from the spill. The Oil Spill
Health Task Force served as a forum for
design of the subsistence food safety test-
ing study and the communication of the
results and conclusions derived from the
study to the subsistence communities.

The main objectives of the study were
to determine if subsistence foods were
contaminated as a result of the spill and
to assess the implications for subsistence
food safety. In order to put together a
comprehensivestudy, NOAA and Exxon
signed a Memorandum of Understand-
ing in the summer of 1989 which had
three principal features: (1) NOAA bi-
ologists would accompany Exxon-spon-
sored collection teams to the villages and
participate in the sample collections; (2)
tissue samples from fish and shellfish
subsistenceresources would be analyzed
for aromatic contaminants by the NOAA
National Marine Fisheries Service Envi-
ronmental Conservation Division labo-
ratory in Seattle; and, (3) all data from the
study would be made public.

These steps were taken to ensure that
there were no questions about the vaiid-
ity of the data produced by the study and
that the results and the implications for
human health were made available to
public health officials and the communi-
ties in a timely manner.

This paper addresses the general sam-
pling strategy, the numbers and types of
samples collected, the identification of
the most contaminated sites, and issues
related to the interpretation of the shell-
fish results. Subsequent papers in this
session will address in more detail the
results from chemical analysis of shell-
fish, fish, and marine mammal tissues,
the implications of those results for hu-
man health, and an evaluation of the
methods used in risk communication.

The study area included subsistence
seafood collection areas in Prince Will-
iam Sound (Tatitlek and Chenega Bay);
Lower Cook Inlet (including the Quter
Kenai Peninsula villages of Port Graham
and English Bay, and Windy Bay); and
Kodiak Island (Kodiak City, Chiniak,
Larsen Bay, Karluk, Akhiok, Old Har-
bor, Ouzinkie, and Port Lions). Four
subsistence areas on the Alaska Penin-
sula (Chignik, Perryville, Ivanof Bay,and
Kashvik Bay) were sampled by ADF&G
in 1990. Reference samples were col-
lected from near the village of Angoonin
1989 and Yakutat in 1990. The initial
sampling plan called for approximately
equal numbers of samples from each vil-
lage area, although there were consider-
abledifferencesin the potential degree of
impact from the Exxon Valdez oil. Sam-
pling sites that represented important
subsistence use areas were selected in
consultation with villagerepresentatives.
The degree of oiling was not a major
factor in site selection. Two important
subsistence beaches for the collection of
intertidal shellfish wereidentified in each



village area. Target species included
several species of intertidal shellfish
(mussels, clams, chitons), bottomfish (pri-
marily halibut), and salmon. Other spe-
cies were also collected but in much
smaller numbers. Intertidal stations for
the collection of shellfish did not repre-
sent exact locations on a given beach.
Thus, several species (e.g., mussels,
clams, and chitons) were often collected
from the same station, although each
species occupied adifferenthabitat (tidal
elevation, substrate) in the beach.

In 1990, the number of sample sta-
tions and the number of samples per
station were increased. In 1991, only
shellfish were collected. The focus in
1991 was in southwestern Prince Will-
iam Sound near Chenega Bay, because
that part of the Sound had potentially the
greatest amount of oiled shoreline, and
Windy Bay, because that was the most
heavily-oiled site sampled and was a
good site to examine changes in concen-
tration over time. Both Exxon and the
Alaska Department of Fish and Game
sponsored sample collections and analy-
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ses in 1990 and 1991.

A total of over 1,000 shellfish samples
collected from more than 65 stations were
analyzed for aromatic contaminants in
three years of sample collections. Five
stations had one or more shellfishsamples
with total aromatic contaminant concen-
trations exceeding 1 ppm (part per mil-
lion): two stations in Prince William
Sound (one in Port Ashton in Sawmill
Bay near the village of Chenega Bay and
the other on southwestern Elrington Is-
land); two islands in Windy Bay on the
Outer Kenai Peninsula; and a station on
Near Island, near the Kodiak boat har-
bor. The Windy Bay stations and the
Elrington Island station both had obvi-
ous visual evidence of oiling.

At the most contaminated station, an
island in Windy Bay, total aromatic con-
taminant concentrations in mussels var-
ied by as much as three orders of magni-
tude from the same collection period
over a relatively small beach area. The
highest concentrations were found in
mussels collected at a location higher in
the intertidal area.
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Assessment of Exposure of Subsistence Fish Species to Aromatic
Compounds Following the Exxon Valdez Oil Spill
John E. Stein, Tom Hom, Catherine A. Wigren, Karen L. Tilbury, Sin-Lam Chan and

Usha Varanasi
National Oceanic and Atmospheric Administration

On March 24, 1989, the Exxon Valdez
ran aground on Bligh Reef spilling
Prudhoe Bay crude oil (PBCO) into Prince
William Sound, a relatively pristine area
in Alaska. The oil spread through the
Sound and into coastal areas along the
Gulf of Alaska, affecting fishing grounds
used by Alaska Native villages. The
Alaska Natives were concerned about
possible contamination by thespilled pe-
troleum of fish and shellfish used for
subsistence.

In response to this concern the Na-
tional Oceanicand Atmospheric Admin-
istration (NOAA) entered into an agree-
ment with the Exxon Corporation and
the Alaska Department of Fishand Game
(ADF&G) to survey native subsistence
fisheries for exposure of fish and shell-
fish to oil. Here, we present the results
from chemical analyses of several spe-
cies of salmon and bottomfish collected
from a number of fishing grounds used
by native villagers to assess the extent of
exposure of fish to spilled oil and the
accumulation of petroleum-related com-
pounds in edible flesh.

Of particular concern was the accu-
mulation of aromatic compounds (ACs)
presentin oil, because some of these ACs
are suspected of being toxic to humans
(Dippleet al., 1984). The ACs measured
included polycyclic aromatic hydrocar-
bons and sulfur-containing ACs. Addi-
tionally, several of the ACs (e.g., alky-
lated naphthalenes, phenanthrenes and
dibenzothiophenes) measured were char-

acteristic of oil and particularly PBCO
(Krahn et al., 1992). The results from the
analyses of edible flesh of fish, in addi-
tion to results from the analysis of shell-
fish (Brown et al., this volume), were
then evaluated by the Alaska Oil Spill
Health Task Force and the U.S. Food and
Drug Administration (FDA) to assess the
potential risk to Alaska Natives of eating
seafood from their traditional fishing sites
following the spill.

Previousstudies (Varanasietal., 1989)
have shown that fish have the capacity to
biotransform many ACs to polar me-
tabolites that are readily excreted into
bile, which is retained in the gall bladder.
Moreover, these studies showed that the
extensive biotransformation of ACs by
fish greatly limits the accumulation of
these compounds or their metabolites in
edible tissues. Accordingly, a rapid and
sensitive semiquantitative method
(Krahn et al., 1986) for measuring con-
centrations of fluorescent aromatic com-
pounds (FACs) in bile was used to esti-
mate exposure of fish to ACs that are
present in oil. These results were then
used for prioritization of edible flesh
samples for a more extensive analysis of
the presence of parent ACs by gas chro-
matography/mass spectrometry (GC/
MS).

Concentrations of FACs in the bile of
fivespedies of bottomfish and five species
of salmon collected from oil-impacted
sites located in Prince William Sound
and along the Gulf of Alaska were

T



determined. Elevated concentrations of
FACs in bile of fish from several sites
indicated exposure to ACs. Forexample,
in 1989, mean concentrations of FACs
were highest in bile of both salmon and
bottormnfish from sites near Chenega Bay
(6000 = 3400 and 5100 = 4000 ng
phenanthrene equivalents per mg bile
protein, respectively) and Kodiak (2800
+ 1900 and 7550 ng phenanthrene
equivalents per mg bile protein,
respectively), which were heavily
impacted by spilled oil. Moreover, these
concentrations were substantially higher
than the concentrations in salmon (1100
* 2200 ng phenanthrene equivalents per
mg bile protein) and bottomfish {310 +
120 ng phenanthrene equivalents permg
bile protein) from Angoon, a reference
site.

In the following year, salmon and
bottomfish from Chenega Bay showed
marked decreases in biliary FAC concen-
trations (550 + 250 and 1300 + 850 ng
phenanthrene equivalents per mg bile
protein, respectively) suggesting that the
level of exposure to ACs in salmon from
the Chenega Bay site had declined. In-
terestingly, no temporal changes were
evident in salmon sampled from sites
near Kodiak in 1990 (no bottomfish were
sampled from this site). The concentra-
tion (2400+ 2000 ng phenanthreneequiva-
lents per mg bile protein) of FACs in
salmon from Kodiak was comparable to
the concentration in 1989 indicating that
exposure to ACs was unchanged for
salmon captured at this site. These re-
sults and data from analyses of shellfish
from Kodiak (Brown et al., this volume)
suggestexposure toasourceof ACsother
than spilled oil.

The HPLC analysis of bile for FACs
provides a rapid, semiquantitative as-
sessment of exposure to ACs that are
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present in oil but does not allow identifi-
cation of individual compounds found
in bile. In a related study (Krahn et al,,
1992) conducted as part of the Natural
Resources Damage Assessment effort, it
was shown that the bile method is a
sensitive indicator of exposure of fish to
specific ACs present in oil. In the study
of Krahn et al. (1992), metabolites of ACs
characteristic of PBCO were identified,
by GC/MS, in high proportions in bile of
fish injected with PBCO and in fish
sampled from sites in Prince William
Sound shortly after the spill. Metabolites
of these ACs were not present in bile of
fishsampled from areference site distant
from the spill. These findings substanti-
ated the use of the bile method to rapidly
assess exposure of fish to ACs in the
present study.

As mentioned, the major use of the
results on concentrations of biliary FACs
was to prioritize corresponding edible
flesh samples for more extensive analy-
sis of the presence of parent ACs by GC/
MS. Samples showing a range in expo-
sure to oil were chosen for comprehen-
sive analysis to determine if fish were
accumulating significantlevels of parent
ACsin their edible tissue and to substan-
tiate that low concentrations of FACs in
bile accurately reflect minimal exposure
to ACs and, hence, little potential for
accumulation of ACs in muscle tissue.

The concentrations of biliary FACs in
fish from which samples of muscletissue
were analyzed for parent ACs ranged
from 10 to 18,000 ng phenanthrene
equivalents per mg bile protein. In con-
trast, concentrations of total ACs (sum of
individual selected ACs) analyzed by
GC/MS in corresponding muscle tissue
were low. No appreciable concentra-
tions [<1 ng/g wet weight (ppb)] of par-
ent ACs were detected in muscle of



bottomfish, and although concentrations
of ACs in muscle of salmon were some-
what higher they very rarely exceeded
100 ppb, and in the majority of samples
the concentrations of ACs were less than
30 ppb.

These findings showed thatexposure
of salmon and bottomfish to ACs does
not lead to any significant accumulation
of parent ACs in edible muscle tissue.
These results also corroborate findings
from laboratory studies on the pathways
of metabolism and disposition of ACs in
fish, showing that polar metabolites of
ACs accumulate in bile and that parent
ACs do not accumulate to significant
concentrations in muscle tissue (Stein
et al., 1987; Varanasi et al,, 1989). The
consistency of the results from this field
study and those of previous laboratory
studies provided evidence of minimal
risk of exposure of humans to parent
ACs from consumption of edible flesh of
fish captured at sites impacted by the
spilled oil.

The extensive biotransformation by
fish of ACs to polar metabolites raised
the issue of whether metabolites were
present at elevated concentrations in
muscle tissue of fish exposed to ACs.
Accordingly, amethod similar to the bile
screening method is being developed
(Krone et al. 1992) to estimate
concentrations of AC metabolites in fish
tissues. This new method has not been
validated as extensively as the bile
method, thus the results must be
considered preliminary. However,
analysis of a few selected samples of
muscle from salmon indicated that
concentrations of AC metabolites were
also quite low. This finding is consistent
with previous laboratory studies (Stein
et al. 1984) with ACs that showed
metabolites of ACs as well as parent
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compounds are low in muscle of fish,
and demonstrates the importance of
laboratory studies, which lead to the
development of techniques that provide
the necessary information to respond
effectively to  environmental
emergencies. '

Insummary, theresults of thissurvey
of Alaska Native subsistence seafood
provided substantial evidence that fish
were exposed to ACs that appeared to
originate, in most cases, from the spilled
oil. However, edible muscle tissue in
salmon and bottomfish were found to
have concentirations of ACs that rarely
exceeded therelativelylow concentration
of 30 ppb. These data showing low
concentrations of parent ACs in muscle
of fish exhibiting a substantial range in
exposure to ACs wereused by the Alaska
Oil Spill Health Task Force and the FDA
in arriving at an advisory position that
consumption of the flesh of fish posed
minimal risk to native Alaskans.
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Petroleum Hydrocarbons in Alaskan Invertebrate Subsistence Foods

Following the 1989 Exxon Valdez Qil Spill
Donald W. Brown, Catherine A. Wigren, Douglas G. Burrows, Karen L. Tilbury,
Ronald W. Pearce, Jennie L. Bolton, Susan M. Pierce, L. Jay Field, Sim-Lam Chan, and

Usha Varanasi
National Oceanic and Atmospheric Administration

The Exxon Valdez ran aground on
Bligh Reef, Prince William Sound, Alaska
on 24 March, 1989, spilling millions of
gallons of Prudhoe Bay crude oil (PBCO).
During the weeks following the spill,
largeamounts of oil flowed toward south-
western Prince William Sound, and as a
result, many shorelines were oiled. The
spreading of spilled oil raised many con-
cerns, and among them was the concern
that subsistence seafoods (e.g., fish and
invertebrates) were contaminated (see
abstracts by J. Field and J. Stein et al.) by
the spilled petroleum.

The objectives of this paper are to
describe the extent and duration of con-
tamination of invertebrates by the spilled
oil. The data from this study together
with those described by Stein et al. (in
this session) were used by the Alaskan
Qil Spill Health Task Force and the U.S.
Food and Drug Administration to ad-
dress the issue of potential risk to native
Alaskans of eating seafood from their
traditional collection sites.

Crude petroleum contains many hun-
dreds of individual chemicals which are
generally divided into classes such as
aliphatichydrocarbons, aromatichydro-
carbons and other constituents contain-
ing sulfur, oxygen and nitrogen (Clark
and Brown, 1977). Among these com-
pounds aredibenzothiophene and alkyl-
substituted dibenzothiophenes, which
are significant components of PBCO and
canserveas useful markersin discerning

PBCO. Among the constituents of petro-
leum, the aromatic hydrocarbons are
considered the most toxic. The lower
molecular weight aromatic compounds
(LACs), those that contain three or fewer
benzenerings, have been found to be the
more acutely toxic, whereas the higher
molecular weight aromatic compounds
(four to six rings, HACs) are generally
considered the more chronically toxic
components.

A majority (39%) of the ACs in fresh
PBCO measured in this study consisted
of LACs. However, as the oil weathered,
the concentrations of many of the more
volatile and water soluble LACs de-
creased rapidly. Sixteen non-substituted
ACs and 17 groups of alkyl-substituted
ACs comprising some 270 individual
chemicals present in PBCO were deter-
mined in subsistence seafood samples to

"assess the extent of contamination, to

evaluate temporal changes, and to com-
pare to possible sources.

More than a thousand samples of
fish, marine mammals, and invertebrates
were collected between 1989 and 1991
and were analyzed for ACs by gas chro-
matography/mass spectrometry accord-
ing to Krahn et al. (1988). These samples
included a variety of invertebrates from
80 sampling stations used by the resi-
dents of 17 villages for collecting subsis-
tence seatoods. The focus of this paper
will be on the four target invertebrate
taxa; mussels (Mytilus edulis), butter clams




(Saxidomus giganteus), littleneck clams
(Protothaca staminea), and chitons (order
Neoloricata).

For discussion purposes, invertebrate
samples (wet weight basis) are divided
into four categories on the basis of the
sum of concentrations of the ACs:

1. Not contaminated- <10 ng/g;

2. Minimally contaminated-from 10ng/
gto100ng/g;

3. Moderately contaminated—from 100
ng/g to 1000 ng/g;

4. Heavily contaminated- >1000 ng/g.

Invertebrates from most of the 17 vil-
lagesand thetworeferenceareas, Angoon
and Yakutat, fell into thefirsttwo catego-
ries: not contaminated or minimally con-
taminated. Invertebrates from some sta-
tions at two sampling areas, Chenega
Bay and Windy Bay, and from two sta-
tions near Kodiak Island were moder-
ately or heavily contaminated with ACs.

Following the spill, oil was observed
in Chenega Bay in the vicinity of station
CHE1 (the beach below the village of
Chenga Bay—used by villagers as a har-
vesting area). A tar mat about 1 m wide
extended the length of the beach at the
high tide line at CHE10 (the southern
end of Elrington Island). Invertebrates
from eight of eleven stations at Chenega
Bay were notcontaminated or were mini-
mally contaminated. Invertebrates from
three stations at Chenega Bay from one
or more sampling events were moder-
ately or heavily contaminated. Specifi-
cally, the mussels collected from CHE?
(1989) and CHE? {(at Port Ashton-1990)
weremoderately contaminated and those
- from CHEI10 (1990) were heavily con-
taminated.

However, mussel samples collected
from CHEI in 1990 and 1991, and mus-
sels collected from CHE7 and CHE10 in
1991 were minimally contaminated.
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Butter clams collected from CHE7 (1990
and 1991) and littleneck clams coliected
in 1990 were moderately contaminated.
Butter clams from CHE1 (1989, 1990, and
1991) and from CHE10 (1990) were mini-
mally contaminated as were littleneck
clams from CHE1 (1990 and 1991) and
from CHE10 (1990, 1991). Butter clams
from CHE10 (1991) and chitons from
several stations were not contaminated.

Based onmean concentrations of ACs,
invertebrate samples from two of the
five stations sampled at Windy Bay (sta-
tions WNB4 and WNB5) were not con-
taminated or were minimally contami-
nated. Two stations, WNB1 and WNB3,
located on two adjacent small islands in
the mouth of Windy Bay, were both ob-
served to be moderately to heavily oiled.

The degree of contamination of in-
vertebrates from these two stations var-
ied with sampling year and by species.
Specifically, mussels from Windy Bay
station WNB1 (1989) and from WNB3
(1990) were heavily contaminated,
whereas the concentrations of ACs in
mussels from these stations in 1991 were
much lower (minimally to moderately
contaminated).

Mussels were not collected at WNBI1
in 1990 or at WNB3 in 1989. Only one
sample was collected at WNB2, little-
neck clams sampled in 1989, which were
almost in the heavily contaminated cat-
egory, with 960 ng/g ACs.

Invertebrate samples from two sam-
pling stations on Kodiak Island (KOD3
and OHAAJ) also contained elevated con-
centrations of ACs. Station KOD3 was
located near the city of Kodiak and adja-
cent to the boat harbor. An oily sheen
was observed on one occasion at KOD3
by the field party while digging for clams.
Mussels, butter clams, littleneck clams,
and chitons from station KOD3 from both



1989 and 1990 were moderately or
heavily contaminated.

Station OHAA4 at the village of Old
Harbor was also near a boat harbor. Oil
was not observed to be present during
sample collection at this site. Butter dlams
and littleneck clams collected at Old
Harbor station OHA4 in 1989 and mus-
sels collected in 1990 werejust within the
moderately contaminated category. Five
of the six mussel samples and three of six
butter clams {collected in 1989) were
minimally contaminated.

The relative amounts of the ACs can
be usefulin evaluating temporal changes
and to compare to potential sources. The
relative amounts of the parent and alkyl-
substituted ACs are useful for compar-
ing patterns of these ACs among petro-
leums, petroleum products, related ma-
terials, and ACs in invertebrate samples.
Dibenzothiophene and alkyl-substituted
dibenzothiophenes (which comprise 27
discernible components in PBCO) were
particularly useful in making compari-
sons.

For example, these chemicals were
mostly absent in a sample of Cook Inlet
crude oil but were much more promi-
nent in a sample of Kuwaiti crude oil
than PBCO. Graphs of these patterns
from various oils and from certain mod-
erately and highly contaminated inver-
tebrate samples were compared and the
same data were treated using principal
components analysis and hierarchical
cluster analysis. The relative amounts of
these analytes in oil collected nine days
after the Exxon Valdez spill were similar
to those in the fresh oil except for aloss of
the more volatile and water soluble com-
ponents, particularly, naphthalene, C1-
and C2-naphthalenes.

The pattern of ACs in a sample of oil
collected from the beach at Snug Harbor
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15 months after the spill was similar to
that of the nine-day weathered oil. The
patterns of ACs in mussels from Windy
Bay station WNB3 collected in 1989 were
similar to the oil sample from Snug Har-
bor except for additional losses of the
more volatile and water soluble compo-
nents of LACs. The temporal changes of
the patterns of ACs in mussels collected
from Windy Bay from 1989 to 1991
showed increasing losses of the more
volatile and water soluble components
of LACs. Evaluation of the patterns of
ACs from mussel samples from CHE7
implies the presence of PBCO plus ACs
indicative of combustion products.

ACs present in samples from Kodiak
Island stations OHA4 and KOD3 were
indicative of petroleum or petroleum
products and the pattern of ACs was
verysimilar to that of thenineday weath-
ered PBCO. The pattern of the ACsina
mussel sample from KOD3 was essen-
tially the same as in butter clams from the
same site collected in March 1990, April
1990, and September 1990, and in a little-
neck clam sample collected April 1990 at
KOD3. There was little evidence of tem-
poral change in the pattern of ACs in
these clam samples from KOD3 which
could imply a continual exposure to the
same source of ACs. It is possible that
there is a local and continual source of
hydrocarbons in the area of these two
stations that would have a pattern of
ACs similar to the somewhat weathered
PBCO.

In summary, invertebrate samples
from most stations, including those from
the two reference areas, were not con-
taminated or were only minimally con-
taminated with ACs typical of petro-
leum. Invertebrates from a few stations
in the Chenega Bay sampling area and
Windy Bay were moderately or heavily




contaminated with ACs. Invertebrates
from one station (KOD?3) on Kodiak Is-
land were moderately to heavily con-
taminated with ACs and the concentra-
tions did not appear to decrease signifi-
cantly from 1989 to 1990 (samples were
not collectedin 1991) suggesting the pres-
ence of other possible sources of ACs not
related to the Exxon Valdez spill. Mean
concentrations of ACs in mussels from
the more contaminated sites at Chenega
Bay and Windy Bay generally decreased
with time. However, because of sample
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variability, it is difficult to draw conclu-
sions about temporal trends.
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Investigationsof Crude Oil Contaminationin Intertidal Archaeological

Sites Around the Gulf of Alaska

Douglas R. Reger
Alaska Department of Natural Resources

The State of Alaska initiated a brief
study during 1991 aimed at investigat-
ing the presence of crude oil in archaeo-
logical sites which occur in the intertidal
zone. The concern was that cultural de-
posits subjected to oiling retained crude
oil contaminants that would affectradio-
carbon dates obtained from the sites.
Designed to complement a larger, area-
wide study funded through the U.S. For-
est Service, the State study concentrated
on 13 intertidal sites suspected to contain
intact cultural deposits. Site selection
was based on documented presence of
cultural remains in the intertidal zone
and evidence of beach oiling during the
Exxon Valdez oil spill. Preliminary field
examinations eliminated 10 sites from
further examination because they lacked
intact cultural deposits. One site above
the high tide line was added to test pres-
ence of wind or storm wave-borne oil
contaminants.

Laboratory studies about the effectof
incorporation of crude oil on radiocar-
bon dating with datable samples sug-
gested that significant skewing of dates
occurred (Mifflin and Associates, 1991).
The goals of the project therefore were to
test the selected sites for presence of oil
and to concurrently test the reliability of
radiocarbon dates from the deposits.
Comparison of time diagnostic artifacts
from the tested sites with similar arti-
facts from well dated nearby sites was
the method chosen to check validity of
the oiled site dates. Sites were partially

excavated to obtain large enough collec-
tions and adequateradiocarbon samples
to accomplish the comparison.

Sites were tested to reveal stratigra-
phy of deposits in the middle to upper
intertidal zone and sediment samples
collected to test for presence of sub-
surface oil. Selected sediment samples
were submitted to the National Oceanic
and Atmospheric Administration/Na-
tional Marine Fisheries Servicelaboratory
in Seattle for analysis by high perfor-
mance liquid chromatography with
ultraviolet detection (HPLC/UV). One
sample from the AFG-098 Site on Shuyak
Island and a sample from the SEL-215
Site on Nuka Island contained minute
traces of petroleum hydrocarbons.

The AFG-098 Site on Shuyak Island
contains cultural deposits which yielded
artifact collections typical of Koniag
Phase from the region and provides the
best opportunity to test the hypothesis
that contamination affected radiocarbon
dating. Two cultural levels are clearly
separate in the stratigraphic profile of
the site. The Lower Component is an
early Koniag Phase collection containing
stemmed, ground slate, projectile points
with barbs. Cross-section of the points is
generally a flattened biconvex form al-
though some points have a medial ridge
on one face. Another form of point,
triangular in outline with a flat basal
facet, was found in the lower level of the
site. Ground slate ulus from the compo-
nent have straight, bifacially ground cut-




ting edges. The collection contains plan-
ing adzes of the variety usually inset into
a bone socket and then hafted. Other
diagnosticartifacts in the Lower Compo-
nent include a slate fragment with an
etched face, a stone saw, and chipped
slate preforms for subsequent grinding
into projectile points.

Similar, early Koniag Phase collec-
tions at well dated sites in the region
have assigned ages of between A.D. 1350
and A.D. 1500. Age estimates for the
Koniag Phase in the Kodiak Archipelago
cite a beginning around A.D. 1100 to
A.D. 1200. Age of the incised slate figu-
rines or faces is particularly well defined
during the A.D. 1350to A.D. 1500 period.
Triangular ground slate points with a
flat ground basal facet typically date from
A.D. 1300 to A.D. 1500. Four radiocar-
bon samples stratigraphically associated
with the Lower Component range from
A.D.787+110to A.D. 1143 +65. The four
dates are acceptably within the earliest
estimated range of the Koniag Phase and
may indicate that the developmental
stage of the phase occurred earliestin the
northern Kodiak area.

The AFG-098 Upper Component col-
lection provided an artifact collection
which is clearly related to Koniag Phase
materials elsewhere. Ground slate pro-
jectile points of several forms were re-
covered. Stemmed points, some with
barbs and some with rounded shoul-
ders, were the most common forms re-
covered. Medial ridges were present on
some barbed forms but a flattened bicon-
vex cross-section was most common
among the stemmed points. A very dis-
tinctive ground slate projectile point with
a triangular outline and a sharply de-
fined flute or butt facet was found in the
Upper Component. Several ground slate
ulu forms occur in the component. Both
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are bifacially ground and have straight
to slightly convex cutting edges. One
form has a distinctive notch or offset at
the back of the blade which suggests
hafting at the back edge near one end
with the other end extending out of the
handle. Other stone artifacts from the
Upper Component include a stone saw,
sawn slate fragments, whetstones, plan-
ing adzes, a quartz crystal, a hematite
nodule for firestarting, and chipped slate
preforms. Fragments of several bone or
ivory dart heads with unilateral barbs, a
barbed hook fragment, and bone awls
are some of the organic artifacts recov-
ered. A small jet labret was also found.
Fragile artifacts carved from spruce
wood, bark and grass matting, and frag-
ments of a birch bark container were
recovered from the saturated deposits.
More than a dozen species of seeds were
found in floor deposits of the Upper Com-
ponent.

Comparison of the Upper Compo-
nent collection with Koniag Phase or re-
lated site collections.on Kodiak Island,
both sides of the Alaska Peninsula, and
the outer coast of the Kenai Peninsula
demonstrate close similarities. The tri-
angular point form with a basal flute
consistently occurs in Koniag Phase or
related collections dating from between
A.D. 1500 and Historic times (A.D. 1750~
1800). Other point and ulu forms are
consistent with later Koniag Phase ages
as well. Six radiocarbon dates obtained
from the Upper Component levels of
AFG-098 range from A.D. 1343 160 to
A.D. 1490 £125.

The AFG-082 Site is an upland site
eroding slowly into the intertidal zone
which was tested for contamination from
storm wave or wind deposited oil. The
ground slate ulus, chipped bifaces, plan-
ing adze, and small single chamber




houses compare reasonably well with
middle age range Kachemak Tradition
remains, approximately 2,000 years old.
Theratioof ground slate tochipped stone
remains also supports a Kachemak Tra-
dition comparison. Unfortunately, the
AFG-082 collectionis toosmall and typo-
logically limited to provide a very accu-
rate age estimate.

Two radiocarbon samples obtained
from the site date to A.D. 203 165 and
A.D. 288 #65. The AFG-082 dates fall
well within the expected age range de-
termined from artifact typology. Noevi-
dence of oil was found in the site and no
sediment samples were submitted for
analysis.

The SEL-215 Site onNuka Island con-
tains intact cultural remains within a
peat deposit in the intertidal zone. Time
specific traitsin the collection are meager
but grooved splitting adzes suggest an
age between A.D. 1000 and A.D. 1500.
Inclusion of a glass trade bead in the
collection is interpreted as an intrusive
historic element.

Radiocarbon samples from the site
yielded seven dates ranging from A.D.
1142 +60 to A.D. 1442 +105. A trace of oil
was detected in one of the two sediment
samplessubmitted for HPLV /UV screen-
ing. However, the radiocarbon determi-
nations compare well with the expected
age of the deposits.

The SEW-068 Site consists of a peaty
intertidal deposit containing cultural re-
mains which relate to Kachemak Tradi-
tion collections elsewhere. Grooved split-
ting adzes located nearby may not be
associated however such tools havebeen
dated to that early time from other sites
in Prince William Sound. A general esti-
mate of age for the peaty deposits, based
on artifact typology, is 1000-2000 years
ago. Geological age estimates based on
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rates of isostatic rebound from the 1964
Earthquake and from long term regional
subsidence indicate the deposits should
be at least 1500 years old. Two wood
samples from the saturated deposits pro-
vided radiocarbon dates of A.D. 10 165
and A.D. 391 +65. The ages obtained
from the culturally modified wood frag-
ments agree roughly with the expected
age of the cultural deposits.

Conclusions drawn from this study
include:

(1) Intertidal archaeological deposits at
three of thesites investigated demon-
strate that useful and important in-
formation is preserved in some inter-
tidal sites even though there is some-
times no surface evidence of buried
remains.

(2) Traces of petroleum hydrocarbons in
subsurface remains dooccur although
the origin of the contaminants in the
sites tested is unknown.

(3) Reliable radiocarbon dates can be
obtained from oiled deposits. It is
uncertain, however, whether that re-
sults in the tested sites from cleaning
of the samples or simply lack of ac-
tual contamination. Examination of
samples in the radiocarbon labora-
tory for oil contaminants should be
routineand cleaning methods should
be modified if necessary to remove
identified contaminants.

(4) Dating of intertidal or even exposed
upland archaeological remains needs
toinvolveevery possible approach to
dating, not just reliance on a single
method. Archaeologists investigat-
ing chronological questionsinthearea
of the Exxon Valdez cil spillneed tobe
especially critical with their conclu-
sions. No evidence was found in the
sites examined that the Exxon Valdez
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Generating Damage Restoration Costs for Archaeological Injuries of

the ExxonValdez Oil Spill

Martin E. McAllister
Archaevlogical Resource Investigations

This paper summarizes the results of
a monetary assessment of damage for
injuries to archaeological sites docu-
mented in the Exxon Valdez oil spill re-
sponse records. Injuries attributable to
the oil spill at 35 archaeological sites in
Prince William Sound and the Gulf of
Alaska were analyzed to estimate resto-
ration costs for use by the Exxon Valdez
Trustee Council in planning restoration
of damages for archaeological resources.
The damage assessment was accom-
plished in two steps.

First, a damage assessment panel,
chaired by the author, met to consider
restoration costs based on the archaeo-
logicalinjury data. Second, working from
the findings of the panel, additional
analyses were conducted by the author
to calculate specific restoration costs for
the archaeological injuries. Twolevelsof
restoration costs were produced by the
damage assessment process. First, site-
specificrestoration costs weredeveloped
for the archaeological sites identified as
having substantive injuries. Second,
gross restoration costs were estimated
for projected numbers of sites injured by
the oil spill.

The procedures employed by the
damage assessment panel were carried
out in nine steps:

1. Thedataonthe35archaeologicalsites
with injuries attributable to the oil
spill and other relevant data sources
were reviewed.

2. A conceptual framework on which
restoration costs would be based was

developed from the damage assess-
mentmodel containedin the Archaeo-
logical Resources Protection Act of
1979, as amended (ARPA).

. Documented oil spill injuries to ar-

chaeological sites were analyzed and
grouped into two major categories,
those resulting from oiling and those
resulting from oil spill response ac-
tivities.

. Two restoration options were devel-

oped, one for ten years of oil effect
monitoring and one for direct physi-
cal restoration. These were used to
formulate specific restoration mea-
sures appropriate for the two catego-
ries of injuries.

. Ten injured sites were eliminated

from further consideration because
appropriate siterestoration work had
already been accomplished or thesite
damage was not severe enough to
require restoration. Damage at one
site. was determined to be
unrestorable.

. Three categories of site specific resto-

ration proposals were developed for
the remaining 24 sites: sites recom-
mended for monitoring only, sites
recommended for direct physical res-
toration only, and sites with both
types of measures recommended.

. Standard levels of effort were formu-

lated for direct physical restoration
in year one and in years two through
ten for oil effect monitoring. Appro-
priate site-specific salary estimates




were generated using standard lev-
els of effort as a guide.

8. Site-specific support costs necessary
to carry out direct physical restora-
tion measures and oil effect monitor-
ing were estimated.

9. Restoration costs were estimated for
four different injury scenarios, each
with a different number of injured
sites, using average per site costs for
direct physical restoration measures
and oil-effect monitoring.

Two principal sets of findings were
produced. The first consists of the pro-
posals for site restoration measures and
costs for the 24 archaeological sites with
substantive injuries. The second consists
of restoration costs for projected num-
bers of sites injured by the oil spill.

Site-specificrestoration proposalsare
based on the oil effect monitoring and
direct physical restoration measures.
Using the above criteria, there are five
sites in the oil effect monitoring only
category, 14 sites in the direct physical
restoration only category, and five sites
at which both types of measures are rec-
ommended.

The first element of the restoration
cost proposals for the 24 sites are person-
nel salaries. The salary figures for 17 of
the 24 sites are based on the three stan-
dard levels of effort defined above. Due
tospecial cdircumstances, sevensites have
salary figures based on variations of the
standard computations.

Five sites have cost proposals involv-
ing only salaries for ten years of monitor-
ing. The standard salary figure for year
one oil effect monitoring is $2,904.51,
and $2,202.17 per year for years two
through ten or $19,819.53 for 9 years.
Therefore, the total salary figure for each
of these sites is $22,724.04.

Salary for direct physical restoration
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only is proposed for 11 sites. The total
salary figure for each of these sites is
$3,155.79.

Only onesite is in the oil effect moni-
toring and direct physical restoration
salary category. The total salary figure
for this site consists of the standard sala-
ries for ten years oil-effect monitoring,
plus costs for direct physical restoration—
$25,879.83.

Four sites have salary figures for di-
rect physical restoration measures above
the standard level of effort, as well as oil
effect monitoring. One has disinterred
human remains which required the ad-
dition of eight days of project supervisor
time for consultation with Native Corpo-
rations. The result is a salary increase of
$1,804.24 over the standard salary for
direct physical restoration. The total sal-
ary figure for the site consists of the
amount for the combined standard sala-
ries shown in the preceding paragraph
and the extra cost for consultation,
$25,879.83 + $1,804.24, or $27,684.07. At
the other three sites, a test excavation is
proposed to fully assess the magnitude
of damage. This required the addition of
two person days for fieldwork and one
person day each for analysis and report
preparation. The result is a salary in-
crease of $527.76 over the standard sal-
ary for direct physical restoration. The
total salary figure for these sites consists
of theamount for the combined standard
salaries and the extra cost for the test
excavation, $25,879.83 + $527.76, or
$26,407.59.

One other site is proposed for direct
physical restoration salary above the stan-
dard level, but not for oil effect monitor-
ing. Because this site has disinterred
human remains, eight days of project
supervisor time were added for consul-
tation with Native Corporations at the




cost of $1,804.24. Also, the large volume
of disturbance at this site required the
addition of four person days for field-
work and two persondayseach for analy-
sis and report preparation. The result is
a salary increase of $1,055.52 over the
standard salary for direct physical resto-
ration. The total salary figure for this site
consists of the standard salary for direct
physical restoration and the extra costs
for consultation and restoration mea-
sures, $3,155.79 + $1,804.24 + $1,055.52,
or $6,015.55.

Finally, two sites in the direct physi-
cal restoration only category have salary
figures below the standard level because
their injuries require measures different
from those proposed for most other sites.
For one site, the total salary figure of
$2,480.83is forrepatriation orreinterment
administration and consultation. The
direct physical restoration measures pro-
posed for the other siteallowed the elimi-
nation of two person days for fieldwork
and one person day each foranalysis and
report preparation. Theresultis asalary
decrease of $892.08 from the standard
salary for direct physical restoration to a
total salary figure of $2,263.71.

The other elements of the restoration
cost proposals are support costs. Basic
support costs are for: fieldwork per diem,

transportation, supplies and equipment,

and processing and duplication. Recov-
ery of items requiring expenditures for
curation is anticipated at all but two of
the sites proposed for direct physical
restoration measures. The proposals for
three sites involve repatriation or
reinterment costs. (At one site, the only
support costs are for repatriation or
reinterment.)

The support cost amounts vary by
site. The average support cost figures
are: for year one oil effect monitoring,
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$4,086.83; for years two through ten oil
effect monitoring, $33,159.60; and for
direct physical restoration, $10,920.33.

The total figures for the restoration
cost proposals for the 24 sites under con-
sideration are as follows:

Year one oil
effect monitoring:  $69,913.40
Years two through ten
oil effect monitoring: $529,791.30

Ten years of oil
effect monitoring:  $599,704.70

Direct physical
restoration measures: $272,126.49
Total restoration costs:  $871,831.19

Average costs per site for oil effect
monitoring and direct physical restora-
tion were calculated from the total cost
tigures by dividing them by the number
of sites for which the measures are pro-
posed. The average costs are $59,970.47
per site for oil effect monitoring and
$14,322.45 per site for direct physical
restoration.

The projections for the numbers of
sites injured on which the estimates of
gross restoration costs are based were
derived from four sets of figures:

1. Theprojected numbers of injured sites
in the draft State University of New
York report entitled Exxon Valdez Oil
Spill Archaeological Damage Assess-
ment by Albert J. Dekin et al. (1992).

2. The Dekin et al. figures reduced by
the percentages corresponding to the
number of sites eliminated from con-
sideration by the damage assessment
panel because the injuries were not
severe enough to require restoration.

3. The number of sites proposed by the
panel for oil effect monitoring and



direct physicalrestoration as percent-
ages of the total number of sites now
included in the Alaska Heritage Re-
source Survey site inventory records
for the oil spill area.

4. The number of sites proposed by the
panel for oil effect monitoring and
direct physical restoration as percent-
ages of the number of sites actually
located and examined by Exxon crews
during oil spill response activities.

Each of these four figures was multi-
plied by the average per site costs for oil
effectmonitoring and direct physical res-
toration. The resulting gross restoration
costs estimates for oil effect monitoring
are:

(1) $31,844,319.57
(2) $28,126,150.43
(3}  $1,439,291.28
(4)  $3,598,228.20

For direct physical restoration measures,
they are:

(1)  $4,840,988.10
(2)  $3,867,061.50
(3) $658,832.70
(4) $1,618,436.85
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The total gross restoration cost estimates
are:
ey
A

$36,685,307.67
$31,993,211.93
(3)  $2,098,123.98
(4)  $5,216,665.05

The gross cost estimates based on the
number of sites actually field checked by
Exxon (number four above) are seen as
reliable indicators of the overall magni-
tude of archaeological restoration needs
resulting from the oil spill.

Twoimportantconclusions are drawn
from the results of the work summarized
in this paper. First, the ARPA damage
assessmentmodel was used successfuily
to generate credible restoration cost de-
terminations for the documented ar-
chaeological injuries of the Exxon Valdez
QilSpill. Second, the ARPA model should
be the damage assessment and restora-
tion cost determination standard for ar-
chaeological injuries resulting from fu-
ture oil spills or other similar situations.
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Long-Term Social Psychological Impacts of the Exxon Valdez Oil Spill

J. Steven Picou'and Duane A. Gill?
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2Social Science Research Center and Department of Sociology, Mississippi State University

During thelast decadescientificstud-
ies have been conducted on the commu-
nity impacts of technological disasters
(Baum et al., 1982, 1983; Omohundro,
1982; Couch and Kroll-Smith, 1985; Gill
and Picou, 1989). Most recently, a num-
ber of studies provide empirical evidence
which demonstrates that, in contrast to
natural disasters, technological disasters
produce long-term patterns of stress.
These patterns of stress appear to be
related to issues of “uncertainty” of ex-
tent of contamination (Vyner, 1988), pro-
tracted litigation activities (Brown and
Mikkelsen, 1989; Picou and Rosebrook,
1992), and general sociocultural disrup-
tion (Freudenberg and Jones, 1991).

Social impact assessments of the
Exxon Valdez oil spill have been rela-
tively limited. Studies suggest that sub-
sistence activities of Alaskan natives were
initially disrupted by the spill (Fall, 1990;
Restoration Planning Work Group, 1990;
Dyer etal., 1992). Furthermore, research
also reveals the existence of social im-
pacts some 18 months following the spill
(Picou et al., 1992). The nature of these
impacts included relatively high levels
of family, work and personal disruption,
as well as continuing patterns of per-
sonal stress (Picou et al., 1992).

Given this recent interest in identify-
ing long-term social impacts of techno-
logical disasters and the paucity of longi-
tudinal data on this subject, this study
will present and evaluate a causal model
which depicts long-term social psycho-
logical impacts.

A disaster impact assessment design
structured the methodological proce-
dures of this research (Gill and Picou,
1991; Picou and Rosebrook, 1992). This
approach included standardized indica-
tors of social impacts, random sampling
procedures, and a control community
comparison. The survey instrument in-
cluded demographic, social and psycho-
logical indicators used in previous disas-
ter research. This research design used
stratified random sampling techniques
and included personal, telephone and
mail surveys over the three year data
collection period.

Impact and Control Community
Description

Cordova was selected asanimpacted
community because of its economic de-
pendency on commercial fishing and its
cultural heritage of subsistence activi-
ties. It is located in the southeastern
region of Prince William Sound. The
community is isolated from other com-
munities by mountains, glaciers, rivers
and the sea. No roads have connected
Cordova to the outside world since 1964.
Incorporated in 1909, the city became an
export center for copper mined in the
Wrangell mountains to the north. The
closing of the copper minesin 1939 led to
increasing involvement in commercial
fishing. The community population cur-
rently fluctuates from 2,500 during the
winter to over 4,500 during the summer
commercial fishing season.

Cordova fishermen own almost one-
half (44%) of all Prince William Sound




herring permits and 55% of all Prince
William Sound salmon fishery permits
(Stratton, 1989). Subsistence activities
(i.e., harvesting, giving, receiving fish,
moose, deer, berries, etc.) characterize
90% of Cordova’s households (Stratton,
1989) and Alaskan natives make up 18
percent of the population. These and
other data classify Cordova as a natural
resource community (Dyer et al., 1992).
The commercial fishing industry and
numerous related businesses link this
community directly to seasonal harvests
of renewable natural resources.

Petersburg, Alaska was selected as
the control community for this study.
Petersburg is located on an island in the
southeastern part of the state and is rela-
tively isolated with no road connections
outside Mitkof Island. Petersburg has a
population of 3,500 people, with Alas-
kan natives comprising approximately
20%. Petersburg’s economicbaseisbased
on commercial fishing. Petersburg resi-
dents also engage in subsistence activi-
ties at a rate similar to Cordova (Smythe,
1988; Stratton, 1989).

Data Collection: A stratified random
household sample was selected in the
Cordova community. In August, 1989,
personal interviews with 86 respondents
were conducted, reflecting 70
households. Random digit dialing
telephone interviews were conducted in
Petersburgand Cordova tocompletedata
oollection activities for the first year. In
1990, follow-up interviews were
conducted by mail and telephone
surveys. In1991, respondentsin Cordova
were reinterviewed by personal
interviews and respondentsin Petersburg
were once again contacted by telephone.

Indicators and Measures: Informa-
tion was collected from respondents on
demographics, social attitudes, work,
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family and personal disruption and so-
cial psychological stress. Social psycho-
logical stress was measured by the “im-
pact of events scale,” which identifies
two stress components—intrusion and
avoidance (Horowitz et al., 1979;
Horowitz, 1986).

Statistical Analysis: A series of path
models, or structural equation models,
were calculated for data available from
1989 to 1991 (Duncan, 1966; Birnbaum,
1981). In general, these models attempt
to identify causal relationships between
social structural characteristics, social
disruption and psychological stress.
Results

Higher levels of intrusive stress and
avoidance behavior were observed for
the impacted community in 1989, 1990
and 1991. These differences were found
to be statistically significant (Pr < .05)
when t-tests were applied to compare
impact and control community mean
scores on the stress indicators. Mean
stress scores were found to decline from
1989 to 1991 in the impact community
suggesting that, over time, areductionin
the intensity of the social psychological
impacts.

The evaluation of the models pro-
vided limited support for the hypothesis
that social structural characteristics in-
fluence social and psychological reac-
tions of victims of technological disas-
ters. The primary predictors of intrusive
stress in 1991 included intrusive stress in
1990 and 1989, work disruption in 1989
and continuing social disruptionin 1991.
Attitudes toward the effectiveness of
cleanup operations were found to pre-
dict long-term stress. That is, respon-
dents who were most pessimistic about
cleanup effectiveness in 1990 tended to
be more stressed in 1991. In general,
respondents who were male and who



experienced both work and family dis-
ruption in 1989 held the most pessimistic
views of cleanup effectiveness.

The long-term patterns of social psy-
chological stress found in previous stud-
ies of a variety of technological disasters
were also observed for residents of the
impact community in this research.
Higher levels of intrusive stress and
avoidance behavior were found to exist
in 1989, 1990 and 1991 in the impact
community. Over time, levels of stress
were found tobedeclining. Forexample,
mean intrusive stress scores fell from
24.47 in 1989 to 19.32 in 1990 and then
further declined to 17.74 in 1991. This
general trend suggests a pattern of re-
turn to community equilibrium.

Attempts to develop and evaluate
causal models of long-term stress result-
ing from the Exxon Valdez oil spill were
modestly successful. Although some
intervening variables were found to pre-
dict long-term stress, initial stress levels
were the most important predictors of
later stress levels in the models. Intru-
sive stress existing some 20 months after
the spill was found to be related to per-
ceptions that the cleanup was ineffec-
tive. However, the relative effects of
both attitudes toward the cleanup and
problems experienced from litigation on
intrusive stress were small when com-
pared to effects of previous stress levels
generated from the spill.

In conclusion, alternatives to linear,
additive models may berequired to fully
understand the complex patternsoflong-
term stress created by technological di-
sasters in general and the Exxon Valdez
oil spill, in particular. Models utilizing
interaction terms may provide more ac-
curate explanations. Future analyses of
these data will evaluate the utility of this
approach.

Exxon Valdez Qil Spill Symposium Abstracts

References

Baum, A., R, Fleming, and J. E. Singer. 1982,
“Stress at Three Mile Island: Applying psy-
chological impact analysis.” In: L. Bickman,
ed. Applied Social Psychology Annual, 3.
Sage: Newbury Park, CA: 217-248.

Baum, A., R. Fleming, and ]. E. Singer. 1983.
“Coping with victimization by technological
disaster.” Journal of Social Issues, 39(2): 117-
138.

Bimbaum, 1. 1981. An introduction to causal
analysisin sociology. Atlantic Highlands.N.
J.: Humanities Press.

Brown, Phil and Edward J. Mikkelsen. 1989. No
safe place: Toxic waste, leukemia and com-
munity action. Berkeley, CA: University of
California Press.

Couch, S. R. and S. Kroll-Smith. 1985. “The -
chronic technical disaster: Toward a social
scientific perspective.” Social Science Quar-
terly 66: 564-575.

Duncan, O.D. 1966. “Path analysis: Sociological
examples.” American Journal of Sociology.
72:1-16.

Dyer, C. L., D. A. Gill, and ]. S. Picou. 1992.
“Social disruption and the Valdez Qil spill:
Alaskan natives in a natural resource com-
munity.” Sociological Spectrum 12(2):105-
126.

Fall, ]J. A. 1990. “The Division of Subsistence of
the Alaska Department of Fish and Game:
An overview of its research program and
findings: 1980-1990.” Arctic Anthropology,
27(2): 68-92,

Freudenburg, W.R. and T. R. Jones. 1991. “At-
titudes and stress in the presence of techno-
logical risk: A test of the supreme court
hypothesis.” Social Forces 69{4): 1143-1168.

Gill, D. A. and ]. S. Picou. 1989. “Toxic waste
disposal sites as technological disasters.” In:
Psychosocial Effects of Hazardous Toxic
Waste Disposal on Communities. Thomas,
Springfield, IL: 81-97.

Gill, D. A. and . S. Picou. 1991. “The Social
Psychological Impacts of a Technological
Accident: Collective Stress and Perceived
Health Risks.” Journal of Hazardous Mate-
rials 27(1):77-89.

Horowitz, M.]. 1986. Stressresponse syndromes.
Northvale, NJ: Jason Aronson, Inc.



Archaeology/Human Impacts:

[ e e e

Horowitz, M. ], N. Milner and W. Alverez. 1979.
“Impactof event scale: A measure of subjec-
tive stress.” Psychosomatic Medicine
41(3):209-218.

Omohundro, J. D. 1982. “The impacts of an oil
spill.” Human Organization, 41(1): 17-25.

Picoy, ].S.and D. D. Rosebrook. 1992, “Techno-
logical accident, community class-action liti-
gation, and scientific damage assessment: A
case study of court-ordered research.” So-
ciological Spectrum 13: 117-138.

Picou, J. Steven, Duane A. Gill, Christopher L.
Dyer and Evans W. Curry. 1992, “Disrup-
tion and stressinan Alaskan fishing commu-
nity: Initial and continuing impacts of the
Exxon Valdezoil spill.” Industrial CrisisQuar-
terly 6: 235-257.

Restoration Planning Work Group. 1990. “Res-
toration planning following the Exxon Valdez
oil spill: August, 1990. Progress Report, U.S.
Environmental Protection Agency. Washing-
ton, DC 20460.

Smythe, Charles W. 1988. Harvestand useof fish
and wildlife resources by residents of Peters-
burg, Alaska. Alaska Department of Fish
and Game, Division of Subsistence, Techni-
cal Paper No. 164, June. Anchorage, AK.

Stratton, Lee. 1989. “Rescurce usein Cordova: A
coastal community of Southcentral Alaska.”
Alaska Department of Fish and Game, De-
partmentof Subsistence Technical Paper No.
153, December. Anchorage, AK.

Vyner, Henry M. 1988. Invisible trauma: The
psychosaocial effects of invisible environmen-
tal contaminants. Lexington, MA: D. C.
Heath and Company.



Exxon Valdez Qil Spill Symposium Abstracts

The Economic Impacts of the Exxon Valdez Oil Spill on Southcentral
Alaska’s Commercial Fishing Industry

Maurie J. Cohen
University of Pennsylvania

The potential of natural disasters to
generate short-term economic benefits
for impacted individuals and communi-
ties has become an accepted social sci-
ence notion (Dacy and Kunreuther, 1969;
Rogers, 1970; Cochrane, 1975; Wright et
al. 1979: Friesema, et al. 1979; Rossi et al.
1983). Unfortunately, the economic di-
mensionsof human-madedisastershave
not received similar treatment despite
the considerable attention that has re-
cently been focused on these events and
their sequelae (e.g., Erickson, 1976, 1991;
Levine, 1982; Couch and Kroll-Smith,
1985; Shrivastava, 1987).

In the case of oil spills, economic re-
search has been largely confined to the
estimation of comprehensive damage
assessments (Mead and Sorensen, 1970;
Burrows et al, 1974a, 1974b; Brown et al.
1983; Grigalunas, 1982; Grigalunas et al.
1986; Assaf et al. 1986). With the excep-
tion of work completed by Nelson (1981)
and Restrepo (1982) there has been little
consideration of the perturbing influ-
ences that technological disruptions can
have on local and regional economies.

Within the context of recent techno-
logicalaccidents (e.g., Bhopal, Three Mile
Island, Love Canal), the Exxon Valdez oil
spill is distinguished by its widespread
physical damageof a highly valued natu-
ral environment and its extraordinary
economic bonanza (Cohen, 1993). In or-
der to contain the spilled cargo, collect
contaminated debris, and clean oiled
shorelines amassiveemergency response
operation was assembled that eventu-

ally employed 11,000 local residents and
transient laborers at wages exceeding
$16 per hour.

However, while these ephemeral
windfall profit opportunities werebeing
exploited, the fundamental component
of the regional economy was experienc-
ing a downward realignment. In an ef-
fort to measure the magnitude of this
adjustment, this analysis derives ex post
estimates of the oil spill’s economic im-
pacts on southcentral Alaska’s commer-
cial fishing industry during the years
1989 and 1990 in isolation of the consid-
erable financial benefits imparted by the
emergency response operation. A three-
phase methodology is employed to de-
termine the ex-vessel revenue that would
havebeen earned for each of southcentral
Alaska’s eleven major commercial fish-
ery products {chinook, sockeye, coho,
pink and chum salmon, king crab, tan-
ner crab, Dungeness crab, Pacific herring
sac roe, Pacific halibut, and sablefish)
during each of these two years had theoil
spill not occurred.

First, estimates of the accident’s
harvest volume impacts are constructed
using data reported by the Alaska
Departmentof Fishand Game (ADF&G),
International Pacific HalibutCommission
(IPHC), and the National Marine
Fisheries Service (NMFS). The pre-season
harvestexpectations for each commercial
fishery in southcentral Alaska (Prince
William Sound, Lower Cook Inlet, and
Kodiak Island) were compared to actual
yields. In order to ascertain the extent of
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con:a mination from theoil spill, physical
morii oring and organoleptic test results
were examined for each regulatory
jurisc iction that evidenced a harvest
defict in either of the two years under
consideration. Harvest volume impacts
for aach commerdial fishery were then
apportioned to theaccident according to
thes¢ data. This method led to the
conzusion that the oil spill's harvest
volume impacts were confined
principally to Pacific herring and pink
anc ¢ humsalmon during the 1989season.
No harvest volume reductions
att-ibutable to the accident were
experienced in 1990.

S >cond, the Exxon Valdez oil spill was
hypothesized to have motivated a fun-
dain>antal shift in ex-vessel demand for
sov t wentral Alaska’s commercial fish-
erv products as retail consumers became
feariul of tainted seafood. This effect
was estimated with a price-dependent
de yand model that was variously
ad apted to the specific characteristics of
eact of the region’s major fish and shell-
fish species. Independent variables in-
diced in these specifications were the
seasonal quantity of landed product,
national income of major consuming
co11tries, frozen and canned inventory
hollings, price of substitutes, and ex-
chxge rates between the United States
and major consuming countries.

‘Thestructural equations derived from
th s model were estimated by a biased
leas t squares fitting procedure with data
fo- the period 1964-1988. The subse-
q.ently derived coefficients were then
uzed to generate ex post forecasts of the
ex-ressel prices that would have pre-
v:i edforsouthcentral Alaska’s commer-
cix fishery products during 1989 and
1¢60 in the absence of the oil spill. The
predicted ex-vessel prices were then con-

trasted with their corresponding actual
values. On the basis of this technique,
the largest ex-vessel price impacts were
sustained in both years by Pacific her-
ring sac roe and coho and chum salmon.
Noteworthy is the observation that ac-
tual ex-vessel prices for Pacific halibut
and sablefish exceeded predicted values
duringboth seasons, raising the possibil-
ity that some demand substitution of
these products least threatened by oil
contamination may have occurred.

Finally, the full extent of these esti-
mated harvest volume and ex-vessel price
impacts cannot be attributed to the Exxon
Valdez oil spill as the commetcial fishing
industry was concurrently perturbed by
several other biological and economic
influences in addition to the accident.
On the biological side, commercial fish-
ery yields are generally subject to consid-
erable stochastic variability due to nu-
merous environmental factors. For in-
stance, fluctuations in rates of predation,
disease mortality, and water tempera-
ture can alter interseasonal commercial
fishery harvest volumes. Additionally,
various forms of human intervention,
including regulatory measures and arti-
ficial cultivation, can result in harvest
volume adjustments.

On the economicside, ex-vessel prices
in 1989 and 1990 were influenced by
several perturbations that occurred si-
multaneously to the oil spill. After at-
taining unprecedented levelsin 1988, ex-
vessel prices for most Alaskan commer-
cial fishery products began to erode in
1989. This trend was motivated by sub-
stantial increases in the volumeof salmon
produced internationally. Other factors
contributing to this decline included ex-
cessive wholesale inventories, reduced
consumer spending, unfavorable ex-
change rate adjustments, and suspended



speculation among Tokyo fishery prod-
uct wholesalers. In order to isolate the
ex-vessel revenue impacts of the Exxon
Valdez oil spill from these confounding
biological and economic factors several
alternative scenarios were simulated.

Though each scenario was based on
different assumptions regarding the
magnitude of the Exxon Valdez oil spill
relative to the array of confounding fac-
tors, a consistent conclusion emerges.
The economic boom that swept over
southcentral Alaska as a result of the oil
spill obscured the decline in the profit-
ability of theregion’s commercial fishing
industry and exasperated the deteriora-
tion of international market conditions.
Specificaily, theaccidentreduced ex-ves-
sel revenue for southcentral Alaska’s
commercial fishers during 1989 by an
amount ranging between $6.4 million
and $41.8 million. Ex-vessel revenue
reductions were greatest for the region’s
commercial harvest of sockeye and pink
salmon while increased ex-vessel values
for Pacific halibut and sablefish margin-
ally mitigated these declines. Thisanaly-
sis indicates that the oil spill’s ex-vessel
revenue impacts in 1990 were between
$11.1 million and $44.5 million.

Employing 1988 as a baseline, these
amountsrepresent 3-19 percentof theex-
vessel value of southcentral Alaska’s
commercial fishing economy. Given the
considerable imprecisioninherent in eco-
nomic impact analysis of complex per-
turbations such as the Exxon Valdez oil
spill, more explicit evaluation is not
readily possible. In spite of this indeter-
minacy, thisanalysis provides abounded
interval in which one measure of the
accident’s economic dimensions can be
considered.

The interpretation of these results
requires the consideration of atleast four
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factors. First, the harvest volumeimpact
methodology lacks scientific rigor and is
further undermined by the uncertainty
that exists regarding hydrocarbon-based
toxicity on individual marine species.
Even under relatively static circum-
stances the determination of fishery har-
vest volumes on the basis of historical
trends and biometric forecasting models
is an imprecise exercise.

Second, theex-vessel pricemodel pro-
vides only a partial explanation of de-
mand behavior and its empirical specifi-
cation relies on commercial fishery prod-
uct data not generally noted for a high
degree of reliability.

Third, changes in the market charac-
teristics of many of southcentral Alaska’s
fishery products over the course of the
specification period raises concerns as to
parameter stability in the ex-vessel price
model.

Finally, many of southcentral Alaska’s
commercial fishers were employed in
various capacities by the cleanup opera-
tion mobilized after the oil spill. Remu-
neration for boat rentals and services
exceeded by several orders of magni-
tude the ex-vessel revenuelost due to the
inability to conduct scheduled commer-
cial fisheries, and overall economic per-
formance must be viewed in this light.
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Detecting Population Impacts from Oil Spills: A Comparison of

Methodologies.
Ray Hilborn
University of Washington

The simplest response of a popula-
tion to an oil spill is an immediate kill. A
certain proportion of the population is
killed by the spill, and then the popula-
tion gradually recovers. A second possi-
bility is that there is continued post-spill
impact on the population due toreduced
reproduction, growth or some other
mortality, but thisimpactdisappears over
time. A third possibility is that there is
some permanent impact on the popula-
tion, so that it never would recover to its
pre-spill abundance. This could be due
to permanently lost habitat, change in
the community composition, or perma-
nent changes in survival rates.

There are four ways that the impacts
on a population can be detected. These
are (1) direct body counts of the number
of animals killed, (2) pre vs. post spill
comparison of population sizes, (3) oiled
vs. unoiled spatial comparisons of abun-
dance after a spill, and (4) direct mea-
surement of vital ratesinoiled vs. unoiled
sites.

(1) Body counts are the number of indi-
viduals killed by the spill and can
sometimes be directly measured, or
estimated. Such counts are available
for several bird and marine mammal
species. However, body counts do
not provide, by themselves, any evi-
dence of populationlevel impact. The
body counts must be considered in
relation to population abundance,
natality and mortality rates. Thus
any quantitative assessment of popu-
lationlevel impacts will require some
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form of population dynamics model,
combined with several types of data.

(2) When abundance surveys are avail-
able, comparison of pre and post spill
numbers may be made to assess the
change in population. The statistical
power of such comparison will de-
pend upon the reliability of the cen-
sus method, the natural variability of
the population, and themagnitude of
change induced by the spill. This
method can clearly not be used when
no pre-spillabundance data areavail-
able, as was the case in many fish
species. Pink salmon exhibit such
high year-to year variability thatonly
themost severeof impacts could have
been detected by this method. We
show that the good returns of pink
salmon to Prince William Sound in
1990 and 1991 do not provide strong
evidence that there was no signifi-
cant impact of the oil spill.

(3) When the populations can be spa-
tially stratified into oiled and unoiled
sites, it may be possible to assess the
impact of the spill even when pre and
post spill data are not available. The
abundanceofindividualsinoiled sites
is compared to the abundance in
unoiled sites. Again the power of this
method will depend on thereliability
of the census method, the natural
variability from site to site, and the
magnitude of the change induced by
the spill. A key problem posed by
this approach is the fact that treat-
ments (oiled vs. unoiled) were not
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assigned randomly, and post spill
differences may reflect underlying
habitat differences rather than the
impacts of oiling. The study of im-
pacts on Dolly Varden and cutthroat
trout illustrates how such oiled vs.
unoiled comparisons can work
(Hepler et al., 1993). This is con-
trasted to pink salmon studies where
oiled vs. unoiled abundance data pro-
vide little statistical power (Sharr et
al., 1993).

(4) A final approach is to measure life
history parameters in oiled and
unoiled sites. The estimated param-
eters are used in a life history model
to estimate population level impacts.
The differences in growth observed
in oiled vs. unoiled sites (Hepler et
al., 1993), and in egg survival for pink
salmon (Bue and Sharr, 1993) are ex-
amples of how this approach can pro-
vide evidence of damage even where
population level damages may be
difficult to measure directly.

The weakness of this approach is it
depends on the validity of the popula-
tion dynamics models used, and in most
cases the extent of damage depends on
the level of compensatory mortality in

the life history after the damage. If there
is strong density dependent mortality
then the population level impacts will be
much less than the raw mortality caused
by oiling. The potential for compensa-
tory mortality significantly decreases the
power of this approach.

A final issue we consider is the statis-
tical framework for analysis of damage
studies. An obvious question encoun-
tered in any study of oil spill impacts is
whatlevel of significance should be used.
Weargue that traditional hypothesis test-
ing statistics should not be used, but
rather the statistical product of an analy-
sis should be a Bayesian posterior distri-
bution on theintensity of oil spill impact.
Hypothesis tests have little if any mean-
ing in testing for impacts, and should be
abandoned.
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Coastal Habitat Studies: The Effect of the Exxon Valdez Oil Spill on
Shallow Subtidal Fishes in Prince William Sound.

David Laur! and Lewis Haldorson?

Marine Science Institute, Unsversity of California Santa Barbara

University of Alaska Juneau

Fish communities were monitored in
shallow (< 20 m) depths of paired oiled
and unoiled {control) study sites within
Prince William Sound in 1990, using div-
ing transect techniques. Habitats stud-
ied were defined by dominant macro-
phytes {macroscopic plant), including
eelgrass and Agarum/Laminaria.

There were four pairs of oiled and
unoiled (control) eelgrass study sites. At
each site, we established three 30 m long
transects running parallel to shore, in
approximately the middle of the depth
range of eelgrass and at randomly se-
lected locations along a 200 m section of
shoreline selected for sampling. Two
divers counted fishes along each transect
within 1 m on either side and within3 m
of the bottom.

Agarum/Laminaria habitats were sub-
divided into bay and point categories,
and further stratified into shallow (2 -
11 m) and deep (11 - 20 m) depth zones.
There were three pairs each of bay and
point oiled and control sites. In each
depth zone three 30 m long transects
were randomly located and run parallel
to the shoreline. Fish were counted asin
the eelgrass habitat.

The nuil hypotheses of no difference
among oiled and control sites was tested
with a blocked ANOVA, with oil cat-
egory as the main effect and pair as a
blocking factor. Homogeneity of vari-
ance was tested with Levene’s test
{Milliken and Johnson, 1984). If data
failed to meet the assumption of homo-
geneity, and if the significance level for

the ANOVA wasless than0.10, wetested
the significance of the ANOV A F statistic
witharandomization procedure (Manly,
1991).

Over 15 species of fishes were ob-
served in the eelgrass transects, although
numbers were dominated by young of
the year (YOY) Pacific cod (Gadus
macrocephalus), which were the most
abundant species in both oiled (0.84 of all
fishes) and control sites (0.46 of all fishes).
Other important taxa were gunnels
(Pholidae), greenlings (Hexigrammidae),
and Arctic shanny (Stichaeus punctatus).
The number of all fishes per transect (60
m?) ranged from 5.3 to 105.0, with high-
est numbers in the oiled sites in each of
the four site pairs. The abundance of all
fishes, and of YOY Pacific cod, were sig-
nificantly (p<0.01) higher at ciled sites.

Over 30 species of fishes were ob-
served in Agarum/Laminariahabitats, and
the community was dominated by Arctic
shanny and a mixed group of sculpins.
For the purposes of our study we di-
vided the sculpins into small and large
species categories. In Agarum/Laminaria
bays, Arctic shanny, most of which were
YQY juveniles, were the most abundant
species in shallow depths (0.63 of all fish
inoiledsites and 0.31in control sites) and
weresignificantly moreabundantatoiled
sites. Total fish abundance was also
higher at oiled sites as aresult of the high
numbers of Arctic shanny. In the deep
depths of bays, small sculpins (mainly
Artedius sp.) were the most abundant
fishes. There were no differences in fish
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abundances in the deep strata of bays.

At Agarum/Laminaria study sites on
points, small sculpins were the most
abundant fishes in shallow depths and
were significantly moreabundantatoiled
sites. Greenlings were more abundant at
control sites (p <0.05). In the deep strata
of the point habitats greenlings were sig-
nificantly more abundant at oiled sites,
as was the abundance of all fishes com-
bined (p = 0.03).

In both eelgrass and AgarumjLami-
naria habitats, oiled sites had overall
higher abundances of fishes than did
control sites due to the higher numbers
of the dominant YOY fishes. Ebeling et
al. (1972) also found greater numbers of
larval and young of the year fishes in
oiled sites relative to control sites in the
Santa Barbara Channel after a large oil
spill therein 1969. Higher abundances of
YOY fishes may have resulted from
greater settlement of pelagic larvae into
oiled areas, from lowered mortality of
YQOY juveniles after settlement, or from
post-settlement migration of juveniles
into oiled sites or away from control
sites. Our data do not provide a basis for
distinguishing among these hypotheses.
However, other components of the over-
all subtidal program measured theabun-
dancesof many invertebrates at thesame
locations where fishes were counted.
Consequently, we conducted a feeding
study of YOY Pacific cod from eelgrass
study sites to determine if prey use pat-

terns were influenced by availability of
invertebrate prey taxa.

We examined the feeding habits and
condition {based on Fulton’s length/
weight index) of YOY Pacific cod from
oiled and control eelgrass sites. Fish
from oiled sites tended to have higher
volumes of stomach contents, and had
eaten proportionally more mollusk lar-
vae than fish from control sites, where
crustaceans were more common in diets.
These differences in diet appear related
to therelative availability of prey in oiled
versus control eelgrass study sites.
Fulion’s condition index did not differ in
any consistent pattern between oiled and
control study sites. Our results suggest
that in eelgrass habitat the increased
abundance of YOY Pacific cod at oiled
study sites is related to the increased
diversity and abundance of epifaunal
suspension-feeding prey taxa, espedally
mussels.
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Survey of Oil Exposure and Effects in Subtidal Fish Following the

Exxon Valdez Oil Spill: 1989-1991

Tracy K. Collier, Margaret M. Krahn, Cheryl A. Krone, Lyndal L. Johnson, Mark .
Myers, Sin-Lam Chan, and Usha Varanasi

National Oceanic and Atmospheric Administration

Petroleum and its components have
the potential todamagefishery resources.
Of special concern in Prince William
Sound and areas in the Gulf of Alaska
affected by the Exxon Valdez oil spill, are
species such as Dolly Varden char and
adult salmon, which inhabit or pass
through the littoral zones, and benthic
fish species which live in subtidal areas
in close association with bottom sedi-
ments. Numerous laboratory studies
have demonstrated that exposure of fish
to petroleum hydrocarbons can result in
a variety of adverse effects.

However, because of the high rate of
metabolism of petroleum hydrocarbons
by many species of fish, direct measure-
ment of tissue concentrations of parent
compounds does not generally providea
useful indicator of exposure of fish to
petroleum hydrocarbons. Therefore, it
has been difficult to document exposure
of fish to petroleum following oil spills.

In recent years, however, methods
have been developed for determining
such exposure, based on our knowledge
that many of the metabolites of aromatic
petroleum hydrocarbonsare fluorescent,
and a primary route of excretion of these
metabolites is through the bile. Thus we
have demonstrated that the measure-
ment of fluorescent aromatic compounds
(FACs) in fish bile serves as a useful
indicator of petroleum exposure in field-
sampled animals (Krahn et al., 1992;
Krahnetal,, this volume). Such measure-
ments are now a mainstay of many as-
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sessment and monitoring programs, in-
cluding those following the Exxon Valdez
oil spill. Additionally, it is known that
certain forms of cytochrome P450 can
increase dramatically following exposure
toa variety of exogenous compounds. Of
most interest for aquaticmonitoring pro-
grams is the finding that an increase in
hepatic cytochrome P4501A (P4501A)
appears to be a useful indicator of expo-
sure of fish species to a wide variety of
organic contaminants, including many
compounds contained in petroleum
(Payne et al., 1986; Collier and Varanasi,
1991).

In this paper we present summaries
of our assessments of exposure of several
species of fish for three years after the
Exxon Valdez oil spill, using these two
methods (biliary FACs and hepatic
P4501A). Data are presented for Dolly
Varden char (Salvelinus malma), yellow-
fin sole (Limanda aspera), rock sole
(Lepidopsetta bilineata), flathead sole
(Hippoglossoides elassodon), Pacific hali-
but (Hippoglossus stenolepis), and pollock
(Theragra chalcogramma).

Our studies of exposure of adult Pa-
cific salmon species are presented by
Stein et al. in this volume. In addition to
assessing petroleum exposure, samples
were also taken for examination of histo-
logical alterations and assessment of re-
productivefunction in twospecies, Dolly
Varden and yellowfin sole, because of
the potential for petroleum and related
compounds to adversely affect tissue
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structure and reproduction. The data re-
ported here are in units of ng phenan-
threne equivalents/mg bile protein, or
ng/mg, for levels of FACs in bile, and
pmoles benzo[a]lpyrene metabolized /mg
microsomal proteineminute, or pmol/
mg, for P4501A-associated enzyme ac-
tivity. Methodology used for obtaining
these results can be found in the detailed
study plans prepared for the Natural
Resources Damage Assessment Trustee
Council. More detailed presentations
and analyses of the data are being pre-
pared for publication in peer-reviewed
scientific journals.
Summaries of findings by species
Dolly Varden char, sampled in the
littoral zone by either beach seines or gill
nets run perpendicular to the shore,
showed some of the highest levels of
exposure to oil (as measured by levels of
FACsinbile, up tomean values of 15,000
ng/mg) of any fish sampled in 1989.
However, by 1990, these levels had
dropped markedly (to <5,000 ng/mg) at
heavily oiled sites such as Tonsina Bay
and Snug Harbor. Hepatic P4501A ac-
tivities were also elevated (>200 pmol/
mg/min) in Dolly Varden at these oiled
sites in 1989, and had dropped by 1990
(<100 pmol/mg/min). These results
suggest that the heavy oiling of the inter-
tidal area seen in 1989 affected fish in the
very nearshore subtidal area, such as
Dolly Varden char, and by 1990 the lev-
els of petroleum hydrocarbon contami-
nation of these areas were substantially
reduced. In 1990, Dolly Varden tissues
were also analyzed histologically, butno
increases in prevalences of histopatho-
logical conditions of liver, kidney, go-
nad, or gill were seenin conjunction with
apparent oil exposure. Additionally in
1990, measurements of plasma estradiol
concentrations and ovarian maturation

in female Dolly Varden captured at 12
sites showed little evidence of reproduc-
tiveimpairmentin this species, although
plasmaestradiol levels tended tobelower
in the animals most heavily exposed to
petroleum. Because there was a substan-
tial decrease in petroleum exposure be-
tween 1989 and 1990, Dolly Varden were
not sampled in 1991.

Exposure to petroleum was readily
discernible in the benthic flatfish species,
yellowfinsole, though the levels of FACs
in bile (up to =10,000 ng/mg) were less
than for Dolly Varden, suggesting less
exposure to oil. However, levels-did not
drop markedly between 1989 and 1990 at
oiled sites. By 1991, however, substan-
tially decreased exposure was evident at
Snug Harbor. In both 1990 and 1991
there was evidence of increased P450
activities in yellowfin sole at oiled sites.
Similar to Dolly Varden, there was little
evidence of reproductive dysfunction in
the female yellowfin sole from the oiled
sites in 1990, although there was again a
trend toward lower levels of plasma es-
tradiol in the most heavily exposed fish.

Levels of biliary FACs and hepatic
P4501A activities were determined in
rock sole from several sites in 1989, 1990,
and 1991, and rock sole were also exam-
ined for the presenceofhistopathological
lesions in 1990. Similar to yellowfin sole,
there was evidence of exposure to petro-
leum in rock sole sampled near oiled
sitesin 1989 and 1990, again up to=10,000
ng/mg. Decreased exposure was ob-
served at oiled sites in the limited sam-
pling done in 1991. The results of histo-
logical analyses of tissues collected from
this benthic species in 1990 showed no
alterationsin liver, kidney, or gonad his-
tology. However, there was a signifi-
cantly (p<0.005) increased prevalence of
respiratory epithelial hyperplasia (REH)




of the gill at three sites where the biliary
FAC data suggested that oil exposure
was greatest (Tonsina Bay, Snug Harbor,
and Sleepy Bay) as compared to the preva-
lence in fish collected from Olsen Bay
and Rocky Bay. Additionally, the sever-
ity of gill REH was significantly greater
(p<0.05) at the three moreimpacted sites.

Increased levels of biliary FACs and
induced hepatic PA501A activities were
measured in flathead sole from heavily
oiled sites in 1989 (FACs only) and 1990
(FACs and P4501A). In 1991 these same
measures were slightly elevated in sole
from Snug Harbor compared to a less
impacted site, Olsen Bay. These results
are similar to observations in yellowfin
sole and rock sole, which is consistent
with all three of these flatfish species
being captured from similar habitats. No
histological analyses of tissues from flat-
head sole have been done.

Pacific halibut, captured generally at
depths of >30 m, showed some evidence
of increased oil exposure in 1989, as de-
termined by levels of FACs in bile, but
levels were substantially less (<7000 ng/
mg) than for other flatfish species cap-
tured at shallower depths. By 1990 these
levels of FACs had dropped consider-
ably (to <2500 ng/mg) at Tonsina Bay
and Snug Harbor.

Pollock were not sampled until the
late winter of 1990, and then were only
sampled for levels of biliary FACs. At
that time increased levels of FACs (up to
~8000 ng/mg) were evident, especially
in pollock from inside Prince William
Sound, and by 1991 these levels had
dropped quite substantially, though it
was still possible to detect increased lev-
els at some sites inside PWS, compared
to animals collected from unimpacted or
distant sites. Assessment of reproduc-
tive function in female pollock collected
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in 1991 did not show any substantial
effects that could be positively ascribed
to increased oil exposure.

The results of analyses of oil expo-
sure in several species of subtidal fish
following the Exxon Valdez oil spill de-
finitively point to the necessity of moni-
toring the subtidal environment follow-
ing major oil spills. The littoral zone
appeared to be heavily impacted in the
months immediately following the spill,
but a year later, after a winter storm
cycle, exposure of fish inhabiting this
zone (i.e. Dolly Varden) was substan-
tially decreased. In contrast, nearshore
benthic fish species (up to ~30 m depth,
species sampled were rock sole, yellow-
fin sole, and flathead sole) showed con-
tinuing exposure through the first two
field seasons after the spill, and even
after more than two years there was still
some evidence of increased exposure of
fish from these habitats.

Beyond this depth (>30m), the degree
of exposure of Pacific halibut appeared
to be less than in benthic fish residing at
shallower depths. A surprising finding
was the evidence of exposure of pollock
to petroleum approximately one year
after the spill, at a site (e.g. Tugidak
Island) more than 400 miles from the
grounding site. Pollock, a major fisheries
resource in Alaskan waters, are bathy-
pelagic fish which feed in the water
column. Thus these results suggest that
the spilled oil affected either the water
column or food supply of these fish at
great distances from the spill, and for
some time after the spill.

What remains to be determined are
the potential impacts onfishery resources
of long-term exposure to petroleum,
albeit at moderate to low levels. To date,
ourstudieshavenotshownany profound
effects in the species studied following
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the Exxon Valdez oil spill, but this finding
is tempered by the delay in initiating
studies of serious effects such as
reproductive function, and therelatively
short time over which suchanalyses have
been conducted.

Although it will alwaysbe difficultto
sample subtidal fishery resources com-
prehensively and rapidly following an
oil spill, a better understanding of the
potential impacts of petroleum exposure
on fishery resources can be obtained
through careful and realistic laboratory
exposureof fish to petroleum. Suchstud-
ies will need to go beyond the relatively
straightforward short-term exposure
studies which have been commonly done
in the past. However, recentadvances in
methodology for assessing oil exposure
in fish, together with current knowledge

of the biological processes involved in
reproduction, immune function, and
growth and survival of fish species, make
this an appropriate course of action.
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Impact of Oil Spilled from the Exxon Valdez on Survival and Growth
of Dolly Varden and Cutthroat Trout in Prince William Sound, Alaska
Kelly R. Hepler, Patricia A. Hansen, and David R. Bernard

Alaska Department of Fish and Game

From 1989 through 1991, the impact
of spilled crude oil from the Exxon Valdez
on growth and survival of anadromous
Dolly Varden (Salvelinus malma) and cut-
throat trout (Oncorhynchusclarki)in Prince
William Sound were studied in accor-
dance with the Clean Water Act and the
Comprehensive Environmental Re-
sponse, Compensation, and Liability Act.
Atthetimeof thespill, anadromous Dolly
Varden and cutthroat trout werein lakes
around Prince William Sound. Paststud-
ies on the behavior of these fish have
shown that Dolly Varden and cutthroat
trout spend their winters in lakes, emi-
grate to the sea during late spring, and
return to the same lakes the following
fall. Survival and growth rates in emi-
grating populations could be calculated
from fish recaptured during the next
spring emigration.

Five such populations of each species
wereintercepted with weirsin 1989,1990,
and 1991 during their annual seaward
emigration to Prince William Sound in
the spring. Two populations emigrated
into the wake of the spill, while three
emigrated into waters free of spilled
crude oil. Our study populations were
comprised of tagged adultsand subadults
of both species. Growth was measured
directly onrecapturedfish. Survivalrates
were estimated with log-linear models
of capture histories of tagged fish.

A two-stage simulation based on
bootstrapping and Monte Carlo tech-
niques was used to compare average
survival ratesbetween study populations

that were and were not associated with
spilled oil.

Ten thousand eight hundred fifty
seven Dolly Varden and 1,086 cutthroat
trout were tagged and released in 1989;
and 41,510 and 2,496, respectively, in
1990; 46,286 Dolly Varden and 2,701 cut-
throat trout were inspected for tags in
1990; and 28,657 Dolly Varden and 5,062
cutthroat trout were inspected in 1991.
Fewer fish were intercepted in 1989 be-
cause weirs wereinstalled after thelarger,
older fish had emigrated.

Three hundred thirty-six fish were
recaptured and reported by persons
working or recreating around Prince
William Sound during the summers of
1989 and 1990; few of these fish (18 Dolly
Varden and no cutthroat trout) had been
caught across the boundaries of the spill.
Ninety to 100% of recaptured emigrants
were recaptured at the same weirs in
1990 and 1991 at which they were re-
leased a year earlier. Of those fish that
had strayed (298), few Dolly Varden and
no cutthroat trout had moved across -
boundaries marking the extent of spilled
crude oil. On average an unexpected
47% of survivors of both species evaded
recapture in 1990 even though three of
the five weirs were fish-tight that year.
This evasion was incorporated into the
log-linear models used to estimate sur-
vival rates.

Growth and survival rates were sig-
nificantly lower in study populations
associated with spilled oil. Growth from
1989-1990 was on average less in study




populations thatemigrated into the wake
of the spill: 24% and 22% less for recap-
tured subadult and adult Dolly Varden
and 36% and 43% less for subadult and
adult cutthroat trout.

This difference persisted through 1991
for cutthroat trout, but not for Dolly
Varden; growth during 1990-91 of recap-
tured Dolly Varden in populations not
associated with oil slowed. Averages of
estimated survival rates from 1989 to
1990 werelessin study populations asso-
ciated with spilled oil: 36% and 40% less
for subadult and adult Dolly Varden and
28% less for adult cutthroat trout.
Bioaccumulation of petrogenic hydro-
carbons in the food chain or chronicstar-
vation from its collapse were hypoth-
esized as the pathways thatspilled crude
oil had slowed growth and accelerated
mortality of Dolly Varden and cutthroat
trout. Other studies in Prince William
Sound in the wakeof the spillhaveshown
a collapse in some of the populations of
inter-tidal and subtidalinvertebrates that
are common prey for both Dolly Varden
and cutthreat trout.

Fish: Survival and Growth of Dolly Varden and Cutthroat Trout
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Our results are consistent with the
occurrence of a deleterious impact on
growth and survival of those Dolly
Varden and cutthroat trout emigrating
into the wake of the oil spilled from the
Exxon Valdez. Because our results come
from observation and not from experi-
ment, our study can not confirm that
impact. No information on growth and
survival rates of fish in these populations
was available prior to our study, nor
could we control which populations were
exposed to spilled oil.

However, preponderance of evi-
dence, and not confirmation, is the usual
rule of judgment for assessing impacts in
accordance with the Clean Water Act
and with the Comprehensive Environ-
mental Response, Compensation, and
Liability Act. Survival and growth rates
in those study populations of Dolly
Varden and cutthroat trout not associ-
ated with spilled oil in Prince William
Sound were typical of published rates
for these species elsewhere, while rates
for fish associated with spilled oil were
atypically lower.
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Assessment of Damage to Demersal Rockfish in Prince William
Sound Following the Exxon Valdez Qil Spill
Andrew G. Hoffmann, Kelly Hepler and Pat Hansen

Alaska Department of Fish and Game

Populations of demersal rockfish in
Prince William Sound were studied from
1989 through 1991 to assess potential
injury due to the Exxon Valdez oil spill.
Injury was evaluated by determining the
concentrations of hydrocarbons and
histopathological alterations in rockfish
that inhabit reefs located in oiled and
unoiled sites.

Oilspilled from the Exxon Valdez was
the probable cause of death for demersal
rockfish killed in Prince William Sound
immediately after the spill. Approxi-
mately 20 dead rockfish were brought to
the collection centers in Valdez and
Cordova from sites of reported fish kills.
Five of these rockfish were necropsied
and it was concluded that crude oil was
the probable cause of death of all five.

These results prompted additional
testing for hydrocarbons in living rock-
fish. The 1989 hydrocarbon analyses
showed that atleast 11 fish of 30 rockfish
tested from treatment sites had been ex-
posed to oil within the two weeks prior
to collection, while none of the 13 fish in
control sites were exposed to oil. These
two pieces of information prompted the
1990 and 1991 studies to sample and test
rockfish for continued exposure to hy-
drocarbons.

Tissues were collected from rockfish
for analysis at four sites (two oiled and
two control) in Prince William Sound in
both 1990 and 1991. In 1990, four sites
were sampled along the outer Kenai Pen-
insula. Tissues from several species of
demersal rockfish: yelloweye (Sebastes

ruberrimus), quillback (S. maliger), and
copper (S. caurinus), were collected for
histopathological evaluation. Rockfish
tissues, as well as stomach contents, un-
consolidated benthic sediments, and
sessile suspension feeders were collected
at each study site for analysis of hydro-
carbons.

The proportion of samples from oiled
sites with aromatic hydrocarbons and
their metabolites in the bile was com-
pared to the proportion of samples from
control sites with contaminated bile.
Evidence of exposure to hydrocarbons
wasindicated by elevated concentrations
of phenanthrene and naphthalene-
equivalent compounds in the bile in con-
certwith chromatographic patterns char-
acteristic of hydrocarbon contamination.
Results indicate a significantly higher
incidence of hydrocarbons in the bile of
fish fromoiled areas than control areas in
1989 (P=0.005), however there were no
differences in 1990 (P=0.9332) or 1991
(P=.8438).

In 1990, nine histopathologic lesions
were scored by pathologists. However
only four—liver lipidosis, liver sinusoi-
dal fibrosis, liver, and kidney macroph-
age aggregates—were compared statis-
tically. These lesions were selected be-
cause they were the most likely to be
caused by exposure to toxins. In 1991, 26
different lesions were scored by the pa-
thologists, however only the same four
that were tested in 1990 were tested in
1991. Results from thestatistical analysis
of these lesion scores from rockfish in
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Prince William Sound in 1990 and 1991
indicated that rockfish were exposed to
toxic agents. There were differences be-
tween control and treatment sites in
Prince William Sound in two of the four
liver lesion scores (liver lipidosis
{P=0.0016] and liver sinusoidal fibrosis
[P=0.0118]) in 1990 and one of four (liver
lipidosis [P=0.008)) in 1991. No differ-
ences in lesion scores were seen between
sites on the outer Kenai Peninsula in
1990.

The histopathologic evaluation was
conducted blind, thatis, pathologists did

not know if the tissues were from fish
from oiled or unoiled sites. Upon comple-
tion of the histopathologic examination
the pathologists “predicted” which sites
were oiled based on qualitative analysis
of lesion scores. The speculated expo-
sure history was accurate for all four
sites in Prince William Sound.

Subsequent statistical analysis using
Principal Component Analysis was able
to determine differences in oiled and
unoiled sites in both 1990 and 1991. Dif-
ferences were more significant in 1991
than in 1990 using this analysis.
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Histopathologic Analysis of Chronic Effects of the Exxon Valdez Oil

Spill on Alaska Fisheries

Gary D. Marty, Mark S. Okihiro, and David E. Hinton

University of California Davis

To determine the long-term effects of
the Exxon Valdez oil spill on fish resources
in Prince William Sound, Alaska, sam-
pling was begun in 1990, more than 12
months after the spill, on four types of
fish: (1) Dolly Varden char (Salvelinus
malma) adults; (2) Pacific herring (Clupea
harengus) larvae and adults; (3) several
rockfish species (Sebastes spp.); and (4)
pink salmon (Oncorhynchus gorbuscha)
larvae and adults. Organs chosen for
histopathologic examination were those
mostlikely to contain chronic or residual
rather than acute lesions. Whole larvae,
or adult liver, trunk kidney, spleen, and
olfactory nares were sampled and pre-
served in Bouin’s or 10% neutral buff-
ered formalin solution.

Fixed tissues shipped to the Aquatic
Toxicology Program, University of Cali-
fornia, Davis, were labeled by site of
origin {e.g., Rocky Bay), but not by type
of exposure history (i.e., oiled vs. clean/
control). To eliminate bias during
histopathologic examination, tissues
from each fish were assigned a random
number used only to identify a given
study but not a site of origin. Tissues
were embedded in paraffin, sectioned at
5 ym, and read in ascending numerical
order. All lesions were semiquantita-
tively ranked (none =0, mild =1, moder-
ate = 2, and severe = 3). After lesions
were scored, significant lesions were
identified using principal components
analysis (PCA), and analysis of variance
(ANOVA) of scale values derived from
PCA was used to identify site differ-

ences. After histopathologicresults were
reported, actual exposure history was
revealed. Multivariate ANOV A was used
to differentiate oiled from clean sites,
and also to account for other variables
such as age or sex. Sampling was re-
peated in 1991 only if statistically signifi-
cant differences between fish from oiled
vs. clean sites were demonstrated in 1990.
Dolly Varden char in Prince William
Sound congregate over winter (Novem-
ber—May) in a few freshwater lakes, but
then split up and return to the mouths of
their home streams to spawn and feed
during the rest of the year (Andy
Hoffman, personal communication).
Someof these stream outlets were heavily
impacted by the Exxon Valdez oil spill. In
June 1990, livers were sampled from 12
Dolly Varden from each of five sites; in
October 1990, liver, spleen, kidney, and
olfactory nares were sampled from 14 to
20fish from four of the five sites sampled
in June. For the June samples, the first
principal component explained 34% of
the variability in the lesion scores, giving
significant weight to hepatic lipidosis
and hepatocellular megalocytosis.
Hepatic lipidosis is a common re-
sponse associated with exposure of fish
toavariety of different agents (Meyers et
al., 1985) including petroleum hydrocar-
bons (Fletcher et al., 1979, McCain et al.,
1978); however, other studieshave shown
a decrease in hepatic lipid stores in fish
from oiled sites (Haensly et al., 1982).
Megalocytosis is a marker of hepatocyte
damage from a variety of insults (Hinton
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et al., 1992), but has not previously been
associated with exposure to oil. Scores
from the two oiled sites were signifi-
cantly different from three clean sites
(ANOVA, P =0.001), and wereranked in
decreasing order for fish from Eshamy
Creek weir (oiled, score = 1.7), Green
Island weir (oiled, score = -0.17), Rocky
Bay weir (clean, score = -0.43), Makarka
Creek (clean, score = -0.47), to Boswell
Bay (clean, score = -0.54). Only scores
from Eshamy Creek weir were signifi-
cantly different from other scores with
Tukey’s Studentized range test. For the
October samples, the first principal com-
ponent explained 16% of the variability,
and oiled vs. clean differences were still
highly significant (P = 0.0001).
Herringin Prince William Sound con-
centrate into a few select near-shore ar-
eas and spawn in April. Eggs hatch and
movement patterns of resultant larvae
aremostly unknown until they appear in
bait fish industry catches approximately
18 months after hatch (Evelyn Biggs, per-
sonal communication). Movement of
adult fish between annual spawns and
potential for mixing of stocks are also
unknown. Threetypesof histopathologic
studies were completed with herring.
First, naturally spawned eggs were
collected from oiled and clean sites,
brought to the laboratory to hatch, and
resultant hatchlings were examined for
lesions (1989, 309 larvae; 1990, 189 lar-
vae). Several of the larvae sampled in
1989 had cranial masses that resembled
tumors; however, histopathologicexami-
nation revealed these to be a result of
autolysis and not neoplasia. Vacuola-
tion of the lens, a common finding in
1989 (both in oiled and clean larvae) but
not 1990 larvae, was also a result of post-
mortem autolysis. None of the herring
larvae had significant histologic lesions.

In the second group of herring stud-
ies, tissues from adults were sampled in
April 1989 (ten fish each from two oiled
and two clean sites), Fall 1990 (50 fish
each from one oiled and one clean site),
and April 1991 (20 fish each from one
oiled and two clean sites). In 1989, severe
hepatic necrosis in 20% of herring from
the two oiled sites (Naked Island and
Rocky Point) clearly differentiated these
fish from control fish (none of the fish
from control sites had severe hepatic ne-
Crosis).

Interestingly, PCA failed to demon-
strate significant differences based on
exposure history of the herring sampled
in 1989. Hepatocellular necrosis was
described in wild fish sampled nine
months after the 1978 Amoco Cadiz oil
spill (Haensly et al., 1982). In analysis of
lesion scores in 1990 samples, the first
principal component explained 18% of
the variability, and placed substantial
weight on liver glycogen, liver macro-
phages, liver single cell necrosis, splenic
macrophages, and kidney macrophages.
Hepatocellular megalocytosis, though
present, did not contribute to site vari-
ability. Macrophage aggregates, includ-
ing those in liver, spleen, and kidney,
have been used as indicators of contami-
nant exposureand more often as a gener-
alized nonspecific response to several
stressful stimuli (e.g., starvation, heat
stress) in many studies (Blazer et al,,
1987; Herraez et al., 1986; Wolke et al.,
1985} and numbers of hepatic macroph-
age aggregates were increased in fish
exposed to oil (Haensly et al., 1982).

Studies have shown that macro-ph-
age aggregates increase with age in
healthy fish but are independent of age
instressed fish (Blazer etal., 1987; Hinton
et al.,, 1992). Age of herring from the
oiled site (Green Island, 5.6+0.16 years)




was significantly greater than the clean
site (KnowlesHead, 2.4+0.13 years). Mul-
tiple analysis of variance (MANOVA)
revealed thatsite differences were highly
significant (P =0.01), whereas age differ-
ences did not contribute significantly to
lesion scores (P = 0.29). Differences asso-
ciated with potential oil exposure were
no longer detectable in herring sampled
in the spring of 1991. In the third study,
adult herring were exposed to crude oil
in the water (20 or 60% water soluble
fraction) or per os (force-fed in gelatin
capsules) in the laboratory (220 exposed
fish, 20 controls) for up to ten days. Ex-
posed fish developed hepatic necrosis,
providing strong evidence that oil was
the cause of hepatic necrosis in wild-
caught herring in 1989, and supporting
evidence that macrophage aggregates in
herring captured in 1990 resulted from
oil exposure.

Pink salmon in Prince William Sound
spawn in streams during late summer.
Eggs hatch in December and fry emerge
and move out to sea in the spring. Young
adults move outof Prince William Sound
and mix with other stocks for much of
their life, and mature adults return to
spawn in the same stream their parents
spawned in two years earlier (Sam Sharr,
personal communication).

Larvae and juveniles were sampled
and examined for lesions in 1989 (726
pre-emergent larvae from 23 sites), 1990
(158 fish from 16 sites), and 1991 (160 fish
from 11 sites). Mature adults were exam-
ined forlesionsin twoseparate studiesin
1990: 20 males and 20 fernales from each
of eight sites in study #1 (320 fish) and
from each of five sites in study #2 (200
fish). PCA detected some significant
differences among lesion scores of oiled
vs, clean groups, but the scores (e.g.,
autolysis) that accounted for these dif-
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ferences could not be attributed to oil
exposure.

Rockfish in Prince William Sound
establish home ranges and tend to stay
on the same rock bed for years (Andy
Hoffman, personal communication).
Therefore, they are potentially an excel-
lent group of fish to use for monitoring
effects of perturbations such as the Exxon
Valdez oil spill. In 1990, 121 rockfish (8
different species) were collected from
four sites in Prince William Sound and
four sites off the Kenai Peninsula. Nine
lesions in the liver, spleen, and kidney
werescored and analyzed using PCA;an
orthogonal transformation was done to
put more weight on macrophage scores
in Factor 1. When species differences
were ignored in ANOVA of Factor 1,
oiled vs. clean differences were not sigr
nificant (P = 0.21); however, when spe-
cies differences were included, oiled vs.
clean differences were significant (P =
0.035).

In 1991, 107 rockfish (either quill-
back, yelloweye, or copperrockfish) were
collected from four sites in Prince Will-
iam Sound. Twenty-six lesions in the
liver, spleen, kidney, gill, and heart were
scored; analysis was the same as for 1990
rockfish. When species differences were
ignored in ANOVA, oiled vs. clean dif-
ferences were not significant for Factor 1
(P = 0.09) but were significant for Factor
3 (P = 0.001); when species differences
wereincluded, oiled vs. clean differences
were significant for Factor 1 (P = 0.001)
but not for Factor 3 (P = 0.27).

Multivariate analysis of variance on
the 1991 data showed significant oiled
vs. clean differences whether species
differences were ignored (P = 0.005) or
considered (P = 0.02). Lesions
contributing most to variability in 1991
included hepatic megalocytosis and
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macrophage aggregates, and splenic
macrophage aggregates. Rockfish were
collected in 1991 nearly 2.5 years after the
Exxon Valdez oil spill, but
histopathologic analysis indicates that
lesion differences were more significant
in 1991 thanin 1990. Therefore, additional
sampling is proposed for 1993 to
determine if toxic effects continue.
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Effects of the Exxon Valdez Oil Spill on Herring Embryos and Larvae:

Sublethal Assessments, 1989-1991

Jo Ellen Hose!, Evelyn Biggs? and Timothy T. Baker?

! Occidental College
? Alaska Department of Fish and Game

Embryo/larval development of
Prince William Sound herring was evalu-
ated from 1989 to 1991 to determine pos-
sible adverse effects from the Exxon Val-
dez oil spill. Herring embryos were col-
lected from three replicate sites within
each oiled or unoiled location. Because
herring did not spawn at the same sites
every year, sites were generally different
for each year.

Fairmont Bay, an unoiled location,
was sampled every year as was Rocky
Bay, an oiled location on Montague Is-
land. Naked Island, an oiled location,
was sampled onlyin 1989 and 1990. Eggs
were transported to the laboratory and
incubated tohatch. Larvae were assessed
for two types of sublethal damage,
morphologic malformations and genetic
effects. Relationships between thesuble-
thal endpoints and hydrocarbon mea-
surements from caged mussels were ex-
amined. Hydrocarbon measurements
wereranked using principal components
(PCA) specific to Exxon Valdez crude oil.

In 1989, larval malformations were
significantly (p<0.05) more severe at the
two oiled locations (Rocky Bay and Na-
ked Island) than at Fairmont Bay. Mal-
formation scores at Naked Island were
55% higher than those from Fairmont
Bay; differences were significant at all
three depths. AtRocky Bay, scores were
elevated by a mean of 37% but only the
middle and high depths were signifi-
cantly higher. The observed malforma-
tions included skeletal curvatures, cran-
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iofacial defects, reduced cephalic differ-
entiation, and finfold reductions. Larval
defects are a standard manifestation of
embryonic stress, whether from a toxic
event or exireme environmental condi-
tions such as high temperature (von
Westernhagen, 1988; Weis and Weis,
1989).

Both morphologic endpoints, the se-
verity of the malformations and the per-
centage of malformed larvae, ranked
consistently with the level of oiling in
1989 by location. At Fairmont Bay, both
endpoints showed the least damage and
the mean PCA value was 2.0 (no to low
oiling). Rocky Bay had intermediate val-
ues for sublethal damage and its mean
PCA score (6.7, notohighoiling}. Naked
Island had the greatest sublethal dam-
age and the highest mean PCA value
(9.8, low to high oiling). The chemistry
results reflected variability in the oiling
levels within areas. Neither of the
morphologicendpoints was significantly
correlated with site-specific PCA scores.

Mitotic configurations in the pectoral
fins were enumerated and evaluated for
evidence of chromosome breakage
(anaphase aberrations). Fairmont Bay
larvae averaged 8.5 mitoses per fin and
10.4% aberrant anaphase configurations,
values withinnormal limits. Larvae from
the two oiled locations had reduced cell
division and elevated anaphase aberra-
tion rates relative to Fairmont Bay lar-
vae. At Rocky Bay, the aberration rate
was 33.9%, 2.3 times higher than at the
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unoiled site; at Naked Island, the aberra-
tion rate was 45.7%, 3.4 times higher.
More individuals from the oiled loca-
tions thus exhibited genetic damage ca-
pable of reducing their subsequent sur-
vival. Reduced cell division and chro-
mosome breakage result from exposure
togenotoxicagents, including petroleum
hydrocarbons (Longwell and Hughes,
1980).

Similar cytogenetic effects have been
previously documented in fish eggs fol-
lowing oil spiils (Longwell, 1977). All
three cytogenetic endpoints {(number of
mitoses, % aberrations and % cytoge-
netically abnormal larvae) were ranked
consistent with PCA scores among the
three locations. Fairmont Bay larvae ex-
hibited the least cytogenetic damage,
Rocky Bay larvae were intermediate, and
Naked Island larvae were most affected.
Skeletal malformations and theanaphase
aberration rate were significantly corre-
lated with site-specific PCA scores. Skel-
etal and finfold defects, the anaphase
aberration rate and the percentage of
cytogenetically abnormal larvae were
correlated with concentrations of aro-
matic hydrocarbons.

Subsequentsampling in 1990and 1991
demonstrated thatsublethal damage was
undetectable. The extent of sublethal
damage in Prince William Sound her-
ring larvae declined from 1989 to 1990.
The reduction in morphologic damage
resulted in part from theimproved incu-
bation technique in 1990 but cytogenetic
measurements were unaffected by the
change. In 1990, morphologicendpoints
were within baseline levels at all three
locations but both the severity of malfor-
mations and the percentageof malformed
larvae were significantly higher at Na-
ked Island than at Fairmont Bay. Cyto-
genetic endpoints were within baseline
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levels at Fairmont Bay and Naked Is-
land, consistent with the decrease in hy-
drocarbon measurements at all sites
evaluated in 1990. The mean PCA scores
for Fairmont Bay and Naked Island were
less than zero and that of Rocky Bay was
0.6. At Rocky Bay, the aberration rate
and the percentage of cytogenetically
abnormal larvae weresignificantly higher
compared to the unoiled site. Because
the 1990 hydrocarbon levels were also
low at Rocky Bay, this residual
genotoxicity might reflectsustained dam-
age to theadults and thus be unrelated to
mussel uptake measurements. To re-
solve this complicated picture, sublethal
effects were more intensively studied
the next year.

In 1991, morphologicand cytogenetic
measurements were similar between
Fairmont Bay and Rocky Bay. All end-
points were slightly higher than in 1990,
probably reflecting the colder 1991 water
temperatures. Whereas the aberration
rate and percentage of cytogenetically
abnormal larvae were significantly el-
evated at Rocky Bay in 1990, 1991 values
were virtually identical to those from
Fairmont Bay. Aberration rates were
both 21.5%, slightly above the upper
normal limit of 20%. At Fairmont Bay,
58% of the larvae were cytogenetically
abnormal compared to 57% at Rocky
Bay. These data suggest that oil-related
toxicity wasameliorated by 1991 at Rocky
Bay.

Herring did not spawn on Naked
Island in 1991, soembryos were placed at
three of the 1989 sites and allowed to
develop in situ. Morphologic and cyto-
geneticanalyses detected significant tox-
icity present at only one site which had
been moderately oiled in 1989. Two 1989
sites at Rocky Bay were similarly evalu-
ated, and consistently adverse sublethal




effects were not found. To summarize,
These data suggest that the Exxon Valdez
oil spill transiently elevated theincidence
of sublethal damage in larval herring
within certain affected areas but signifi-
cant damage did not persist into 1991.
In the laboratory, herring embryos
exposed tolow concentrations of Prudhoe
Bay water soluble fraction (WSF) exhib-
ited sublethal damage similar to that
observed in the field. The morphologic
endpoints were significant at 0.10 to 0.48
mg/LWSFand the cytogeneticendpoints
significantat0.01t00.24mg/L WSF. The
anaphase aberration rate proved to be
the most highly sensitive endpoint with
rates elevated above the control at the
lowest dose tested, 0.01 mg/L WSF. Sig-
nificant differences at 0.10 mg/L WSF
weredetected with threeother endpoints:
craniofacial malformation severity,
finfold malformation severity, and the
percentage of cytogenetically abnormal
larvae. All endpoints were significantly
correlated with the log WSF dose. This
presentation will also discuss relation-
ships between the sublethal effects ob-
served in the field and irn the laboratory
and measurements of Exxon Valdez crude
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oil throughout Prince William Sound.

Sublethal impacts are an important
part of toxicity assessments since they
can be used to predict long-term damage
or estimate effects on life stages that are
difficult to study. Forinstance, sublethal
effectdatafromherring canbeintegrated
with measurements of egg abundance,
embryo survival and larval densities to
obtain estimates of embryo/larval suc-
cess. Such estimates are essential to de-
fine potential toxic effects on fish popu-
lations.
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Herring Embryo Stage Sensitivity to Water Soluble Fraction of Prudhoe

Bay Crude Oil

R. M. Kocan!, ]. E. Hose?, and E. Biggs®
"WUniversity of Washington

! Occidental College

3 Alaska Department of Fish and Game

The purpose of this study was: (1) To
determine if short-term exposure to
water soluble fraction (WSF) adversely
affected developing embryos to differ-
ent degrees depending on their develop-
mental stage; (2) To establish an EC, for
Prudhoe Bay water soluble fraction fol-
lowing continuous embryo exposure for
the entire incubation period; and (3) To
evaluate previously oiled and unoiled
sites in situ for embryo toxicity.

Tominimize inter-female variability,
eggs from 8-10 females were randomly
distributed to 100 slides at a density of
40-60 eggs/slide. Sperm from three to
four males was then pooled and used to
fertilize the eggs. After one hour, several
slides were examined to verify fertiliza-
tion success. Atleast 90% of theeggs had
to be fertile in order to consider the
spawning successful.

Slides containing fertile eggs were
placed into a Plexiglas carrier to prevent
slide-to-slide contact during transit, then
submerged in seawater, gassed with O,
and placed into a cooler containing wet
ice for transport back to the University of
Washington by commercial airliner. The
total elapsed time from fertilization in
Prince William Sound to arrival in Se-
attle was eight hours. Once at the Uni-
versity, the embryos were incubated at
8°Cin 29 pptseawaterinanenvironmen-
tal chamber for the duration of the ex-
periments. Embryos were maintained in
300 ml of seawater and gently aerated
with approximately 60 bubbles/minute

for the entire incubation period. The
combination of a high humidity and low
rate of aeration resulted in minimal
evaporativeloss. Dissolved O, remained
constant at 10-11 mg/L/L.

Transport Effects

In order to control for possible trans-
port effects, ripe Puget Sound herring
(PS) were transported to the University
of Washington and spawned in the envi-
ronmental chamber as described above.
These were then incubated in parallel
with the Prince William Sound embryos,
exposed similarly to WSF and compared
for differences in survival time and de-
velopmental abnormalities. The experi-
ment was designed to detect any effectof
prolonged transport.

Preparation of WSF

To test the toxicity of water soluble
components of oil, a water soluble frac-
tion was prepared by shaking 40 ml of oil
with one liter of 29 ppt synthetic seawa-
ter in a 2L separator funnel at 8°C for 15
minutes, then allowing the mixture to
separate in the funnel for 18 hours at8°C.
The funnel was tapped lightly several
times to release oil droplets adhering to
the glass, then the water layer was
drained off into a glass-stoppered bottle
and used as a stock for exposure dilu-
tions. The seawater removed from the
separator funnel was designated 100%
WSE, and used as a stock from which
dilutions down to 0.1% were made. A
new stock was prepared every 48 hours
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for the duration of the embryo exposures
(approx. 21 days).

Chemical analyses of WSF werebased
on the total peaks observed for low
molecular weight (C6-C12) gasoline
range hydrocarbons, and high molecu-
lar weight (C12-C28) diesel range hydro-
carbons. Low molecular weight (LMW)
samples were analyzed by GC/FID
(Purge & Trap) and the high molecular
weight (HMW) samplesby GC/FID, both
modified U.S. Environmental Protection
Agency method 8015. Because LMW
values decreased with time, the HMW
samples were used to convert “%"” WSF
to real values corresponding to mg/L
(ppm) of dissolved petroleum hydrocar-
bons. Analysis of three replicate extrac-
tions demonstrated that 100% WSF con-
tained 9.67 mg/L (ppm) of HMW hydro-
carbons. :

Developmental Stage Sensitivity

To establish specific developmental
stage sensitivity to WSF, 24 hours after
fertilization, and every 24 hours thereaf-
ter, a different group of embryos was
exposed to WSF for 36 hours. This re-
sulted in four groups of embryos being
exposed to WSF at 24, 48,72 and 96 hours
post fertilization. Three concentrations
of WSF were used (25%, 50 & 100%
WSEF), which corresponded to 2.4, 4.8
and 9.7 ppm Prudhoe Bay crudeoil. After
the exposure period was complete, the
embryos were washed free of adhering
0il and incubated in flowing natural
seawater until they hatched. The ex-
change rate was 6-8 times per hour, en-
suring adequate aeration and removal of
excreted metabolites.

Upon arrival at the University of
Washington the Prince William Sound
embryos were placed into 300 ml of WSF
ranging from 100% to 0.1% (9.67-0.009
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ppm). The WSF was changed every 48
hours for 18 days. Larvae were then
allowed to hatch into clean seawater so
that only embryotoxic effects would be
measured.

Genotoxic Damage

Chromosome and mitotic damage
was evaluated by examining mitotically
active tissue from newly hatched larvae
which had been exposed during the EC,,
determinations. The number of mitoses
and the number of abnormal anaphase-
telophase cells in each of the treatment
groups were evaluated from germinal
layer between the muscle cells and de-
veloping ray structure of the larval pec-
toral fin.

In Situ Embryo Exposures

Field deployment occurred in late
April of 1991 in Prince William Sound.
Slides containing newly fertilized eggs
were placed into PVC cassettes and
placed at two depths each of two oiled
and twounoiled sites. The cassettes were
retrieved from the field 10-12 days later
and returned to the University of Wash-
ington. Embryos were in the environ-
mental chamber in clean aerated seawa-
ter within 8 hours after being retrieved.
Eachexposuresitereceived 250-350 eggs.
Exposures occurred at 10 sites within
Prince William Sound designated “C”
and “0”, with deployments below the
mean low water mark at - 5 ft and - 15 ft.

(In Vitro) Embryonic Stage Sensitivity

The earliest exposure periods and
highest WSF concentrations had the
greatest effect on hatching success of
herring embryos. The 24 and 48 hour
developmental stages were the most se-
verely affected with a 20-45% embryo
mortality relative to the controls. By 96
hours post fertilization, embryo survival
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increased and was 80-100% of the con-

trol levels.

Increasing concentrations of WSF
produced an increase in the percent of
abnormal larvae, ranging from 10% at
2.5 ppm to 65% in 10 ppm WSF. The
exposed embryonic stage however, had
no detectable influence on normal larval
development. Abnormalities evaluated
were scoliosis, lordosis, cranial malfor-
mations and optic deformities.

EC,, Determination for WSF

Observations on the mean-hatching-
day post fertilization revealed that em-
bryo exposure to concentrations >0.242
mg/L WSF resulted in embryos hatch-
ing 4 to 5 days earlier (mean = 15 days)
than did the controls and lower WSF
concentration exposures (mean = 19 to
20days). This concentration is one half
the abnormality EC,,.

Continuous embryo exposure to WSF
of crude oil had little or no effect on
embryo survival or live hatch, but did
significantly increase the percentof physi-
cally defective larvae. Physical deformi-
ties included spinal deformity (scoliosis
or lordosis), optic malformations, man-
dibular malformations and an enlarged
pericardial region. These defects ap-
peared not to be pathognomonic so were
all considered together for the purpose
of this study (e.g. total abnormal larvae).

The abnormality data were analyzed
using EPA’s Probit Analysis Program for
data from Acute and Short-Term toxicity
tests with aquatic organisms (EPA Bio-
logical Methods Branch, Cincinnati, O.).
An EC, to ECy curve was generated
which shows an EC,, of 0.432 mg/L of
the high molecular weight components
of WSF. The EC, was0.078 mg/I.and the
EC, 2.39 mg/L. By comparing these
values to those observed in the field, it

should be possible to predict the number
of larvae which would be affected fol-
lowing exposure to a specific concentra-
tion of WSF in situ.

Normal untreated larvae were 71%
heavier (2.4 mg/20 larvae) than the un-
treated abnormal larvae (1.4 mg/20 lar-
vae). Normal larval weights decreased
as the WSF concentration increased, but
abnormal larval weights remained con-
stantas the WSF concentrationincreased.
Because many of the larvae were so se-
verely deformed, it was not possible to
obtain accurate lengths. Consequently,
this measurement was abandoned in fa-
vor of the more consistent dry weight
measurement.

Genotoxic Damage

Examinationof mitotically activecells
revealed that mitotic activity was signifi-
cantly reduced at 0.24 ppm WSF and
greater. Chromoseme abnormalities
micronuclei were significantly increased
atand above WSF concentrations of 0.01
ppm, well below that which produced
grossly visible physical abnormalities.

The mean number of embryos hatch-
ing in the control (C) group was signifi-
cantly lower than in the oiled (O) group
(p<0.01;tTest). There was alsoasignifi-
cantly greater number of normal larvae
hatching from the “C” group (63.3%)
than from the “O” group (51.3%) (p <<
0.01; t Test). This response is similar to
what was seen in the in vitro embryo
exposures. It will be necessary to obtain
analytical data on the chemical contami-
nants on site at the time of exposure
before any correlation can be made be-
tween in_vitro and in situ responses.

A dry weightanalysis of larvae hatch-
ing from the two exposure groups
showed that the mean weight of both
normal and abnormal larvae from the
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“C” group weresignificantly higher than
the weights of the “O” group (p << 0.01);
t Test).

The mean % hatch was 73 +/ 11 for
Prince William Sound and 65 +/ 9 for
Puget Sound embryos, and identical val-
ues for gross abnormalities, indicating
nosignificant effect resulting from trans-
port of the fertilized eggs from Alaska to
Washington.

Conclusions

1. Earlydevelopmental stages (24-48hrs
post fertilization) appear to be the
most sensitive to the effects of
Prudhoe Bay WSF. The concenira-
tion of WSF and not developmental
stage however, influenced the pro-
duction of grossly abnormal larvae.
Consequently, under natural expo-
sure conditions it might be expected
thatearly exposure of embryos would
result in higher mortality while the
concentration to which they were
exposed would result in increased
numbersof abnormal (non-viablelar-
vae).

2. EC,: The experimental EC  of
Prudhoe Bay crude oil WSF for Pa-
cific herring embryos exposed for
their entire incubation period was
0.43 ppm. By comparing this value
with the concentration of WSF found
following the Exxon Valdez oil spill, it
should be possible to determine the
total loss of herring embryos from
oiled sites within Prince William
Sound.

3. Genetic Damage: Significant dam-

age to chromosomes and mitotically
active cells in newly hatched herring
larvae occurred at concentrations well
below the EC_, indicating thatsubie-
thal long-term damage had occurred
and may not become apparent for
several generations.

. Hatching dynamics: Precocious

hatching occurred at concentrations
of WSF at or above 5% (0.484 ppm),
withlarvaehatching 4to5daysearly.
Alteration of mean hatching day fre-
quently occurs in fish exposed to a
widerange of pollutants. Early hatch-
ing may produce weak ill-prepared
larvae which are more vulnerable to
predation than those hatching after a
normal incubation period.

. Physical defects: The most obvious

effect of WSF on developing herring
embryos was the induction of physi-
cal defects in live-hatched larvae.
Specific defects were not
pathognomonicso werenot reported
separately. The LC_, for total abnor-
malities was 0.432 ppm with no nor-
mal larvae being present at or above
0.96 ppm.

. Larval weights: A reduction in dry

weight appeared to be related to ex-
posure to WSF only in normal larvae.
There was no correlation between
abnormal larval weights and expo-
sure to WSF in vitro. Not enough
data is available to properly interpret
the differences in larval weights ob-
served at the oiled and unoiled sites
in Prince William Sound.
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Egg-larval Mortality of Pacific Herring in Prince William Sound,
Alaska, After the Exxon Valdez Oil Spill

Michael McGurk! and Evelyn Biggs®
'Triton Environmental Consultants Lid.
2 Alaska Department of Fish and Game

The Exxon Valdez oil spill of March 24,
1989, was followed 2.5 weeks later by
spawning of the local stock of Pacific
herring (Clupea pallasi). The effect of the
spill on herring may have been restricted
to eggs because growth and mortality of
herring larvae captured 1 to 5 km off-
shore of the herring egg beds in 1989
were not significantly different between
oiled and non-oiled areas (McGurk et al.
in press). This study tested the hypoth-
esis of an egg effect by comparing in situ
egg-larval mortality between two oil-ex-
posed areas and two non-exposed areas.

Two of the four major herring spawn-
ing sites in the Sound, the North area
centered on Fairmount Island and the
Northeast area centered on Tatitlek Nar-
rows, were classified as non-oiled be-
cause the oil slick never contacted them.
The other two spawning areas, the Na-
ked Island archipelago and the northern
tip of Montague Island, were classified
as oiled.

Egg-larval mortality (Z, day”’) was
theln-transformed ratio of larval density
at hatch (NL, numberm sea surface) to
mean egg density (NE, numberm
spawning bed), divided by the duration
of the egg-larval period (t, days),i.e. Z =
-(1/9In(NL/NE).

Density of larvat herring at each of
the four areas was measured by weekly
oblique plankton tows to 30 m depth
from May 7 to June 22, 1989. Herring
larvae were sorted from the zooplank-
ton, counted and density was corrected

for net avoidance by larvae. A linear
regression of In{NL) on age was fit to the
descending right-hand limb of the catch
curve for the major cohort at each plank-
ton station. Larval density at hatch was
the intercept of the regression at t = 0
days.

Egg density at each area was mea-
sured by SCUBA divers as part of
ADF&(G’sannual herring spawn survey.
Mean egg density was the geometric
mean of all transects that could have
reasonably been expected to contribute
larvae to the pool sampled by the plank-
ton nets.

Aerial surveys by ADF&G found that
mid-points of the spawning period inthe
four areas ranged from April 11 to 13.
SCUBA surveys of egg density were con-
ducted about 10-16 days later. Hatch
dates of the four major cohorts of larvae
occurred 7 to 12 days after the mid-dates
of the SCUBA surveys.

Zwassignificantly differentbetween
areas; the greatest Z, 0.598 day’, was
measured at an oiled site on Montague
Istand and the lowest Z, 0.065 day™, was
measured at a control areas in the North
area. Mean Zin the two oiled areas, 0.410
day?, was three times higher than mean
Zin the two non-oiled areas, 0.123 day™.

Unfortunately, spatial distribution of
herring eggs differed between the four
areas in such a way as to confound the
interpretationof egg-larval mortality. For
example, mean width of herring spawn
was significantly greater at Montague



Island than at the North area, which im-
plied that the Montague Island sitehad a
lower beach gradient than that of the
North area. Since egg loss due to scour-
ing by waves decreases with increasing
depth, low gradient beaches will tend to
have greater scouring than high gradient
beaches, all other factors being equal.
Also, the distribution of herring spawn
ranged from 48.8% subtidal in the North-
east area to 75.4% subtidal at Bass Har-
bor. Since intertidal eggs are more vul-
nerable to desiccation and bird preda-
tion than subtidal eggs, egg-larval mor-
tality decreases with increasing percent
subtidal eggs.

We conclude that this study offers
tentative support to the hypothesis that
the Exxon Valdez oil spill increased egg-
larval mortality in oiled areas of Prince
Willitam Sound. It is not conclusive evi-
dence for an oil effect because an un-
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known portion of the between-area dif-
ferencesin egg-larval mortality may have
been caused by between-area differences
innaturalegg mortality. We cannotelimi-
nate this possibility because we have no
independent information on natural egg
loss rates in 1989.

To the best of our knowledge, this
study is the first to estimate herring egg-
larval mortality by combining measure-
ments of larval density with direct mea-
surements of egg density. It is valuable
because it provides estimates of egg
mortality that are independent of the
mode of mortality.
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Larval Fish Distribution and Abundance in Prince William Sound

and Resurrection Bay During 1989
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There is no documentation of larval
fish species and distribution in Prince
William Sound prior to the Exxon Valdez
oil spill. In response to the 1989 oil spill,
six 1-week cruises in Prince William
Sound (April-November) and four 4-day
cruises in Resurrection Bay (May-July)
were conducted. Both oiled and control
unoiled sites were sampled. Plankton
tows were taken with a 1 m? NIO tucker
trawl or a 1 m2 MOCNESS with 505 p
mesh nets. Discrete depth increments
were sampled to 100 m in Prince William
Sound and to 250 m in Resurrection Bay.

Over 40,000 larvae were collected in
Prince William Sound and in Resurrec-
tion Bay. Over the 8-month sampling
season, the greatest proportion of fish
larvae were captured during May inboth
Prince William Sound and Resurrection
Bay. Of the larvae captured in May,
walleye pollock (Theragra chalcogramma)
was the major species, comprising 80%
of the fish captured. Pollock larvae were
well distributed around the Sound.

In May concentrations of pollock
larvae were collected in both oiled
(Montague Island, Knight Island, Main
Bay) and unoiled sites (Orca Bay, Port
Valdez). Most of the pollock lJarvae were
captured in the upper 50 m of the water
column. Size distribution of pollock
larvae captured within Prince William
Sound in 1989 ranged from 2.8 mm to
11.3 mm and ranged in age from 1 to 40
days. A bell-shaped distribution of
lengths probably indicates only one

cohort. Larvae on the western side of the
Sound were slightly larger, hence older,
than those found in the middle and
eastern portions of the Sound, perhaps
indicating movement through the region.

Pacific herring (Clupea harengus
pallasi) were captured in May, June and
July, but not April, September or Octo-
ber. In May, 321 herring larvae were
captured. Most (197) were at one oiled
station south of Naked Island. The oth-
ers were taken in oiled sites (Knight Is-
land) and unoiled sites (east side of
Hinchinbrook Entrance). In June, 1349
herring larvae were collected. Of those,
1175 were in oiled areas around
Montague and Knight Island, with 765
larvae taken at one station near Green
Island.

Very few larvae were collected in
unoiled areas near Ester Island and east-
ern Prince William Sound near
Hinchinbrook Island. In July there were
few (56) herring larvae evenly distrib-
uted in oiled and unoiled areas. Like
pollock, most herring larvae were in the
upper 50 m of the water column. The
herring larvae ranged in size from 6.0 to
23.2 mm.

We will relate the distribution of lar-
val fish to the distribution of the oil
spilled. We will use length/frequency
anatysis to follow cohorts over time and
space in relation to the distribution of oil.
A modified Graded Severity Index (GSD)
will be used to measure morphological
deformities in herring larvae due to oil



Exxon Valdez Oil Spill Symposium Abstracts
M

exposure. that in the event of an oil spill or other

This study demonstrates that atleast catastrophic event we will be able to
minimal baseline data are needed for assess the effect on larval fish, and the
species’ presence/absence seasonally so ultimate effect on the fisheries.
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The Prince William Sound Herring Recruitment Failure of 1989: Oil

Spill or Natural Causes?
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In 1989, herring spawned in Prince
William Sound 24 weeks after the T/V
Exxon Valdez ran aground. The resultant
oil spill contaminated some herring
spawning beaches and may haveaffected
food chains used by larval herring. The
Alaska Department of Fish and Game
(ADF&G) has routinely collected a vari-
ety of assessment information on the
Prince William Sound herring stock since
the early 1970’s. We sought to use this
information to determine whether the
abundance of the 1989 year class of her-
ring was different than might have been
expected from historical data.

Information about the abundance of
a year class of herring is first obtained
when herring begin toreturn tospawnin
their third year of life; therefore, 1992
was the first opportunity to assess the
effect of the oil spill on the abundance of
the 1989 year class. Stock assessmentdata
routinely collected by ADF&G include
age compositions of the catchand spawn-
ing populations, aerial survey estimates
of biomass, miles of milt observed from
aerial surveys, and spawn deposition
survey estimates of biomass.

We used an age-structured assess-
ment (ASA) model to synthesize all of
the available stock assessment informa-
tion into a single time series of historical
abundance. In this paper the ASA model
of Funk and Sandone (1990) was up-
dated to include additional sources of
auxiliary information, additional gear
types, and natural mortality estimation;

we also extended the time series of data
toincludeinformation through thespring
of 1992. Our goal was to produce a
historical abundance time 3eries that
“smooths” or averages the often-con-
flicting stock assessmentinformation. We
then sought toexamine how the strength
of the 1989 year class compared with that
predicted from the spawner-recruit
model developed from the historical
abundances and environmental condi-
tions during early life history.

In a similar herring population in
Sitka Sound, sea surface temperature
anomalies explained at least 40% of the
variability inrecruitment patterns (Zebdi
1991). Because herring year class strength
in Prince William Sound is correlated
with the year class strength of other her-
ring stocks around the Gulf of Alaska
coast, we also sought to compare the
relative strength of the 1989 year class in
Prince William Sound with that in Sitka
Sound.

Qur approach uses an ASA model
which  incorporates  auxiliary
information, similar to that used by
Deriso et al. (1985). The ASA model
estimates initial cohort abundances
which best fit observed age composition
and abundance information, after
accounting for removals at each age and
year, Deviations of model estimates from
observations are ascribed to
measurement error in the observations.

While our primary goal was to use
the model to estimate the historical



abundance time series, the model also
estimates natural mortality, maturity,and
gear selectivities for purse seine, gillnet,
pound, and food and bait fisheries, and a
coefficient which relates miles of milt
observed in aerial surveys to spawning
biomass.

The ASA model begins tracking her-
ring cohorts at age 3, the first year thata
measurable proportion usually return to
spawn. The survival model accounts for
natural mortality and harvest processes
with a difference equation which de-
scribes the number of fish in a cohort at
each age and year. The survival model
removes the catch at each age resulting
from the spring purse seine and gilinet
and pound fisheries, and the fall food
and bait fishery. The number of fishin a
cohort includes both mature and imma-
ture herring measured at a time after
annulus formation butbefore thespawn-
ing run or spring roe fisheries. The biom-
ass of herring spawning at each age and
year was estimated in the ASA model
from the survival model’s estimated
number of fish at age, weight at age
sampling, and the proportion mature at
each age. The model estimated the pro-
portions mature at each age and the pro-
portion mature at each was assumed not
to change from 1973 to 1992.

The harvest of herring by age for
purseseinesacroe, gillnetsacroe, pound,
and food and bait fisheries was tabulated
for the 1973 to 1992 period from ADF&G
catch records. Observed numbers of fish
in the catch for each gear were also con-
verted to age composition (percent by
age) for each gear, for comparison to age
compositions estimated from ASA
model. Gear selectivity was defined to
include both the effects of immature fish
not being present on thefishing grounds
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(partial recruitment or maturity), and
active selection or avoidance of certain
fish sizes by the gear or fishermen’s be-
havior. A logistic selectivity function was
used for gears which were thought to
haveasymptotic selectivities (purseseine,
pound, and food and bait); a gamma-
type function was used for gillnet gear
where selectivity might decrease at the
older ages.

Thevolume of milt deposited by male
herring each year was assumed to be
proportional to themature biomass. Since
1972, ADF&Gaerial herring surveys have
routinely recorded the miles of shoreline
adjacent to milt discolorations visible in
the water. A goodness of fit measure for
miles of milt was developed by assum-
ing that this linear measurement was
directly proportional to the mature bio-
mass. Spawn deposition surveys were
conducted in 1984, and 1988-92. These
surveys estimate biomass by back-calcu-
lation from the numbers of eggs depos-
ited, using additional sampling to esti-
mate fecundity and sex ratio. A good-
ness of fit measure for the ASA model
was developed from the differences be-
tween ASA estimates of mature num-
bers at age and the spawn deposition
survey estimates of numbers at age.

In addition to the time series of the
catch by age, arelatively long time series
of age compositions of the spawning
population are available. Since 1984, age
sampleshavebeen collected fromspawn-
ing herring. Sampling effort was lower
for years prior to 1984, and spawning age
compositions werereconstructed prima-
rily from purse seine catch samples from
each area. Sample sizes were judged to
betoosmallin 1973, 1974-78,and 1980-81
to reliably construct estimates of spawn-
ing age composition. A goodness of fit
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measure was developed from these age
compositions as the difference between
the ASA model's estimated age compo-
sitions and those observed during
ADF&G sampling.

A total sum of squares was computed
by adding each of the component good-
ness of fit measures where each compo-
nent was assigned an ad hoc weight. The
ad hoc weights reflected our attempt to
weight data equitably, but also incorpo-
rate some prior knowledge of our confi-
dence in each component. The model
estimates a total of 37 parameters: 23
initial cohort sizes, 10 gear selectivity
function parameters, 2 maturity func-
tion parameters, 1 aerial milt survey bio-
mass coefficient, and 1 survival rate pa-
rameter. The combined weighted sum of
squares was minimized using nonlinear
least squares techniques to estimate val-
ues for the 37 parameters.

Biomass estimates from the ASA
model wererelatively low (20,000-40,000
metric tons) during the 1970’s and in-
creased to higher levels (50,000-110,000
metric tons) in the 1980’s. Recent trends
in abundance, indicated by the age com-
position and aerial milt survey data, are
different than the abundance trend from
the spawn deposition survey. While the
strong 1984 year class began dominating
the age compositions in 1987, the spawn
deposition survey biomass did not in-
crease until 1990. The cause for this dis-
crepancy is unknown, but it may indi-
cate that spawn survey measurement
error is much greater than anticipated.

Whilethe design goal for spawndepo-
sition surveys was a precision such that
95% confidenceintervals would be+25%
of the true biomass value, the absolute
deviations of spawn deposition survey
biomass estimates from the ASA biom-

ass estimates averaged 48%. The ASA
model reflected these inconsistencies by
essentially scaling the biomass to a
“smooth” of recent spawn deposition
survey biomass estimates, while manipu-
lating year class strengths to track trends
in age composition data more closely.
The estimated survival rate of 65%
(equivalent to an instantaneous natural
mortality rate of 0.43) was very similar to
the midpoint of the range used by Funk
and Sandone (1990). The ASA model es-
timated that, on average, one mile of milt
from aerial surveys corresponded to be
821.2 metric tons of spawning herring.

Year class strength in Prince William
Sound is characterized by occasional
years of very strong recruitment. Begin-
ning with the 1976 year class, these strong
year classes have occurred every four
years. The 1989 year class is among the
smallest observed since the beginning of
the data series in the early 1970’s and
resulted fromoneof thelargestegg depo-
sitions. First quarter sea surface tem-
peratures in 1989 were also relatively
low and low sea surface temperatures
tend to be associated with weak year
classes.

However, corresponding data from
Sitka Sound indicate that the 1989 year
class there was not as weak. Because the
1989 year class has appeared in assess-
ment samples only for a single year, the
precision of the estimate of its abun-
dance is not high.

Precision is further reduced because
only a portion {approximately 25%) of a
year class is recruited at age 3, and the
proportion recruited varies somewhat
from year to year. The precision of the
abundance estimate of the 1989 year class
will continue to improve with additional
years of sampling. However, most of the
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improvementin the precisionoftheabun- Funk, F.C, and G.J. Sandone. 1990. Catch-age

dance estimate for the 1989 year class analysis of Prince William Sound, Alaska,

. . herring, 1973-1988. Alaska Department of
will be realized by‘ 1995. Fishand Game, Divisionof Commercial Fish-

eries, Fishery Research Bulletin 90-01, Ju-
neaw.

Zebdi, A, 1991, Identification of environmental
causes of recruitment variation in the her-
ring stock of Sitka Sound, Alaska. M.Sc. the-
sis, University of Alaska Fairbanks. 132 p.
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Adult Herring Reproductive Impairment Following the Exxon Valdez

Oil Spill

R. M. Kocan', T. Baker? and E. Biggs?
'University of Washington

2Alaska Department of Fish and Game

This project was designed toevaluate
the reproductive potential of individual
female herring which had been present
as 1-year-olds in Prince William Sound
at the time of the Exxon Valdez oil spill.
Two groups of 25 females each were
collected in Rocky Bay (Montague Is-
land), a known previously oiled site and
one group of 25 was collected from Boul-
der Bay, an unoiled site.

Thetargetfish were4-year-olds which
had presumably been exposed to
Prudhoe Bay crude oil 3 years earlier, at
the time of the Exxon Valdez spill in 1989,
and were returning as first-time spawn-
ers in 1992. Previous studies had shown
differences in the development of em-
bryos and larvae from oiled and unoiled
sites, and it was not clear as to whether
these were duetosite specific differences
or previous exposure of spawners
(Kocan, 1991).

Running ripe females were collected
by gillnet from one unoiled site in Boul-
der Bay on 4/11/92, and two previously
oiled sites in Rocky Bay on Montague
Island on 4/21 and 4/22. Because of
spawner distribution within Prince Wil-
liam Sound in 1992, bad weather and
transportation restraints, we were not
able to collect two groups each from
oiled and unoiled sites as originally
planned.

Males and females were sorted and
packed in a cooler to maintain their am-
bient temperature and returned to
Cordova by air where they were given

ID numbers and artificialiy spawned onto
glassslides. Approximately200-400eggs
were obtained from each female for the
purpose of this study. These were fertil-
ized with pooled sperm from five males.

Following spawning, length and
weight were determined, scales collected
for age determination, and tissues col-
lected and preserved for histopathology.
The entire process from field collection
of fish to completion of spawning was
completed within six hours and no dif-
ferences in fertilization or embryo viabil-
ity was noted during this period. The
eggs-on-slides were then placed into a
transport chamber, gassed with pure O,
and transported by air to the University
of Washington Friday Harbor Laborato-
ries for incubation. When embryos ar-
rived atFriday Harbor they were 24 hours
old and in early blastodiscstage of devel-
opment. Water temperature was main-
tained at 5-6°C from time of collection
until their arrival at Friday Harbor, where
it was allowed to rise to local ambient
water temperature of 9°C over a 6 hour
period.

Developing eggs from each female
were placed in individual flowing sea-
water chambers for incubation and were
examined for fertility, embryo survival
(hatching) and, following hatching, for
physical defects which would affect their
viability. Defects were categorized as
follows: (1) spinal deformities; (2) craneo-
facial deformities; (3) optic abnormali-
ties; and (4) pericardial edema. These



categories were pooled and evaluated in
relation to female:female variability and
oiled vs. unoiled sites.

It was anticipated that this study
would clarify whether previously ob-
served differences between oiled and
unoiled sites were the result of site differ-
ences or oiling differences, as well as
give some insight into the natural hatch-
ing variability and larval viability which
might be expected from individual fe-
males of a particular age class.

There was nosignificantdifferencein
fertility rate among the three groups (3-
6%). There was however, a significant
difference in hatching and abnormal lar-
vae between the oiled and unoiled sites.
The percent total hatch observed in Boul-
der Bay, the unoiled site, was 56% + 13,
while the twospawning groups collected
in Rocky Bay, the oiled site, were signifi-
cantly lower, at 19% + 9 and 39% £ 10
respectively (P< 0.01; t Test). These val-
ues are based on the total number of live
larvae produced relative to the number
of eggs fertilized, and fall within the
range of previously reported studies
(Rosenthal & Hourston, 1982 and Hansen
et al., 1985).

The percent of normal larvae pro-
duced from these same eggs was 35% +
14 for Boulder Bay and 14% + 10 and 27%
* 6 respectively for Rocky Bay (P< 0.01;
Test). The distribution of abnormalities
appeared to be random, with no single
abnormality category being
pathognomonic for oil exposure.

Mean female herring lengths for the
three groups were 199, 202 and 206 mm
respectively, and regression analysis
demonstrated a linear relationship for
length and weight for females from all
three collection sites (R? - 0.85). There
was no correlation between femalelength
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and abnormal larvae in any of the three
groups.

The females collected from Boulder
Bay, a site not oiled during the Exxon
Valdez spill produced significantly more
live larvae and more normal larvae than
did two groups of female herring col-
lected at Rocky Bay, a lightly oiled site.
There was no apparent difference in the
weight, length or fertility rate among
females from any of the three sites.

These results are in agreement with
previous data collected in Prince Will-
iam Sound which showed oiled sites to
be less suitable for normal herring em-
bryo development than were unoiled
sites. There is however, still the question
of whether the observed effects are the
result of (1) naturally occurring site spe-
cific differences, (2) residual oil at each
site, or (3) previous exposure of spawn-
ers to oil or oil products during or subse-
quent to the 1989 Exxon Valdez oil spill.
Each life stage of the herring studied in
situ and in vitro since the spill, has dem-
onstrated some toxic or pathologic re-
sponse. Whether these are related to the
observed poor performance of develop-
ing herring embryos is not known, but it
is possible that each of them separately
or in combination could have contrib-
uted to the reduction in embryo survival
and subsequent viability.
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Summary of Known Effects of the Exxon Valdez Oil Spill on Herring
in Prince William Sound, and Recommendations for Future Inquiries

Evelyn D. Biggs and Timothy T. Baker
Alaska Department of Fish and Game

The herring population in Prince
William Sound, because of its size and
biomass, is a critical food source for many
avian, mammalian, and subtidal preda-
tors, is an important subsistence food,
and a target for a multi-million dollar
commercial fishery. Unfortunately, the
grounding of the T/V Exxon Valdez on
March 24, 1989 and its resulting 11-mil-
lion-gallon oil spill coincided with the
annual spring migration of herring
spawners to nearshore staging areas.
Over 40% of areas used by herring to
stage, spawn, or deposit eggs and over
90% of areas needed for summer rearing
and feeding were exposed to crude oil.

From 1989 to 1992, the Alaska De-
partment of Fish and Game, the Univer-
sity of Alaska, and the National Marine
Fisheries Service conducted studies de-
scribing the damage done to Prince Wil-
liam Sound herring as aresultof the spill.
Herringembryos (live eggs) and hatched
larvaewerestudied in thefield and in the
laboratory, juvenileherring were trawled
during the summer of 1989, and adults
were enumerated and collected for vari-
ous laboratory tests. The total numbers
of herring spawning were estimated an-
nually. Since the herring population is
composed of up to ten year classes, or
fish born in different years, the age com-
position was determined annually
through an intensive sampling program.
In the laboratory, damage observed in
eggs, larvae, and adult herring was re-
lated to known concentrations of oil in

dose-response experiments. In1992, eggs
were collected from adult female herring
that wereartificially spawned and reared
separately for each female. The hatching
success of these eggs and larval abnor-
malities were measured to look for re-
sidual effects of oil on the adult herring
population.

Potential injury to the herring popu-
lation in Prince William Sound was stud-
ied in three life history stages.. First, the
early life stages, from egg to hatched,
free-swimming larvae were studied for
each year from 1989 to 1991. Second,
larval-juvenile fish were collected by
trawl and studied in 1989, Third, adult
herring were collected from 1989 to 1992
and analyzed.

Damage summaries for each of the
three categories were synthesized sepa-
rately because important biological in-
formation needed to link the informa-
tion between life stages was missing.
Information needed to link life stages
and create a complete population dy-
namics modelinclude: (1) the number of
their stocks and their distribution in
Prince William Sound; (2) rates of her-
ring immigration and emigration in
Prince William Sound; (3) how environ-
mental factors influence survival of lar-
vae, juveniles and thus affect recruit-
ment; and (4) how population levels af-
fect survival of young fish (density-de-
pendent factors).

Damage to Prince William Sound
herring is described in detail in the indi-




vidual project reports. Although egg
mortality was slightly elevated in oiled
areas, lethal and sublethal genetic dam-
age and physical abnormalities were
much greater in oiled areas than in non-
oiled areas in 1989. Injuries were more
common and more severe in oiled than
unoiled areas, and in all aspects, injuries
declined in 1990 over 1989. Most of the
damages documented in 1989 and 1990
were similar to impacts recorded from
other oil spills and laboratory experi-
ments. Genetic damage (anaphase aber-
rations) was the most sensitive measure
of oil damage, measurable even at the
lowest concentrations of oil used in the
laboratory studies. Survival from egg to
free-swimming larvae was three times
greater in unoiled areas, however, envi-
ronmental and biological factors con-
founded theresults. A model to estimate
total damage fromegg to free-swimming
larvae and combining all the effects mea-
sured in 1989 to 1991 will be completed
soon.

The juvenile fish trawl survey con-
firmed that herring larvae hatching in
1989 followed the same path as the oil
trajectory through Prince William Sound
which may have further impacted that
year class. Measurements of physical
abnormalities, chromosomal breakages,
and tissueor histopathological injury are
currently being summarized to estimate
the extent of the damage.

Internal tissue damage found in adult
herring resulting from direct exposure to
oil suggests that this toxic event may
have weakened the fish’s ability to resist
diseases and parasites. In addition, cer-
tain gut-dwelling parasites were found
to have migrated deeper into the adult
herring musculature, possibly aresponse
tooilin the digestive tract (Moles etal.,in
press). Juvenile pink salmon were
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stunted by ingestion of oil (Moles et al.,
in press), so a similar effect may have
occurred with juvenile herring.

The absence of three-year-old her-
ring, born in 1989, sampled from the
spawning population in 1992 and pos-
sible reproductive impairment of the
four-year-old herring, born in 1988 may
indicate further effects from the spill.
Environmental factors affecting the 1989
year class confound a clear understand-
ing of the oil spill impact on the adult
population.

The 1988 year class was oneand a half
years old during thespill year. Thehatch-
ing success of eggs collected from four-
year-olds at an oiled area was less than
half that of eggs collected in an unoiled
area, even though no oil remained at the
sites. The 1988 year class currently domi-
nates the Prince William Sound herring
spawning population and if a portion of
them cannotreproduce successfully, this
may affect the population in the future.

Thereproductivestudy conducted in
1992 was a pilot project initiated to mea-
sure if differences in reproductive rates
could be detected between areas. Fur-
ther study might resolve whether the
reproductive differences measured were
due to oil or were due to natural biologi-
cal variation.

The 1988 year class as well as others
(e.g. 1984 and 1989 year classes, if avail-
able) should be tracked in future studies,
tolook for differences between ages. Until
some of the linkage data between life
stages and environmental parameters
affecting the Prince William Sound her-
ring population are understood, it will
be difficult to project exactly how the
potential reproductiveimpairment mea-
sured in adults spawning in 1992 will
affect the future population.

With a better understanding of fac-



tors affecting survival and recruitment, a
population simulation model could be
constructed and used to predict damage
in the case of another spill or toxic event.
Some of the basic information needed to
study the natural recruiting process is
present and is ready for a modeling exer-
cise. This model could also incorporate
the reproductive impairment informa-
tion and be used to predict future im-
pacts.

Natural restoration of the Prince Wil-
liam Sound herring population is prob-
ably the best tool available to mitigate oil
damage to herring stocks. Because arti-
ficial propagation of juvenile herring is
not currently being done and because it
is difficult to enhance spawning sub-
strates due to movements of the exact
spawning locations of herring from year
to year, it is probably not practical to use
these hands-on techniques.

Since herring are harvested in large
numbers by humans, alteration of hu-
man use could be an effective restoration
tool. However, using alteration of hu-
man use or fisheries management to
avoid oil-damaged stocks or to mitigate
damage can be successful only if precise
stock assessment tools or a good under-
standing of the Prince William Sound
population exists. Atthistime, wedonot
possess a precise enough description of
the Prince William Sound stock or an
estimate of the total damage accrued to
accurately adjust fishing pressure and
protect future populations from a pos-
sible oil-induced decline. In addition, as
an agency mandated by state law and
policy, we cannot make adjustments to
the current management plan without
sufficient justification because weareheld
liable for resulting losses.

From my observations while imple-
menting the herring program over the
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last four years, I have some recommen-
dations concerning future planning in
spill response, damage assessment and
restoration that could improve the pro-
cess.

First, aresponse planissorely needed
that incorporates all the agencies (with
cooperative agreements in place), puts
appropriate expertise in advisory roles
available to all levels of responders and
planners, that defines appropriate chain
of command and roles for each staff per-
son involved, and that sets some emer-
gencyadministrative proceduresin place.

Secondly, a similar plan for damage
assessment is needed to coordinate re-
sponders and researchers, make experts
available to assist in survey design, and
include baseline information (from pre-
vious research and ongoing monitoring)
from which to build studies. As part of
summarizing damage assessment, a
panel of experts would conduct an envi-
ronmental modeling exercisetolink dam-
ages between species, guide research,
and estimate damage for the legal pro-
cess.

Finally, restoration planning should
start the same day as the spilland coordi-
nate intimately with damage assessment
using the results of the environmental
monitoring exercise and drawing from
technical information available on effec-
tive restoration techniques. Out of the
restoration planning process, alistshould
be constructed of needed studies or en-
hancement projects so that proposals
could be solicited from interested re-
searchers and resource managers.
Norcross (1993) refers to Norwegian re-
sponse plans that accomplish many of
the goals listed above.

In lieu of having none of the above
available at the time of the Exxon Valdez
spill and a very primitive understanding



of the Prince William Sound ecosystem
and detailed population damage infor-
mation, I recommend, as an absolute
minimum, that we proceed rapidly with
habitat protection and monitoring be-
foreall of thesettlement monies are spent.
Habitat protection will prevent the exac-
erbation of oil spill damage (known and

unknown) and a comprehensive moni-

toring plan will provide baseline infor-
mation needed for the planning process
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described above. Much time and money
could be saved in the future if some were
invested now in planning.
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Rehabilitating Oiled Sea Otters and Other Fur-bearing Marine

Mammals: Lessons from the Exxon Valdez Oil Spill
Randall W. Davis! and Terrie M. Williams?

Texas A&M University
INOSC Hawaii Laboratory

The rescue and rehabilitation of 225
oiled sea otters during the Exxon Valdez
oil spill remains the largest effort of its
kind ever attempted (Williams and Davis,
1990; Davis and Styers, 1991; Davis and
Williams, 1991a; Davis and Williams,
1991b; Williams et al.,, 1991;). Although
the number of sea otters saved had little
effect on the overall sea otter population
in Alaska, the experience contributed
enormously to the wildlife rehabilitation
community’s understanding of what is
needed to successfully rescue and treat
sea otters after an oil spill. In addition,
the information we gained may one day
prove invaluable for species or popula-
tions which are threatened or endan-
gered. This information is being incor-
porated into a new handbook on the
emergency care and rehabilitation of
oiled sea otters and other fur-bearing
marine mammals. This practical guide
will provide information on rehabilita-
tion facilities, management and person-
nel, capture, transport, triage, cleaning,
clinical care, pathology, toxicology, nu-
trition, and the husbandry of adult, juve-
nileand pregnant sea otters. With contri-
butions from over twenty authors, this
book will provide the most up-to-date
information on sea otter oil spill contin-
gency planning and response.

Sea otters are perhaps the most vul-
nerable of all marine mammals to the
detrimental effects of oil spills. This re-
sults from their dependence on fur for
thermal insulation in the cold marine

environment. Exposure to oil eliminates
the air layer trapped within the fur and
reduces the thermal insulation of the pelt
by 70% (Williams et al., 1988). Without
this insulation, the otter has a very lim-
ited ability to increase metabolism and
the intake of food energy to counteract
theincreased heatloss (Davisetal., 1988).
Asaresult, a heavily oiled sea otter must
leave the water (where it cannot feed), or
it will become hypothermic. Whether it
remains in the water or hauls out on
land, a severely oiled otter will eventu-
ally die.

Sea otters are also vulnerable to pe-
troleum hydrocarbon toxicosis (poison-
ing) during an oil spill. This results
primarily from their behavior of resting
and eating on surface of the water where
oil is concentrated during a spill. Sea
otters may inhale volatile petroleum hy-
drocarbons and absorb heavier fractions
through their skin. The ingestion of oil
may result when otters lick their fur dur-
ing grooming and when they bring their
food to the surface to eat. Heavily oiled
sea otters must be captured and treated
quickly if they are to survive.

A comprehensive sea otter oil spili
contingency plan must include the fol-
lowing components: (1) facility design
and maintenance; (2) administrationand
staffing; (3) the location and capture of
oiled otters; (4) air and ground transpor-
tation of the otters to the rehabilitation
facility; (5) cleaning and rehabilitation;
(6) animal husbandry; (7) veterinarian
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care and pathology; (8) short and long
duration holding; (9) release and moni-
toring of rehabilitated otters; (10) liaison
with responsible government agencies,
community groups and the press; (11)
feeding and housing the staff.

The plan must make provision for
seasonal differences in weather and sea
conditions. A facility for treating 200
otters will require a staff of 100-200 pro-

fessionals and volunteers. The number

of capture boats required will depend on
the size of the spill and the number of
otters at risk. The boats are most effi-
dently used when they remain on site,
and the captured otters are transported
to the rehabilitation facility by helicop-
ter. A core staff of experienced animal
care specialists and veterinarians can be
assisted by a less experienced paid staff
and by volunteers provided that they are
adequately trained to care for the otters.
Throughout the process of capturing,
cleaning and rehabilitating the oiled ot-
ters, good communication mustbe main-
tained with responsible federal and state
government agencies.

A plan to release rehabilitated otters
should consider the duration and sever-
ity of the effects of the oil on the marine
habitat and whether long-term monitor-
ing of the otters by radio-telemetry is
necessary. Tracking radio-telemetered
otters is expensive and the data can be
difficult tointerpret if the otters leave the
survey area. In addition, the detrimental
effects of surgical implantation of radio
telemeters into otters that have just re-
covered from oiling may further bias the
estimated survivorship of rehabilitated
animals. Of the 45 rehabilitated sea ot-
ters that received abdominal radio im-
plants after the Exxon Valdez oil spill, 14
died within the first year. The cause of
death for these otters remains unknown.

Many others have not been located and
their fate is uncertain.

In order to care for more than 20 oiled
sea otters at one time, a rehabilitation
facility must be designed to move ani-
mals efficiently through the various
stages of rehabilitation. Depending on
the level of exposure, an oiled otter may
require a few days to several months to
complete therehabilitation process. Once
theottershaveregained their health, they
should be moved immediately to a pre-
release facility or returned to the wild.
By designing therehabilitation facility as
a flow-through system, the number of
otters that can be treated during an oil
spill is much greater than the holding
capacity of its pens and pools.

The most effective and cost efficient
way of caring for large numbers of oiled
sea otters is to concentrate resources and
expertise in regional rehabilitation cen-
ters. Each regional center should be stra-
tegically located in an area where sea
otters are abundant and at risk from an
oil spill. By using a helicopter to trans-
port oiled otters from the capture boats
totherehabilitation facility, eachregional
center can service an area within a 500
mile radius (i.e. within a five hour heli-
copter flight). Beyond the 500 mile ra-
dius, trained personnel and mobile fa-
cilities are needed to medically stabilize
the newly captured otters before they are
flown to the regional center.

Indoor space at a regional rehabilita-
tion center is required for: (1) document-
ing and stabilizing newly arrived otters;
(2) cleaning and drying otters; (3) critical
care; (4) holding pens with pools; (5)
food preparation and cold storage; (6) a
veterinarian clinic and necropsy room;
(7) a nursery for pups; (8) administration
and security; (9) an area for the staff to
dress, eat their meals and receive train-



ing; (10) dry storage. Qutdoor space is
required for holding pens with small
pools, large pools, seawater filtration,
and storage. A facility to treat 200 otters
at one time requires about 13,500 ft? of
indoor space and 42,000 ft* of outdoor
space. Essential amenities include hot
and cold fresh water, a sea water supply
(2000 gal /min), electricity, and sewage.
Large holding pools should provide each
otter with 20 square feet for swimming
and 8 square feet of dry deck for haul out.
Because sea otters may not be released
immediately after rehabilitation, a pre-
release facility, consisting of seawater
holding pens, is needed. Holding pens
in the pre-release facility should be large
enough for the otters to swim and dive
(atleast 20 ft. long, 10 ft. wide, 5 ft. deep)
and have good seawater circulation.
Transporting sea ottersover longdis-
tances is stressful. For otters that have
been exposed to oil, this stress can cause
death or seriously complicate medical
conditions. Mobile triage units are ben-
eficialin certain cases because they allow
staff to stabilize the animals medically
before they are flown long distances to
the regional rehabilitation center. Mor-
tality can be reduced significantly if mo-
bile unitsareemployed whenlargenum-
bers of otters must be captured more
than 500 miles (five hour helicopterflight)
from the regional center. These mobile
units, by necessity, are self-contained (in-
cluding electrical generators and hot
water) and transportable by truck, boat,
large helicopters, or fixed-wing aircraft
(C-130 cargo plane); the latter may be
necessary for areas inaccessible by road
such as the Aleutian Islands. A mobile
facility should consist of a trailer (10 ft.
wide, 30 ft. long) that is divided into
three functional sections for triage and
stabilization, food preparation and a
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small veterinary clinic.

Thekey tosaving themaximum num-
ber of oiled sea otters is through pre-
paredness and rapid response. The most
critical time for saving oiled otters is
during the first two weeks of a spill. This
is true for both preemptive capture be-
fore oiling and for otters that have be-
come oiled. I contingency plans are
inadequate and the first few weeks are
spent assembling a response effort (as
was the case with the Exxon Valdez oil
spill), ther the number of otters saved
will be greatly reduced. Atthis time, our
understanding of how to rehabilitate
oiled otters will not be the factor which
limits survivorship. The limiting factors
will be the time involved to mobilize the
capture effort, build appropriate reha-
bilitation facilities, and train
rehabilitators.

To be most effective, a rescue effort
must be able to respond within in six
hours. Thisis only possibleif the capture
boats are pre-identified and under con-
tract, the rehabilitation facilities are al-
ready built, and the staff has been trained
before the spill occurs. Unfortunately,
the State of Alaska and the oil industry
are still reluctant to invest the amount of
money needed to build a regional reha-
bilitation center that will enable a rapid
response. Ironically, investing in a reha-
bilitation center and training programs
before a spill occurs will actually reduce
the cost of caring for oiled sea otters by
50% to 80%. Given that the public will
demand a sincere and conscientious at-
tempt to save oiled sea otters, prepared-
ness and a rapid response will not only
save more otters, it will save money too.
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The Efficacy of the T/VExxon Valdez Qil Spill Sea Otter Rehabilitation
Program and the Possibility of Disease Introduction into Recipient

Sea Otter Populations.

Charles Monnett and Lisa Mignon Rotterman

Enhydra Research

Prior to the massive oil spill caused
by the wreck of the T/V Exxon Valdez, it
had already been established that thesea
otter (Enhydra lutris) was extremely vul-
nerable to oil contamination. Thus, after
the spill, several hundred sea otters were
captured and brought into centers that
were established in order to wash them,
and to provide them with medical and
other supportive treatment.

Some of these sea otters were obvi-
ously contaminated with oil, whereas
others were not. Many of the sea otters
that survived such treatment were even-
tually released into wild (recipient) popu-
lations in eastern Prince William Sound
and along the Kenai Peninsula.

The original goal of the study re-
ported here was to obtain data on the
survival of these sea otters in order to
provide information about the efficacy
of therehabilitation strategy. Thus, forty-
five sea otters (18 males and 27 females)
were selected from otter centers during
July and August 1989 and instrumented
with surgically implanted radio-trans-
mitters using protocols identical to those
used on sea otters in previous and subse-
quent studies.

Of the sea otters at the treatment cen-
ters, an attempt was made to choose the
healthiest individuals for inclusion in
this study. While a few of the otters
selected had been classified as heavily
oiled (n = 3) at the time of admission to
the centers, the vast majority werelightly
oiled (n = 28), the amount of oil on sev-
eral was termed medium (2 = 9), and a
few were classified as being unoiled (n =

[ Y

3) (the oiling status of 2 otters in this
study was not recorded by treatment
center personnel, but they were not
washed, and, thus, were probably
unoiled). These forty-five radio-instru-
mented sea otters werereleased intoeast-
ern Prince William Sound during sum-
mer, 1989, and they weremonitored regu-
larly for over two years.

The term rehabilitate means to re-
store to customary activity or to a former
state. The findings presented and dis-
cussed in this paper suggest that the
combination of measures undertaken in
an attempt to aid sea otters after the T/V
Exxon Valdez oil spill did not result in the
true rehabilitation of the surviving ot-
ters.

Our viewpoint is that captivity, in
and of itself, poses serious dangers to the
specific otters brought in, to the popula-
tion exposed to capture procedures dur-
ing an oil spill, and to the population into
which the otters are released. Factors
contributing to this risk are (1) stress; (2)
disease, which risks the captive popula-
tion and eventually through release, the
wild population; (3) separation of mother-
pup pairs; and (4) disruption of the
natural learning processes of young ani-
mals.

In this paper we provide data on the
survival rates of the animals from the
treatment centers after their release back
to the wild. Additionally, we provide
data on survival rates of adult sea otters
in the wild eastern Prince William Sound
population into which they were re-
leased.
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Following the Exxon Valdez oil spill, a
major effort was made to treat oiled sea
otters in rehabilitation centers in an at-
tempt to return them to the wild. There
were 347 sea otters brought to rehabilita-
tion centers; of these, 116 died, 94 (81%)
within 10 days of arrival at the centers.
Clinical records of 23 otters dying during
their first 10 days within the centers have
been reviewed in an attempt to define
the clinical syndromes associated with
these acute deaths. The 23 otters were
selected on the basis of completeness of
clinical records and availability of gross
and histopathologic necropsy reports.

On the basis of appearance at the
time of presentation at the centers, 7 of
the 23 otters were classified as heavily
oiled (greater than 60% of the body cov-
ered by oil), 7 of the 23 were classified as
moderately oiled (30%-60% oil cover-
age), and 9 of the 23 were classified as
lightly oiled (less than 30% oil coverage).

The most common terminal clinical
syndrome seen regardless of degree of
oiling was shock characterized by hypo-
thermia, lethargy, and often hemorrhagic
diarrhea. Shock was rarely observed at
the time of presentation but in heavily
and moderately oiled otters generally
developed within 48 hours of initial pre-
sentation. Inthelightly oiled otters, shock
generally occurred during the second
week of captivity.

Ahigh proportionof ottersin all three
groups died with convulsions. Four
heavily oiled, 4 moderately ciled and 3

lightly oiled otters were in seizure at or
near the time of death. Anorexia was
also a common problem, occurring in 6
of the 23 otters.

Complete blood counts and serum
chemistry collected near thetime of death
were available for all 23 otters although
not all analytes were measured in every
otter. These data were compared to ref-
erence ranges established for normal ot-
ters from southeast Alaska. Alaskan ref-
erence ranges were very similar to those
established for the California sea otter
(Williams and Pulley, 1983; Williams et
al., In press). There is little in the litera-
ture regarding the interpretation of ab-
normal clinical laboratory findingsin sea
otters. Abnormalities were therefore in-
terpreted according to conventions used
for the interpretation of laboratory data
in dogs and other carnivores/omnivores
{(Duncan and Prasse, 1986) with consid-
eration of both clinical history and
necropsy findings.

The most common -hematologic ab-
normalities from all groups included
leukopenia characterized by neutropenia
with increased numbers of immature
neutrophils (degenerative left shift), and
lymphopenia. Anemia was also rela-
tively common. Degenerative left shifts
reflect severeinflammation and are com-
monly observed in animals suffering
from diarrhea with bowel stasis, a pos-
sible scenario in these otters.
Lymphopenia reflected systemic stress
associated with increased endogenous




glucocorticoid levels and resultant se-
questration and possible destruction of
circulating lymphocytes. Cause of the
anemia could not be determined from
the available data. |

Principal clinical chemistry abnor-
malities included azotemia, hyper-
kalemia, hypoproteinemia/hypoalbu-
minemia, elevations of serum transami-
nases indicating hepatocellular leakage,
and hypoglycemia.

Azotemia was equally prevalent in
otters in all three groups. Urine specific
gravities were not available to help dif-
ferentiate prerenal from renal azotemia.
However, necropsies did not reveal sig-
nificant renal lesions, suggesting that
shock and associated hemorrhagic diar-
rhea led to prerenal azotemia as a result
of reduced renal perfusion. In the few
animals that probably had true renal
azotemia (serum urea nitrogen values of
greater than 200 mg/dl), it is likely that
long-standing reduced renal perfusion
eventually led to primary terminal renal
injury.

Hyperkalemia and hypoprotein-
emia/hypoalbuminemia, whileless con-
sistent than azotemia, were probably also
related to diarrhea and shock. Hyper-
kalemia was probably at least partially
the result of release of potassium from
dying cells. Acidosis, a common accom-
paniment of diarrhea, also causes
hyperkalemia. Hypoproteinemia and
hypoalbuminemia were probably the
result of protein loss in thediarrhea fluid.

Elevated serum transaminases indi-
cating hepatocellular leakage were only
slightly less common than azotemia.
Hepatocellular leakage may have been a
reflection of primary hepatotoxicity but
was more likely a nonspecific change
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associated with anorexia. In anorexia,
there is mobilization of tissue stores of
fat to liver which in turn results in in-
creased cell membrane permeability with
leakage of transaminases into the blood.
In theotters, elevated transaminases cor-
related most frequently with hepatic
lipidosis histologically. Hypoglycemia
probably alsoresulted from anorexia and
may have been the cause of many of the
terminal convulsions.

Whether or notshock associated with
hemorrrhagic bowel syndrome was a
direct primary effect of oiling or prima-
rily an indirect effect secondary to con-
finement and handling in the rehabilita-
tion centers is difficult to assess. Lightly
oiled otters were as likely to die from
shock as heavily oiled ones, suggesting
that confinement was more important
than direct exposure to oil. However,
heavily oiled otters developed shock
more rapidly and had greater numbers
of laboratory abnormalities, suggesting
that at the least, exposure to oil was an
important predisposing factor.
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On March 24, 1989, the oil tanker
Exxon Valdez ran aground on Bligh Reef
in Prince William Sound, Alaska. The
resulting spill of approximately 41.6 mil-
lion liters of North Slope crude oil was
the largest tanker spill in the history of
the United States. In the months follow-
ing the spill, over 1,000 sea otters from oil
spill-affected areas are known to have
died. The actual number that died was
probably much greater.

The purpose of this study is to iden-
tify and describe histopathologic (tissue)
lesions associated with crude oil expo-
sure in sea otters and to discuss possible
pathogeneses of the lesions. Materials
available to us included tissues from oil-
contaminated and uncontaminated ot-
ters that died in rehabilitation centers
following the oil spill and tissues from
otters that were found dead in the oil
spill-affected area with external oil
present. We also examined tissues from
apparently normal sea otters from an
area not contaminated by crude oil.

Following the oil spill, sea otters that
appeared oil-contaminated, werein dan-
ger of becoming oil-contaminated, or
were behaving abnormally were cap-
tured and taken to rehabilitation centers.
Oil exposure was assessed by visual ex-
amination on arrival at the centers. De-
gree of oil contamination was graded
according to the following criteria: oil
covering greater than 60% of the body -
heavily contaminated; oil covering 30-
60% of the body - moderately contami-

nated; oil covering less than 30% of the
body or light sheen on fur - lightly con-
taminated. If there was no oil visible,
otters were considered uncontaminated.

Fifty-one oil-contaminated otters (14
males and 37 females) died in rehabilita-
tion centers (Group No. 1). Six uncon-
taminated otters (three males and three
females) died in rehabilitation centers
{Group No. 2). Five otters (three males
and two females) were found dead with
external oil present (Group No. 3). Six
apparently healthy sea otters (four males
and two females) were killed by gunshot
in an area not affected by an oil spill as
partof unrelated research (Group No. 4).

In cil-contaminated sea ofters that
died in rehabilitation centers (Group
No. 1), interstitial pulmonary emphy-
sema was the most prevalent lesion, be-
ing present in 11/15 (73%) heavily con-
taminated, 5/11 (45%) moderately con-
taminated, and 3/20 (15%) lightly con-
taminated otters. Histologically, the le-
sion appeared as expanded areas of clear
space with rounded contours within the
interlobular septa. Occasionally, adja-
cent parenchyma was compressed or
atelectatic.

Gastric erosions were seen in 2/14
(14%) heavily contaminated, 7/9 (78%)
moderately contaminated, and 4/17
(24%) lightly contaminated Group No. 1
sea otters. Histologically, the erosions
appeared as discrete areas of coagulative
necrosis, measuring 1 mm to 3 mm in
diameter, affecting superficial to mid-



level gastric mucosa. Variable amounts
of hemorrhage and dark brown pigment
produced by acid digestion of blood were
present in the necrotic areas. Small num-
bers of neutrophils were sometimes scat-
tered along the margins of the erosions.

Hepatic lipidosis was presentin8/16
(50%) heavily contaminated, 5/12 (42%)
moderately contaminated,and 1/19 (5%}
lightly contaminated GroupNo. 1 otters.
Thelesion was characterized by the pres-
ence of variably sized, usually multiple
but occasionally single, round, sharply
delineated, unstained intracytoplasmic
vacuoles in periportal hepatocytes; in
the more severely affected livers,
midzonal and centrilobular hepatocytes
also contained vacuoles. In oil red O-
stained sections, the intracytoplasmic
vacuoles stained red, indicating the pres-
ence of lipid.

The prevalence of renal lipidosis was
somewhat less than that of hepatic
lipidosis, being found in 10/42 (24%)
Group No. 1 otters. All otters with renal
lipidosis also had hepatic lipidosis. Mi-
croscopically, affected kidneys had single
or multiple, variably sized, round, dis-
crete, unstained intracytoplasmic vacu-
oles within proximal and distal tubular
epithelium. The vacuoles stained red
with oil red O.

Centrilobular hepatic necrosis oc-
curred in 4/16 (25%) heavily contami-
nated, 3/12 (25%) moderately contami-
nated, and 4/19 (21%) lightly contami-
nated Group No. 1 otters. In affected
livers, centrilobular hepatocytes had
undergone coagulative necrosis charac-
terized by pyknosis, karyorrhexis,
karyolysis, and increased eosinophilia of
cytoplasm with preservation of basic cell
shape.

Of the 6 uncontaminated otters that
died in rehabilitation centers (Group No.
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2), 1 male (17%) had gastric erosions, 1
female (17%) had periportal hepatic
lipidosis and multifocal hepatic necro-
sis, and 1 female (17%) had focally exten-
sive hepatic necrosis.

Of the 5 sea otters found dead with
external oil present (Group No. 3), 1 fe-
male had interstitial puimonary emphy-
sema, periportal hepatic lipidosis, and
renal tubular lipidosis, and 2 others (1
male and 1 female) had similar hepatic
and renal lipidosis. The remaining two
otters in this group were both male; no
significant lesions were found.

The six apparently healthy sea otters
collected from an area that had not been
affected by an oil spill (Group No. 4) did
not have interstitial pulmonary emphy-
sema, gastric erosions, hepatic or renal
lipidosis, hepatic necrosis, or other sig-
nificantlesions. Four were maleand two
were nonpregnant females.

Interstitial pulmonary emphysema
was prevalent in oil-contaminated sea
otters that died in rehabilitation centers
(19/46). Thelesion was more frequent in
the more extensively contaminated ot-
ters. It was also present in 1/5 otters
found dead at the site of the spill with
external oil present. Emphysema was
not seen in uncontaminated otters that
died in rehabilitation centers nor in ap-
parently normal otters. The pathogen-
esis of the lesion in this setting is unclear.
Alveolar tears are the usual route by
which air enters the pulmonary
interstitium. Alveolar tears can occur
when there is a combination of forced
expiration or coughing and bronchiolar
obstruction that produces sharply in-
creased pressures within alveoli. In ana-
tomically predisposed species such as
cattle, the lesion may occur agonally,
presumably due to forced expiration
combined with bronchiolar collapse.
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Predisposing factors include well-devel-
oped interlobular septa, lack of collateral
ventilation, and greatly uneven defla-
tion among adjacent lobules. Sea otters
have well-developed interlobular septa
and thus, may be anatomically predis-
posed to development of interstitial em-
physema, but exposure to crude oil re-
sulted in a remarkably high incidence of
the lesion. During the early days of the
spill, inhalation of volatile components
of crude oil such as benzene might have
damaged alveolar septa and caused the
lesion, but neither interstitial pneumo-
nia nor other lesions that might result
from inhalation of an irritant vapor were
found in affected sea otters. Thus, the
pathogenesis of interstitial pulmonary
emphysema in oil-contaminated sea ot-
ters is undetermined.

Gastric erosions were common (13/
40) in oil-exposed sea otters that died in
rehabilitation centersand werealsofound
in one of the six uncontaminated otters
that died in the centers. Melena was
reported in many otters in the rehabilita-
tion centers. Rapidly developing gastric
erosions that appear following severe
stress occur in humans beings and ani-
mals.

Gastrointestinal erosion/ulceration
and hemorrhage have been reported in
seaotters thatdied in captivity and in the
wild and have been attributed to stress.
All of the gastric erosions seen in this
study were acute; none showed signs of
healing. Those present in otters that died
shortly after arrival at the rehabilitation
centers might have developed prior to
capture because of stress associated with
oil exposure, as a direct effectof oil on the
gastricmucosa, or because of stress asso-
ciated with capture and captivity. Ero-
sions caused by ingestion of corrosive
liquids are extensive, but the erosions we

encountered were small, discrete, and
confined to the stomach. Thus, we be-
lieve the erosions were probably caused
by stress.

Hepatic lipidosis was common in oil-
contaminated otters that died in rehabili-
tation centers (14/47) andin oil-contami-
nated otters that were found dead (3/5).
It was also seen in an uncontaminated
otter that died in a rehabilitation center
(1/6). Renal lipidosis was somewhat
less common and occurred only in otters
that also had hepatic lipidosis. Hepatic
and renal lipidosis have various causes
including toxins, mobilization of stored
fats due to inadequate food intake, and
hypoxia. Hepatic and renal lipidosis
may have been caused by an oil expo-
sure-associated increase in energy de-
mand with constant or decreased food
intake resulting in mobilization of stored
fat. A direct or metabolite-associated
toxic effect is another possible cause.

Centrilobular hepatic necrosis was
also relatively common in oil-contami-
nated otters that died in rehabilitation
centers (11/47) and was not found in
uncontaminated otters that died in the
centers. Causes of centrilobular hepatic
necrosis include toxins and conditions
that cause hepaticischemia, such as ane-
mia, heart failure, and shock.

Some oil-contaminated otters became
anemic while at rehabilitation centers;
this may have contributed to the devel-
opment of centrilobular necrosis. Crude
oilingestion and gastricerosionand hem-
orrhage are possible causes of anemia;
however, gastric erosions and
centrilobular hepatic necrosis werefound
infrequently in the same otter, so anemia

due to gastric hemorrhage was not a

common cause of centrilobular hepatic
necrosis. Other lesions likely to occur in
heart failure were not found. It is prob-




able that many otters experienced shock.
Various incidental lesions were found in
animals in all groups.

Sea otters are largely dependent on
the insulating properties of their pelage
for protection from the cold water they
inhabit. Ithad been suspected thathypo-
thermia would be a major problemin oil-
contaminated seaotters becauseoil mark-
edly increases the thermal conductance
of their coats, and indeed hypothermia
was a common problem in oil-contami-
nated sea otters presented to rehabilita-
tion centers. Death caused by hypother-
mia can occur without distinctive gross
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or microscopic lesions. It is likely that
stress and shock were significant medi-
cal problems. Both oil exposure and
captivity are stressful to sea otters. We
believe that hypothermia, stress, shock,
respiratory compromise associated with
interstitial emphysema, hemorrhage
from gastric erosions, and hepatic necro-
sis contributed to the deaths of oil-ex-
posed sea otters.

Note: This extended abstract is excerpted
from the following manuscript: Lipscomb, T.P.,
R. K. Harris, R. B. Moeller, J. M. Pletcher, R. ].
Haebler, B. E. Ballachey. 1993. Histopathologic

lesions in sea otters exposed to crude oil. Vet
Pathol In press.
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Gross Lesions in Sea Otters Found Dead Following the Exxon Valdez

0il Spill

T. P. Lipscomb!, R. K. Harris, B. E. Ballachey?
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Following the Exxon Valdez oil spill in
Prince William Sound, Alaska, sea otter
carcasses were collected from areas af-
fected by the spill, placed in plastic bags,
and frozen. Beginning 15 months later
and continuing over a 3 month period,
214 of the carcasses were thawed and
autopsies were performed. Specimens
were collected for toxicological testing
for petroleum hydrocarbons. Because of
the artifacts produced by freezing and
thawing of tissues, histologic examina-
tions were not performed.

Of 152 sea otters with external oil
present, 100 (66%) had interstitial pul-
monary emphysema and 83 (55%) had
gastricerosion and hemorrhage; 64 (42%)
oil-contaminated otters had both of these
lesions. Of 62 sea otters with no external
oil found, 13 (21%) had interstitial pul-
monary emphysema and 4 (6.5%) had
gastric erosion and hemorrhage; all 4
(6.5%) that had gastric erosion and hem-
orrhage also had interstitial pulmonary
emphysema. Among sea otters with no
detectableexternal oil, 2had lesions likely
to have contributed to their deaths: 1 had
vegetative valvular endocarditis and the
other had a gun shot wound in the tho-
rax. Both of these sea otters also had
interstitial pulmonary emphysema. A
variety of incidental lesions were found
in many of the sea otters.

A study of histopathologic lesions in
oil-contaminated sea otters that died in
rehabilitation centers following the Exxon
Valdez oil spill found interstitial pulmo-
nary emphysema in 19/46 (41%) and

gastricerosion and hemorrhagein 13/40
(32.5%). Among six uncontaminated sea
otters that died in rehabilitation centers,
interstitial pulmonary emphysema was
not found and gastric erosion and hem-
orrhage were foundinone!. Based onthe
findings in the present study and the
histopathologic study, we conclude that
interstitial pulmonary emphysema and
gastric erosion and hemorrhage are as-
sociated with crude oil exposure in sea
otters. (Hepatic and renal lipidosis and
hepaticnecrosis were alsorelatively com-
mon histopathologic lesions in oil-con-
taminated sea otters; these lesions could
not be specifically identified by gross
examination alone).

We considered those sea otter car-
casses that were oil-contaminated, had
one or both gross lesions associated with
crude oil exposure (interstitial pulmo-
nary emphysema and /or gastric erosion
and hemorrhage), and that did not have
lesions indicative of another possible
cause of death, as having strong evi-
denceof death due to crude oil exposure.
Sea otters fitting these criteria comprised
123/214(57%). Those carcasses that were
oil-contaminated and had neither lesions
associated with crude oil exposure nor
lesions indicative of another possible
cause of death were considered to have
evidence of death due to crude oil expo-
sure. Sea otter carcasses that conformed
to these criteria included 29/214 (14%).
Those sea otter carcasses that had did not
have detectable external oil, did nothave
lesions associated with oil exposure, and




did not have lesions indicative of an-
other possible cause of death comprised
49/214 (23%) and were considered to
have an undetermined cause of death.

Sea otter carcasses that did not have
detectable external oil, did not have le-
sions indicativeof another possible cause
of death, and did haveinterstitial puimo-
nary emphysema and /or gastricerosion
and hemorrhage included 11/214 (5%)
were considered to have an undeter-
mined cause of death. The uncontami-
nated sea otter thathad a gunshotwound
of the thorax and interstitial pulmonary
emphysema and the uncontaminated sea
otter that had vegetative valvular
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endocarditis and interstitial pulmonary
emphysema comprised 2/214 (1%) and
were considered to have died primarily
because of conditions unrelated to oil
exposure.

Possible pathogeneses of lesions as-
sociated with crude oil exposure and
mechanisms by which crude oil expo-
sure might result in deaths of sea otters
are discussed elsewhere (Lipscomb,
1993). Results of toxicological studies
are not yet available.
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Age Distributions of Sea Otters Dying in Prince William Sound,
Alaska, After the Exxon Valdez Oil Spill

D. H. Monson and Brenda E. Ballachey
U. S. Fish and Wildlife Service

Sea otters (Enhydra lutris) suffered
severe injuries as a result of the Exxon
Valdez oil spill. Acutelosses, represented
by 871 sea otter carcasses recovered dur-
ing response activities and an additional
123 otters dying at rehabilitation centers,
are well documented (Bayha and
Kormendy, 1990; DeGange and Lensink,
1990). Additional number of otters al-
most certainly died within weeks of the
oil spill, but their carcasses were not
recovered. Estimates of acute loss have
been provided by Bodkin and Udevitz
{1993), Doroff et al. (1993) and Garrott et
al. (1993).

Injuries to sea otters probably were
not limited to the deaths associated with
acute exposure to oil. Surviving otters
were exposed to oil remaining in the
environment. Specifically, elevated con-
centrations of hydrocarbons have been
reported in sedimentsand tissuesamples
of important sea otter prey, providing a
pathway for continued exposure to sea
otters. Little is known, however, about
possible long-term sub-lethal effects on
sea otters of initial exposure to oil or
continued exposure to residual oil
through the environment or prey. Be-
cause fresh carcasses of dead otters with
known oil exposure histories are rarely
collected, we must look for effects at the
level of the population.

Bodkin and Jameson (1991) concluded
that carcass recovery rates were not use-
ful in estimating mortality rates in sea
otters. However, systematic surveys for

beach-cast carcasses can provide useful
information on temporal patterns of
mortality and on the age class structure
of thedying portion of the sea otter popu-
lation under study (Kenyon, 1969; Bod-
kin and Jameson, 1991). A general pat-
tern of the age class structure of sea otters
dying in a population experiencing natu-
ral mortality has been described in Cali-
fornia (Bodkin and Jameson, 1991),
Amchitka, Alaska (Kenyon, 1969) and
Prince William Sound (Johnson, 1987).
The observed pattern includes a bimodal
age distribution with the first mode con-
sisting of young animals and the second
mode consisting of aged animals. The
proportion of prime-age (2-8 years) sea
otters is relatively low.

A description of the age distribution
of sea otters dying in western Prince
William Sound in 1990 and 1991 thus
allows a comparison against an expected
mortality pattern. A change in the age
class structure from the general pattern
described above may indicate abnormal
mortality representative of continuing
deleterious effects of oil exposure. In this
study, we examine patterns of sea otter
mortality following the Exxon Valdez oil
spill by estimating the ages of sea otters
recovered as carcasses in western Prince
William Sound, and comparing age dis-
tribution among pre-spill, spill and post-
spill years.

During 1974 to 1984 (Johnson, 1987),
and again in 1990 and 1991, sea otter
carcasses wererecovered during system-



atic beach surveys in the late spring in
the areaof Green Island in western Prince
William Sound. Systematicsurveys were
not done in 1989, the year of the oil spill,
but 493 sea otter carcasses were recov-
ered from western Prince William Sound
during response efforts. Sea otter car-
casses were also collected in spring and
summer, 1990 and 1991, from areas in the
western Sound (i.e., in addition to Green
Istand) during oil spill clean-up and
monitoring activities.

A premolar tooth was collected from
the skull (when present) of each carcass
and analyzed for age,based on cementum
annuli (Garshelis, 1984). Carcasses were
classed as juvenile (0 or 1 year of age),
prime-age (2 to 8 years of age) or aged (9
years orolder). Comparisons weremade
among age class distributions of sea otter
carcasses recovered from 1974 through
1984 (pre-spill), in 1989 following the oil
spill (spill year), and in 1990 and 1991
(post-spiil). Differences among distribu-
tions were tested using Fisher’s Exact
Test (2 tailed).

Age was determined for 142 sea otter
carcasses recovered at Green Island pre-
spill. Of these, 45% were from juveniles,
15% from prime-age and 40% from aged
adult otters (Johnson, 1987). Age was
determined for 437 carcasses recovered
in western Prince William Sound in the
spill year; 32% were from juveniles, 44%
from prime-age and 24% from aged ot-
ters. Carcasses recovered at Green Is-
land and in other areas of western Prince
William Sound in 1990 and 1991 were
combined: age was determined for 66
individuals, with 33%, 43% and 24% of
the carcasses from juvenile, prime-age
and aged otters, respectively. The pro-
portion of prime-age carcasses recovered
increased in both the spill year and in
post-spill years, relative to the pre-spill

‘Kenyon, 1969; Johnson, 1987).
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years. Differences between pre-spill and
spill year age distributions, and between
pre-and post-spill agedistributions were
significant (P<.0001 and P=.0005, respec-
tively). Spill year and post-spill years
did not differ significantly.

The age distribution of sea otters
dying in western Prince William Sound
sincethespill differs from thegeneralized
pattern previously described for sea
otters (Bodkin and Jameson, 1991;
The
observed differences represent a shift in
the age-class composition of sea otters
dying in western Prince William Sound
from a pre-spill, bimodal distribution,
composed of primarily young and old
animals, to an increased proportion of
prime-ageanimalsin years following the
oil spill. This shift suggests that higher
than normal proportions of prime-age
sea ofters are dying in some portions of
the Sound, and may be evidence of a
prolonged, spill-related effect on the sea
otter population affected by the Exxon
Valdez oil spill.

Several assumptions are made in
reaching this conclusion: (1) carcasses
recovered in a given geographic area are
of sea otters that lived in that general
area prior to their death, (2) carcasses
recovered in 1989 or in 1990 and 1991
represent deaths of the year in which
they were recovered, (3) mortality of sea
otters in 1989 associated with the oil spill
was non-selective with regard to age,
and (4) carcasses of all dying sea otters
have an equal probability of being recov-
ered, regardless of age of the otter. We
believe that the first three assumptions
are largely met. The last assumption
may be violated to a greater extent: car-
casses of juvenile sea otters may have a
lower probability of recovery than car-
casses of adultotters. If such abias exists,



Mammals: Age Distributions of Sea Otters

|

however, it should have affected the pre-
spill, spill year and post-spill age distri-
butions equally, and comparisons across
years are valid. We conclude that the
abnormal post-spill mortality pattern for
sea otters, based on age distributions of
dead animals, provides strong evidence
of continuing injury to sea otters in west-
ern Prince William Sound through at
least 1991.
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Recovery of Sea Otter Carcasses Following the Exxon Valdez Oil Spill
A. Doroff, A. R. DeGange, C. Lensink, B. E. Ballachey, J. L. Bodkin and D. Bruden.

U. S. Fish and Wildlife Service

In response to the T/V Exxon Valdez
oil spill of 1989, sea otter (Enhydra lutris)
carcasses were recovered in or adjacent
to the oil spill area. Carcasses were col-
lected between March 30 and September
15 and brought to collection facilities at
Valdez, Seward, Homer, or Kodiak
(DeGange and Lensink, 1990). Carcasses
were collected and transported by fed-
eral and state response staff as well as
private contractors and volunteers. We
report on the distribution, degree of oil-
ing and state of decomposition, age and
sex structure, and reproductive status of
recovered carcasses. We discuss factors
influencing therecovery of carcasses. We
also provide an estimate of acute sea
otter mortality as a result of the T/V
Exxon Valdez oil spill based on the prob-
ability of recovery of carcasses and com-
pare our estimate with those generated
by other methods.

Carcasses in suitable condition were
subjectively scored for relative degree of
external oiling and extent of decomposi-
tion. Weight, length, general age class
(adult, subadult or pup) and reproduc-
tive condition (including presence or
absence of lactation) were recorded.
Reproductive tracts were removed from
adult females and later examined for
reproductive history (USFWS, unpub-
lished data). Skulls and baculums (when
present) wereremoved fromall carcasses.
Complete necropsies were performed on
214 suitable carcasses (Lipscombetal., in
press). The first premolar tooth was
taken for age determination (Garshelis,
1983), and tissue samples were collected

for toxicology (Mulcahy and Ballachey,
1993). Data on recovered carcasses were
often incomplete due to a lack of prepa-
ration for an event of this magnitude.

A total of 871 sea otter carcasses were
collected during response activities, and
123 live otters were captured and subse-
quently died at rehabilitation centers.
Ninety of the recovered carcasses were
judged to havedied prior to thespill, and
are not considered in the following analy-
ses. One hundred and twenty of the
carcasses were not evaluated as to time
of death relative to the spill, and are
included in the analyses. The remainder
(904) reflects a minimum estimateof acute
sea otter mortality. It is almost certain
that additional sea otters were oiled and
subsequently died, and their carcasses
were not recovered. In addition, live
oiled otters that would have died and
become carcasses, but were captured for
cleaning, became unavailable for recov-
ery as carcasses. The 123 otters that died
at rehabilitation centers are not consid-
ered in the following analyses. How-
ever, the number of potential carcasses
may have been reduced by the extent
that the rehabilitation effort reduced
mortality. The 123 otters that died at
rehabilitation centersare considered only
in the loss estimate.

From Prince William Sound 424 car-
casses wererecovered, 167 from the Kenai
Peninsula, and 190 from the Kodiak Is-
land/Alaska Peninsula area. The pro-
portions of otters which apparently died
before the spill were estimated at 15%,
9% and 5% for Prince William Sound,




Mammals: Recovery of Sea Otter Carcasses

Kenai Peninsula and Kodiak Island/
Alaska Peninsula, respectively.

The proportion of oiled carcasses and
the degree of oiling (heavy, moderate,
light or none) generally declined as the
distance from the spill increased. Per-
centages of oiled carcasses for the three
areas were 93%, 68% and 52%, for Prince
William Sound, Kenai Peninsula and
Kodiak/ Alaska Peninsula, respectively.
Heavily and moderately oiled carcasses
were 67%, 48% and 30% from the three
areas, respectively. The proportion of
lightly oiled carcasses was relatively
stableat26%, 20% and 22%, respectively.
Non-oiled carcasses were 7%, 32%, and
48% from the three areas, respectively.

The condition of carcasses was simi-
lar among the three recovery areas. Sev-
enty-three percent, 66% and 63% of the
carcasses wereconsideredrelatively fresh
with organs discernable and skeleton
intact from Prince William Sound, Kenai
Peninsula and Kodiak / Alaska Peninsula,
respectively.

We estimated ages of 670 of the car-
casses recovered: 400 from Prince Will-
iam Sound and 135 each from the Kenai
Peninsula and Kodiak / Alaska Peninsula.
Three age classes weredefined: adults (3
yearsandolder),subadults (1 and 2 years)
and pups (0 years). Adults comprised
58%, 57% and 33%, subadults 33%, 13%
and 10%, and pups 9%, 30% and 57% of
the carcasses from Prince William Sound,
Kenai Peninsula and Kodiak/Alaska
Peninsula, respectively.

Of the adults, the proportion of fe-
males was 67% and 65% from Prince
William Sound and the Kenai Peninsula,
respectively. From the Kodiak/Alaska
Peninsula region, the numbers of adult
males and females recovered were ap-
proximately equal (48% female); how-
ever, sex was not determined for almost

half the carcasses. We found 62% of the
female carcasses from Prince William
Sound pregnant and 15% lactating. At
Kenai, 30% were pregnant and 33% lac-
tating. This comparison may reflect dif-
ferences in the reproductive phenology
between these two areas.

Two experiments were conducted
following thespill to evaluate the carcass
recovery efforts (Doroff and DeGange.
1992). One study monitored the move-
ments of radio-equipped simulated sea
otter carcasses to identify patterns of
movements and fate. A pertinent result
of this study was that a small proportion
(2 of 30) of the simulated carcasses left
Prince William Sound.

The second study was designed to
assess the probability of carcass recov-
ery. Twenty-five previously recovered
then marked sea otter carcasses were
released inMay and June 1989 near north-
ernKodiak Island in an area where wild-
liferescue and beach clean-up crews were
operating. The carcasses varied in size,
degree of decomposition, and whether
they were frozen or thawed at the time of
release. Five of the 25 carcasses (20%)
were recovered. Similar recovery rates
have been obtained from similar studies
in California.

Assuming the results of this experi-
ment are applicable to the overall spill
area,and excluding thosecarcasses which
were determined to have died before the
oil spill, the loss estimate associated with
the oil spill would be 4,028 (781/.20, plus
123 dead at rehabilitation centers) sea
otters. Assumptions made in estimating
this loss are: (1) recovery rates estimated
at Kodiak in May and June are represen-
tative of the entire oil spill area and time
period during which carcass collection
occurred, (2) the carcasses used in the
experiment did not differ in recoverabil -
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ity from fresh carcasses of sea otters dy-
ing from oil exposure, and (3) the 123
otter deaths at the rehabilitation centers
are oil related. The degree to which
these assumptions are not met and their
effects on the accuracy of loss estimates
are unknown. This loss estimate thus
should be used conservatively.

Two other methods were used to es-
timate acute mortality to sea otters. In
one, estimates of sea otter abundance pre
and post-oil spill were used to generatea
loss estimate of 2,787 sea otters for Prince
William Sound (Irons et al., 1988; Burn,
1992; Garrott et al., in prep). Boot strap-
ping techniques were used to generate
confidence limits of 500-5,000 sea otters
on the loss estimate. Using our carcass
recovery rate of .20 we estimate an acute
loss of 2,209 sea otters in Prince William
Sound (424/.20 plus 89 from therehabili-
tation centers).

The third approach involves a pre-
dictive model of mortality based on the
potential exposure of otters to oil and
observed mortality rates associated with
different levels of exposure. Initial re-
sults of this model indicate 497 sea otters
may have been exposed tolethal levels of
oiling on the Kenai Peninsula (Bodkin
and Udevitz, in press). Using our carcass
recovery rate of .20 we estimate an acute
loss of 868 from the Kenai Peninsula
(167/.20 plus 33 from the rehabilitation
centers).

Of these three approaches, only the

estimate based on a carcass recovery rate
provides a loss estimate for the entire
spillarea. Limitations on pre-spill popu-
lation data (distribution and abundance)
restrict applications of the second ap-
proach. The third approach, with fur-
ther refinement, may beextended to oiled
areas other than the Kenai Peninsula. It
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should be noted that current estimates
have not accounted for the loss of repro-
ductive potential from the sea otter popu-
lation associated with females pregnant
at the time of death.

After the oil spill, we were left to
reconstruct pre and post-spill sea otter
populations with limited data. Loss esti-
mates were generated with wide confi-
dence limits and incorporated numer-
ous, untestable assumptions. In retro-
spect, additional studiesimplemented at
the time of the oil spill may have im-
proved the quality of the population loss
estimates. For example, a more thor-
ough study of marked and released car-
casses and their subsequent recovery
implemented onabroad geographicscale
may have helped refine estimates of car-
cass recovery probability and thereby
our ability to estimate mortality.
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An Intersection Model for Estimating Sea Otter Mortality Following

the Exxon Valdez Oil Spill

James L. Bodkin and Mark S. Udevitz
U.S. Fish and Wildlife Service

There areseveral possibleapproaches
for estimating the number of sea otter
mortalities resulting from acute expo-
sure to Exxon Valdez oil. Oneapproachis
to apply an estimate of carcass recovery
probability to the number of carcasses
actually recovered to obtain a fotal acute
loss estimate (Doroff etal. al 1993). How-
ever, data onrecovery rates were limited
in geographical scale and sample size,
and the applicability of these rates to all
areas in the spill is questionable.

A second approach is to take the dif-
ferencebetween sea ofter population sizes
estimated before and after the spill (Burn
1990, DeGange et al. 1990, Douglas et al.
1990). Incomplete coverage by pre-spill
surveys prevented direct application of
this approach to all areas affected by oil.
For the Kenai Peninsula, in particular,
pre and post-spill data did not indicate a
statistically significant loss and carcass
recoveryrates werenotavailable. There-
fore, we investigated a third approach
that uses an analytical model (intersec-
tion model) to estimate exposure to oil
and subsequent mortality of sea otters
along the Kenai Peninsula.

Theintersection modelrelied onthree
distinct data sets from the Exxon Valdez
oil spill. The first was the distribution
and movementof spilled oil asit traveled
throughout the spill area as modeled by
Galt et al. (1991). The second data set
resulted from a helicopter survey of sea
otter abundance and distribution con-
ducted concurrently with the movement
ofoilalong the Kenai Peninsula (DeGange

et al. 1990). The third data set consisted
of the number of sea otter carcasses that
were recovered (U.S. Fish and Wildlife
Service, unpub. data) combined with the
number of otters that were captured alive
at two sites in Prince William Sound that
received two different exposure levels
(lightand heavy) tooil (Bodkin and Weltz
1990). The subsequent survival of live
otters captured and the number of car-
casses recovered were used to estimate
mortality rates at these two exposure
levels.

The National Oceanic and Atmo-
spheric Administration On-Site Spill
Model (OSSM) traced the movement of
10,0001agrangian elements(oil particles),
each representing about 1,100 gallons of
oil, atthree hour intervals from 24 March
through 29 April, 1989. The volume of oil
represented by each element remained
constant, while the number of particles
declined as a result of evaporation, sink-
ing or beach-cast oil.

We delineated an exposure area con-
sisting of a circle (buffer) 2.8 km in diam-
eter at each location where sea otters
were observed during thehelicopter sur-
vey. This diameter represents twice the
average distance seaotters wereobserved
to move between successive radio loca-
tions recorded between 18 and 36 hours
apartin California (Ralls et al. 1988). The
exact size of the buffer should not be
critical because our model only makes
use of the rank ordering of exposure
levels and therefore should be sensitive
only to very large changes in buffer size.
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The exposure level at each location was
estimated by counting the number of oil
particles (OSSM) that intersected the as-
sociated buffer at least once during each
24-hour period following the spill
(gallon*day). Then the exposure levels
were extrapolated to the population
based on the otter group size at each
observed location and the population
size estimate of Douglas et al. (1990).

The result was a relative measure of
the quantity and duration of oil present
in the vicinity of each otter in the Kenai
Peninsula population. The same proce-
dure was conducted for random loca-
tions within the twocapturesitesin Prince
William Sound. We then applied the
known mortality rate estimates associ-
ated with exposure levels at the Prince
William Sound capture sites to the otter
population along the Kenai Peninsula.

Theintersection modelindicated that
131 sea otter buffers were intersected by
oneormoreoil particles during the course
of the spill. This corresponds to an esti-
mated 1,211 sea otters that were exposed
to oil along the Kenai Peninsula. Mod-
eled exposure levels along the Kenai
(1-141 gallon*days) were most similar to
the “light oiling” capture site in Prince
William Sound (66-438 gallon*days)
where the mean estimated mortality rate
was 0.39 (n=33).

Simply applying this rate to all ex-
posed sea otters along the Kenai, resulted
in a loss estimate of 472 individuals. An
alternative method assigns a mortality
rate of 0.20 to animals exposed to 1 to 66
gallon*days and a mortality rate of .39
to otters with higher exposure, resulting
in a loss estimate of 284 otters. Alterna-
tive loss estimates may be obtained by
using additional information or altering
assumptions about the relationship be-
tween exposure and mortality.

Several assumptions were required
for the use of the data sets employed by
the intersection model in addition to the
assumptions of the model itself. The
most important of the data assumptions
are: (1) that the OSSM model accurately
reflects the spatial and temporal distri-
bution of spilled oil, (2) that estimates of
sea otter distribution and abundance
obtained from the helicopter survey were
unbiased, (3) that sea otter collection
methods at the two capture sites were
not biased, and (4) that mortality rates
for captured otters were not affected by
the capture or the rehabilitation process.
The three key assumptions of the model
are (1) that mortality was in fact, a func-
tion of exposure to oil, as measured by
gallon*days, (2) the relative exposure
level measured for the region around
each observed otter location reflects the
relative exposure of those otters to oil,
and (3) the relationship between expo-
sure and mortality at the capture sites in
Prince William Sound was the same as
the relationship at the Kenai Peninsula.
The likelihood that these assumptions
are valid and their potential effects on
estimated loss are discussed.

Theintersection approach appears to
provide an adequate estimate of relative
exposure to oil, in cases where there are
suitable data on abundance and distri-
bution of sea otters. Because loss esti-
mates are sensitive to the relationship
between exposure to oil and mortality
rates, refinement of the model should
include a better definition of this rela-
tionship, particularly at low exposure
levels. However, since the rehabilitation
treatment is likely to effect survival, it is
doubtful that otters subjected torehabili-
tation will provide useful information
about the relationship of exposure and
mortality in otters that are not subjected




to rehabilitation.

Accurate and precise surveys of sea
otter abundance are required to provide
reliable loss estimates based on compari-
sons of pre and post-spill surveys. How-
ever the intersection approach also re-
lies, in part, on accurate and precise sur-
veys of the population. Improved sur-
vey methods, implemented on a routine
basis in areas of oil storage and transpor-
tation would provide direct estimates of
loss in the event of future oil spills and
eliminate the need for indirect ap-
proaches such as the intersection model.
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Mortality of Sea Otters in Prince William Sound Following the Exxon

Valdez Oil Spill

Robert A Garrott!, L. Lee Eberhardt?, Douglas M. Burn®

YUniversity of Wisconsin
2Battelle Memorial Institute
3ULS. Fish and Wildlife Service

This paper presents an estimate of the
total number of sea otters that died as a
direct consequence of the oil spill that
occurred when the Exxon Valdez
grounded in Prince William Sound,
Alaska, on March 24, 1989. We com-
pared sea otter counts conducted from
small boats throughout the Sound dur-
ing the summers of 1984 and 1985 to
counts made after the spill during the
summer of 198, We used ratio estimates,
corrected for sighting probability, to cal-
culate otter densities and population es-
timates for portions of the Sound af-
fected by the oil spill.

We estimated the otter population in
the portion of Prince William Sound af-
fected by the oil was 6,685 at the time of
the spill and that the post-spill popula-

tion in the summer of 1989 was 3,898,
yielding a loss estimate of approximately
2,800. Bootstrapping techniques were
used to approximate confidence limits
on the loss estimate of about 500-5,000
otters. The wide confidence limits are a
result of the complex scheme required to
estimate losses and limitations of the
data.

Despite the uncertainty of the loss
estimate, it is clear that a significant frac-
tion of the otters in e spill zone survived.
We observed otters persisting in rela-
tively clean embayments throughout the
oil spill zone, suggesting that the highly
convoluted coastline of Prince William
Sound produced refuges that allowed
some sea otters in the oil spill area to
survive,
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Hydrocarbon Concentrations In Tissues Of Sea Otters Collected
Following The Exxon Valdez Oil Spill

Dan Mulcahy' and Brenda Ballachey®
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2LL.S. Fish and Wildlife Service

The concentrationsof 28 aliphaticand
39 aromatic hydrocarbons were mea-
sured inup toseven tissues (liver, muscle,
kidney, brain, intestine, fat, and testes)
from ten sea otters recovered dead in
western Prince William Sound between
April 5 and 11, 1989.

All animals were subjectively judged
to be heavily or moderately oiled. Six
animals were males and four were fe-
males, two of which were pregnant when
they died. Agesranged from 1to9 years
old and weights from 8.31022.8kg. Data
were transformed using a log, (i+1) for-
mula, where i was the raw hydrocarbon
concentration. Data on hydrocarbons
from liver, muscle and kidney from ten
sea otters killed as part of a subsistence
hunt in southeast Alaska were used as
controls unexposed to the T/V Exxon
Valdez oil spill.

Concentrations of aliphatichydrocar-
bons ranged between 10 and 1000 ng/g.
With the exception of fat tissue, concen-
trations and prevalences of the normal
alkane hydrocarbons in the range from
n-C10 to n-C15 and n-C30 to n-C34 were
lower than the n-C16 to n-C29 alkanes.
Fat tissue frequently had higher concen-
trations of hydrocarbons than other tis-
sues.

The aromatic hydrocarbons gener-
ally had concentrations of less than 100
ng/g of tissue except for fat and intes-
tine, which had higher overall concen-
trations. The highest prevalences and
concentrationsof aromatic hydrocarbons

in all tissues occurred with naphthalene,
alkylated naphthalene, and biphenyl.
Every sample from all of the sea otters
had some concentration of naphthalene
and Cl-naphthalene. Phenanthrene was
present at low concentrations in all tis-
sues except muscle. In addition,
dibenzothiophene and alkylated
dibenzothiophene at low concentrations
occurred in greater frequencyin fat, brain
and intestine than in the other tissues.
Fat had the highest overall concentra-
tions of aromatic hydrocarbons.

Exposure of the sea otters to crude oil
was most clearly evidenced by the el-
evated concentrations of a wide range of
aliphatic and aromatic hydrocarbons in
at least some tissues. In addition, the
presence of the unresolved complexmix-
ture fraction and the presence and el-
evated concentration of alkylated deriva-
tives of several aromatic compounds
wereimportant variablesin determining
exposure to crude oil.

Based on prevalences and concentra-
tions of hydrocarbons in the tissues of
the animals examined, a pattern of expo-
sureand mortality was proposed foreach
sea otter. Two of the sea otters had very
low concentrations of hydrocarbons in
their tissues, suggesting a very limited
exposure to or movement of hydrocar-
bons into internal organs prior to death.
Hydrocarbon patterns in intestine
samples indicated that three of the ten
animals clearly had ingested oil. The
remaining animals had intermediate pat-




terns of hydrocarbons in their tissues.

We propose that sea otter VD074 in-
gested crude oil, but died before the hy-
drocarbons could be distributed to the
other tissues to any great degree. This
sea otter had extremely high concentra-
tions of alkane hydrocarbons in the
sample of intestine, which was the only
sample in the study that contained de-
tectable concentrations of every alkane
hydrocarbon analyzed.

However, concentrations of alkane
hydrocarbons in the other tissues from
this animal were not elevated. The unre-
solved complex mixture fraction was
found only in the intestine and was
present at the highest concentration (905
ng/g) of any of the samples in this study.

The concentration of the total of all
aromatic hydrocarbons was also very
high in the intestine; alkylated deriva-
tives of naphthalene, phenanthrene,
fluorene, dibenzothiophene and
chrysene were present at higher concen-
trations than their parent compounds.
Concentrationsof these compounds were
also elevated in other tissues from this
sea otter compared to the same tissues
from other sea otters.

Sea otter VD141 is an example of an
animal with very low concentrations of
hydrocarbonsinits tissues despite heavy
external oiling. The low concentrations
and prevalences of hydrocarbons sug-
gest that this animal died quickly follow-
ing exposure to oil and had insufficient
time before death to move hydrocarbons
into its tissues. The unresolved complex
mixture fraction was not present in any
tissue. The concentrations of alkane hy-
drocarbons across the range of com-
pounds were similar between tissues,
and a pattern of slightly lower concen-
trations was seen in intestine and muscle
than in the other tissues.

Mammals: Hydrocarbon Concentrations In Tissues Of Sea Otters
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This animal had the lowest overall
concentration of total aromatic hydro-
carbons of the sea otters studied. The
parentcompoundsnaphthalene, phenan-
threne, fluorene, dibenzothiophene, and
chrysene were found at low concentra-
tions, but, of their alkylated derivatives,
only Cl-naphthalene was detected in tis-
sues.

The overall concentrations of hydro-
carbons measured in tissuesamples from
sea otters found dead and grossly con-
taminated with crude oil were very low,
ranging from 0to<1,000ng/g. Thesame
individual hydrocarbons and many of
the same sums and ratios of hydrocar-
bons that are used in studies of crude oil
and oiled sediments are applied to stud-
ies of oiled marine mammals (Hall and
Coon, 1988).

Very little is known about the fate of
hydrocarbons in marine mammals. In
common with other higher animals, ma-
rine mammals have inducible enzyme
systems permitting the metabolism and
excretion of systemic hydrocarbons
(Engelhardt, 1982; Addison and Brodie,
1984; Addison et al., 1986). The actions of
these enzymes may account for the low
concentrations in tissues of hydrocar-
bons found in crude oil.

The large number of variables (hy-
drocarbons) for each sample, the ex-
tremely wide range of concentrations,
and the non-normal distribution of the
raw data complicated analysis. We are
presently usingmultivariate statistics for
reduction and analysis of the data set as
has been used recently by others analyz-
ing contaminants data (Cripps, 1992;
Devillers and Karcher, 1991; Finzi et al,,
1991; Georgakopoulos-Gregoriades, et
al., 1991; Saenz and Pingitore, 1991).

The sea otters in our study were dead
when collected. Other than collection




site and date, noinformation was known
about the type and duration of exposure
of the animals to crude oil. Although all
of the sea otters were collected soon after
the oil spill occurred and the carcasses
were in good condition and were coated
with moderate to heavy amounts of oil,
no factual information is known about
how long they lived following exposure.
Some may have died from causes other
than oiling and have suffered postmor-
tem oiling.

These considerations, in the face of
potential litigation, point out the impor-
tance of analyzing for tissue hydrocar-
bon residues even in animals with obvi-
ous external oiling, and the need for care-
ful interpretation of the data.
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Mammals: Health, Reproduction and Survival of Otters

Health, Reproduction, and Survival of Adult, Dependentand Weanling
Sea Otters in Prince William Sound From October 1989 to December

1991.

Lisa Mignon Rotterman and Charles Monnett

Enhydra Research

In order to determine the damage to
the sea otter population resulting from
the T/V Exxon Valdez oil spill, we ob-
tained data on the health, behavior, re-
production, and survival of several cru-
cial demographic classes of sea ofters
(Enhydralutris) in areas within, and adja-
cent to, the oil spill zone. These were:
adult females, male and female depen-
dentpups(pupsstill with their mothers),
and male and female weanlings (indi-
viduals caught while with, and depen-
dent upon, their mothers, but who be-
came independent over the over the
course of the study). We also studied a
small sample of adult males, but will not
report on those here.

Thus, ninety-six adult female (east-
ern Prince Sound: = 44; western Prince
William Sound, the oil spill area: n = 51),
and sixty-four dependent (eastern Prince
William Sound: n = 24; western Prince
William Sound: n = 40) sea otters were
captured, examined, instrumented with
radio-transmitters, and monitored be-
tween October 1989 and November 30,
1991.

Individualsin the oil spillregion were
compared to individuals of the same age
and sex in eastern Prince William Sound.

Comparable data were also available
from 104 sea otters captured and instru-
mented in Prince William Sound in pre-
vious years.

Preliminary examination of several
indices indicate that sea otters in the oil
spill area were in relatively poor health
compared to their counterparts in non-
oiled areas of Prince William Sound.

Additionally, preliminary data indi-
cate that survival rates may vary be-
tween sea otters in oiled and unoiled
portions of the Sound. These data are
discussed and interpreted with regard to
the following issues: overall extent of
damage to the sea otter population(s);
estimation of the rate and pattern of re-
covery of the population studied; identi-
fication of critical habitat areas for sea
otters in Prince William Sound; determi-
nation of the relative quality of different
habitats; and formulation of current and
future restoration and response activi-
ties.

Preliminary evaluation of data as a
whole indicate thatit is likely, at the time
our monitoring of individuals in this
study ended, the population of sea otters
in western Prince William Sound was
not yet in a recovery phase.
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Effects of the Exxon Valdez Oil Spill on River Otters in Prince William

Sound

R. Terry Bowyer', J. Ward Testa', James B. Faro?, and Lawrence K. Duffy!

niversity of Alaska Fairbanks
Alaska Department of Fish and Game

Effects of the Exxon Valdez oil spill on
river otters (Lutra canadensis) inhabiting
Prince William Sound, Alaska were in-
vestigated from 1989-1992. These river
otters feed mostly on marine inverte-
brates and fishes, which they obtain by
foraging primarily in subtidal and inter-
tidal zones in the Sound. Consequently,
we expected these mustelids to be
strongly affected by the oil spill. Indeed,
river otters population elsewhere have
provided a sensitive indicator to aquatic
pollutants.

Initially, our research efforts were
focused on two 80-km areas: Northern
Knight Island, including Herring Bay
(whichreceived heavyoiling), and Esther
Passage (which was outside the path of
the spill). These areas were selected be-
cause they wereecologically similarand,
based on number of latrine sites, had
similar densities of otters. This design
was selected over one that examined ot-
ters on oiled and nonoiled areas within
the path of the spill, because a mammal
with the mobility of an otter undoubt-
edly would have been exposed to areas
polluted by oil within its home range,
thereby biasing our data.

Some carcasses of river otters were
recovered from beachesimmediately fol-
lowing the spill and, for specimens that
were not too badly decomposed,
necropsy and hydrocarbon analyses im-
plicated exposure to crude oil in their
deaths. Assessmentof acute mortality to
river otters resulting from the oil spill,
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however, is problematic. Sick and dying
otterslikely moved to dens or other areas
above the shoreline and thereby avoided
discovery by oil-spill workers. This as-
sessment is further complicated by the
absence of pre-spill data on the density
of otters.

Nonetheless, we used a combination
of radio-telemetry and isotope implants
to calculate mark-recapture population
estimates for otters on oiled (Northern
KnightIsland) and nonoiled (Esther Pas-
sage) areasin 1990. Confidence limits for
our population estimates overlapped for
most surveys.

Care must be used, however, in in-
terpreting this outcome because we lack
pre-spill estimates. Moreover, the
method we used is most likely to detect
large changes in population size, but not
small or subtle ones. Provided that la-
trine sites were a reliable index to river
otter populations, it is probably safe to
conclude that catastrophic mortality of
otters did not result from acute effects of
exposure tocrudeoil. This methodology
does not, however, rule out chronic mor-
tality caused by the oil spill.

To examine the chronic effects of oil
exposure on river otters, we proposed
assaying specific blood parameters that
would reflect trauma or toxiceffects from
oil. This was possible because we had
drawn blood samples when otters were
radio-implanted. River otters fromoiled
areas exhibited significantly (P<0.05)
higher levels of haptoglobin, indicative
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of physiological damage, thanotters from
unoiled zones. Although other causes of
elevated haptoglobins are possible, we
know of no other single factor except oil
that was likely to affect otters along the
80 km of shoreline where they were
sampled.

Likewise, these same river otters ex-
hibited significantly lower body mass on
oiled compared to nonoiled areas. River
otters might be exposed to oil by groom-
ing it from their fur, eating oil-covered
prey, or ingesting food (e.g., mussels)
that had concentrated hydrocarbons.
Elevated blood values and reduced body
mass for otters on oiled sites might result
from internal damage from oil, reduced
digestibility of oiled food, a reduction in
prey, or some combination of these fac-
tors.

We also studied the food habits,
movements, and habitat selection by river
otters. Because we collected the feces of
river otters from latrines immediately
following the spill, we have an index to
the pre-spill diet of these mustelids.
Analysis of feces for food items, how-
ever, cannot be used to reconstruct otter
diets unless digestibility of each food is
determined under laboratory condi-
tions—an overwhelming task. Nonethe-
less, this technique (fecal analysis) does
provide a valid index for making com-
parisons between areas (oiled vs
nonoiled).

Based on this index, there was no
difference in the diets of otters between
oiled and nonoiled study areas in either
late winter or summer 1989. Otter diets
were highly diverse with bony fishes
being the single most importantitem. A
large change (P<0.05) occurred in 1990,
however, with about a 1/3 reduction in
the number of food items occurring in
otter scats on the oiled area, and with no

change on the nonoiled area. We cannot
determine if this change was brought
about by a reduction of prey on oiled
areas, some change in their vulnerability
to predation, or differences in otter be-
havior. Nevertheless, river otters from
oiled areas obtained a less diverse diet
than otters living in nonoiled areas.

River otters on oiled areas also had
home ranges that were about twice as
large (P<0.05) as otters occupying
nonoiled areas in 1990. Likewise, a com-
parison of active latrine sites with ran-
dom sites along the coast indicated that
river otters on oiled areas selected habi-
tat differently (P<0.05) than otters living
in nonoiled areas.

Most notably, otters on oiled areas
selected steep-sloped shoresand avoided
shallow ones, whereas otters on nonoiled
areas did just the opposite. We interpret
this to mean that otters on oiled areas
avoided shallow-sloped sites, ostensibly
because oiling was most severe and per-
sisted the longest on shallower slopes.
This interpretation is supported by ot-
ters on oiled areas of Herring Bay depos-
iting fecesatarate that waslower (P<0.05)
than on unoiled sites within this same
area.

Aless diverse diet, lower body mass,
larger home ranges, avoidance of pre-
ferred habitat, and elevation of blood
parametersindicative of damagefor river
otters on oil areas is an overwhelming
indication of the chronic effects of the oil
spill. These effects occurred one year
after the oil spill and following a major
attempt to clean oil from contaminated
beaches. It is likely that major effects of
the oil spill on river otters were delayed,
and that our population estimates were
conducted too soon to reveal them.

One potential shortcoming of our data
is that two 80-km areas may notberepre-




sentative of the whole Sound. Conse-
quently, welivecaptured and drewblood
samples from river otters from oiled and
nonoiled areas throughout the Sound in
1991. This extensive study confirmed
“our results from intensive work on otter
blood from Northern Knight Island and
Esther Passage.

Additionally, we measured several
new blood values (interleukin and SGOT)
that suggest otters from oiled areas may
be experiencing depressed immune sys-
tems. We also developed a biosttistical
model that allowed us to predict (P<0.05)
whether otters came fromoiled orunoiled
areas based on these blood parameters.
We were able to continue examining the
activities and habitat use by directly ob-
serving otters in Herring Bay and Esther
Passage. Radio failures in Herring Bay,
however, reduced sample size so that
statistical comparisons are not meaning-
ful. We were able to confirm, however,
that latrine sites are centers of otter activ-
ity and reflect habitat use by otters.

Although changes in blood values
indicative of exposure to oil were de-
tected two years following the spill, the
question as to how severely this affects
river otter populations still remained.
That some change in survivorship or re-
cruitment of young should be expected
can be inferred from blood values, food
habits, home ranges and habitat selec-
tion differing on oiled and nonoiled ar-
eas. The timing and magnitude of such
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change, however, remains uncertain.

To evaluate whether there was any
overall effect on otters, we tested for
rates of latrine site abandonment in oiled
and nonoiled areas throughout the
Sound. Latrine sites were abandoned at
a rate that was over three times higher
(P<0.05) on oiled than nonoiled areas,
raising the strong possibility that changes
in populations of river otters were begin-
ning in 1991.

In 1992, we again sampled river otter
blood from animalslive captured inoiled
and nonoiled areas as part of a study on
mussel beds. Analyses of these data are
not yet complete, but at least one blood
valueisstillelevated on oiled areas. There
may beadeclining trend, however, inthe
magnitude of these physiological re-
sponses with time.

Understanding the responses of river
otters to oil contamination obviously re-
quires pre-spill data and long-term moni-
toring. We detected differences in blood
values of river otters that are related to
their health three years after the spill.
This raises important questions about
the long-term effects of oil onriver otters
and other mammals similarly exposed to
crude oil. Because of their position high
on the food chain, river otters can serve
as an “indicator species” f