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The 24 March 1989 Exxon Valdez spill
in Prince Williaxn Sound and the Gulf of
Alaska oiled a minimuxn of 213 intertidal
pink salmon spawning streams. Some
streaxn sediments remained contami-
nated through spring 1992. Staff froxn
the Alaska Departxnent of Fish and Game,
Habitat Division, developed spill re-
sponse recomxnendations and xnonitored
the clean-up of oiled anadromous
streaxns. After initial spill clean-up in
summer 1989, the ADF8zG began studies
 Fink, 1992; Wiedmer, 1992! to deter-
mine if pr~mergent pink salmon eggs
and fry were impacted by remaining
petroleum residues. In December 1989;
May, June, and September 1990; and
March and May1991, 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 saxnples consisting of at least 6 eggs
each were collected from mid to upper
intertidal zones at oiled and control sites.

Contaminated spawning sedixnents were
analyzed uhlizing gas chroxnatography
with flame ionization detection GC/FID!
and gas chromatography with mass spec-
trometry  GC/MS!.

To assess the contmuing exposure of
eggs and fry to hydrocarbon-contami-
nated spawning gravels, we evaluated
the induction of cytochrome F450. Cyto-
chroxne P4SO proteins are monooxy-
genase  MO! enzymes which xnediate
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;
Smolowitz et al.,1991! specific for P4501A
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,
exaxnined larval sections for the pres-
ence and severity of lesions. Lesions
were ranked as none, mild, xnoderate, or
severe,

Fry samples were stratified by time
and pooled for each streaxn. The level of
biological impact for each stream and
time strata was estimated by the median
of cytochrome P4SOIA 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 P45OIA induction was
observed in endothelial and epithelial
cells of several organs of post-hatch lar-
vae�3 of16samples! from oiled streaxns,
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
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from negative to strong, while induction
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<0.10!.
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 P450IA
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 �5 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 � 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-
mal atrophy  EA! was the most frequently
observed lesion. Other lesions observed
included rnyofiber degeneration and
necrosis  MDN!, and individual hepato-
cellular degeneration and necrosis  IHN!.
Both MDN and IHN were absent in 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

were found in samples collected in May/
June1990, and May1991 near the time of
emergence!,

Analyses of 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 P450IA genes. While induction of
P450IA can be caused by various con-
taminants, evidence from this studysug-
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, et al., 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,

Fish exposed toxenobiotics havedem-
onstrated an inverse correlation between
MO-activity and androgen, estrogen, and
corticoid concentrations  Sivirajah et al,
1977!, and testicular development
 Truscott et al., 1983!. Spies et al. �988!,
found an inverse correlationbetween MO
activity and parameters of female repro-
ductive success  e.g., decreased propor-
tion of viable eggs, decreased fertihza-
tion success, decreased embryological
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success!, These observations suggest that
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 results suggest that
petroleum exposure may have caused an
increase in lesion occurrence, Lesions
appeared tobe more severe and 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 a result of natural cleaning by
winter storms, by other abiotic and biotic
factors, and by stream treatments in the
summer of 1990 at the four oiled streams.

In this study, while cytochrome
P450IA 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 with minimal 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 af ter the ini tial
spill and that the hydrocarbons and their
metabolites induced detectable physi-
ological changes. These results can pro-
vide valuable links between the Exxon
Va]dez spill and any biological injuries in
pink salmon observed in other studies.
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Sahnon: Coded-Wire Tags in Pink Salmon Fry

Accurate estunates of wild and hatch-

ery pink salmon Oncorhynchus gorbuscha
contributions to the commercial catch

are essential to evaluate stock specific
damage from the TJV Exron 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

were enumerated and released from four

hatcheries in 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/S 1,2,3, and 28!
and between wild and hatchery salmon.
Tagging rates were held as constant as
possible between and within hatcheries.
An overall tagging rate of approximately
I tag per 600 fish was chosen after analy-
sis of the performance of previous tag-
ging studies  Peltz and Miller, 1988; Peltz
and Geiger,1988; Geiger and Sharr, 1989!,

Hatchery pink salmon fry to be tagged
were randomly selected as they emerged
from incubators. The fry were then anes-
thetized in a I 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 dipped 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
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Corporation  PWSAC! hatcheries, un-
marked fry entering the large saltwater
rearing pens were counted with
electronic 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 rnortal-
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 were treated
identically to those tagged in 1989. At
the Solomon Gulch facility, only SOO
marked fry were assessed for short-term
saltwater mortality while the remainder
were introduced directly into pens con-
taining unmarked fish. In 1991, all tagged
fry from all hatcheries were introduced
into saltwater pens within the larger 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

fry tagged at Solomon Gulch were held
in freshwater 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
theshort-term tagging and saltwater rear-
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  Helleet al., 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 to experimental work at Auke Creek
in juneau, Alaska  Johnson and Longwiig
1988!. To capture the fry, winged fyke
nets measuring 3.0 meters in height with
3.12 rnrn mesh openings  I /8 inch! were
placed in the intertidal zones at the 1,8 m
� foot! tide zone of each stream The net
was designed to fish a location subject to
3 meter tidal fiuctuations and to capture
fry as small as 27mm. The fyke nets were
attached to a Roating live box designed
to rise and fall with the changing tide.
Captured fry were tallied using thumb
counters or during the tagging process.
Untagged frywereindividuallycounted
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.

To minimize osmoregulatory distress
during the already stressful process of
fin dipping and tag injection, a recircu-
lating fresh water system was established.
This closed system consisted of plastic
trash barrels, fish totes and buckets with
a capacity of approximately 60 gallons 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 in salt water. These tagged
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 hour survival rates 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 Creek in1991, a second weir was
installed above the mean high tide line to
separately enumerate and tag the fresh-
water and intertidal components of the
pink salmon outmigration. Tagging and
enumeration methodology was the same
as used at the intertidal weir sites.

Fry outmigrations began each year in
mid-April and extended through early
June in 1990 and through rnid-July in
1991. Overall, outrnigrating fry aver-
aged .22 grams in weight and 31 millime-
ters in length, Beyond April, almost all
captured fry had completely absorbed
their yolk sac and were buttoned 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 with groups
of pink salmon tagged at hatcheries.
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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!
in 1990. 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 were likely caused in
part by lower ocean temperatures in this
area compared with the lightly oiled area
along the southern coast of Knight Is-
land. Results from regression analysis
and analysis of covariance indicated that
water temperatures were significantly
different  P=0,041! between these two
areas. Themean difference in water tem-

perature was 1.5' C, Results from labo-
ratory experiments indicate that this dif-
ference in water temperature may cause
a difference in growth rate of 0.32'Fo body
weight per day when juvenile pink

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. Thenumberof adultpink 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 a longer time Parker, 1971;
Healey, 1982!.

Oil 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 milUon of these fish were marked

with a CWT inserted 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 Vatdez. Growth rates
of juveniles released from the Arnun F.
Koernig  AFK! Hatchery in 1989 were

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
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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 at64oiled
and non-oiled sites where CWT fish were
captured in 1989. Prey organisms in 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
bioinass was significantly different
 P< 05! in the large calanoid copepod,
harpactacoid copepod, and 'other prey'
categories between May and June. Sepa-
rate Wilcoxon rank-sums were calculated
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

ail four prey categories were not signifi-
cantly different between oiled and non-
oiled areas.

Theexurrenceof P4501A-dependent
monooxygenases was used to estimate
the level of oil exposure of juvenile pink
salmon in areas where CWT fish were
captured Stegemanet al.,1991!. Samples
were embedded in paraffin and thin sec-
tioned. Amonocional antibody that binds
to P4501A-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 thedegreeof 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 the mod-
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 19S9. 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 present along the southern coast
of Knight Island in1989 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-

terrnine 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 commercial 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 ¹3!.

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
slope of the relationship 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 objectives of this study were to
determine the impact of the oil spill on
juvenile pink and chum salmon during
their initial period of marine residency in
nearshore habitats. Field studies in 1989
and 1990 compared �! exposure to and
contamination by hydrocarbons; �! dis-
tribution, abundance, size and nominal
growth rates; �! feeding habits; and �!
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,
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cytochrome P4501A, 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 P4501A induction was not observed
in juvenile salmon the year following the
spill.

Juvenilepink and churn 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-
ferences in the production and migration
patterns of salmon fry rather than a re-
sponse to exposure to oil.

Juvenile pink sabnon 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 in response to the distribution of
zooplankton in nearshore habitats in
Prince William Sound. The observation
of this behavior over a wide geographic
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range reinforces the condusion drawn in
the University of Alaska Fairbanks com-
ponent of F/&4, that the presence of oil-
deflection booms in Port San Juan in 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-
rules were not affected by the oil spill.
Stomach fullness and numbers and bio-
mass of prey consumed did not differ
significantlybetweenoiled and non-oiled
areas. In 1989 consumption of epibenthic
 sea floor! prey was greater in non-ailed
areas and consuxnption of zooplankton
prey was greater in oiled areas; the re-
verse pattern was observed in 1990. We
attribute this switch m diet composition
to differences in the timing and abun-
dance of the spring zooplankton bloom.

Juvenile chum salmon in oiled areas
may have been more susceptible to hy-
drocarbon exposure than pink salmon
because of their distribution in 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 refiected in the
higher utilization of epibenthic prey by
churn salmon relative to pink salmon.
The P4501A induction observed for chum

salmon in oiled areas in 1989 was gener-
ally stronger than in pink salmon. How-
ever, juvenile churn 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

component of F/S4  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 churn salmon were signifi-
cantly larger in the oiled locations in bath
1989 and 1990, There was no evidence of
a reduction in condition factor in the
oiled area. Because chuxn salxnon 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 ail contamination. No

significant differences were detected in
the biomass of pelagic zooplankton be-
tween oiled and non-oiled areas in either

1989 or 1990.

Oil contamination did not reduce, and
may have enhanced, the abundance of
epibenthic prey species. Epibenthic prey
biomass, which was composed prima-
rily ofharpacticoid copepods  small crus-
taceans!, was higher in oiled locations
than in non-oiled locations in 1989. This

trend cauld 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-
rnents imported to Prince William Sound
in 1990 also showed a trend of higher
abundanceof harpacticoidcopepods and
other meiofauna  small anixnals! in oiled
sedixnents relative to control sediments,

We condude that the reduction in
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growth observed 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
depura ting the hydrocarbon burden, The
reduction in growth of juvenile pink
salmon due to exposure to hydrocarbons
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-
rnental reduction in the potential sur-
vival of pink salmon juveniles contami-
nated by oil in 1989. Within a year-class,
slower-growing groups of pink salmon
fry have lower marine survival than their
faster-growing cohorts  Mortensen et al.,
1991!. I'ry migration studies have shown
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-
vironrnent 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

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
habi ts may also have been contaminated.
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Effect of Oil-contaminated Food

Salmon, Oncorhynt.has gorbuscha.
M. G. Carls', L. Holland', M. Larsen', J. L.
Wertheimer'.
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To test the hypothesis that ingestion
of oiled food affects the growth and sur-
vival of juvenile pink salmon
 Ortcorhyrtchus gorbuscha! we fed them
food contaminated with crude oil. This

experiment resulted from the observa-
tion that juvenile pink salmon collected
from locations iinpacted by the Exrort
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 �! measure
mortality; �! investigate the effect of
ingested oil on growth  length and
weight!; �! deterxnine if otolith growth
 whole axis and radial distance! and in-
crernent periodicity could be used as in-
dicators of metabolic stress induced by
exposure to ingested oil; �! observe ef-
fects of oiled food on feeding, measured
by percent stomach weight and fecal pro-
duction;  5! measure hydrocarbon up-
take in tissues; �! measure cytochrome
P4501 A enzyme induction; �! determine
histological response; and  8! determine
whether nucleic acid measurements

 RNA 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 et al.,in press!,
an otolith paper  Mortensen and Carls,
in prep!, and a paper dealing with hy-

on the Growth of Juvenile Pink

Lurn', D. Mortensen', S, Y. Wang', and A.

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

Juvenile pink salmon  Oticorhynchus
gorbttscha! 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 l/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
34.3 k 03 mm and 242 k 8 mg. Mean
water temperatures were maintained at
7.8 k 0.02',C. At weekly intervals, 100
fish from each tank were sampled at
random for analysis. After six weeks of
trea.tment  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 �0% of the
estimated biomass/tank/day!. Concen-
trations of Alaska North Slope crude oil
in the food were 0.00 and 0.02+ 0.05 mg/
g for controls and treated controls, and
0.372 0,04, 2.78 + 0.25, and 34.83 X 5.4
mg/g for low, rnid, 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 Biodiet feed. Treated
control concentrations did not differ sig-
nificantly from control concentrations.

Hydrocarbons accumulated in the tis-
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. This mortality 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,but feeding rates,measuredbystom-
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 otolith growth were re-
duced as a consequence of consuming
oil-contaminated food. Somatic growth
was significantly  P < 0.0S! 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
number of increment rings deposited was
also reduced by contaminated food.

Energy available for growth could have
been reduced by metabolic demands,
reduced digestive assimilation efficiency,
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 rnid 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 the single low treatment sample
analyzed to date, so a physiological
mechanism for reduced assimilation ef-
ficiency may exist.

Ingestion of crude oil-contaminated
food had dear dose and time dependent
effects on the nucleic acid content
 amount of nucleic acid in pg per rnm
fork length!, and concentration  gg
nudeic 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 ail treatment groups, it was
achieved at the expense of decreased
cellular content among fish fe 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
 Itg/mm! and RNA/DNAratiobothcor-
related significantly with growth  r =
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 Erron Valdez oil
spill, and that this contatnination cau.sed
the growth reductions observed in fish
captured in oiled habi tats.

'Reference to trade names does not imply
endorsemen t by the National Marine Fisher-
ies Service, NOAA
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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/S Study 2!,
the early-marine survival study  NRDA
F/S Study 4!, and the adult survival 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 population level 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 af
hatchery and wild fish, which when corn-
bined with escapement data  NRDA F/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
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for the Run Reconstruction program.
Coded wire tags were applied 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 foiled streams],
Totemoff, CYBrien 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 con tribu tion esti-
mates which are useful to fishery manag-
ers. Tagging rates 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
made during 1989 through1991, the strata
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 the laffer strati-
fication. Technicians sampled adult
salmon as they were pumped from ten-
ders onto conveyor belts at various pro-
cessors located in Cordova, Valdez,
Whi ttier, Anchorage, Kenai, Seward and
Kodiak during each 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 !oad of fish and
heads of adipose-clipped fish were sent
to the Juneau Tag Lab for tag removal
and decoding.

Tags were also recovered from adults
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 in thebrood
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 the initial 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-
ber of adipose-dipped fish were recorded
on a daily basis for each stream sur-
veyed.

The number of tag recoveries along

with the catch information and total-
release data were used 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 �990!,
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 �8 million fish! in
1989, 70% �2 million fish! in 1990, and
84% �1 million fish! in 1991. The total
contribution by hatchery for the three
years was 15% �6 million fish! for Armin
F. Koernig, 29%   30 million fish! for
Wally H. Noerenberg, 16%   17 million
fish! for Cannery Creek, and 17% �8
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 comb-
inedd with escapement data, post-spill
returns at the population level were made
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
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clividing total estimated returns for that
group by the total release of that group-

ppropriate 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 spin!
to four th for the 1990 and 1991 recovery
years  fish released during or after spill!.
Survival rates 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
joint last. Little could be concluded from
these survival data.

The mean survival rate for fish xxu-

grating from oiled streams during peak
xnigration 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 were 2.3% and 1.3%, respectively,
A significant interaction between the oil-
ing and timing factors was found
 p=0.012!. It appears that the influence of
xnigration tixning is different for oiled
axtd unoiled streams. The influence of

timing on survival rates for oiled streams
is between 053 and1.47pereentage points
greater than that for unoiled streams  95%
confidence!.

These survival data constitute an es-

sential coxnponent in the overall daxnage
assessment program. In the manage-
ment context, contribution estixnates
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 to function in its origi-
nal capacity, as a management tool.

When combined with results from

other damage assessment studies  NRDA
F/S Study 1, 2, 3, 28!, further and more
penetrating determinations of possible
oil-induced daxnages to the pink salinon
resource will be made.
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Pink Salmon Spawning Escapement Estimation in Prince VNliarn Sold
Samuel Sharr, Daniel Sharp, and Brian G. Bue
Alaska Department of Fish and Game

Each year approximately 400 million
wild pink salmon Oncorhynchusgorbuschtr
fry migrate from hundreds of streams
bordering Prince William Sound andeach
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 role in the
Prince WilliamSoundecosystern. Salmon
are an important prey species for a vari-
ety of other fish and birds as well as
marine and 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 Vatdez oil spill. Accurate enu-
meration of spawning escapement also
provides fisheries managers with infor-
mation necessary to protect ixnpacted
stocks from excessive harvest in 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
 NRDA F /S! conducted to quantify 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 fsment 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 r~
suits will also be used by another NRDA
study  F/S Study 28! to reconstruct pre-
spill returns for damaged pink salmon
populations. Finally, more accurate 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  streaxn life! data from one large
stream in eastern Prince William Sound
have been used to estimate pink salmon
escapement for 209 streaxns in Prince
William Sound  described by Johnson
and Barrett, 1986!. This method of esti-
mating escapement did not account for
observer bias, inter-streaxn variations in
stream life, temporal variations in stream
life, or missing counts from unsurveyed
streams. The purpose of this study was
to �! estimate aerial observer bi»
through comparisons of aerial counts to
weir and foot survey counts on a variety
of stream types, �! estixnate tern
and spatial variations in stream life fo r
subset of the 209 streams surveyed aeri
ally, and �! use observer bias and stream
life data to estimate current year and
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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
moderate sized 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 on each
weired system in 1990 and 1991. Daily
foot surveys were also conducted on 36
unweired streams representative of a
variety of stream types. Foot survey
crews reported daily counts of live and
dead sa1mon 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,
2,4-3.0 m, 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
prevent duplicate 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

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 for identification 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 not rely 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
 r'= 0,893, n = 31! and 1991  r' = 0.949,
n = 92! were doser than a similar com-
parison between weir-derived and aerial
survey derived estimates  r'= 0.572,
n = 36 and 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 fish in 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 streaxns with significant ups
spawning. The larger bias inaerial 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 predudes good visibility,

Average times from date of tag appli-
cation to date of tag recovery froxn dead
fish were not significantly different be-
tween 1990 and 1991 �5.1 days versus
13.9 days!. Milling of tagged fish at the
stream mouth was not accounted for in
1990 and the mean tixne of 15.1 days froxn
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 streaxns ranged froxn 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 streaxns,
streaxn life estimates wereapproximately
one day shorter than indicated by tag-
ging results.

Pink salmon escapement throughfour
weirs in 1990 was 72,244 fish. Escape-
ments through the same weirs in 1991
totaled 159,748 fis. Escapements to these
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 escapexnent estimates

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

Surveyor bias and stream life esti-
mates for the various stream types in this
study can be applied to sixnilar streams
and used to improve escapement esti-
mates for all 209 streaxns in the aerial
survey prograxn, Because they differ,
surveyor bias and stream life must be
estimated independently for the odd and
even year cydes.

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 xnany
Prince Williaxn Sound streaxns may be
far too low, The sources ofbias inescape-
ment estimates vary geographically, In
eastern Prince Williaxn Sound long
streams with significant upstream
spawning are prevalent, updated streaxn
life values are similar to the 17,5 day
value used traditionally, henm escape-
ment estimation bias is xnostly a function
of large observer bias.

Conversely, in western Prince Will-
iam Sound streams are short and steep
and intertidal spawning predominates-
In these streaxns there is less observe~
bias but the 17.5 day stream life used
traditionally is xnuch too long and does
much more tobiasescapexnentestima

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 destrucbon
over harvest in fisheries doxninated by
hatchery returns, and possible genetic
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dilution from hatchery stock straying into
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 VaMez
oil spill.

lt 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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"Compensatory mortality appears
to be a factor in the lifestage fram
spawning to outmigration. Heard
�978! reported on low year class
survival of fry in Sashin Creek in

Salmon: Estimating the Damage to Pink Salmon

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 �! develop improved
estimates of salmon escapement for pre-
and post-spill years, �! measure egg sur-
vival, �! measure fry survival, �! ob-
serve the nearshore condition and distri-
bution of fry in Prince William Sound, �!
measure hatchery and wild salmon sur-
vival in the saltwater environment, and
�! 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 emergence in 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 Iifestage, 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 to refer to is that of conrpensafory

mortality  i.e. mortality that controls
population size by increasing when. den-
sity is high, and decreasing when den-
sity is low!. 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 that lifestage 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
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 �987! states
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Southeastern Alaska in 1967, where
he suggested compensatory mortal-
ity was due to an overabundance of
spawners. Donnelly �983! found
that density-dependent factors were
significant in the survival of pink
salmon in Kodiak to outmigration."

Heard �991! and Ignell �988! have
further information on the mechanisms

and the maydtudeof compensatorymor-
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!.

Basic Life History Population Dynamics
The fisheries management apparatus

in Prince William Sound has collected

some of the most consisten t, 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 at a
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. This error-
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 robust nonparametric rneth-
ods to estimate the relationship between
potential egg deposition  PED! arid sub-
sequent observed recruitment,

Mortality Ef fects 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 �987! and Rice et al.
�975! 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 interti oi exposu'dal oil exposure on available information from Prince Will-
ink salmon egg to pre-emergent fry iam Sound hatchery surviv patterns.

pi s on
survival. Thus we are provi a sisded basis The pink salmon in Prince William

f-

for estimating the re uce survivah d d u vival Sound represent different things to di-
throu direct mortality. ferent people: They are an important m-put to the fishing industry, and therefore

have an important economic role; they
Mortality in nearshore areas can re- ~~ lay m important role in the te~

trial and aquatic ecology, and therefore
have an important biological role. We
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Studies conductedon the Kenai River
system have provided new insight into
the effects of the 1989 Exxon Valdez oil
spill fisheries ciosures 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 sockeye inSkilak
Lake, as indicated by a hydroacoustic
survey conducted in May of 1992, were
less than 10% of those observed during
the fall of 1991, This is 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 internaHy consistent, and sup-
port the hypothesis that overescapements
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 foregg-bearing
copepods. These phenomena were not
observed in Tustumena Lake, a nearby
glacial system which has not experienced
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 to the density-
dependent mechanism that has created
catastrophic declines in sockeye smolt
production from this system 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 prod uction, 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 lower ing of sockeye spawn-
ers in the future. The availability of
zooplankton would probably increase as
food limitations would provide an ad-
equate stimuli to promote increased time
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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 predation is reduced  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 gohnsen and Jakobsen, 1987!.
Alternatively, this response behavior 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 Daphrtia between
individuals exhibiting DVM and those
which do not  Weider, 1984!. We know
some genetic variation occurs in the
Diaptomus taxa in the Kenai River system
because of a pigrnented racial variate
which occurs in Ptarmigan Lake. In this
and other lakes which are absent of

planktivores, a red carotinoid pigment is
present in 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-
nificantl longer recovery times if the
sockeye production has been reduced
because of genetic changes in the zoop-
lankton community.
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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 direct evidence of oiling
 Chiswell Is., Barren Is., The Triplets,
Puale Bay, and Ugaiushak I ! and at two
locations justoutside the trajectory which
were probably not affected by oil
 Middleton I. and Chowiet I., Semidi Is.!,
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 af Alaska were ob-

tained during brief visits which necessi-
tated single counts or crude estimates,
and survey methods were seldom clearly
documented. In contrast, we counted
rnurres 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.
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Despite uncertainties about the accu-
racy of historical counts, significant dif-
ferences in numbers present before and
after the spill indicated definite declines
Only the magnitude was equivocal. Since
populations of rnurres 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 are severe  e.g., El Nifio South-
ern Oscillation!, food webs can be so
disrupted near colonies that many murres
abandon diffs 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 ofmurres at colonies within the

trajectory of the TJV Exxon Valdez oil spill
have persisted for 3 years; thus, we think
it is unlikely that murres were only tern-
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, should have similarly af-
fected Middleton and the Semidi islands.

Besides reduced numbers of birds



Birds: Effec& of the Spill on Murres

following the spill, 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 the spill, rnurres
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 we had 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
these factors. By 1990oil was apparen tly
no longer present near breeding colo-
nies, and the level of human activity had
diminished. Therefore, probable causes
of disruptions to rnurres in 1989 were no
longer a factor.

Persistent delays in nesting could
have resulted from the abrupt declines in
breeding populations with comrnensu-
ratereductions in densitiesatmostbreed-
ing ledges. 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 moresynchro-
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 be composed
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
foQowing 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
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populations after the spiiL Birkhead
�977! 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
 Hedgren1980,Gaston1991, Nobel1991!.

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 rnurres.

Another possible cause of abnormal
laying phenology and reproductive per-
formance is food shortages near the
breeding colonies. In our study area, this
is an unlikely explanation, because
nearby colonies outside the trajectory of
the oil were not affected, Furthermore, at
the Barren Islands 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
were slightly higher at the Barren Islands

and substantially higher at Puale Bay in
1991 than in 1989 or 1990. Nevertheless,
it is 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 rnurre 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.
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Ilirds: How Long to Recovery for Murre Populations

reproductive rates. So it is not surprising
that our earlier investigation of long-
term oil-spill impacts, Ford et al. �982!,
also demonstrated that relatively small
chronic decreases in fecundity rates could
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
be incapable of 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-
duction in murres could not be 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 corn-
mon rnurres suggest that the maximum
population growth rate is approximately
4% per year. lf the northern Gulf of
Alaska population could achieve that
rate and that only half the population
perished in 1989, a best case scenario,
then it would take approximately 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 rnurres?

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 rnurres, model
predictions cover a wide range of pos-
sibleoutcornes. Nonetheless, early model
results suggest that therecovery will most
likely require several decades, and that
some colonies or sub-colonies may face
extinction. The models indicate 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 the various possible recovery scenarios
for these rnurre 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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In March, 1989, the tanker Exxon Val-
dez ran aground and spilled more than 11
million gallons of crudeoil, 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
eagle reproduction 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 to baldeagles 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 dif ferentiate 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, a decreased 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
to levels typical of other bald eaglepopu-
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 2
283, and 2088+ 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 froxn 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 absence ofoil at the capture site,and�!
PrinceWilliamSoundin1989and1991, the percentage of relocations in oiled
Although uric acid values were higher areas after tagging. Therewerenodiffer-
for eagles from oiled areas of west Prince ences in survival between groups using
William Sound in l989, they were lower any of the 3 schemes, Any adverse effect
for birds sampled in the same areas in on survival likely occurred before we
1991, as compared to eagles sampled in tagged the eagles. A population model
east Prince William Sound. Becauseuric of bald eagles in Prince William Sound
acid values were strongly infiuenced by indicates that the population was increas-
the presence of food in the crop, we con- ing before the spill at a rate of about 2%
eluded that uric acid was not a reliable per year. This is consistent with the
means of assessing chronic damages from observed population increase from 1982
oiL Concentrations of hydrocarbons in to 1989.
blood seemed low, but there is no infor- We believe that the effects of the oil
mation available to enable interpretation spill were short term, and were limited to
of these levels. direct mortality throughout the spill ar-

Survival was high for eagles eas, and impairedreproduction in Prince
radiotagged in Prince William Sound 4- William Sound. The population model
5 months after the spill. We used three indicates that the cumulative effects of
schemes to compare survival of birds these damages will set back the eagle
radiotagged in oiled and unoiled areas. population in Prince William Sound by
Thesescherneswerebasedon�! whether about 4 years, but population recovery
the eagle was tagged in east or west andgrowthshouldoccurnaturallyinthe
Prince William Sound, �! presence or absence of other major disturbances.
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g
affected Naked Island guillernots, 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!, We also collected
a small sample of guiilemots 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 dedine through 1992..
In 1992, the population was only 1,016
guillemots; in 1978 and 1979, thepopula-
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 guillernot
population dedined 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 dedines in thenumber ofguillem-
ots in 1989. A similar result was found by
Laing and Klosiewski  in prep.! for the
Prince William Sound guillernot popula-
tion as a whole: the guiliernot popula-
tion dedined by 50% between 1985 and
1989, and the decline was twice as great
in oiled areas as in unoiled areas.

The supertanker Exxon Valdez ran
aground in Prince William Sound,
Alaska, on March 24, 1989, spilling
260,000 barrels of Prudhoe Bay crude oil.
We studied the effects of the spill on the
population and reproduction of the pi-
geon guillemot  Cepphus columba!, 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 diffs and talus. Guillemots
feed in inshore waters on benthic  bot-
tom! Bshes e.g.,blennies,sculpins,cods!,
schooling Bshes  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 a few, large colonies. This nesting
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 thewaters surround-
ing Naked Island between March 29 and
April 19, coinciding with the guillernot
pre-breeding season. Oil 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 expo.M to oil
during their breeding activities.

To determine whether the spill

Effects of the Exxon Vatdez Oil Spill on Pigeon Guillemots
 Cepphus columba! in Prince William Sound, Alaska
K, L. Oakley and K. J, Kuletz
U, S. Fish and Wildlife Service
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The reproduction of guiilemots 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
pr~pill 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 Vatdez was most likely
to have disrupted guillemot breeding by
delaying egg laying, increasing egg rnor-
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 not have anegativeeffecto guillernot
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
that even though mostNaked Island area
beaches had been cleaned, guillemots
were still being exposed to oil one year

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
in Norway, Smtland, I: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 guiliemot, 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-
portantt nesting and feeding areas would
facilitate restoration of guillemot popu-
lations affected by the Exxon Vatdez oil
spill. Knowledge of the distribution of
guiliemot 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-
iarn Sound guillemot population is re-
quired to properly plan any guiliemot
restoration action.
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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 to assess
the feasibility of using satellite imagery
and other remote sensing products to
measure the habitatof Marbled Murrelets
impacted by the Exxon Valdez oil spill.
Here I present detailed habitat informa-
tion on a tota1 of two million acres in the
Exxon Vatdez 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 geographic areas 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 spill impacted spe-
cies, The Landsat image analyzed was
acquired on August 13, 1986.

This work has important implications
because satellite imagery represents an
ideal source of data for mapping habitats
over vast wilderness areas such as Prince
William Sound. 8ecause each satellite
image is a sing1e large data set collected
at a single moment, a xnodestinvestxnent
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 Wi11iarn
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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 fie1d survey.

In the entire study area, forests were
the most abundant habitat, covering 28
percent of the region. 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.

Orx 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 percent of the mainland was
covered by ice fields and glaciers com-
pared to less than 2 percent for this cover
type on the islands. Sixty-one thousand
acres of forested slopes �7%!, a habitat
possibly important to Marbled Murrelets
and other Exxon Valdez oil spill damaged
resources, were found on islands, as corn-
pared to 24,208 acres on the mainland  9
percent!, An assessment of the accuracy
of the thematic xnap produced from the
Landsat data when compared to random
points on aerial photographs yielded an
accuracy of 91 percent.
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The March 24, 1989 Exxori 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 diving alcid, is
the most abundant seabird in Prince
William Sound, and is common through-
out the spill zone. Prince William Sound
and the Kodiak Archipelago arebelieved
to have a high percentage of the marbled
murrelet population occupying U.S, wa-
ters  Mendenhall 1992!. The marbled
murrelet is a species of concern in Alaska
and is listed as threatened under the
Endangered Species Act in Washington,
Oregon and California, I'ollowing 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
rnurrelet 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-
oilmurrelet counts on repeated transects
at Naked Island, located in the center of
Prince William Sound �978-1980 v, 1989-
1990! and Kachemak Bay in lower Cook
Inlet �988 v. 1989!. Complete shoreline
surveys were also available for Naked,
Storey and Peak islands �978-1980 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 si tes!,

On five rnid-bay transects at Naked
Island there were significantly fewer
murrelets in1989 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% ot pre-spill counts.
However, the mean of rnurrelet 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
difference in counts on transects between
1988 and 1989. At both study sites, there
was anegative relationship betweenboat
or aircraft activity and murrelet numbers,
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During transects and shoreline sur-
veys at Naked Island, significantly fewer
juveniles were counted on the ~ater in
post-oil surveys than were counted in
pr~il surveys. There was no significant
difference in juvenile counts at Kachemak
Bay between 1988 and 1989. Birds col-
lected in Prince William Sound in 1989 in
oiled areas showed petroleum residue in
liver tissue, whereas none of the birds
collected at the unoiled site were co-

taminated.

I concluded that in the Naked Island

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
spiH. 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 1ong-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 the lower southwest islands
of Prince William Sound before mid-
April, when many murrelets were mi-
grating into the Sound. The dispersal of
birds to their brewing 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
April in Kachemak Bay and reached sum-
rner concentrations in mid-May. Along
the southern Kenai Peninsula, Vequist
and Nishimoto�990! documented a 30%
increase in murrelets between surveys in
early and late April, and another 78%
increase by June. The increase in 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 et al. �991! to
carcass counts, I estimated the immedi-
ate mortality of Brachyramphus murrelets
from the spill to be between 10,200�
22,000murrelets, with abest approxima-
tion of 12,700- 14+00 murrelets. Because

of their small size and low probability of
carcass beaching and recovery, especially
outside the Sound, I consider this a mixu-
rnum estimate of direct mortality from
the oil spill.
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This paper describes effects of the
Exxon Valdez oil spill on seaducks The
study found that effects are linked to two
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 Whi te-winged
Scoters. These seaducks forage mainly
in invertebrate prey in different areas:
Harlequin Ducks forage mainly in the
upper and middleintertidalzone 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 nugratory birds. The resi-
dents breed in the spring along forested
streams within a few kilometers of salt-
water; the hens raise young ducklings on
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.

Exxon VaMex Oil Spill Symposium Abstracts

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
in May, The summer population of resi-
dent Harlequin Ducks in the Prince Wil-
liam Sound oil spill area was estimated
at approximately 2000 individuals.

All six species of seaducks were in the
path of the spill and suffered varying
degrees of acute mortality. In addition,
by virtueof theirnearshorehabitats,they
were chronically exposed by oil remain-
ing in the intertidal by direct contact to
feathers and 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
displacedor disturbed the normal repro-
ductive cycle of this species.

Information on acute mortality came
from counts of birds in the morgues  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 oil~xposed
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
were deterxnined by examination. Breed-
ing activity was determined by mist-net
col!ectionefforts at the xnouths of streams
with potential nesting habitat for Harle-
quin Ducks. Reproductive success in the
two portions of Prince William Sound
was deterxnined by a census of the Sound
shoreline during the late suxnmer 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;132Black Scoters;342White-winged
Scoters; 162 unidentified scoters. No
estimates of total mortality and the pro-
portion of the population in the spill

areas that this represents havebeen made
for these other species.

Harlequin Ducks collected from west-
ern Prince Williaxn 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 examp!e, 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 Williaxn 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
were cap~i. Thirty-two breeding hens
were radio-tagged. Three new nests were
located.

In 1991 in the western Prince Wiliiaxrx
Sound oil spill area 16 streaxns 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 extrexne 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
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of ducks per nesting stream in eastern
Prince William Sound and 0 pairs of ducks
per stream in the western Sound oil spill
area. The data indicate significant differ-
ences in the distribution ofbreedingpairs
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. In 1992,248 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 in1992as 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 shoreline 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 Ducks raised 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 most a
secondary contributing factor. We favor
the oil exposure hypothesis, i,e., the ducks
are continuing to ingest contaminated
food.

It has been dearly documented that
the crude oil 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 Vafdez oil
spill petroleum in 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 the environment. The
oil remains trapped beneathbyssal thread
mats in anoxic conditions and retains

toxic components, Bioaccumulation 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 Duck reproductive failure 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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Reproductive success of Black Oys-
tercatchers was studied in Prince Will-

iam Sound at Green Island  oiled! and
Montague Island  non-oiled! in 1989 and
1990; Brad Andres, now with U.S. Fish
and Wildlife Service  USFWS! m An-

chorage, obtained additional data at our
study sites and at oiled and non-oiled
sites at Knight Island in 1991. In 1989
four teen oystercatcher breeding pairs on
Green Island, three on Channel Island,
and 20 on Montague Island were moni-
tored from late May until mid-Ju.ly. In
1991 the number of nests at Green Island
was 21, an increase of seven pairs, ainong
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 Oune 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 aH
Prince William Sound study areas in 1991
 mea.n 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
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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 atGreen Island in 1989
were severely contaminated with Exxon
Vatdez hydrocarbons, and contained as
much as 28 mg oil/g, or 0.3% of mussel
body weight  Jeff Short, personal corn-
munication, Nov 1992!, but were at mini-
mum detectable concentrations on

Montague Island. On Green Island,
mortality of blue mussels was signifi-
cantly higher �5% vs 16%. p<.01!, mor-
tality of FMctts was higher �8% vs 0%!,
and mussels tended tobe smaller �3.9 vs
38.2 rnm! than on Montague Island, In
1989 adult oystercatchers fed at a signifi-
cantly slower rate on Green Island than
on Montague �.5 vs 4.2 ingestions per
minute, p<,05!, and their feeding bouts
were longer �1 vs 11 minutes!.

Hatching success, surprisingly, was
higher at Green Island, the oiled site, in
1989 �3% 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-
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ing adults, It is possible that oystercatch-
ers avoided oiled areas, but no data were
collected in either 1989 or 1991 to deter-
nune whether oystercatchers were able
to distinguish between oiled and non-
oiled feeding areas, i.e., whether they fed
in non-oiled areas dispropor tionately. In
1991, it was found by Andres thatoyster-
catchers tended to remove non-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
feeding 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 Green Island,and
fewer chicks fledged on heavily oiled
than moderately oiled territories in 1990
�.5 vs 1.1!. On 15 intertidal 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 terri tories, 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%.

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 contazni-
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 biorernediated
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
due to 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 very lightly 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 for 8 of these is "very light" 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 �2.7 kin of
oiled shoreline vs 178.2 km.!, A survey of
the Kodiak National Wildlife Refuge
coastline by refuge personnel in the sum-
mer of 1989 provided an estimate of
3,146.3 km of shoreline oiled, compared
to 122.8 km by ADEC in the fall for Alaska
Peninsula-Kodiak Island,

The dif ferences between ADEC data,
ours, and USFWS surveys are probably
due to the facts that �! the available
ADEC data from the Alaska Peninsula
were collected in the fall; �! USFWS
examined more shoreline than ADEC

personnel~nly 247 km of 11457 km of
the Kodiak-Alaska Peninsula shoreline
were observed by ADEC; �! in the fall,
ADEC did not revisit some oiled beaches
that were cleaned and officially "signed
off" in the summer; �! 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 �! 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 Exxorr 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 on oiled transects in 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-
diurn-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 �5 days!. No chick mortal-
ity to oil was assumed for shorelines
classified by ADEC as very lightly oiled,
though data collected from Green Island
in1989indicated a loss of chicksonshore-
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lines where oil cover was 7-10%, the up- Prince William Sound, and a breeding
per limit of the ADEC very light cat- densityof0.49pairsofblackoystercatch-
egory. Based on these assumptions, an ers/km, 157 breeding pairs would not
estimated 635 chicks were not produced have raised 293 chicks in 1990. Insofar as
on shorelines in Prince William Sound, continuing losses of chicks due to oiling
Kenai Peninsula, and Kodiak-Alaska in 1990 are concerned, it is safe to say
Peninsula in 1989, Approximately 6 per- only that on 82.7 km of heavily and rnod-
cent of the potential chick production erately oiled shoreline in 1990, the mini-
along the Gulf of Alaska shoreline was mum loss of chicks due to oiling, sepa-
probably lost in 1989. rate from bioremediation, was 19.

In 1990, loss of chicks was still occur-
ring at Green Island due to oiling and/or References
biorernediation. Indications are that Harvey, S., J.G. Phillips, and P.J. Sharp, 1982.
bioremediation was used on 320 km of Repmductiv~ p'rfotrnance and endocrine
shoreline. Assuming a corn lete repro- ~sp ~ to i gest& Nor& %a od. 4 C,G.

Scanes et al., eds. Aspects of Avian Endocri-
ductive failure on bioremediated areas, pology-. Practical a�Q Th ~t'cat /~pl'ca
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