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Injury to Pink Salmon Embryos in Prince William Sound - Field Monitoring 

Restoration Project 95 191A- 1 
Annual Report 

Studv History: This study originated in March 1989 and continued through February 1991 as 
Natural Resource Damage Assessment FishIShellfish Study Number 2. The project consisted of 
embryo sampling in the fall and preemergent fry sampling in the spring at oil-contaminated and 
unimpacted reference streams to determine if the Exxon VaMez oil spill affected incubating pink 
salmon. This work continued in 1992 as Restoration Study Number R60C. At that time the 
project was expanded to include the previously described field sampling as well as (1) laboratory 
evaluation of field results through the controlled incubation of pink salmon embryos on oiled 
substrate (NOAA); (2) an experiment designed to determine if the results observed in the field 
were due to environmental factors (ADFG); and (3) a search for evidence of genetic damage 
(ADFG). This work was continued as Restoration Project 93003, Restoration Project 94191, and 
this project, Restoration Project 95191. Final reports have been printed for FishIShellfish Study 
Number 2, Restoration Study Number R60C, and Restoration Project 93003 (all entitled Iniury tn . . 

ent Frv rn Pr~nce WI- . . ). Restoration Project 94191 (Injury to 
on E&os a d  P r e e w r v  i-ce Wi-) was accepted as an annual report. 

Abstract: We examined pink salmon embryo mortality in intertidal and upstream areas of both oil- 
contaminated and reference streams in Prince William Sound. Embryo mortality was elevated in 
oil-affected streams during the falls of 1989, 1990, 1991, 1992 and 1993 (P < 0.023 for all years). 
However; no statistical difference was observed in the fall of 1994 (P=0.283). We also tested the 
hypothesis that differences in embryo mortality observed in the field were due to naturally 
occurring environmental variables that differed systematically between the oil-contaminated and 
reference streams. Gametes were collected from adults in spawning condition from eight oil- 
contaminated and eight reference streams, and matings were conducted at a hatchery. The 
resulting embryos were incubated in controlled environmental conditions. Embryos originating 
from oil-contaminated streams showed elevated mortalities when compared to the embryos from 
reference streams in 1993 (P=0.012), but not in 1994 (P=0.343). Results from the controlled 
incubation study support the results from the field study. 
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genetic damage, Oncorhynchus gorbuscha, pink salmon, preemergent fry, Prince William Sound. 
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EXECUTIVE SUMMARY 

This study was designed to monitor recovery of pink salmon Oncorhynchus gorbuscha 
populations in Prince William Sound that were impacted by the Exxon Valdez oil spill. 
Embryo mortality and embryo to preemergent fry survival were examined in intertidal and 
upstream areas of oil-contaminated and unaffected (reference) streams since the spring of 
1989, and the potential of crude oil to induce genetic damage was examined since the fall of 
1992. This report focuses upon work performed between October 1, 1994 and September 
30, 1995. 

Embryo mortality was significantly greater in oiled streams in 1989 and 1990 with the 
differences observed in all intertidal areas in 1989 and in the highest intertidal area in 1990. 
These results were consistent with observations of intertidal oiling from other studies. 
Among oiled streams, all intertidal areas were contaminated in 1989 whereas in 1990 oil 
remained only in the upper intertidal zone. 

The 1991 evaluation demonstrated a significant difference in embryo mortality between oil- 
contaminated and reference streams in both the intertidal and upstream zones. This finding 
was unexpected, as the presence of oil was dramatically reduced in all areas. This result led 
investigators to hypothesize that: 

(1) oil-induced damage to the 1989 brood was manifested in the form of 
functional sterility and these damages were transmitted genetically within the 
oiled populations, or 

(2) the difference in embryo mortality was due to naturally occurring 
environmental factors that differed uniformly between oiled and non-oiled 
streams. 

Both hypotheses were supportable. The genetic-damage hypothesis seemed credible because 
oil is a known clastogenic substance (breaks chromosomes), and pink salmon have an 
obligate two-year life cycle. The pink salmon which spawned during the fall of 1991 were 
from the 1989 brood year, the brood year which incubated in oiled gravels during the fall of 
1989 and spring of 1990. Also, a pattern of embryo mortality similar to, but not as extreme 
as 1991, was observed in 1992 and 1993. No statistical difference in embryo mortality was 
detected in 1994. 

The 1993 embryos were two generations removed from oil exposure in 1989. The 
environmental-difference hypothesis seemed credible because, in fact, it was environmental 
factors (wind and currents) that determined the fate of the oil. Such environmental factors 
might also influence the survivability of salmon embryos incubating intertidally. 

In this study, we tested the hypothesis that differences in pink salmon embryo mortality 



observed in recent years were due to naturally occurring environmental differences. Gametes 
were collected from adults in spawning condition as they amassed on or near the spawning 
grounds from eight oil-contaminated and eight reference streams during the 1993 spawning 
season. The gametes were flown to the Armin F. Koernig hatchery in southwest Prince 
William Sound where intrastream crosses were made. The resulting embryos from each 
stream were placed in a common incubator. The pink salmon embryos from oil- 
contaminated streams showed elevated mortalities when compared to the embryos from 
reference streams. This finding clearly indicated that the elevated embryo mortalities 
observed in the field monitoring portion of the study were not due to systematic differences 
between the incubating environments of oiled and reference streams. This embryo incubation 
experiment was repeated in 1994, but no significant difference in embryo mortality between 
oil-contaminated and reference streams was detected. This result is consistent with results 
obtained from the field monitoring portion of the project in 1994. 



INTRODUCTION 

Wild salmon play a major role in the Prince William Sound (PWS) ecosystem while also 
contributing to the region's commercial fisheries. Migrating salmon fry are an important food 
source in the spring for various mammals, birds, and fishes. Marine mammals prey on the 
ocean life stages of Pacific salmon while terrestrial mammals and birds, such as bears, river 
otters, eagles, and gulls depend on salmon for a large portion of their summer diet. Salmon 
also provide a pathway for transferring nutrients from marine ecosystems to near-shore and 
terrestrial ecosystems. In recent years, commercial catches of wild salmon have ranged from 
10 to 15 million pink salmon and from 0.8 to 1.5 million chum salmon. 

Up to 75 % of spawning pink (Oncorhynchus gorbuscha) and chum (0. keta) salmon in PWS 
use intertidal areas (Helle et al. 1964). These areas are highly susceptible to contamination 
from marine oil spills. Moles et al. (1987) and Rice et al. (1975) found that pink salmon 
embryos and preemergent fry were adversely affected by exposure to crude oil and that the 
affect was most acute in intertidal environments. The March 24, 1989 oil spill from the TIV 
Ejuron VaMez contaminated many intertidal spawning areas in central and southwest PWS just 
prior to the spring migration of salmon fry. 

Embryo mortality was significantly greater in all intertidal areas of oiled streams in 1989 
(P=0.004) and in the highest intertidal area of oiled streams in 1990 (P=0.023, Figure 1) 
(Sharr et al. 1994a, Bue et al. in press). These results were consistent with observations of 
intertidal oil-contamination (Wolfe et al. in press). Among oiled streams, all intertidal areas 
were contaminated in 1989 whereas in 1990 oil remained only in the upper intertidal zone. 

The 1991 evaluation demonstrated a very significant difference in embryo mortality (P=0.003) 
between oil-contaminated and reference streams (Figure 1; Sharr et al. 1994a). This finding 
was unexpected and raised several questions about the source of the elevated mortality in oiled 
streams, including the possibility that oil-induced damage was transmitted genetically. 
Petrochemicals have been shown to damage chromosomes (Longwell 1977; McBee and 
Bickham 1988; Hose et al. in press). The plnk salmon which spawned during the fall of 1991 
were from the 1989 brood year. These fish incubated in oiled gravels during the fall of 1989 
and spring of 1990. A pattern of embryo mortality similar to but not as extreme as 1991 was 
observed in 1992 (P=0.010; Figure 1; Sharr et al. 1994b). 

These field findings were interesting, but they did not conclusively prove that genetic damage 
caused by exposure to crude oil caused elevated embryo mortality. Two alternative hypotheses 
were proposed during the Trustee Council review process to explain the mortality differences 
(in addition to the genetic damage hypothesis): (1) systematic, naturally occurring 
environmental differences between oiled and reference streams, and (2) outbreeding depression 
resulting from elevated rates of straying into oiled streams. 



Height Above Mean Low Water (m) 

Figure 1. Pink salmon embryo mortality observed during past field sampling. Solid 
circles indicate the means for oil-contaminated streams (n= 10) while open 
circles identify reference streams (n = 15). Note: Y-axes differ among years. 



No difference in embryo to preemergent fry survival between oil-contaminated and reference 
streams has been observed since the initiation of the study in 1989 (Figure 2; Sharr et al. 
1994a, 1994b, and 1994~). We expected embryo to preemergent fry survival to be reduced in 
oiled streams given that an increase in embryo mortality had been detected. This result can 
potentially be explained by (1) compensation in the environment, or (2) problems in the 
experimental design. Geiger et al. (in press) found no evidence to suggest that compensation 
in the intragravel life stages is playing a role in determining the number of emerging fry for 
the years in the study. We believe that the experimental design is inadequate for detecting 
differences in embryo to preemergent fry survival. The power analysis for the survival from 
embryo to preemergent fry test indicated statistical power was adequate to detect a biologically 
meaningful difference if present. However, unexpected changes in stream characteristics may 
have prevented sampling the same areas for embryos in the fall and fry in the spring. Also, 
stream channels in PWS are not well defined in intertidal areas. Some intertidal stream 
segments were found to migrate along the beach, especially if the beach is usually exposed to 
winter storms. The magnitude of these changes was unexpected when this study was designed 
and initiated. 

This study was initially designed to monitor the effect of intertidal oiling on pink salmon 
embryo mortality and embryo to preemergent fry survival. The project was amended during 
the summer of 1992 to evaluate the systematic environmental difference and genetic damage 
hypotheses. At that time, experiments were initiated to: (1) incubate embryos from oiled and 
reference streams in a common environment to evaluate the environmental difference 
hypothesis (administered by Alaska Department of Fish and Game); (2) verify the field 
findings that oil affected embryo survival through controlled oiling (administered by National 
Marine Fisheries Service); and (3) test for genetic damage using flow cytometry and 
androgenesis screens (administered by Alaska Department of Fish and Game). 

Finally, after initiation of these studies, an additional hypothesis was proposed by project 
reviewers that suggested that the differential mortalities we observed in the field studies were 
caused by the genetic effects of outbreeding depression. Under this hypothesis, elevated rates 
of straying of non-locally-adapted adults into oiled streams would result in reduced embryo 
survival through the introgression of the non-locally-adapted genes. This hypothesis grew in 
part from inferences drawn from NRDA Fish/Shellfish Study 1 and Study 3 (FIS 1 and F/S 3) 
which suggested that large numbers of pink salmon were straying into streams in or near our 
study area. We agreed to investigate this hypothesis by (1) further examining the validity of 
using extrapolations of coded-wire-tag recoveries to infer rates of straying, and (2) testing for 
the effects of population mixing through analysis of genotype data collected in Project 95320D 
Population Genetics of Prince William Sound Pink Salmon. 



Figure 2. 
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Pink salmon embryo to preemergent fry survival observed during past field 
sampling. Solid circles indicate the means for oil-contaminated streams (n= 
while open circles identify reference streams (n= 15). Note: Y-axes differ 
among years. 



OBJECTIVES 

Recovery Monitoring of Injury to Pink Salmon Embryos in Prince William Sound 

1. Test for differences in mortality of pink salmon embryos between oil- 
contaminated and reference streams. 

Verification of Injury to Pink Salmon Gametes in Prince William Sound 

1. Determine if the increased pink salmon embryo mortalities observed in oiled 
streams can be attributed to systematic environmental differences between the 
oil-contaminated and reference streams. 

METHODS 

Recovery Monitoring of Injury to Pink Salmon Embryos in Prince William Sound 

Study Sites 

This project concentrated on populations inhabiting the southwestern portions of PWS; 
although, streams from Montague Island and eastern PWS were sampled to provide a sound- 
wide perspective (Figure 3). 



Figure 3. Streams examined during the 1989, 1990, 1991, 1992, 1993 and 1994 pink 
salmon preemergent fry and egg deposition surveys. 



These streams were selected for the following reasons: 

1. They have significant spawning populations in both odd and even years. 
2 .  They are accessible for sampling in most years. 
3. They are representative of oiled or reference sites in the oil-impacted area. 

Sample Design 

The methods used for embryo sampling are described by Craig et al. (1995) and Sharr et al. 
(1994a and 1994b). Sampling was stratified by tide zone to control for possible differences in 
salinity, temperature, predation, or a combination of these factors. Zone boundaries were 
established with a surveyor's level and stadia rod and staked prior to sampling. Four zones 
were sampled in each stream whenever possible: 1.8 - 2.4 m, 2.4 - 3.0 m, 3.0 - 3.7 m above 
mean low water, and upstream of mean high tide (3.7 m). No sampling was done below the 
1.8 - 2.4 m zone because mortality was expected to be high (Helle et al. 1964). 

Separate linear transects were established for each zone on the embryo surveys. Although 
most transects were 30.5 m long, some were shorter due to steep stream gradients. Transects 
were placed in riffle areas where spawning was observed during escapement surveys conducted 
for F/S 1. Transects ran diagonally across the river starting downstream against the left bank 
and moved upstream to the right bank. A map drawn for each stream indicated the tide zones 
and transect locations in relation to major landmarks. Each embryo transect was photographed 
and marked with surveyor's flagging to insure that future transects could be located in the 
same area of the stream. 

Fourteen circular samples (0.186 m2) were systematically collected along each transect. The 
number of digs was a compromise between reducing variance and the practicality of 
conducting the study. Fewer digs were completed on narrow stream channels to avoid 
excessive sampling of the stream. Streams that split into two or more channels within a zone 
were sampled either by allocating digs among channels based on spawner distribution observed 
during F/S 1 or, where spawner distribution was unknown, by an equal allocation. 

The following data were collected for each tide zone transect during both embryo and fry 
sampling: 

1. Sample date. 
2. Sample tide zone. 
3. Start and stop time for the tide zone transect. 
4. Numbers of live and dead fry and embryos for each species in each dig. 



Pink salmon embryos were separated from chum 0. keta and coho 0. kisutch salmon embryos 
by their smaller size. Chum salmon embryos were separated from coho salmon embryos by 
their greater development and different coloration. An embryo was considered dead if it was 
opaque or discolored with coagulated lipids. Fry were considered dead only if decomposition 
was evident, because sampling often killed fry. 

Data Analysis 

Numbers of live and dead embryos and fry were summarized by date, stream, level of 
hydrocarbon impact, and stream zone. Densities of live embryos for stream i, zone j in m2 

A XLEijk 
E.. = - 9 

lJ 0.3nij 

(Eij) were estimated by: 
where LE,, is the number of live embryos found in the kfi dig, in stream i, zone j, and nij is 
the number of digs from stream i, zone j. Densities of dead embryos were calculated using the 
same estimator with appropriate substitutions. 

Pink salmon embryo mortality was estimated for each stream using the following relationship: 

C, EWE,, + DFGk) 
M.. = u Z(LEeijk + DE,jk + LF,jk + DF~jk) 7 

where DEeijk, DF,,,, LEeijk, and LFeijk are the number of dead embryos, dead fry, live embryos, 
and live fry for the k" dig from stream i, zone j, collected during embryo dig e, respectively. 

The Arcsin square root transformation was examined as well as the Logit transform of embryo 
mortality [in (odds)], i.e. 

Differences in embryo mortality were examined using a mixed effects two-factor experiment 
with repeated measures on one factor (Neter et al. 1990): 

Y.. yk = p . . . + Oi + Zj + (OZ)ij + Srg, + ecija. (4) 



The two treatments were level of oiling, (O,, 2 levels; oiled and reference), and height in the 
intertidal zone (Zj, 4 levels; 2.1, 2.7, and 3.4 m above mean low water, and upstream) both 
fixed effects. The data were blocked by stream (S,(,,), a random effect nested within level of 
oiling. The interaction of level of oiling and height in the intertidal zone was also examined. 
Equality of variances was tested using the F--test (Sokal and Rohlf, 1969), while normality 
of error terms was visually assessed using normal quantile-quantile and box plots (Chambers et 
al. 1983). Arcsin square root, logit, log, and square root transforms were examined if the data 
indicated non-constant variances or non-normal error terms. Tests of homogeneity of-between 
treatment covariance matrices and the degree of sphericity of the pooled covariance matrix 
were effected. Four contrasts (oil vs. reference for the four stream zones) and corresponding 
Bonferroni family confidence intervals (a = 0.10 overall) were estimated if a significant 
difference due to oiling was detected. The SAS (SAS Institute Inc. 1988) General Linear 
Models Procedure was used to analyze the data. 

Stream oiling was assessed through visual observations of the stream and the adjacent area. 
The observations were supported by photographs, observation maps, and hydrocarbon analysis 
of mussels (Mytilus sp.) collected near stream mouths. These data were collected as part of 
another Natural Resource Dammage Assessment study (Sharr et al. 1994a). 



Verification of Injury to Pink Salmon Gametes in Prince William Sound 

Embryo Rearing 

The environmental differencelgenetic damage hypotheses were evaluated through an 
experiment in which embryos from oil-contaminated and reference streams were incubated in a 
common environment. Gametes from 30 male and 30 female pink salmon were collected from 
each of eight oil-contaminated and eight reference streams in southwestern PWS (Figure 4). 
Each oil-contaminated stream was paired with a reference stream based on similarity of 
geographic location and physical characteristics. Paired streams were sampled on the same 
day and gametes flown to the Armin F. Koernig (AFK) hatchery. 

Gamete collection techniques were identical at each stream. Adults were captured at low tide 
in the stream mouth using a 30-m hand operated beach seine. Only gametes from ripe 
individuals (adults that readily extruded eggs or sperm when gently massaged) were taken. 
Eggs from individual females (approx. 1500 per female) were removed by excising the 
abdominal wall, allowing eggs to flow directly into 1-L zip-lock plastic bags, and packed on 
cotton towels over a 10-cm layer of wet ice in insulated ice chests. Sperm from individual 
males (2-3-ml) was placed into 15-ml plastic centrifuge tubes which were then capped and 
placed on ice in the same chests as the females for that stream. After collection was complete, 
gametes were flown back to AFK Hatchery (an average 10 minute flight time) while gametes 
from the next stream were collected. 

The construction of stream specific embryo pools consisting of all single-pair crosses (30 x 30 
= 900) was begun immediately upon arrival of the gametes at the hatchery. Crosses were 
made by first placing 5-ml of eggs (approximately 30 eggs) from each female into each of 30, 
0.47-L cups (each cup contained a teaspoon of eggs from each female). Each cup was then 
fertilized by a single male using 100 p1 of sperm followed by 100-ml of freshwater (8 "C) to 
initiate fertilization. This procedure provided each male an equal opportunity to fertilize eggs 
from each female. The fertilized eggs were allowed to sit for approximately 3-min after which 
they were recombined into a 3-L plastic container (maintained at 8 "C) and gently rinsed and 
mixed with freshwater three times. 

The matings from each day were placed into one of four stacks of Heath trays (FALIHeath 
Tray, Tacoma, Washington, U.S.A.). Six trays within each of the four stacks were divided 
into 16 compartments (four rows by four columns) using plastic strips, providing 96 
compartments for replicated incubation. Each strip was sealed to the tray to prevent mixing of 
embryos and larvae between compartments. Twenty four replicates of approximately 580 
embryos (100-ml of embryos) each were randomly collected from the stream-specific embryo 
pools and loaded into separate compartments using a random loading scheme on sampling 
days. 



Figure 4 Map of study area in southwestern Prince William Sound, Alaska. Index 
number next to stream locator indicates the order of gamete collection. 



A technician was stationed at the hatchery during the three months of the experiment to 
perform normal fish culture duties and collect mortality data. The technician was made aware 
of the day of collection for record keeping but did not know which incubator compartments 
represented oil-contaminated or reference streams. 

Dead embryos in each compartment were counted and removed 36 hours after fertilization, 
after which trays were undisturbed for four weeks. Water flow to each of the four incubator 
stacks was maintained at four gpm. Each incubator stack received a 20-ppt sodium chloride 
bath for 20 minutes duration twice per week to control fungus infestations on the embryos. 
Water temperatures during incubation ranged from 5 " to 11 O C .  

Mortality of embryos at the eyed stage (the point at which a distinct embryo eye could be seen 
through the chorion) was recorded at 350 temperature units ( T.U.; 1 T.U. = 1 "C above 0 "C 
for a 24-hr period). Embryos at this stage were siphoned out of their compartments using 
Tygon tubing (10 mm inside diameter) and allowed to drop 10-12 cm into a container of 
freshwater. The resulting physical shock caused coagulation of yolk material in undeveloped 
embryos, allowing easier identification and removal. Live and dead embryos were gently 
placed back into their original compartments after siphoning. The live embryos were counted, 
and the dead embryos were removed and counted. 

Mortality was again recorded after the embryos had completely hatched (770 T.U.). In 
addition, the number of abnormal larvae (deformities of the head, body, or tail) in each 
compartment was recorded. All larvae were destroyed after hatching. 

The statistical difference in survival (Y) due to oil contamination (0) was evaluated using a 
blocked (day; D) analysis of variance, i.e. 



RESULTS 

Recovery Monitoring of Injury to Pink Salmon Embryos in Prince William Sound 

Thirty-one streams were sampled between September 27 and October 18, 1994 for embryos. 
Mean embryo densities for the 1994 egg deposition survey were 514.45 eggs per m2 in the 
intertidal zones and 689.62 eggs per m2 in the upstream (Appendix A). The 1994 embryo 
mortality data indicated no significant difference between the oil-contaminated and reference 
streams (P=0.675; Figure 5). A significant zone effect (P=0.001) was evident, although no 
oil-by-zone interaction was found (P =O. 801). 

Verification of Injury to Pink Salmon Gametes in Prince William Sound 

Gamete collection began with four streams on August 22, 1994. Four streams were also 
sampled the next day, August 23, 1994. The remaining streams were sampled on August 28, 
1994, and August 29, 1994. Mortality of embryos was scored during the period September 
17-30, 1994 (Appendix B). 

Embryos from oil-contaminated streams showed similar mortality at the eyed stage as those 
from reference streams when both groups were incubated in the controlled environment of the 
AFK Hatchery (Figure 6). Average mortality was not statistically different (P=0.343) 
between the reference and oil-contaminated streams. 



Height Above Mean Low Water (m) 

Figure 5.  Mean pink salmon embryo mortality and corresponding 90% confidence bounds 
by tide zone for oil-contaminated and reference streams in Prince William 
Sound, 1994. Solid circles represent data from ten oil-contaminated streams, 
and open circles represent data from 15 reference streams. 



1 2 3 4 

Day of Gamete Collection 

Figure 6. Mean pink salmon embryo mortality observed under hatchery conditions in 
1994. Solid circles indicate oil-contaminated streams while open circles indicate 
reference streams. Numbers identify order of collection. 



DISCUSSION 

Pink salmon embryos that incubated in oil-contaminated spawning areas in PWS appeared to 
have been adversely affected by the Exxon VaMez oil spill up until 1994. Sharr et al. (1994a, 
1994b and 1994c) found increased pink salmon embryo mortalities from 1989 through 1993. 
However; embryo mortality was not significantly different between oil- contaminated and 
reference stream in 1994 (Figure 5). We believe that the elevated mortalities observed in 1989 
and 1990 were due to direct exposure to oil; elevated mortalities observed in 1991, 1992 and 
1993 may have been due to genetic damage sustained in the parental lines during embryonic 
development in 1989 and 1990 that was inherited in subsequent generations. Lack of a 
significant difference in 1994 between oiled and reference streams demonstrates a possible 
recovery of the populations that have been monitored since 1989. 

The pink salmon that spawned during the fall of 1991 incubated in oil-contaminated streams 
during winter of 1989-1990, the first winter after the spill. Likewise, pink salmon that 
spawned during the fall of 1992 incubated in oiled stream gravel during the fall of 1990 and 
spring of 1991. Sharr et al. (1994a) found significantly elevated embryo mortalities in oil- 
contaminated streams during the fall of 1989 and 1990, and the surviving embryos may have 
sustained sublethal genetic damages which could have been manifested in the form of 
functional sterility in 1991, 1992 and 1993. Chromosome damage was observed in other taxa 
exposed to petrochemicals (Longwell 1977, McBee and Bickham 1988, Hose et al. 
1995,1996), although documentation of germline damage is yet to be reported. In 1994 the 
returning adults were two generations away from the 1990 brood and showed no statistical 
mortality difference in the field or the controlled incubation experiment. Mortality differences 
in oiled and reference streams seem to be returning to normal levels, lending credit to a post- 
spill genetic damage hypothesis with later recovery. 

An alternative to the genetic damage hypothesis is that observed differences in embryo 
mortality were due to systematic differences in environmental conditions between oil- 
contaminated and reference streams. This embryo mortality study is based on observational 
data, and as such, we were unable to randomize stream oiling to account for environmental 
differences between streams. We attempted to address this concern in our original 
experimental design by selecting reference streams in close proximity to oil-contaminated 
streams; however, there is a definite oiling pattern in southwest PWS where streams on points 
which faced northeastward were heavily oiled. Likewise, streams which faced west and 
southwest were most likely not oiled. 

Environmental differences between oil-contaminated and reference streams does not seem to be 
a confounding factor because results from the controlled incubation experiment in 1994 again 
~nirror the results of the field study (Figures 5 and 6). In 1993, significant differences 
between oil-contaminated and reference streams in the field data were also evident in the 
controlled incubation experiment. The gametes used in these studies were never in direct 



contact with a stream; although, the adults which produced them had incubated in the natal 
streams. 

These data do not prove that the observed differences in embryo mortality between oil- 
contaminated and reference streams were caused by exposure to hydrocarbons. Some have 
suggested that the streams which were oiled also historically had lower embryo survival. We 
believe this to be unlikely because mortality between oil-contaminated and reference streams 
was not significantly different in 1994. The controlled oiling experiment conducted by the 
National Marine Fisheries Service (Project 95320C) will provide laboratory evidence to further 
clarify interpretation of these field data. 

Finally, another alternative suggested to explain the differential mortality observed in the field 
was that elevated straying following the oil spill resulted in outbreeding depression that 
affected embryo survival in the oil-contaminated streams. The controlled incubation study 
does not address this hypothesis. However, preliminary results suggest that the tag recovery 
data, upon which this hypothesis is partially founded, may greatly over estimate straying. This 
hypothesis will be further address by Project 95320D. 

CONCLUSIONS 

Embryo mortalities were elevated in oil contaminated streams from 1989-1993, but no 
statistical difference between oil-contaminated and reference streams was observed in 1994. 

Mortalities in an incubation experiment were elevated for embryos from oiled streams in 1993, 
but no statistical difference between embryos from oil-contaminated and reference streams was 
detected in 1994. 
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Appendix A. Summary of pink and chum salmon egg dig data from Prince William Sound, 1994. 

Pink  Salmon Chum Salmon 

Embryos L i v e  Embryos/m2 F r y  Embryos L i v e  ~ rnbryos /m '  F rY 

Heigh t  i n  No. 
D a t e  T i d a l  Zoneim) Loc Dead L i v e  Mean SE Dead L i v e  Dead L i v e  Mean SE Dead L i v e  S a m p l e s  

S t r e a m  S t r eam 
U Name 

35 Koppen Creek  9  27 9 4  2 . 7 4  
2 . 7 4  
3 . 3 5  
3 .35  

Upstream 

T o t a l  I n t e r t i d a l  
T o t a l  Upstream 

480 Mink Creek  

Upstream 

T o t a l  I n t e r t i d a l  
T o t a l  Upst ream 

485 W .  F i n g e r  Creek  9  30 9 4  

Upstream 

T o t a l  I n t e r t i d a l  
T o t a l  Upstream 
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S t  ream St  ream 
II Name 

Pink Salmon chum Salmon 

Embryos Live  ~mbryos /m'  Fry Embryos Live  ~mbryos/m'  Fry 

Height in  No. 
Date T i d a l  Zoneim) Loc Dead Live Mean SE Dead Live Dead Live  Mean SE Dead Live  Samples 

498 McClure Creek 9  30  94 2 . 1 3  2 0  4 3 0 8  2 8 6  1 0 9 . 8 0  2 6 . 5 2  0  7  0  0  .OO .OO 0  0  1 4  
2 . 7 4  3 0  5574 2 2 1 5  8 5 0 . 4 0  2 6 6 . 5 8  0  1 3 0  1 .38 . 3 8  0  0  1 4  
3 . 3 5  40 9267 4 5 3 1 1 7 3 9 . 5 8  2 2 5 . 6 7  0  65  3  0  .OO . o o  0 0  1 4  

Upstream 6 0  5 3 4 2  4503 1 7 2 8 . 8 3  3 6 0 . 2 4  4  1 9 2  0  0  .OO .OO 0  0  14  

T o t a l  I n t e r t i d a l  1 9 1 4 9  7 0 3 2  8 9 9 . 9 3  1 5 4 . 2 6  0  73  3  3  1 .13 .13  0  0  42 
T o t a l  Upstream 5342 4503 1 7 2 8 . 8 3  3 6 0 . 2 4  4  1 9 2  0  0  .OO .OO 0  0  1 4  

5 0 6  Loomis Creek 

604 Erb Creek 

Upstream 60 3 1 0 6  9 2 1  3 5 3 . 6 0  1 7 7 . 8 1  0  0  0  0  .OO .OO 0  0  1 4  

T o t a l  I n t e r t i d a l  5 5 9 2  1 3 8 4  1 7 7 . 1 2  4 1 . 5 4  0  0  1 0  0  .OO .OO 0  0  42 
T o t a l  Upstream 3106 9 2 1  3 5 3 . 6 0  1 7 7 . 8 1  0  0  0  0  .OO .OO 0  0  1 4  

1 0  3  94 2 . 1 3  2 0  9 8 6  1 2 6 0  4 8 3 . 7 5  1 6 4 . 3 5  0  0  0  0  .OO .OO 0  0  14  
2 . 7 4  3 0  2 4 5 5  650 2 4 9 . 5 5  1 0 6 . 8 0  0  0  0  0  .OO .OO 0  2 3 8  14  
3 . 3 5  4 0  7 3 5  1 3 1 8  5 0 6 . 0 2  2 4 7 . 8 8  0  11 0  0  .OO .OO 0  0  1 4  

Upstream 60 478 829 3 1 8 . 2 8  1 3 0 . 9 8  0  0  0  0  .OO .OO 0  0  14  

T o t a l  I n t e r t i d a l  4176 3 2 2 8  4 1 3 . 1 1  1 0 4 . 3 2  0 11 0  0  ' 0 0  .OO 0  2 3 8  42 
T o t a l  Upstream 478 829 3 1 8 . 2 8  1 3 0 . 9 8  0  0  0  0  .OO .OO 0  0  1 4  

618 J u n c t i o n  Creek 1 0  3  94 2 . 1 3  2 0  1 0  .OO .OO 0  0  0  0  . O O  .OO 0  0  12  
2 . 7 4  3 0  2 5  1 0  4 . 4 8  2 . 4 6  0  0  0  0  .OO . O O  0  0  12  
3 . 3 5  40 1 0 6  294 1 3 1 . 6 9  9 2 . 7 6  0  0  0  0  .OO .OO 0  0  1 2  

Upstream 6 0  8  8  3 . 5 8  3 . 1 3  0  0 0  0  .OO .OO 0  0  1 2  

T o t a l  I n t e r t i d a l  132 304 4 5 . 3 9  3 1 . 7 6  0  0  0  0  .OO .OO 0  0  36  
Tota l  Upstream 8  8  3 . 5 8  3 .13  0  0  0  0  .OO .OO 0  0  12  
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P i n k  Salmon Chum Sa lmon  

S t r e a m  S t r e a m  
!4 Name 

Embryos L i v e  ~ m b r y o s / m '  Fry Embryos L i v e  Embryos/m2 Fry 

t i e i g h t  i n  No. 
Da te  T i d a l  Zoneimi Loc Dead L i v e  Mean SE Dead L i v e  Dead L i v e  Mean S E  Dead L i v e  Samples  

621  Totemoff  Creek 1 0  2  94  2 . 1 3  20  3 7 7 1  8 1 4  3 1 2 . 5 2  1 0 5 . 8 3  
2 . 7 4  30  977  2 0 1  7 7 . 1 7  2 8 . 9 9  
3 . 3 5  40 3277 2254 8 6 5 . 3 8  2 2 8 . 5 5  

Upstream 60 7 2 8 1  3 3 3 7  1 2 8 1 . 1 7  3 2 9 . 0 9  

T o t a l  I n t e r t i d a l  8 0 2 5  3 2 6 9  4 1 8 . 3 5  9 7 . 2 4  
T o t a l  Ups t r eam 7 2 8 1  3 3 3 7  1 2 8 1 . 1 7  3 2 9 . 0 9  

623 B r i z q a l o f f  Creek 1 0  2  94  2 . 1 3  20 1394  7 1 4  2 7 4 . 1 3  1 5 2 . 7 4  
2 .74  30 615  9 1 8  3 5 2 . 4 5  2 7 2 . 3 5  
3 . 3 5  40 962 9 2 3  3 5 4 . 3 7  1 9 5 . 8 7  

Upstream 60 2511  1 2 8 8  4 9 4 . 5 0  2 4 5 . 4 9  

628 Chenega Creek  1 0  4  94  

T o t a l  I n t e r t i d a l  2971  2 5 5 5  3 2 6 . 9 8  1 1 9 . 9 8  
T o t a l  Ups t r eam 2 5 1 1  1 2 8 8  4 9 4 . 5 0  2 4 5 . 4 9  

Upstream 60 360  9 9 4  3 8 1 . 6 3  1 3 6 . 4 7  

T o t a l  I n t e r t i d a l  2797 1 9 6 3  2 5 1 . 2 2  6 9 . 7 6  
T o t a l  Ups t r eam 360  9 9 4  3 8 1 . 6 3  1 3 6 . 4 7  

Upstream 60 2629  4 8 1 4  1 8 4 8 . 2 3  4 1 7 . 3 5  

T o t a l  I n t e r t i d a l  14260  1 0 9 8 6  1 4 0 5 . 9 5  3 3 5 . 1 1  
T o t a l  Ups t r eam 2629 4 8 1 4  1 8 4 8 . 2 3  4 1 7 . 3 5  

630 B a i n b r i d g e  Creek  1 0  13  9 4  
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P i n k  Salmon Chum Salmon 

Embryos L i v e  Embryos/m2 Fry Embryos L i v e  ~mbryos /m '  F r y  

S t  ream S t r eam 
# Name 

Height  i n  No. 
Da te  T i d a l  Zone(m) Loc Dead L i v e  Mean SE Dead L i v e  Dead L i v e  Mean SE Dead L i v e  S a m p l e s  

632 Claw Creek 10 12 94  2 .13  20  1644 5469 2 0 9 9 . 7 1  5 6 1 . 4 1  0  2 0 6  0  0  .OO .OO 0  0  1 4  
2 . 7 4  30  7 6 6  4122 1 5 8 2 . 5 5  4 0 6 . 5 7  14  318 3  6  0  .OO . O O  0  0  14  
3 . 3 5  40 2873 8510 3 2 6 7 . 2 3  3 9 5 . 4 3  0  6 1  59  0  .OO .OO 0  0  14  

UpsLream 60 1 3 0  379 2 0 3 . 7 1  1 4 9 . 6 0  0  0  0  0  . 0 0  .OO 0  0  1 0  

' To ta l  I n t e r t i d a l  5283 1 8 1 0 1  2 3 1 6 . 5 0  2 8 1 . 8 1  14  585 95  0  .OO . O O  0  0  42 
T o t a l  Upstream 1 3 0  379 2 0 3 . 7 1  1 4 9 . 6 0  0  0  0  0  .OO .oo  0  0  1 0  

637 P t .  C o u n t e s s  

h, 653 Hoyg Creek 

10 5 94  2 . 1 3  20  1442 655 2 5 1 . 4 7  1 8 5 . 1 4  0  0  163 19  7 . 2 9  6.89 0  0  1 4  
2 .74  30 1 7 4 8  605 2 3 2 . 2 8  9 4 . 3 2  0  0  10  0  .OO .OO 0  0  1 4  
3 . 3 5  4 1  719 5 5 2  4 2 3 . 8 6  2 1 4 . 5 5  0  0  0  0  .OO .OO 0  0  7  
3 . 3 5  42 576 1 1 5  8 8 . 3 0  6 6 . 5 1  0  0  0  0  .OO . o o  0  0  7  

Upstream 61  224 22 1 6 . 8 9  1 2 . 3 8  0  0  0 0  .OO .OO 0  0  7  
Upstream 62 306 6 0 1  4 6 1 . 4 8  2 7 3 . 6 5  0  0  0  0  .OO .OO 0  0  7  

T o t a l  I n t e r t i d a l  4 4 8 5  1927 2 4 6 . 6 1  7 7 . 6 2  0  0  1 7 3  1 9  2 . 4 3  2 . 3 0  0  0  4 2  
T o t a l  Upstream 5 3 0  623 2 3 9 . 1 9  1 4 5 . 3 2  0  0  0  0  .OO .OO 0  0  1 4  

2 . 7 4  3 1  29  403 3 0 9 . 4 5  2 0 2 . 9 0  0  0  0  0  .oo .oo 0  0  7 
2 . 7 4  3 2  27 368 2 8 2 . 5 7  1 6 1 . 0 4  0  0  0  0  .OO .OO 0  0  7 
3 . 3 5  40 1 9 3  2785 1 0 6 9 . 2 4  4 3 5 . 9 7  0 3 5 5  0  0  . 0 0  .oo 0  0  1 4  

Upstream 60 187 9 7 0  3 7 2 . 4 1  1 4 4 . 8 5  0  4 1  0  0  . 0 0  .OO 0  0 1 4  

T o t a l  I n t e r t i d a l  1 0 0 9  7 3 0 7  9 3 5 . 1 2  2 0 2 . 0 3  0  7 8 9  0  0  .OO .OO 0  0  4 2  
T o t a l  Upstream 187 9 7 0  3 7 2 . 4 1  1 4 4 . 8 5  0  4 1  0  0  .OO .OO 0  0  1 4  
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St ream St ream 
It Name 

Pink Salmon Chum Salmon 

Embryos Live ~mbryos/m' Fry Embryos Live Embryos/ma F rY 

Height in No. 
Date Tidal Zone(m1 Loc Dead Live Mean SE Dead Live Dead Live Mean SE Dead Live Samples 

656 Halverson Creek 10 13 94 2 . 1 3  2 0  1609 417 1 6 0 . 1 0  9 3 . 5 4  0  0  
2 .74  3 0  6 6 5  407 1 5 6 . 2 6  1 0 7 . 3 9  0  0  
3 . 3 5  40 1 8 2 2  1 1 9 6  4 5 9 . 1 8  1 4 1 . 9 7  0  0  

Upstren~n 60 1622 1653 6 3 4 . 6 3  2 5 9 . 8 8  0  0  

663 Shelter Bay 

665 Bjorne Creek 

Total Intertidal 4096 2020 2 5 8 . 5 1  6 9 . 0 3  0  0  
Total Upstream 1 6 2 2  1653 6 3 4 . 6 3  2 5 9 . 8 8  0  0  

Upstream 60 1 5 1 8  1 2 1 9  5 4 6 . 0 1  2 8 5 . 7 2  0  0  

Total Intertidal 1 2 6 0  1 4 8 0  2 2 0 . 9 7  8 3 . 9 2  0  1 
Total Upstream 1 5 1 8  1 2 1 9  5 4 6 . 0 1  2 8 5 . 7 2  0  0  

1 0  14 94 2 . 1 3  2 0  1 7 6  24  9 . 2 1  6 . 1 1  0  0  
2 . 7 4  3 0  7 3 8  6 3 1  2 4 2 . 2 6  1 1 5 . 8 2  0  0  
3 . 3 5  4 0  509 2 5 8 8  9 9 3 . 6 1  4 9 6 . 8 7  0  0  

Upstream 60 49 8 3 1  3 1 9 . 0 4  2 0 1 . 5 9  0  0  

Total Intertidal 1 4 2 3  3243 4 1 5 . 0 3  1 7 8 . 3 8  0  0  
Total Upstream 49 8 3 1  3 1 9 . 0 4  2 0 1 . 5 9  0  0  

666 O'Brien Creek 10 15 94 2 . 1 3  20  0  0  .OO .OO 0  0  
2 . 7 3  3 0  3 6 8  53 2 0 . 3 5  1 0 . 2 1  0  0  
3 . 3 5  4 0  66  4 8 1  1 8 4 . 6 7  1 6 1 . 6 3  0  0  

Upstream 60 2 1 5  1 0 6 6  4 0 9 . 2 7  2 1 3 . 9 3  0  0  

Total Intertidal 234 534 6 8 . 3 4  5 4 . 2 1  0  0  
Total Upstream 2 1 5  1 0 6 6  4 0 9 . 2 7  2 1 3 . 9 3  0  0  
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S t r e a m  S t r e a m  
II Name 

P ink  Salmon Chum Salmon 

Embryos L i v e  ~ m b r y o s / m '  F r y  Embryos L i v e  Embryos/ml F r y  

He igh t  i n  No. 
D a t e  T i d a l  Zone(m) Loc Dead L i v e  Mean SE Dead L i v e  Dead L i v e  Mean SE Dead L i v e  S a m p l e s  

6 7 3  F a l l s  Creek  10  1 6  9 4  2.13 
2 . 7 4  
3 . 3 5  

Upstream 

6 7 7  Hayden Creek  

N 
m 

6 7 8  S l e e p y  Bay 

T o t a l  I n t e r t i d a l  
T o t a l  Upstream 

2 . 1 3  
2 . 7 4  
2 . 7 4  
3 . 3 5  
3 . 3 5  

Upstream 
Upst  ream 

T o t a l  I n t e r t i d a l  
T o t a l  Upstream 

3 . 3 5  
Upstream 

T o t a l  I n t e r t i d a l  
T o t a l  Ups t r eam 
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P i n k  Salmon Chum Salmon 

Embryos L i v e  ~ rnbryos /m '  F ry  Embryos L i v e  Embryos/ml F ry  

tleigtlt  I n  N o .  
Da te  T i d a l  Z o r ~ e ( m )  Loc Dead L i v e  Mean S E  Dead L i v e  Dead L i v e  Mean SE Uead L i v e  Samples  

S t  ream S t  ream 
# Name 

681 Hogan Bay 

Upstream 

T o t a l  I n t e r t i d a l  
T o t a l  Upstream 

10 1 0  94  2 . 1 3  
2 . 7 4  
3 . 3 5  

Upst  ream 

682 Snug H a r b o r  

T o t a l  I n t e r t i d a l  
T o t a l  Ups t r eam 

692 H e r r i n g  Bay 

h, 
4 

10 1  94 2 . 1 3  
2 . 7 4  
3 .35  

Ups t r eam 

T o t a l  I n t e r t i d a l  
T o t a l  Ups t r eam 

695 F o r t  Audrey 

3 .35  
Ups t r eam 

T o t a l  I n t e r t i d a l  
T o t a l  Ups t r eam 

-Cant i n u e d -  



- 

P l n k  Salmon Chum Salmon 

Embryos L i v e  ~ m b r y o s / m '  F r y  Embryos L i v e  Embryos/m2 F r y  

H e i g h t  i n  No. 
D a t e  T i d a l  Zone(m1 Loc Dead L i v e  Mean S E  Dead L i v e  Dead L i v e  Mean SE Dead L i v e  Samples  

s t  r e a m  S t  ream 
# Name 

699 C a t h e a d  Bay 10 4 94 2.13 

T o t a l  I n t e r t i d a l  
T o t a l  Ups t r eam 

740 K e l e z  Creek  

Upst  ream 

T o t a l  I n t e r t i d a l  
T o t a l  l l p s t r eam 

744 Wi lby  Creek  

Upstream 

T o t a l  I n t e r t i d a l  
T o t a l  Ups t r eam 

747 C a b i n  Creek 

Upst  ream 

T o t a l  I n t e r t i d a l  
T o t a l  Ups t r eam 
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S t  ream St ream 
# Name 

Pink Salmon Chum Salmon 

Embryos Live Embryos/ml Fry Embryos Live  ~mbryos/m'  F r~ 

Height i n  No. 
Date Tida l  Zone(m) Loc Dead Live Mean SE Dead Live  Dead Live  Mean SE Dead Live Samples 

8 2 8  Cook Creek 9 2 8  94 2 . 1 3  2 0  7 7 8  1 2 6 9  4 8 7 . 2 1  1 9 6 . 6 7  0  0  .OO .OO 0  0  1 4  0  0  
2 . 7 4  3 0  3 7 6 9  1 7 0 0  6 5 2 . 6 8  1 5 1 . 6 0  0  0  1 5  4  1 . 5 4  1 . 1 9  0  0  1 4  
3 . 3 5  4 0  7 9 2  1 6 3 7  6 2 8 . 4 9  2 0 2 . 6 8  0 0 0  0  .OO .OO 0  0  1 4  

Upstream 60 2 1 1  1 2 0 2  4 6 1 . 4 8  2 1 5 . 1 7  0  0  0  0  .OO .OO 0  0  1 4  

T o t a l  I n t e r t i d a l  5 3 3 9  4 6 0 6  5 8 9 . 4 6  1 0 4 . 8 3  1 5  4  . 5 1  . 4 0  0  0  42 0  0  
T o t a l  Upstream 2 1 1  1 2 0 2  4 6 1 . 4 8  2 1 5 . 1 7  0  0  0  0  .OO .OO 0  0  1 4  

8 6 1  Bernard Creek 9 2 6  9 4  

Upstream 6 0  7 1 6  8 3 9  3 2 2 . 1 2  1 4 5 . 8 8  0  0  0  0 .OO .OO 0  0  1 4  

T o t a l  I n t e r t i d a l  3 8 2 2  2 6 2 6  3 3 6 . 0 7  8 5 . 6 0  0  0  .OO .OO 0  0  42 0  0  
T o t a l  Upstream 7 1 6  839 3 2 2 . 1 2  1 4 5 . 8 8  0  0  0  0  .OO .OO 0  0  1 4  

P r i n c e  Will iam Sound Summary 
N 

T o t a l  I n t e r t i d a l  1 5 6 2 2 8  1 2 4 5 2 2  5 1 4 . 4 5  2 7 . 6 6  7 3  2 6 7 0  3787 1 9 5 1  8 . 0 6  5 6 . 9 7  0 3 0 3  1 2 9 8  
Tota l  Upstream 5 4 4 1 0  5 4 4 0 0  6 8 9 . 6 2  5 6 . 9 7  3 3  1 3 5 3  9 3 6  8 4 3  1 0 . 6 9  6 6 . 1 1  0  1 4 2 4  



Appendix B. Estimated mean mortality and corresponding standard errors for pink salmon 
embryos incubated at the Armin F. Koernig Hatchery in 1994. 

Mortality 
Order of Day of Stream 

Collection Collection Treatmenta Number Mean Std. Error n 

" Treatment; 1 = reference, 2 = oil contaminated 


