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The Exxon Valdez oil spill that occurred in Prince William Sound, Alaska, in March of 1989 was the larges! crude oil 
spill in the United States at that time, and it was anticipated to have disastrous effects on the ecology and fisheries o.f that 
coastal region. The large pink salmon returns to the sound, a major commercial species in Alaska, were of great concern. 
The Exxon Valdez Oil Spill Trustee Council, a council of gol'ernment agencies formed to assess the impact of the spill for 
recovery purposes, concluded Iha! pink salmon in Prince William Sound were damaged by the oil, based on investigations 
of the Alaska Department of Fish and Game and the National Marine Fisheries Service. Agency scientists claimed that 
the oil increased incubation mortality of pink salmon and those exposed to oil experienced less growth, higher long-tenn 
mortality, and reduced reproductive success. This contrasted with data and conclusions of the non-agency scientists led by 
the University of Idaho researchers that showed no impact of oil on incubating eggs or on juvenile pink salmon in marine 
waters, and no reduction in egg viability of returning adults. In this article the authors re-examine the evidence and resolve 
the problems that resulted in the different interpretation of research conducted by agency and non-agency scientists. The 
resolution has far reaching implications on ascertaining the impacts of marine oil spills. 

Keywords oil spill. pink salmon, oil toxicity. Exxon Valdez 

INTRODUCTION 

On March 24th of 1989, the Exxon Valdez went aground on 
Bligh Reef spilling ~ 11 million gallons of cmde oil into north
east Prince William Sound (PWS). This was the largest oil spill 
in the United States at that time and there were widespread con
cerns that salmon resources in PWS would be seriously affected. 
The greatest concern involved the pink salmon, Oncorhynchus 
gorbuscha, the most abundant salmon species and the founda
tion of the commercial fisheries in that part of Alaska. 

Pink salmon have a consistent two-year life cycle, and thus 
are segregated as even- and odd-year runs (Heard, 1991). They 
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spawn in freshwater, as do other salmon species, but the emer
gent fry go directly to the marine environment for their nursery 
period before embarking on a 14-month, open-ocean migration 
that ends with the return to spawn in their stream of origin. A 
large percentage of the pink salmon populations in PWS spawn 
in the intertidal reaches of strean1s entering the sound, and thus 
the incubation environment of the species was at risk of contan1-
ination from oil that washed into those stream reaches. The early 
marine life history of pink salmon also meant this species could 
be exposed to oil contaminated marine waters upon emergence 
as fry entering their nursery areas. However, there was great lm
certainty about the actual level of risk that would be experienced 
by pink salmon. As the Exxon Valdez crude (EVC) reached land
fall on southwestern shores of the Sound, the 1988 pink salmon 
brood year alevins were approaching the free-swimming fry 
stage and were exposed to oil in the incubation environment 
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during that short interval of time prior to emergence from their 
streams in April and May, and subsequently in their marine 
nursery areas. The pink salmon of the following 1989 brood 
year experienced a different level of risk. They were exposed 
to residual oil that remained in the stream substrate during their 
entire incubation period from the fall of 1989 to the spring of 
1990. Upon their emergence oil in marine waters was nearly 
gone and the potential of risk on their early feeding life stage 
also diminished. 

Because of the uncertainty about the prospects of harm, non
agency scientists sponsored by Exxon Corporation launched 
extensive studies to determine the effects of oil on incubat
ing pink salmon eggs in PWS streams and on juveniles in the 
marine environment. Field studies on incubation success that 
included survival monitoring and in-stream bioassays revealed 
no elevated mortality of eggs or pre-emergent fry in the ~30 
streams that were oiled out of ~l,300 streams entering the 
sound, nor was there any post-emergent fry mortality observed 
in the receiving marine environment (Brannon et al., 1995; 
Moulton, 1996). 

This was not true in other studies that assessed the impacts 
of EVC on pink salmon. Concurrently, a major effort was un
dertaken by Alaska Department of Fish and Game (ADFG) to 
monitor incubation success of pink salmon in selected oiled and 
non-oiled streams entering PWS. In the series of stream surveys 
that were conducted over a nine-year period, ADFG reported 
higher egg mortality in oiled streams (Sharr et al., 1994; Bue 
et al., 1996, 1998), including some of the same streams in which 
non-agency scientists reported no spill impacts (Brannon et al., 
1995; Moulton, 1996). 

The Auke Bay Laboratory (ABL) of the National Marine 
Fisheries Service (NMFS), National Oceanic and Atmospheric 
Ad1ninistration (NOOA), was also engaged in the assessment 
of spill effects on PWS pink salmon. NMFS researchers con
centrated their effort on laboratory studies from which they 
developed an oil toxicity narrative and concluded from those 
studies that very low concentrations of oil were responsible for 
the egg mortality observed by ADFG in PWS streams (Marty 
et al., 1997b; Heintz et al., 1999), and that exposure to EVC 
from the spill during incubation would have long-term effects 
(Heintz et al., 2000; Rice et al., 2001, 2007). 

In addition to the oiled stream studies the agencies under
took investigations on juvenile pink salmon in nearshore marine 
waters of PWS. Although their investigations did not reveal 
any mortality, they reported that in some cases juveniles asso
ciated with oiled marine areas of the sound were smaller than 
those in non-oiled areas. They interpreted smaller size to mean 
lower initial marine growth (Wertheimer and Celewycz, 1996; 
Willette, 1996). They felt smaller size would increase suscepti
bility to predation and result in lower marine survival based on 
other marine survival studies (Hargreave and LeBrasseur, 1985; 
Heard, 1991; Parker, 1971). 

ADFG took the egg mortality data and the growth data and 
applied them as variables in a model to predict what those effects 
would have on the number of returning adults (Geiger et al., 

1996). The Geiger model predicted total effects of oil exposure 
on survival by using five stochastic steps: 

Sr = Femr x Fecr x Dept x Segt x Smrr 

where Sr is the total survival, Femr is the fraction of the run 
that were females, Fecr the mean fecundity, Depr the fraction of 
eggs actually deposited, Segr the egg survival, and Smrr the total 
marine survival. Using the Geiger model, the total mortality was 
estimated as a loss of about 2.3 million wild fish in the multiyear 
(1990-1994) return of 144 million adult pink salmon (Geiger 
et al., 1996). Although that number represented a relatively mi
nor impact on the entire PWS pink salmon run, it constituted a 
major effect on those fish actually exposed to EVO. The esti
mated impact amounted to as much as 27% higher egg mortality 
in oiled streams as late as 1993. In 1989 the reduced size of juve
niles exposed to oil in their marine nursery areas, combined with 
the egg losses, translated into an estimated 28 % higher mortality 
of wild fish than what would have occurred in the absence of the 
spill. The Exxon Valdez Oil Spill Trustee Council (EVOSTC), a 
council of government agencies formed to assess the impact of 
the spill for recovery purposes, concluded from these data that 
the total mortality an10unted to a reduction in returning adults 
of ~2% of the entire PWS pink salmon population and that the 
population did not recover from oil exposure until 200 I, twelve 
years after the spill (EVOSTC, 2002). 

Therefore, the EVOSTC projection of pink salmon losses due 
to the Exxon Valdez oil spill (EVOS) imbedded in the Geiger 
model (Segr & Stnrr) were in contrast to the reports by non
agency scientists of no oil related increases in egg mortality 
during incubation or losses of juveniles exposed to oil in ma
rine waters. Based primarily on the laboratory research that 
showed incubation losses at very low oil concentrations, NMFS 
investigators suggested that the water quality standard for to
tal polycyclic aromatic hydrocarbons (TPAH) in Alaska should 
be lowered to 10 pptr (Heintz et al., 1999) and that urbanized 
areas have an insidious pollution potential (Rice et al., 2001). 
Those reports have had very serious effects on how oil contam
ination in the marine environment should be viewed, such as 
the oil associated with the 20 IO BP Gulf of Mexico spill (Maki, 
personal communication), standards limiting permits for mari
nas and dredging operations, and it has altered concepts on the 
effects of chronic exposure (Heintz, 2007; Rice et al., 2007). 

Authors' Purpose for Review 

The purpose of the authors in this review is to resolve con
flicting conclusions from the field and laboratory assessments 
of the Exxon Valdez spill effects on pink salmon embryos and 
fry by the agency and non-agency investigators. Details of ev
idence are presented that address the problems by separating 
the alleged effects on pink salmon as follows: Section I egg 
mortality in oiled streams of PWS, Section II the interpretation 
of laboratory results on the chronic toxicity of weathered oil, 
Section III the reduction of fry growth from oil exposure, and 
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then in Section IV the differences in published accounts of spill 
affects are reconciled. Oil contamination and exposure in this 
review are presented in parts per billion (ppb) to standardize 
concentrations in sediment, water, and tissue for comparative 
purposes. ADFG and NMFS affiliated scientists are referred 
to as agency scientists. Exxon research contract scientists and 
affiliated investigators are referred to as non-agency scientists. 

SECTION I: PINK SALMON EGG MORTALITY 

In the fall of 1989, the determination of no measurable impact 
of EVOS on incubating pink salmon in oiled streams (Brannon 
et al., 1995; Moulton, 1996) contrasted with ADFG egg mortal
ity data taken at the same time on surveys of some of the same 
streams (Sharr et al., 1994; Bue et al., 1996). In the present anal
ysis all of the pertinent evidence was re-examined to resolve 
the differences by review of the reported mortality in stream 
surveys, present the field data that dispute the allegation, and 
reanalyze the mortality in light of pink salmon early life history 
to reconcile those differences by focusing on the problem of 
how the original data were interpreted. 

ADFG Egg Mortality Stream Survey Results 

ADFG routinely survey PWS streams in the spring of the 
year to estimate pre-emergent pink salmon fry (alevins) sur
vival to assist in predicting nm size for the following year. In 
1989, prior to the spill, they had just conducted the survey on the 
1988 brood, which provided the pre-spill conditions for the op
portunity to assess the post-spill impact of the oil contamination 
in some of those same streams. Therefore, ADFG conducted 
a second survey and found there were no differences in pre
emergent fry mortality from what was observed in the pre-spill 
surveys (Sharr et al., 1994). However, in the fall of 1989 ADFG 
repeated the survey on recently spawned eggs of the 1989 brood. 
Eggs were flushed from their redds using a hydraulic pump and 
sampling methods described by Bue et al. (1996), and a higher 
mortality was detected in oiled streams. They continued their 
monitoring program of the ten oiled streams that were among the 
worst contaminated and 15 non-oiled reference streams in close 
proximity over a period of nine years. The san1pling times ran 
from September 21st to October 28th, coinciding with the very 
early part of post-spawning period. The results indicated that 
oiled streams had significantly higher mortality than the non
oiled reference streams from 1989-1993, and again in 1997. 
Although highly variable among streams and years (Cronin and 
Bickham, 1998), it was concluded by ADFG that the egg mor
tality in 1989 and 1990 was the result of direct exposure to 
oil. Higher losses observed in oiled streams over the next three 
years, well after oil had essentially left the streams (Brannon 
et al., 1995), were explained as lingering effects in the form of 
either genetic damage (Bue et al., 1996, 1998) or physiologi
cal anomalies (Rice et al., 200 I) experienced by the embryos 

that affected development of their gametes upon return as adults. 
Rice et al. (200 l) and Craig et al. (2002) suggested that the 1997 
mortality resulted from a shift in the intertidal stream, exposing 
buried toxic oil deposits over which the fish spawned. 

Field Studies Conflicting with Oil Induced Egg Mortality 

One of the problems with the ADFG egg mortality observa
tions is that other field data collected in many of the same streams 
at the same time conflict with their results. The following sum
marizes the evidence from several separate investigations. 

Oil Concentrations in PWS Streams 

The oil that was spilled from the Exxon Valdez was carried 
over 65 km in open water before it reached landfall, during 
which weathering exhausted much of the volatile compounds 
of the oil mass, reducing the monoaromatic components, and 
leaving the dominance of TPAH (Boehm et al., 1995). Because 
of tidal dilution and freshwater outflow of the affected streams 
flushing the intertidal substrate during receding tides, the ac
tual deposit of oil in the stream gravel was very low. Mean 
sediment-TPAH concentrations in oiled streams, when oil was 
at its highest concentration in 1989, ranged from 0.5 ppb-267 
ppb (Brannon et al., 1995), or only small fractions of the lethal 
sediment-TPAH threshold of 3,800 ppb-8,300 ppb determined 
by laboratory bioassays on chronic exposure of pink salmon 
eggs (Heintz et al., 1999; Brannon et al. 2006a). Mean sediment
TPAH levels in non-oiled reference streams was < 65 ppb. In 
the subsequent years, thel990 oiled streams still showed that 
low concentrations of residual oil were present in sediments 
with mean TPAH ranging between 1 ppb--413 ppb, with one ex
ception (2,818 ppb from one sample), and in the following year 
means dropped to between 1 ppb-236 ppb. These data show 
that the contamination of the intertidal stream reaches during 
the time that oil was present in the stream substrate was well 
below those concentrations imposing risk of pink salmon incu
bation mortality in laboratory bioassays (Brannon et al., 2006a; 
Heintz et al. 1999; Marty et al., 1997b). 

Tissue-TPAH Analysis of Embryos Sampled from Oiled Streams 

Mean tissue-TPAH concentrations in alevins sampled from 
oiled streams in 1990 and 1991 were 62.8 ppb and 94.5 ppb 
dry wt, respectively, and slightly higher than the mean tissue
TPAH of alevins in non-oiled streams of ~39 ppb over the 
same period (Brannon et al., 1995). These concentrations are 
far below lethal tissue-TPAH threshold concentrations> 7,800 
ppb shown in long-term laboratory bioassays with pink salmon 
embryos exposed to naturally weathered EVC (Brannon et al., 
2006a). The tissue data of alevins san1pled from oil steams were 
equivalent to the laboratory controls ( ~90 ppb) that experienced 
no oil exposure in respective bioassays of Heintz et al. (1999) 
and Brannon et al. (2006a). 
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Figure l Differences in the pattern of mean mortality versus days of incubation reported in: Figure lA laboratory bioassay of eggs exposed to an oil-on-gravel 
concentration of 2,250,000 ppb (Brannon et al., 2006a), and Figure lB for eggs in ADFG stream surveys from 1989-1997 excluding Port Nellie Juan streams 
(Craig et al., 2002) (Note different vertical axis). 

Timing of the ADFG Reported Egg Mortality Unrelated to 
Toxicity Response 

Rice et al. (2001, p. 201) stated, "Any tests involving 
embryos require a long holding period for damage to be
come detectable." This was the case in all embryo bioassays 
conducted under laboratory conditions. Bioassay mortality 
followed a chronic model, spread over the entire incubation 
period (Figure lA), and was rarely detected before the eyed 
stage, but becoming obvious as the live embryos advanced in 
development (Brannon et al., 2006a; Carls et al., 2005; Heintz 
et al., 1999; Marty et al., 1997b; Stubblefield et al., 2010). 
However, the pattern of egg mortality observed in the laboratory 
was just the opposite of what was reported in the field (Bue 
et al., 1996, 1998; Craig et al., 2002; Sharr et al., 1994), 
occurring shortly after spawning completion (Figure 1 B). 
Given that reports on oil toxicity seen in laboratory exposures 
(Carls et al., 2005; Heintz et al., 1999; Marty et al., 1997b) 
were inconsistent with the pattern observed in the field surveys, 
it suggested that other factors had to account for the increased 
egg mortality in spill-path streams (Brannon and Maki, 1996). 

Egg Mortality above the Influence of Marine Oil 

ADFG reported higher egg mortality in redds above the high 
tide level in the freshwater environment, and in streams after 
oil no longer remained in the intertidal reaches of pink salmon 
streams. It was suggested that such a result could be inter
generational genetic or physiological dan1age that occurred in 
the brood adults during their embryonic development passed on 
as lethal anomalies to their offspring (Bue et al., 1996, 1998; 
Rice et al., 2001). 

However, empirical and theoretical population genetic as
sessments indicated that the pink salmon egg mortality observed 
in oiled streams was not consistent with inter-generational im
pacts (Cronin and Bickham, 1998; Cronin et al., 2002). Fur
thermore, no chromosomal damage was observed in incubating 
pink salmon exposed to 5,700,000 ppb oil-on-gravel mixture in 
a five year study by Seeb and Habicht (1999) to screen for ge
netic damage caused by such oil exposure. K-ras mutations were 
induced in the laboratory from exposure to oil in that particular 

study (Roy et al., 1999), but such mutations were not observed 
in pink salmon from the oiled strean1s (Cronin et al., 2002), and 
thus the field evidence was inconsistent with the hypothesis of 
genotoxicity. 

Also, inter-generational effects could not explain the mortal
ity above tidal influence (13.5% oiled vs. 9.8% non-oiled) in the 
fall of 1989 (Craig et al., 2002), because those eggs originated 
from 1987 brood that did not experienced oil exposure. Simi
larly the 1990 fall egg mortality above tidal influence (24.5% 
oiled vs. 16.6% non-oiled) were eggs of 1988 brood that only 
experienced oiling at the very end of their alevin stage, well 
past developmental differentiation. Consequently, egg mortality 
above high tide elevation in the fall of 1989 and 1990 cannot be 
attributed to effects from oil exposure of the parents as incubat
ing embryos. 

Inexplicable Persistence of Reported Egg Mortality 

A problematic feature of the ADFG data was the long-term 
nature of the elevated egg mortality in oiled streams from 
1989-1993 and reoccurring again in 1997, nine years after 
the spill. Inter-generational genetic dan1age or physiological 
anomalies passed on to the progeny were the explanations of
fered by ADFG and NMFS scientists (Bue et al., 1996, 1998; 
Craig et al., 2002; Rice et al., 2001 ), but that wasn't likely 
because as many as four generations were involved after oil 
exposure which was inconsistent with genetic damage (Cronin 
and Bickham, 1998). 

Rice et al. (2001) suggested physiological impairment was 
consistent with the gonadal histopathology in laboratory expo
sure of eggs observed by Marty et al. ( 1997b ), but that was 
reported only as a slight increase in gonadal cell apoptosis in 
the laboratory exposed alevins in 1989. The apoptosis was not 
dose correlated, and it was dropped from subsequent assess
ment in following years. The fact that oil was essentially gone 
from the streams and intertidal areas of PWS by 1991 (Boehm 
et al., 1995; Brannon et al., 1995; O'Clair et al., 1996; Short and 
Babcock, 1996; Wolfe et al., 1996), except in a few on-shore 
oil deposits, left no mechanism to induce persistent phenotypic 
damage after 1990, and indicates that something other than oil 
was responsible for the continuing mortality. 
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No Pre-Emergent Fry Mortality Observed in Field Studies 

Another compelling piece of evidence against oil as a threat in 
the incubation environment was the lack of any difference in sur
vival of the pre-emergent fry stage between oiled and non-oiled 
streams in the spring following elevated egg mortality in the fall 
(Bue et al., 1996). That was also shown by other investigators 
monitoring survival in oiled and reference streams, including 
some of the same streams reported to have high egg mortality, 
with no statistically significant differences at the emerging fry 
stage (Brannon et al. 1995; Sharr et al., 1994). This was counter
intuitive since alevins should be especially sensitive to acute oil 
toxicity (Moles and Rice, 1983). If oil was responsible for egg 
mortality, not only should the effects of toxicity have contin
ued, but the mortality should have translated into much lower 
numbers of fry. This suggested that the increased mortality in 
the fall surveys was confined only to those eggs extracted from 
the redds, and not among those that continued incubation to the 
spring fry stage. 

Absence of Anomalies among Naturally Incubating Alevins 

Alevin samples removed from the incubation substrate in the 
1990 by Brannon et al. (1995) were examined for developmental 
anomalies. No difference (p > 0.05) in the proportion of normal 
alevins in oiled (0.989) versus reference (0.992) streams was 
seen. The absence of anomalies from field samples contrasted 
with what was observed in laboratory studies (Brannon et al. 
2006a; Marty et al., 1997a), where deformities and blue sac 
disease (ascites) were observed in alevins exposed to laboratory 
TPAH doses. The presence of induced defonnities and blue sac 
disease in the laboratory and their absence in the field over the 
same length of time indicate that laboratory test doses were 
not representative of that which existed in the oiled streams 
of PWS. 

Retarded Growth Not Shown in PWS Emerging Fly 

In laboratory studies at ABL, growth of embryos was affected 
by exposure to high oil/gravel mixtures (Heintz et al., 1999; 
Marty et al., 1997b) with a slightly slower rate of development 
and greater amounts of yolk remaining in the abdmninal cavity 
at emergence compared to controls examined at the same time. 
This resulted in a slightly greater weight per unit of length, and 
thus a higher developmental index (kD = 10 x [wt in g]3/l in 
mm, Barns 1970). Marty et al. (1997b) suggested this may be 
a practical assessment of oil effects. Therefore, in 1989 and 
1990 when emerging fry from oiled streams were statistically 
no different in length or weight than in non-oiled streams, and 
thus no different in their developmental index (Figure 2), this 
was another demonstration that an oil effect in the field was 
unlikely. In 1990 fry from reference streams showed a mean 
kD of 1.76 and fry from oiled streams were at a mean of 1.79, 
indicating unaltered emergence timing (Brannon et al., 1995). 

- 35 Ref+ E r E OU ... - 34 r .i: ... 
Cl' 33 

++ 
c r t t+ 
.!? 32 c 
ft! 

t 
m 31 5 

30 
-. s 023j 

tt l: 

t+ 
·CD 021 

++ ·; 
Q,19 

i::: 
~ 

0.17 0 
5 

0.15 

5 
1.85 r :#. -

+t 
t:: 

++ 
Q ii 1.80 

"Cl c 1.75 0 
(.) 

c 1.70 
«I 
ID 
~ Hl5 

1.8-2Am 2.4-3.0 m 3.0-'.Hm 

Tidal levels (m} 
Figure 2 Mean length, weight, and condition index of emerging fry by tide 
level in oiled and non-oiled streams of PWS in the spring of 1990. 

Premature emergence would have been evident by a higher kD 
index (> 1.9) and that wasn't the case. 

Concurrent Incubation Studies in 1989 

In the fall of 1989 Moulton (1996) conducted a field study 
on egg survival at the same time in some of the same oil con
taminated streams reported by Bue et al. (1996, 1998) to have 
higher egg mortality. Moulton artificially spawned adults from 
each of nine streams, places the fertilized eggs in 24 perforated 
incubation boxes per stream, and buried the boxes in the in
tertidal stream substrate. The incubation boxes isolated effects 
that would be associated with oil, such as leachate emanating 
from oil deposits entering redds (Murphy et al., 1999; Rice et al., 
2001), from the lethal effects of over-spawning (Collins et al., 
2000) and any deleterious impacts of sampling that were unre
lated to oil (Brannon et al., 2001). Upon approaching the hatch
ing stage the eggs were removed from the incubation boxes and 
embryo survival was assessed. Moulton (1996) found that sur
vival was high, averaging 96.5% in oiled strean1s and 95.1 % in 
non-oiled reference streams (p = 0.870). This was evidence that 
demonstrated embryo survival was unaffected by the oil con
centrations that existed in the intertidal reaches of those streams 
at the height of contamination of beaches and strean1s along the 
spill-path. 
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Table 1 Mean percent egg mortality in the fall and following spring of the 
brood years repmted by ADFG in the five oiled and five non-oiled streams 
studied in common by ADFG and Exxon from 1989 to 1993 (Data sources 
Craig et al. 199 5, 2002) 

Season 

Fall 
Non-oiled 
Oiled 

Spring 
Non-oiled 
Oiled 

1989 
% 

mo rt 

14.9 
15.9 

5.0 
7.6 

1990 
% 

mo rt 

23.8 
28.4 

29.0 
31.0 

1991 1992 
% % 

mort mo rt 

23.5 23.5 
47.0 42.2 

31.4 14.0 
12.2 16.0 

No Egg Mortality Differences in Spring Samples 

1993 
% 

mo rt Mean 

13.4 19.8 
15.0 29.7 

24.4 20.8 
9.8 15.3 

The ADFG survey data also provided strong evidence against 
oil induced egg mortality (Craig et al., 2002). In the same ten 
streams studied in common by ADFG and non-agency scien
tists where ADFG reported higher mortality in the fall samples 
removed from oiled streams, those differences were no longer 
apparent by the following spring (Table 1). Fall samples showed 
amean mortality in oiled streams of29.7% versus 19.8% innon
oiled streams, while those taken in the following spring from 
the same streams, using the same techniques, showed mean egg 
mortality in oiled streams at 15.3% versus 20.8% in non-oiled 
streams. The same is apparent in the entire 25-stream ADFG 
data set. Spring egg mortality in oiled streams was at 25.5% 
and non-oiled streams at 23.4%. If the high fall egg mortality 
had occurred from oil exposure, those differences would have 
remained over winter, but clearly that was not the case. The 
increased mortality was confined to those eggs involved in the 
fall samples, which leads to the hypothesis that the increased 
mortality reported in the fall was associated with the sampling 
process itself rather than oil (Brannon et al., 2001). 

Re-analysis of ADFG Stream Survey Egg Mortality 

The key to resolving the discontinuity between the reported 
higher egg mortality in oiled streams and the other field data 
showing no differences from that in non-oiled streams pointed 
to a problem in the fall sampling protocol. Re-exanlination 
of the ADFG survey data resolved that issue (Brannon 
et al., 2001). 

The Problem with ADFG Sampling Protocol 
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Figure 3 Sensitivity of eggs expressed as% mortality when exposed to me
chanical shock by (a) vertical drops into water from a 100 cm height at 10° C 
(Jensen and Alderdice, 1989). and (b) pouring the eggs submerged in wa
ter from one container to another from a 20 cm height at 12°C (Jensen and 
Collins, 2003). 

yolk at the start of gastrulation (Figure 3). Sensitivity contin
ues to a lesser extent through cellular differentiation. Transition 
from extreme sensitivity to total tolerance of mechanical dis
turbance occurs rapidly as the embryos reach the eyed stage 
20--28 d post-fertilization, depending on temperatures (Jensen 
and Alderdice, 1989; Jensen and Collins, 2003). 

Comparisons of the end of spawner stream-life with the tim
ing of the ADFG egg mortality surveys revealed a major flaw 
in the sampling protocol. Annual spawner enumerations in ten 
streams were conducted for 16 years following the spill (Bran
non et al., 2006b; Maki et al., 1995). During the period from 
1989-1997 when ADFG made their egg mortality surveys, ter
mination of spawner stream life (the death of the spawning pop
ulation) in the study strean1s was as late as the end of September, 
varying between streams by as much as 13 d, and 5 d or more 
were common. During those nine years ADFG stream sam
ple tinting ranged from September 21st through October 28th 
(Craig et al., 1995, 2002), which meant that a large percentage 
of the egg samples were taken within 20 days of post-spawner 
stream-life. Given that shock sensitivity continues for a period 
> 20 d (Figure 3) at PWS strean1 temperatures, it was appar-
ent that a significant proportion of eggs were still in various 
degrees of susceptibility to mechanical shock at the time they 
were hydraulically extracted from the gravel by ADFG (Bran-

A general rule in salmon culture is not to disturb eggs before non et al., 2001). Where high mortality occurred, the samples 
the eyed stage is reached, and that is to prevent mortality from had been taken earlier than 20 d after spawning was completed 
the physical shock of being handled. Beginning within hours in the streams, and some < l 0 d, which placed them in the early 
of fertilization salmon eggs are highly sensitive to any physical stages of embryonic development, highly susceptible to shock 
abuse during the process ofblastopore closure spanning the first (Table 2). Therefore, the timing between the end of spawner 
100 temperature units of development as the embryonic tissue stream-life and the initiation of ADFG stream surveys was the 
replaces the delicate vitelline membrane surrounding the large clue to the egg mortality problem. Higher mortalities occurred 

Reviews in Fisheries Science vol. 20 1 2012 

EX-0207-000007-TSS 



26 E. L. BRANNON ET AL. 

Table 2 Mean number of days between the end of adult steam-life and date of sampling, and percent egg mortality in five oiled (0) and five non-oiled (N) 
inte1tidal streams studied in common by ADFG and Exxon from 1989 to 1998 (Data sources from ADFG and Exxon stream surveys) 

Brood Year 

Stream class 1989 1990 1991 1992 1993 1994 1995 1996 1997 l998a 1998b 

Days difference between end of spawning and sampling date 
0 17.4 15.6 4.2 8.6 17.6 24.5 26.6 9.4 1.8 24.2 
N 18.6 18.8 15.4 12.0 21.8 16.2 25.4 30.2 11.0 2.4 24.2 

Percent Egg Mortality 
0 15.9 28.4 47.0 42.2 15.0 
N 14.9 23.8 23.5 23.5 13.4 

'Data unavailable. 
aseptember field samples 1998. 
bOctober field samples 1998. 

with fewer days between the end of stream-life and the time the 
egg samples were extracted. 

The pattern is readily demonstrated by plotting the end of 
adult stream-life against sampling dates in the ADFG stream 
survey schedule (Figure 4). For those years from 1989-1997, 
percent mortality in oiled streams is higher when they were 
sampled earlier than non-oiled strean1s because the earlier sam
ples were more vulnerable to shock abuse. When shock abuse 
occurs the vitelline membrane is ruptured and the yolk material 
starts coagulating almost immediately, resulting in the death of 
the embryo. The shock abuse of the ADFG sampling procedure 
resulted in higher mortality associated with the earlier sampling 
dates, as would be expected under such conditions, with shock 
fatalities dropping off in later samples as the embryos acquired 
greater tolerance to abuse with advancement in development. 
The four data points for 1998 show when all ten oiled and non
oiled strean1s were sampled early and then again later in the 
season, and the effects of hydraulically extracting the eggs be
fore and after achieving tolerance to mechanical shock is very 
obvious. 
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Figure 4 Mean percent egg mortality in oiled and non-oiled streams versus 
clays past spawner stream-life at the time of sampling for the 10 study streams 
surveyed in PWS from 1989-1998 (line fit by eye). (Mortality data from Craig 
et al., 2002 and ADF&G unpublished annual data repo1ts 1996 and 1997 and 
Collins et al., 2000). 

46.9 29.0 19.9 37.2 66.3 
52.8 32.5 14.9 28.l 59.6 

Difference in Sampling Effects on Embryos in Oiled and 
Non-Oiled Streams 

26.2 
20.0 

The critical question that is pertinent in the sampling shock 
issue is how did higher shock mortality occur in oiled streams? 
Oiled streams had higher mortality because spawning in those 
streams was slightly later and they were sampled earlier more 
frequently than non-oiled streams. As demonstrated in Table 
2 and Figure 4, oiled streams were sampled earlier every year 
from 1989-1993, and again in 1997 resulting in higher mor
tality, while the embryos in non-oiled streams had additional 
days of development before sampling took place in those years. 
This allowed the eggs in non-oiled streams to acquire greater 
tolerance to mechanical shock before sampling and thus more 
frequently escape the higher mortality from the sampling abuse 
(Brannon et al. 1999, 2001). 

This was most apparent in the oiled streams entering Shel
ter Bay (#663), Sleepy Bay (#678), and Snug Harbor (#682) 
in 1991. Spawner stream life, based on live counts, ended on 
September 25th in Shelter Bay, September 24th in Sleepy Bay, 
and September 25th in Snug Harbor, and they were sampled the 
27th, 25th, and 26th of September, respectively, or within 2 days 
from the end of spawner stream life (Table 3). Since the eggs 
are sensitive to shock for > 20 d following spawning, any eggs 
in those samples that had been spawned within that period prior 
to September 27th were vulnerable to shock mortality at the 
time of sampling, and thus those three streams showed 65.6%, 
57.0%, and 57.1 % mortality, respectively. In contrast non-oiled 
streams were sampled 11-22 days after the end of spawning 
in 1991, which meant a larger percentage of the populations in 
oiled streams were sampled after they had acquired resistance 
to shock. 

Evidence that sample tinring was the problem is also appar
ent in the agency data. ADFG records on run-tinring and egg 
sampling dates (Craig et al., 2002) in the 25 streams showed that 
overall the eggs from oiled streams were sampled at an earlier 
date and thus at an earlier stage of development than eggs from 
non-oiled streams, placing the former at greater risk of shock 
mortality (Figure 5). Run-tinring is shown later in oiled streams 
each year of the survey Figure 5A, with differences in 1989 
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the stream, and Figure 5B mean sample dates of eggs removed from redds (Data from Craig et al., 2002). 

(8 d), 1990 (13 d), 1991 (2 d), and 1992 (10 d), indicating that 
the eggs in oiled streams were developmental] y less advanced on 
any given date. Moreover in 1991and1992, superimposed upon 
the later spawn timing, ADFG sampled oiled streams 3 d and 
2 d earlier, respectively, as shown in Figure 5B, which added 
to the less advanced problem from the later spawning times 
in those oiled streams. This was confirmed in the ten streams 
studied in common with ADFG (Table 2) where the difference 
amounted to over 10 d less advancement in oiled streams for 
1991. In contrast in 1994-1996 all sampling was 10 d-15 d later 
in the season, which allowed more of those respective egg pop
ulations to reach the point of resistance to mechanical shock, 
resulting in no mortality differences between oiled aud non-oiled 
streams. 

In 1997 higher egg mortality again occurred in oiled streams. 
It was suggested the elevated mortality may have been caused 
by a shift in the stream channel location in the delta, bringing 
the streams near or through a zone of oil contaminated delta de-

Table 3 Days difference between end of spawning and sample timing effect 
on percent mortality of pink salmon eggs removed from intertidal areas in ten 
PWS study streams in common by Exxon contract studies and ADFG stream 
surveys during the September and October sampling periods in 1991 (Craig 
et al. 2002) 

Stream No. 

Oiled 
618 
628 
663 
678 
682 

Non-oiled 
604 
621 
656 
673 
695 

End of spawn 

9/23 
9122 
9125 
9124 
9125 

9120 
9118 
9/19 
9/16 
9/21 

Sample date 

10/l 
1011 
9127 
9125 
9126 

10/10 
10/10 
9/30 
9/28 
10/2 

Inter-tidal 

Days diff 

8 
9 
2 

20 
22 
11 
12 
11 

% rnort 

34.4 
21.2 
65.6 
57.0 
57.1 

14.7 
37.3 
25.0 
24.8 
15.9 

posits (Craig et al, 2002; Rice et al., 2001 ). However, records for 
the 1997 survey summary (Craig et al,. 2002) and adult spawn 
timing (Brannon et al., 2001) show only two oiled streams of 
the ten studied in common were responsible for the difference 
(Table 4). Streams #618 and #628 were sau1pled only 6 d and 
2 dafter the end of spawning, resulting in 45% and 60% mor
tality respectively of extracted eggs. The other oiled streams 
were sampled on average 13 d after spawning, with a mean of 
26.5% egg mortality, similar to the non-oiled streau1s sampled 
on average 11 d post-spawning with a meau of 28.1 % mor
tality. The high mortality also occurred in the reach of stream 
above high tide, above where the "shift in stream location" 
could take place. While all of the streams were sampled too 
early in 1997, streams #618 aud #628 were exceptionally early. 
The higher mortality was not the result of channel shifts expos
ing eggs to oil deposits, but rather insufficient time had passed 
before sampling, and shock abuse occurred in the eggs being 
extracted. 

Table4 Number of days between end of spawning and sample timing effect 
on percent mortality of pink salmon eggs removed from intertidal areas and 
above high tide in ten PWS streams studied in common under Exxon contract 
spawn timing assessment and ADFG stream surveys in 1997 

Stream End of Sample date Inter- tidal Above tide 
No. spawn di ff Days % mort % mmt 

Oiled 
618 9126 10/2 6 45.2 52.2 
628 9/28 9/30 2 60.3 37.6 
663 9/21 10/8 17 16.7 31.2 
678 9126 10/6 10 28.0 30.0 
682 9127 10/9 12 34.8 26.5 
Non-oiled 
604 9/18 10/2 14 22.6 15.0 
621 9122 10/2 10 32.2 35.8 
656 9125 10/5 10 36.6 16.9 
673 9/23 10/8 15 23.0 24.7 
695 9/21 10/l 10 26.0 31.5 
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Table 5 Total eggs. total mortality, percent mortality, percent dense opaque 
mortality (deaths prior to sampling) percent shock mortality and eyed eggs 
present at the time of sampling in the ten PWS study streams during the 
September and October sampling periods selected in 1998 (mean percent 
based on sum of all streams) 

Total Total % total % dense % shock % eyed 
Sample elate eggs mart mort opaque mort eggs 

Sept 21 to 27 27,755 17,654 63.6 21.3 42.3 26.8 
Oct 16 to 19 34,202 7,807 23.1 22.8 2.2 77.2 

Experimental Validation of Early Sampling Effects on Embryo 
Mortality 

To verify the premise that the ADFG reported egg mortality 
was the result of sampling when the embryos were still sensi
tive to physical shock, a separate study on sample tinring was 
undertaken in 1998 on the subset of ten streams used in the 
ADFG stream surveys (Collins et al., 2000). Hydraulic sam
pling was scheduled to represent the timeframe and protocol 
used by ADFG stream survey crews reported by Bue et al. 
(1996, 1998), involving two sampling regimes corresponding 
with the earlier ADFG survey dates (September 21st-27th), and 
the later dates (October 16th-19th) from the Craig et al. (2002) 
data base. Results of the study summarized in Table 5 demon
strate the overwhelming effect of sampling too early within 
the ADFG sampling timeframe irrespective of oiling, with a 
42.3% shock mortality in the September set dropping to 2.2% 
in the same stream reaches in the later October sample set. It 
is noteworthy that the mortality referred to as percent dense 
opaque (21 .3%-22.8%) in Table 5, representing those eggs that 
died from natural causes in the fall prior to the shock mortal
ity induced in the samples taken, represented nearly the same 
percentage as that in non-oiled stream spring samples in Ta
ble 1 (20.8%) taken when there would be no shock mortality 
occurring. 

Hatchery Strays Invalidate Allegations of Oil Induced Egg 
Mortality 

After 1990, when oil had essentially left the streams, the 
egg mortality was hypothesized to have been caused by inter
generational genetic damage or physiological anomalies passed 
on to the progeny (Craig et al., 2002; Rice et al., 2001). How
ever, hatchery strays make up a significant proportion of the 
spawning populations of PWS streams (Collins, 2002; Joyce 
and Evans, 1999, 2000), and can account for over 80% of the 
total spawners in streams closest to the hatcheries (Collins et al., 
2009a; Cronin and Maki, 2004). Hatchery fish experience only 
oil-free freshwater incubation conditions and thus would carry 
no genetic or physiological aberrations from oil toxicity to pass 
on to their progeny. Consequently, when hatchery strays are 
discounted from the "oil-exposed" spawners there can be in
sufficient numbers of wild fish remaining to account for the 
egg mortality, indicating that the mortality had to include the 

eggs from hatchery fish and thus oil induced inter-generational 
effects could not account for the mortality. 

For example, in 1991 Shelter Bay (#663) and Sleepy Bay 
(#678) were reported to have egg mortality of 65.6% and 57% 
respectively (Craig et al., 2002), or > 2 times that in reference 
streams ( ~24% ), for a combined mean of ~38% additional mor
tality attributed to oil in those two streams (Table 3). Considering 
otolith mark data from hatchery progran1s in 2001-2003, Collins 
et al. (2009a) estimated that at the time ADFG samples were 
taken (September 25th-27th) hatchery fish represented > 90% 
of the fish in those streams. Assuming equal sex ratio in the total 
of 1720 intertidal spawners in both stream #663 and#678 (Maki 
et al., 1995), 860 were females, which meant that only ~86 fe
males were wild and thus potentially exposed to oil as eggs in 
1989. Given the estimate of 622,000 dead eggs (Craig et al., 
2002), the percentage attributed to oil deaths (236,360 eggs) 
exceeds the entire fecundity of the native population ( ~ 129,000 
eggs) in those intertidal strean1s. The mortality had to include 
eggs from hatchery spawners that never experienced oil expo
sure in their embryonic stage, and thus carryover poly aromatic 
hydrocarbon (PAH) induced genetic or physiological aberra
tions could not be the source of increased mortality. 

The Assessment of Egg Viability 

An assessment of potential genotoxic effects on the gametes 
of returning adults that were exposed to oil as embryos in 1989 
was undertaken with the 1991 brood (Brannon et al., 1995). 
Males and females were removed from the spawning grounds of 
ten streams, artificially spawned, and the eggs incubated under 
hatchery conditions. The study found that gan1ete viability was 
no different with 96.2% survival of the eggs spawned from adults 
in non-oiled streams and 96.6% survival of the eggs spawned 
from adults in oiled strean1s advancing to the pre-hatching stage 
(AN OVA; p = 0.574) in the hatchery, and no gender differences 
were detected. 

Further, the egg viability study confirmed the effect of sam
pling shock on the egg mortality in the ADFG stream surveys 
(Table 3). In the 1991 stream surveys conducted by ADFG, Shel
ter Bay (#663) and Sleepy Bay (#678) streams showed 65.6% 
and 57.0% mortality respectively (Craig et al., 2002). But the 
1991 viability study just reported the 120 adults from those 
same two streams removed from intertidal spawning redds and 
artificially spawned for viability assessment showed egg mor
tality at < 4%. That comparative 1991 data demonstrated the 
ADFG high mortality in those two streams could not have been 
carryover genotoxic or physiological effects from exposure to 
oil as embryos in 1989, but rather was confined to the eggs ex
tracted from their redds and had to be from the ADFG sampling 
procedure. The high egg viability in adults artificially spawned 
from those two steams(> 96%) invalidated any suggestion that 
high egg mortality in the ADFG samples from those two oiled 
streams was from reduced gamete quality. 

In 1993 Bue et al. (1998) also explored genotoxic effects on 
egg viability, and included 16 streams and more spawners in a 

Reviews in Fisheries Science vol. 20 1 2012 

EX-0207-000010-TSS 



REVIEW OF THE EXXON VALDEZ OIL SPILL 29 

study conducted at the Armin F. Koemig (AFK) hatchery. They 
used an experimental design after Brannon et al. (1995), except 
the eggs and milt were collected from fish holding off the mouths 
of streams, transported to AFK, fertilized as separate lots, and 
then all crosses from a given stream were mixed, providing eight 
experimental pools of eggs from oiled streams to compare with 
eight pools of eggs from control or non-oiled reference streams. 
Survival from oiled streams was 79% and 88% from non-oiled 
streams. Bue et al. interpreted the lower survival as a genotoxic 
effect on viability from prior oil exposure as embryos. They felt 
their results vindicated the ADFG stream survey conclusion, 
since both the viability study and the field survey showed similar 
results with ~79% oiled stream and ~89% non-oiled stream egg 
survival. 

However, what appeared to vindicate the stream survey re
sults was unrelated to viability. The eggs that were artificially 
spawned and brought from Shelter Bay and Sleepy Bay streams 
and used by Bue et al. (1998) in their study showed mortality 
of 33% and 22%, respectively, while in contrast the mortality of 
eggs removed from redds in the ADFG surveys of those same 
two streams that year was 25% and 8%, respectively (Craig et al., 
2002). Under controlled hatchery conditions, survival should be 
much higher than in the wild where many other factors can cause 
mortality, but in the Bue et al. study just the opposite was true 
with the higher mortality of those eggs occurring in the hatchery 
incubation. These data show that rather than a viability problem 
the increased mortality had to be associated with the shock of 
handling the gametes, the delay in fertilization, or problematic 
incubation conditions at the AFK hatchery. Rice et al. (2001) 
also attributed the higher mortality of the Bue et al. eggs to 
greater handling when making the crosses, which underscores 
the problem. Such sources of additional mortality nullify any 
ability to assess viability in the absence of unhandled controls. 

Another problem in the Bue et al. egg viability study was the 
hatchery fish. At the time of month when viability samples were 
taken in 1993, based on subsequent estimates of hatchery fish 
contributions using otolith marks introduced during incubation, 
the hatchery fish with no history of oil exposure represented 
~75% of the adults in those strean1s (Collins, 2009a). Those 
fish would carry no genetic anomalies from previous exposure 
to oil as embryos because they were incubated under oil-free 
hatchery conditions, which meant the mortality attributed to oil 
exposure would fall entirely on the wild fish, and insufficient 
wild spawners were available to account for the losses. Further, 
since Bue et al. pooled all egg samples within each strean1, they 
lost any ability to salvage mortality information on individuals 
among the native fish using the otolith marks to exclude fish of 
hatchery origin. 

The advantage of the Brannon et al. 1991 study was the 
experimental design. The eggs from each female were kept sep
arate, divided into two lots and each fertilized with a different 
male, which made it possible to observe each half-sib for poten
tial reduction in viability. Since all of the 400 egg lots showed 
high survival, regardless of whether or not hatchery fish were 
well represented in those streams, it was concluded that because 

there were no differences among the experimental crosses, the 
wild fish carried no lethal developmental anomalies associated 
with genotoxicity or physiological infertility. Consequently, we 
concluded that the mortality in the Bue et al. (1998) egg viabil
ity study and the egg mortality in the ADFG stream survey data 
were caused by something other than oil. 

Further, since Bue et al. (1998) seined the fish off the mouth 
of the streams, there was no way of knowing whether the cap
tured spawners represented the intertidal population, especially 
in August when the upper non-oiled reach was receiving many 
of the returning fish. The added disadvantage of using fish hold
ing off stream mouths for the study is there are fish in early 
stages of ovulation waiting to enter the streams as well as over
ripe fish that fall back out of the stream and hold off the mouth, 
either of which will naturally show lower egg viability. 

Finally, the egg viability reduction alleged by Bue et al. 
( 1998) to occur in the 1993 brood fish, and thus reputed to carry 
genetic anomalies, originated from 1991 spawners. Those were 
fish that as embryos experienced the highest oil concentrations 
over the entire incubation experience in 1989, and they showed 
no inter-generational effects from previous exposure. The 1991 
eggs had high survival and progeny were not exposed to oil, 
essentially gone from the intertidal areas by the 1991 fall spawn 
(see Section 2). The authors consider this as evidence, suggest
ing that the hypotheses on inter-generational effects (Bue et al., 
1998; Rice et al., 2001) are untenable because 1993 spawners 
should have had no predisposition for reduced egg viability. 

Agency Data Validate Sampling Effects as the Cause of Egg 
Mortality 

Although Craig et al. (2002) had concluded that oil caused 
the increased egg mortality observed in the ADFG stream sur
veys, they recognized that sampling shock may have influenced 
their results. Craig et al. reanalyzed their pooled egg mortality 
data with an adult stream entrance covariate that represented the 
timeframe when 75% of the population had entered the spawn
ing stream and found that egg mortality was related to sampling 
date. Craig et al. stated, '·using Day 75 as a covariate and pooling 
data across all years, results were consistent with an effect of 
sampling induced mechanical shock: suggesting that our test for 
oiling effect may have been affected by sampling date" (p. 27). 
So ADFG recognized the problem. 

Further evidence for shock mortality comes from the NMFS 
studies. In response to evidence showing mechanical shock was 
the cause of increased egg mortality in ADFG stream surveys 
(Branuon et al., 2001; Collins et al., 2000), a laboratory study 
was undertaken by Carls et al. (2004b) to examine the effects 
of mechanical shock during incubation. Their results confirmed 
sampling early in embryo development would be a problem. In a 
separate study by Thedinga et al. (2005) naturally spawned pink 
salmon eggs in Lovers Cove Creek, Baronoff Island, in south
east Alaska (i.e., not PWS), were sampled during and after the 
spawning period to show their resistance pattern to mechanical 
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Figure 6 Linear relationship of mortality and sample days after spawning 
completion when eggs were sampled from Lovers Cove Creek (Thedinga et al., 
2005) and from the ten 1989-1998 monitored ADFG survey streams in PWS 
(Brannon et al., 2001). 

shock. The population terminated spawning on the 11th of Octo
ber, and if the Thedinga et al. data on egg resistance to hydraulic 
shock is taken and the reciprocal plotted as egg mortality from 
October 11th-November 10th, it reaffirms the sampling prob
lem. Thedinga et al. data demonstrate that if a population of 
eggs is sampled shortly after the termination of spawning and 
continued over the following 4 weeks, high mortality ensues 
at ~80% and then gradually drops to < 10% by the time the 
last of the spawn advances past the eyed stage (Figure 6, line 
A.). That pattern is the same as shown in ADFG egg mortality 
(line •) over the early incubation period. Thedinga et al. data 
independently support the evidence that the Bue et al. (1996, 
1998) egg mortality classified as oil induced death was instead 
caused by mechanical shock. 

However, as recent at 2010, NMFS investigators have shown 
that in addition to increased mortality, protracted shock suscep
tibility occurs in pink salmon eggs as a consequence of slower 
development from exposure to high oil concentrations (Carls 
and Thedinga, 2010), and suggest, therefore, that prolonged sus
ceptibility to mechanical damage will increase mortality when 
the eggs are sampled during their period of shock susceptibility 
if observers didn't differentiate between natural morality and 
shock abuse. Their observations were made in the laboratory 
simulating intertidal conditions and their results were applied 
to PWS oiled streams. While lethal shock irrespective of oil ex
posure was not disputed, Carls and Thedinga implied their data 
support the view that oil was the cause of the direct increase 
in egg mortality in the ADFG stream surveys, and indirectly 
it could have been even higher by the prolonged susceptibility 
of the embryos to shock from sampling. The authors suggested 
their results invited review of the events following the Exxon 
Valdez oil spill in PWS. 

The oil concentration that induced mortality and the delay 
in development, and thus prolonged embryo susceptibility, was 
a 3,000,000 ppb oil/gravel mixture (22.4 ppb aqueous-TPAH). 
Although not reported, based on similar flows and oil concentra
tions in the Carls et al. (2005) study, that level of exposure in the 
Carls and Thedinga (2010) study would result in a tissue-TPAH 
load > 12,000 ppb, exceeding the measured tissue-TPAH of 
alevins in oiled streams ( <95 ppb) by over 120 times. There-

fore, we question the application of their results to eggs in oil 
contaminated streams following the oil spill in PWS. 

Further, the low exposure concentration of 1,000,000 ppb 
oil/gravel mixture (6.6 ppb aqueous-TPAH) would be expected 
to result in a tissue-TPAH > 3,000 ppb representing a tissue 
load at least 30 times higher than what was measured in alevins 
incubating in PWS oiled streams. It is noteworthy that neither 
increased mortality nor prolonged susceptibility occurred at that 
concentration, and it was 30 times higher than what was mea
sured in alevins incubating in PWS oiled streams. Therefore, in 
retrospect, the Carls and Thedinga (2010) study verifies that nei
ther induced mortality nor the protraction of sensitivity to shock 
would have occurred at the oil contamination levels experienced 
in PWS streams. 

Conclusion on the Cause of Increased Egg Mortality 

The authors have presented data that clearly demonstrate the 
increased egg morality in oiled stream surveys was induced by 
mechanical shock from sampling too early while the embryos 
were susceptible to mortality from such abuse, and not from 
oil. The field data that is related to egg and alevin quality, the 
low sediment- and tissue-TPAH levels in oiled streams, and the 
high survival of embryos in comparative studies in oiled and 
non-oiled streams, support that conclusion. The latest NMFS 
research showing that mechanical shock of recently spawned 
eggs results in high mortality (Thedinga et al., 2005; Carls et al., 
2004b) is viewed as independent evidence that is also in support 
of that conclusion. 

SECTION 2: LABORATORY RESEARCH ON OIL SPILL 
EFFECTS ON PINK SALMON 

In this chapter the authors' analysis is on the application of 
agency laboratory results to explain the increased egg mortality 
observed in oiled strean1s. Given the evidence reviewed above 
that increased egg mortality wasn't associated with oil (Brannon 
et al., 1995, 2001; Collins 2000), it now becomes a question of 
how can the NMFS position on oil induced egg mortality in PWS 
streams be reconciled? In this process the authors will first char
acterize the level of oil contan1ination in intertidal areas follow
ing the spill, then review the laboratory research and field studies 
that investigators interpreted in support of the alleged chronic 
effects, and conclude by presenting the university research that 
revealed problems in the laboratory reports on EVC toxicity. 

Oil Concentrations in Prince William Sound Streams and 
Deltas 

By the time EVC reached landfall in southwestern PWS 
much of the monoaromatics of crude oil were exhausted (Wolf 
et al., 1994) and the less toxic TPAH were left dominating the 
composition of the weathered oil. Further, tidal dilution and 
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freshwater flushing of the intertidal streams limited the amount 
of oil contaminating the stream substrate. As presented earlier, 
when oil was at its highest level in 1989 the mean sediment
TPAH concentrations in oiled streams ranged from 0.5 ppd-267 
ppb, overlapping with the concentrations measured in non-oiled 
reference streams at < 65 ppb (Brannon et al., 1995). The low 
contamination level was also evident from the tissue-TPAH of 
alevins ( <95 ppb) sampled from oiled streams (Brannon et al., 
1995), which was slightly higher than alevins in non-oiled 
streams (~39 ppb), and far below lethal tissue-TPAH thresh
old concentrations of > 7,800 ppb naturally weathered EVC 
determined in the laboratory (Brannon et al., 2006a). 

The intertidal areas around oiled strean1s also showed limited 
contamination levels. Although heavy oiling occurred initially 
on some intertidal areas associated with pink salmon streams 
in the spring of 1989 (Boehm et al., 1995), most of those areas 
returned to near background levels by the fall of 1990, and were 
indistinguishable from non-oiled sites by 1991. The oil content 
of the upper several centimeters of intertidal substrate showed 
an average less than the Effects Range-Low toxicity threshold 
(Long and Morgan, 1990) in intertidal shorelines by 1990, with 
the mean TPAH concentrations on oiled intertidal beaches < 500 
ppb (Boehm et al., 1995). In Sleepy Bay, one of the most heavily 
oiled beaches, sediment-TPAH levels were < 1000 ppb in 1989, 
dropped to< 200ppb by 1990, and only ~33ppb by 1991 (Short 
and Babcock, 1996). By 1990 mean TPAH concentrations in 
sediments at many other oiled sites had declined to 100 ppb-200 
ppb, slightly above pre-spill background levels (O'Clair et al., 
1996). Except for a few locations where buried oil persisted 
(Short et al., 2004, 2007), most of the oil was gone by 1991 
and toxicity of sediments to larvae oysters and amphipods had 
diminished to background levels (Wolfe et al., 1996). 

Therefore, based on sediment-TPAH concentrations in oiled 
streams and tissue-TPAH of embryos in those strean1s, con
tamination levels were only slightly above that in non-oiled 
streams in 1989 and 1990. Intertidal contamination was not dic
tated by TPAH concentrations in oil deposits, but rather by the 
background sediment-TPAH levels of the intertidal substrate as 
reported by Boehm et al. (1995), Short and Babcock (1996), 
O'Clair et al. (1996), and Wolfe et al. (1996). Those levels on 
the deltas and intertidal areas ranged from means of < 35 ppb to 
~500 ppb sediment-TPAH during the first three years following 
the spill; well below the toxic sediment-TPAH threshold (3,800 
ppb to 8,300 ppb) of the laboratory weathered oil (Brannon et al., 
2006a; Heintz et al., 1999). There is no evidence suggesting that 
TPAH concentrations reaching incubating eggs in oiled streams 
approached lethal toxicity. 

Agency Laboratory Studies on EVC Chronic Toxicity 

NMFS personnel at the ABL hypothesized a very differ
ent scenario. Having assumed the increased pink salmon egg 
mortality in oiled streams reported by ADFG was caused by 
exposure to lethal oil concentrations, NMFS conducted a series 

of laboratory studies to determine the effects of weathered oil 
on pink salmon. The results of their investigations were used 
to explain the egg mortality in spill-path strean1s and to pre
dict long-term damage to pink salmon from oil exposure. The 
authors will review those studies with analysis. 

Laboratory Study on Chronic Effects of Oil 

The initial studies on the effects of EVC oil exposure dur
ing the incubation phase of pink salmon were conducted by 
Marty et al. (1997a, 1997b). Laboratory weathered oil/gravel 
mixtures were prepared, placed in PVC columns, and flushed 
with water four days prior to testing to remove particulate oil 
particles. The eggs were then placed on the gravel contained in 
columns and exposed to the effluent water that up welled through 
the columns. Very high mortality occurred at the highest oil-on
gravel concentration of 4,510,000 ppb (aqueous-TPAH dose of 
52 ppb), but at the next highest concentration of 622,000 ppb 
( aqueous-TPAH dose of 32 ppb) mortality was not significantly 
different from the controls. The lethal threshold concentration 
fell some place between the two. Maximum tissue-TPAH is 
unknown, because the highest levels reported (> 10,500 ppb 
and> 39,000 ppb) were concentrations measured 96 days after 
initial exposure when much of the oil-on-gravel load had di
minished. Sediment-TP AH exposures for those concentrations 
were19,500 ppb and 140,000 ppb respectively. 

Marty et al. (1997b) reported that ascites, commonly referred 
to as blue sac disease in fish culture, indicated damage to the 
embryos from oil exposure, and oil-on-gravel concentrations as 
low as 55,200 ppb resulted in 0.5% incidences of ascites among 
alevins. Ascites increased as oil concentrations increased. Oil
exposed groups emerged prematurely from the incubators and 
most of the differences observed disappeared as the fry advanced 
beyond emergence from the oiled gravel. It was assumed that the 
test water passing through the columns carried predominantly 
the water-soluble fraction (WSF), because the ratios of alkanes: 
PAH were lower in the column effluent than the oil phase, and 
phytane, a branched chain aliphatic hydrocarbon with very low 
solubility in water, was thought to be absent in the effluent, and 
concentrations in the tissue analysis were consistently below the 
detection limit of the analytical method used. These conditions 
led Marty et al. to conclude that the TPAH responsible for the 
embryo deaths and ascites "was in true solution" (p. 1002). 

Analysis 

There were two problems with the Marty et al. (1997b) study 
regarding its application to incubation conditions in PWS oiled 
streams. Oil concentrations tested were far in excess of that 
measured in the field. The highest sediment-TP AH concentra
tion tested with no lethal affects was 19,500 ppb. That level was 
73 times higher than the highest mean sediment-TPAH concen
tration (267 ppb) measured in oiled streams in 1989 (Brannon 
et al., 1995), and the highest dose tested was > 500 times the 
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highest mean sediment-TPAH concentration. Consequently, test 
concentrations showing oil effects were not related to contami
nation levels in spill-path streams. 

The second problem was the conclusion that the toxic dose 
was only the dissolved TPAH. That was based on the assump
tion that the rinsing of the oil/gravel mixture eliminated partic
ulate oil from being dispersed in the column effluent. But the 
eggs were incubated in direct contact with the oil-on-gravel, 
and there was nothing preventing PAH to partition from the 
oil directly across the egg membrane. This meant the reported 
aqueous-TPAH levels under-represented the actual TPAH ex
posures and thus overstated the PAH toxicity. Further, the ex
perimental method didn't assure that particulate oil was absent 
from the test water. Alkanes:PAH ratios and phytane evidence 
was thought to show the absence of particulate oil or minute oil 
droplets that would magnify toxicity. However, mass estimates 
of PAH losses derived from gravel measurements exceeded 
losses attributed to the soluble fraction by a factor of nearly 
2 times (Marty et al., 1997b), which suggests that oil droplets 
could account for some of the loss. It also appears that the 
aqueous-TPAH concentrations reported exceeded the maximum 
dose that could be dissolved in solution from the oil-on-gravel 
levels tested and that would suggest droplet contamination. 

Laboratory Tests Expand on Oil Toxicity to Pink Salmon 
Embryos 

Heintz et al. (1999) undertook a laboratory study to de
termine the lethal concentrations of TPAH leached from oil
contaminated gravel, whether direct contact was necessary to 
accumulate lethal doses, and the persistence of oil toxicity as
sociated with very weathered oil (VWO). Using the Marty et al. 
( 1997 a, l 997b) experimental design, seven laboratory weath
ered oil-on-gravel concentrations were tested, including VWO at 
a concentration of 2,860,000 ppb oil-on-gravel with water flush
ing through the columns at 150 mL/min (Table 6). Assuming 
the dissolved oil in true solution was the source of toxic compo
nents, Heintz et al. reported that an 18 ppb aqueous-TPAH con
centration of laboratory weathered oil was lethal to embryos. In 
addition, the exposure of embryos to VWO was reported much 
more toxic with an aqueous-TPAH lethal concentration of only 
l ppb. It was further concluded that the chronic toxicity had to 
be related to high molecular weight PAH (HPAH) compounds, 
because the low molecular weight hydrocarbons (LPAH) were 
at concentrations thought too low to be toxic. Consequently, 
Heintz et al. (1999) associated long-term chronic toxicity of 
VWO with aqueous-HPAH. 

Some eggs were also incubated in the upwelling flow on a 
perforated aluminum plate sitting slightly above the gravel sur
face at oil-on-gravel concentrations of 74,000 ppb and 717,000 
ppb. When those tests on indirect exposure to the oiled gravel 
in columns emitting aqueous-TPAH concentrations of 18 ppb 
and 31 ppb showed similar tissue-TPAH levels as eggs in direct 
contact with the same concentrations, they asserted it was the 

Table 6 Sediment-, aqueous-, and tissue-TPAH levels. in the Heintz et al. 
(1999) laboratory study on percent mmtality of incubating pink salmon 
exposed to five highest concentrations of laboratory weathered EVC at flows 
of 150 mL/min 

Aqueous-
GravelEVC Gravel-TPAH TPAH (ppb 
(ppb) (ppb dry wt.) d-0) 

Control 0.8 
74,000 1,000 7.8 
281.000 3,800 18.0 
717.000 9,600 31.0 
2,450.000 32.700 48.0 
2,860.000* 4,400 1.0 

3Extrapolated 
bEstimated from Heintz et al. 1999, Figure 2. 
'vwo. 

Tissue-TPAH 

(ppb dry wt. Percent 
d-36) mortality 

90 33.9 
1.900 44.7b 

~ 6,oooa 51.4 
15,000 48.8b 

71.000 73.4 
470 62.7 

dissolved fraction responsible for the toxicity in all experimen
tal lots, and not contact with the large oil-on-gravel loads used 
to produce the dissolved doses (Table 6). 

Analysis 

The Heintz et al. (1999) study also had inconsistencies. The 
18 ppb aqueous-TPAH dose emitted from 280,000 ppb oil-on
gravel with a sediment-TPAH of3,800 ppb was the lowest aque
ous concentration showing significantly higher mortality than 
the controls, but it differed markedly from > 32 ppb aqueous
TPAH reported by Marty et al. (1997b) without mortality from 
the exposure well above the level in the Heintz et al. study. The 
authors suggest that because of the laboratory methods followed 
by Heintz et al. (1999), the reported lethal dissolved dose most 
likely contained particulate oil, which would have elevated the 
actual level of TPAH exposure above that which was reported. 
The lethal sediment-TPAH of 3,800 ppb was also > 14 times 
higher than the mean EVC measured in oiled streams. Conse
quently, the laboratory studies had little relevancy to the expe
rience of spill exposed pink salmon eggs, with the exception of 
demonstrating that mortality would not occur unless sediment
TPAH was much higher than that measured in the oiled streams. 

ABL personnel disagreed with the Brannon et al. (2006a) 
analysis that oil droplets were present in the ABL dosing water 
reported to carry PAH in true solution. Carls et al. (2008) claimed 
the absence of phytane was proof that oil micro-droplets were 
not in the treatment water. However, the pertinent water chem
istry data (Exxon Valdez Trustees Hydrocarbon Database, 2003) 
shows tl1at phytane was indeed present in the dosing water and 
some of the tissue san1ples. Of the 31 water samples analyzed 
for the 1993 pink salmon experiments, 29 contained phytane at 
concentrations above its method detection limit, indicating the 
presence of un-dissolved oil in the water that could contribute 
to toxicity. Moreover, the 1993 ABL technician notes recovered 
in the Freedom of Information Act (FOIA) requests indicated 
that oil sheen and oil buildup were observed in the incubation 
containers of the Heintz et al. (1999) study, demonstrating the 
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presence of particulate oil in the incubation system, which could 
elevate tissue contamination. 

Although Heintz et al. (2008, p. 1475) stated, "we were 
keenly aware that introduction of oil microdroplets by the dosing 
apparatus might seriously confound interpretation of results," 
they dismissed the effect of eggs resting directly on the oil as a 
contribution to toxicity. Oil in contact with the chorion allows 
petroleum hydrocarbons to diffuse directly across the egg mem
braue (Collins et al., 2009b). Consequently, toxicity determina
tions based just on dissolved oil are invalidated by the presence 
of these sources of contamination (Payne aud Driskell, 2003) 
aud suggest that the reported dissolved TPAH concentrations 
alleged to be lethal to incubating embryos under-represented 
the PAH concentrations that were responsible for the laboratory 
mortality (Carls et al., 2005; Heintz et al. 1999; Marty et al., 
2007b). 

The Shift in the Oil Toxicity Paradigm 

The interpretations of the laboratory results by NMFS scien
tists have far-reaching implications. The alleged 1 ppb aqueous 
lethal dose in the laboratory test with VWO (Table 6) was sug
gested as the minimum lethal threshold of toxicity of chronically 
exposed pink salmon embryos to highly weathered oil (Heintz 
et al., 1999). The LPAH concentrations remaining in weathered 
oil were too low to be toxic, aud thus the more toxic HPAH ho
mologues (3-4 ringed aromatics) in true aqueous-PAR solution 
were presented as the fraction responsible for the egg mortality 
in oiled streau1s (Heintz et al., 1999; Rice et al., 2001), displacing 
the 1-2 ringed LPAH aromatics previously attributed to toxicity 
of crude oil. Based on that concept, Rice et al. (2001) proposed 
a shift in the oil toxicity paradigm that implicated the toxic 
HPAH aualytes as the agents responsible for chronic aqueous 
toxicity of weathered oil. This shift in the oil toxicity paradigm 
implies that under chronic exposure of susceptible orgauisms, 
weathering increased the toxicity of oil by emitting higher pro
portions of HPAH per unit of mass, resulting in the alleged 
highly toxic leachate at concentrations of 1 ppb aqueous-TP AH. 
They suggested that this is what caused the mortality of eggs 
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in oiled streams, referred to as interstitial toxic water (Heintz 
et al., 1999; Murphy et al., 1999). 

Analysis 

Several problems are associated with the Heintz et al. (1999) 
aud Rice et al. (2001) interpretations of results apart from the oil 
droplets aud under-representation of the aqueous-TPAH toxic 
threshold. The test concentration was au oil-on-gravel mixture 
of 2,860,000 ppb, but the source of the VWO lethal toxicity 
in that oil mass is unknown. The disconnect between TPAH 
levels in the embryos aud the alleged lethal dissolved aqueous
TPAH dose of 1 ppb was in the laboratory evidence itself. The 
reported lethal tissue-TPAH level sequestered by the embryos 
from the VWO was only 470 ppb (dry wt). That was compared 
to over 1,900 ppb TPAH (dry wt) in embryo tissue exposed 
to laboratory weathered oil with no increase in mortality in 
the same study (Heintz et al., 1999). Furthermore, embryos 
exposed to naturally weathered oil (NWEVC) taken from the 
shores of PWS showed a tissue-TPAH concentration of 7,800 
ppb that also resulted in no increased mortality (Brannon et al., 
2006a), aud the concentrations of HPAH aualytes in the tis
sues of those embryos were > 16 times higher thau with the 
VWO (Figure 7). Each of those studies showed an aqueous
TPAH concentration > 7 ppb, compared to the l ppb in VWO, 
and suggests VWO toxicity had little or no relationship to 
PAH. 

Carls et al. (2006) indicated that nominal doses are not ap
propriate for inter-laboratory comparisons, implying that the 
composition of the PAH is the critical factor. Although the mag
nitude of difference in tissue-TPAH concentrations of VWO 
(470 ppb) with mortality and NWEVC (7,800 ppb) without 
mortality tends to negate such criticism, comparisons cau also 
be made of specific toxic components, such as the alkyl phenau
threnes, which Heintz et al. (1999) referred to as one of the 
most toxic PAHs in VWO. The Heintz et al. data show that eggs 
exposed to VWO had accumulated ~100 ppb alkyl phenau
threnes with 62.7% mortality. In contrast, in the Braunon et al. 
(2006a) study the tissue alkyl phenanthrenes were 1575 ppb, but 
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Figure 7 Tissue-TPAH composition in embryos exposed lo 2,860,000 ppb VWO with mortality and in embryos exposed lo 2,250,000 ppb NWEVC without 
mortality (Note vertical scale difference. VWO concentrations calculated from Heintz et al., 1999). 

Reviews in Fisheries Science vol. 20 1 2012 

EX-0207-000015-TSS 



34 E. L. BRANNON ET AL. 

without any increased mortality above that of the controls (Fig
ure 7). Phenanthrenes do not appear to have been the source of 
VWO toxicity. 

When all tissue-PAH analytes of VWO were magnitudes 
lower than what was present in tissues of embryos without 
mortality, that evidence undemlines the shift in the oil toxicity 
paradigm. Moreover, a critical evaluation of the VWO chem
istry was contrary to the conclusion of PAH toxicity at 1 ppb 
(Page et al., 2011). Therefore, the question remains what made 
VWO so toxic in the Heintz et al. study? The VWO was ex
cess from research at ABL during the previous year and was 
salvaged from uncontrolled storage conditions, including expo
sure to outdoor conditions over a period of nine-months where 
factors such as ammonia and sulfide by-products of microbial 
hydrocarbon degradation could occur, and this may have been 
the case. Extensive analyses of the chemistry data by Page et al. 
(2011, 2012) have shown that microbial degradation and con
tainination affected the toxicity of VWO. 

The shift in the oil toxicity paradigm implies that HPAH 
analogues are available. However, the HPAH compounds al
leged to be the toxic components responsible for egg mortality 
actually becan1e increasingly less available to incubating em
bryos as the oil weathered (Brannon et al., 2006a). While HPAH 
components, such as chrysenes, may be highly toxic, their lim
ited solubility makes them less bioavailable to incubating pink 
salmon. This is consistent with weathering effects in other stud
ies where upon continued exposure to decreasing test conditions 
tissue-TPAH becan1e increasingly naphthalene-dominated and 
chrysenes least represented (Carls et al., 2005). The HPAH an
alytes do not appear to dissolve readily enough to be a threat to 
incubating eggs. While increasing in percentage composition of 
the oil residue during the weathering process, the actual amount 
of HPAH remaining in the residue diminishes over time. Fur
thermore, the flushing of the redds with freshwater and washing 
by tidal cycles would eliminate any risk of toxicity outside the 
oil mass. 

Cytochrome Enzyme Studies 

The enzyme cytochrome P4501A (CYPlA) in vertebrates is 
generated by exposure to xenobiotics-such as petroleum-in 
order to metabolize and purge them from their system. The 
presence of CYPlA in embryo and fry tissues has been used 
by investigators to indicate whether there was exposure to PAH. 
They have concluded that the presence of the enzyme indicates 
the fry had experienced some damage from that exposure (Carls 
et al., 2005; Rice et al., 2001). Using the Heintz et al. (1999) 
experimental design, but at flows of 1600 mL/min (10-fold in
crease) Carls et al. exposed pink salmon embryos to oil/gravel 
1nixtures, with the two highest at~ 1,400,000 ppb and 3,800,000 
ppb oil-on-gravel concentrations. They reported CYPlA induc
tion levels were related to EVC exposure concentrations, ai1d 
that it was initially detected in eggs at just over three weeks of 
embryonic development. Low mortality occurred in all of the 

egg lots up to the eyed stage, with no statistically significant 
differences from that of the controls. 

Following the eyed stage, however, mortality increased with 
dose, showing statistically significant differences at emergence 
in the highest two doses with mortality approximately 21 % and 
50%, compared to 15% in controls. The higher flows through 
the system appeared to improve survival compared to results 
of other studies. Anomalies detected were ascites, bulging 
eyes, malformed structures around the head, and external 
hemorrhaging. 

Analysis 

Several important observations were made by Carls et al 
(2005). First, differences in mortality between the treatments 
and the control didn't become apparent in their study until after 
the eyed stage of the embryos. This was in sharp contrast to 
the increase in mortality in the oiled streams that was observed 
in the ADFG stream surveys only shortly after spawning had 
terminated (Figure lB). The pattern in the Carls et al. study was 
the same as that shown in Figure IA, confirming that oil related 
incubation mortality continues through the entire incubation 
period, unlike what was observed in PWS stream surveys. 

Second, although all tissue-TPAH decreased with time, the 
tissue-TPAH became increasingly dominated by naphthalenes, 
while the heavier molecular weight phenanthrenes concurrently 
decreased in proportion over the same period. If HPAH were 
responsible for the toxicity observed, as suggested by Rice et al. 
(2001), they should have persisted in the tissues, but that wasn't 
the case. HPAH compounds were in low and decreasing con
centrations in the tissue, which is contrary to the idea that they 
were the source of toxicity to the embryos. HPAH analytes are 
less soluble and become biologically less available with the 
advance of the weathering process (Brannon et al., 2006a). In 
that sense, Carls et al. (2005) results are noteworthy since they 
demonstrate that while naphthalene concentrations in the wa
ter decreased markedly during the weathering process they still 
dominated tissue-PAH composition over the saine time period. 
By their near absence, HPAH compounds did not appear to be 
a contributing factor to mortality. 

Third, Carls et al. (2005) convincingly demonstrated that 
pink salmon embryos show CYPlA induction very early in 
their development, long before the eggs hatch. This is notewor
thy because as Carls and Thedinga (2010) stated, "if pink salmon 
embryos in PWS were exposed to PAHs in PWS-as supported 
by CYPlA induction (Weidmer et al. (1996) ... then differen
tial mortality between oiled and reference streams is plausible" 
(p. 7). But Wiedmer et al. didn't find CYPlA induction in em
bryos prior to the eggs hatching: only in alevins. They sampled 
eggs and pre-emergent fry in four oiled and five non-oiled PWS 
streams in 1989-1991 and found that eggs showed no evidence 
of CYPlA in any of the streams surveyed. Because CYPlA 
induction occurred in laboratory eggs exposed to oil at least as 
early as three weeks after fertilization, the absence CYPlA in 
eggs from oiled streams indicates that oil exposure was not high 
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enough in those streams to induce the enzyme in the incubat
ing population prior to hatching. This was the period coincident 
with the observed egg mortality in ADFG surveys (Sharr et al., 
1994), and thus the absence of CYPlA in eggs sampled from 
PWS streams adds to the evidence refuting the allegation that 
oil concentrations were high enough to be responsible for the 
increased mortality. 

While embryos may be damaged when exposed to high 
concentrations of weathered oil, it can also be concluded that 
the presence of CYPlA in the embryos isn't an indicator of 
damage, but rather a bio-indicator of the presence of oil or 
some other factor that induced the enzyme. Inducible tissues of 
unexposed groups also showed highly variable CYPlA scores 
in the Carls et al. (2005) and Marty et al. (1997b) studies. 
Vertebral cartilage stained higher in the unexposed controls, 
and CYPlA levels increased in 13 tissues among the controls 
over the incubation period in the Carls et al. study. In the Marty 
et al. study among the pre-emergent fry the controls had the 
highest CYPlA scores in some cases, indicating there is a 
diversity of conditions that induce CYPlA expression, and not 
necessarily correlated with dan1age. 

Research on Particulate Oil 

The complicating issue with the ABL research (Carls et al., 
2005; Heintz et al., 1999; Marty et al., 1997b) was that only 
the aqueous-dissolved phase was considered the sole cause of 
toxicity to the eggs; direct contact with oil was not considered 
to have contributed to the egg mortality. When Brannon et al. 
(2006a) suggested the direct contact with dissolved oil also con
tributed to toxicity, Carls et al. (2008) attempted to respond to 
that criticism by exposing Zebrafish, Diplodus cervinus, eggs to 
dissolved-PAH with and without the presence of rm-dissolved 
oil. Eggs were embedded in an agarose matrix layer on the bot
tom of a Petri dish to exclude oil droplets, and then the agarose 
was covered with a solution of mechanically dispersed oil placed 
in water over the top of the agarose and in which another lot 
of eggs was incubated. The agarose prevented passage of un
dissolved oil droplets from reaching the eggs while allowing the 
diffusion of dissolved PAH. The first lot of eggs incubated in 
agarose were then compared for induced developmental defects 
with the second lot exposed to the dispersed oil solution above 
the agarose layer in the presence of both droplets and dissolved 
PAH. TPAH composition of water and agarose was determined, 
alkane and PAH exposure was quantified, and oil particle size 
distribution in water and agarose was analyzed. Although overall 
physiological toxic effects averaged 17% lower in agarose em
bedded eggs, statistically the differences were borderline, and 
the results were interpreted to mean only the aqueous-dissolved 
oil was responsible for toxicity with no damage attributed to 
un-dissolved oil. 

Analysis 

The difficulty with the interpretation of Carls et al. (2008) 
results was that while no damage was attributed to un-dissolved 

oil, there was a significant difference in abnom1al heart looping 
and the extent of toxic injury among embryos was generally 
lower in the agarose embedded embryos, and thus consistent 
with greater damage of those exposed directly to mechanically 
dispersed oil. Apparently there was no analysis of tissue-TPAH 
that would have helped clarify contributions of the dispersed 
oil, although agarose would have slowed passage of the more 
complex hydrocarbons. 

However, there is also uncertainty about the experimental de
sign. While oil droplets were prevented from physically contact
ing the chorion, it is possible that oil in contact with the agarose 
could partition directly through the matrix to the egg membrane 
as if the agarose were simply an extension of the chorion. Un
dissolved oil could have been a source of contamination in this 
manner without passing through the aqueous-dissolved state. 

Conclusions on Application of Laboratory Studies 

The authors suggest that the studies on the impacts of weath
ered oil under laboratory conditions did not represent what PWS 
pink salmon experienced in EVC contantinated streams. The 
high oil concentrations used in the laboratory trials (Carls et al., 
2005; Marty et al., 1997a, 1997b) were unrelated to conditions 
that existed in those streams. The highest non-lethal labora
tory tissue-TPAH concentrations were > 20 times higher than 
the tissue-TPAH in samples taken from oiled streams. Attempt
ing to equate results from high oil concentrations employed in 
laboratory studies on pink salmon eggs with low contamination 
levels experienced by eggs in the field exaggerates the exposure. 

The laboratory experimental design is also an issue. The au
thors suggest that assuming toxicity to be related only to the 
aqueous-dissolved TPAH when laboratory test conditions ex
posed embryos and alevins directly to dispersed oil (Heintz et al., 
1999; Marty et al, 1997b), either in contact with the oil/gravel 
mixture or potentially to oil droplets, underrepresented the ac
tual TPAH levels of exposure. Further, the proposal that HPAH 
were the toxic components that would put embryos in oiled 
streams at risk is unsupported by research results. 

Do Field Studies Support Oil Toxicity in PWS Streams? 

Investigators recognized the evidence that the streambed 
sediment-TPAH in oiled streams was never high enough to be of 
any risk to pink salmon embryos (Murphy et al., 1999). There
fore, they reasoned if oil was the cause of the egg mortality 
reported by ADFG (Bue et al., 1996, 1998; Sharr et al., 1993), 
the oil source had to come from outside the stream and it had to 
be made up of highly toxic components to survive the dilution 
of tidal flow and freshwater flushing. In this section the authors 
discuss the three primary field studies undertaken by ABL of
fered in support of shoreline oil deposits as the source of toxicity 
affecting pink salmon eggs in PWS streams. 
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Stream Delta Oil Deposits as a Source of Toxicity to Embryos 

Investigators proposed that highly toxic HPAH compmmds 
concentrated in weathered oil deposits outside the stream were 
the source of egg mortality. The theory was that leachate from 
the deposits was transported via interstitial flow to the adjacent 
stream, delivering highly toxic HPAH doses to incubating em
bryos (Carls et al., 2006; Heintz et al., 1999; Murphy et al., 
1999; Rice et al., 2001). To assess the theory Murphy et al. 
(1999) analyzed sediment samples from oil deposits archived 
by ADFG in 1989-1991 that included seven ADFG benchmark 
sites, ranging in sediment-PAH from< 1to968,000 ppb, as well 
as using samples taken by ABL in 1995. Because there were 
no stream delta sediment-TPAH measurements between those 
years, Murphy et al. considered the ADFG petroleum hydrocar
bon deposit concentration data to be representative of the TPAH 
level in the delta intertidal substrate in 1989, and then used the 
1995 ABL sediment-TP AH data to interpolate concentrations 
for intervening years. Using those estimates they assumed that 
sediment-TPAH concentrations equivalent to the Heintz et al. 
(1999) laboratory determined minimum lethal sediment-TPAH 
threshold of 3,800 ppb (Table 6), or 18 ppb aqueous-TPAH, 
characterized some stream deltas until 1995. Referring to that 
data, Rice et al. (2007) stated that "such concentrations were still 
present in the interstitial waters of a number of salmon streams in 
1995" (p. 477). 

Analysis 

The critical issue in examining the Murphy et al. (1999) and 
the Rice et al. (2007) analysis is the recorded data on the ac
tual level of contamination that existed in the delta sediment. 
The samples archived by ADFG in 1989 did not represent the 
delta oil-in-sediment concentrations. Those samples were not 
taken randomly from the delta and were not claimed to be rep
resentative of oil concentrations across the delta. They were 
intentionally taken from visible oil deposits and mostly as sin
gle samples per site to simply demonstrate the presence of EVC. 
As reviewed previously by Boehm et al. (1995), Short and Bab
cock (1996), O'Clair et al. (1996), and Wolfe et al. (1996) the 
oil content of substrate on the deltas and intertidal areas ranged 
from means of < 35 ppb to ~500 ppb during the first three 
years following the spill, well below the levels hypothesized by 
Murphy et al. and Rice et al, and returned to normal background 
levels shortly thereafter. The use of samples from visibly oiled 
areas, rather than systematic sampling to fully characterize the 
beaches, is not useful for assessing general shoreline oil con
ditions. There is no evidence that toxic concentrations of oil 
leached from the deltas and existed in interstitial waters enter
ing streams. ABL investigators did not analyzed aqueous-TPAH 
levels in interstitial waters associated with oil deposits, nor did 
they analyze embryo tissues for PAH contamination in streams 
adjacent to oil deposits on the deltas in 1989, 1990, or 1991. 

The Mechanism Proposed for Toxic Water Transport 

To support the feasibility of the interstitial flow hypothesis as 
a mechanism that transported toxic PAHs from buried intertidal 
oil deposits on the stream banks to the incubation substrate of 
PWS streams, Carls et al. (2003) performed dye tests. On two 
stream deltas they injected dye through well points along the 
stream bank and then monitored where it resurfaced during the 
first tidal ebb. They reported that the beaches were very porous 
and that dye released in the subsurface through tubes inserted 
in the beach 4 m-7 m from the stream would require as little 
as 23 min-34 min to reach the stream, and experienced 90% 
dilution in the process, and in some cases dye appeared on the 
opposite side of the streams from which it was injected (Carls 
et al., 2003). 

The point of the Carls et al. (2003) study was to substitute 
dye for PAH-laden water and to show that interstitial flows from 
oil deposits on the delta could make their way to the incuba
tion environment of the adjacent stream. They were successful in 
demonstrating how porous the delta substrate was to the infiltra
tion of salt water upon incoming tides and conversely the rapid 
dewatering of the intertidal area upon receding tides. Based on 
these data Carls et al. concluded: "The flow of groundwater con
taining PAH dissolved from oiled intertidal beaches surrounding 
anadromous streams into the hyporheic zone explains how pink 
salmon eggs became contaminated after the Exxon Valdez oil 
spill" (p. 253). 

Analysis 

The observations of Carls et al. (2003) do not support the sup
position that interstitial toxic water contaminated pink salmon 
eggs. Notwithstanding that PAH transport wasn't observed, their 
observations showed that water moved from the injection-points 
to the stream at a mean velocity of~ 19 cm/min. At that rate the 
interstitial flow passing oil deposits would contain petroleum 
hydrocarbons only at very low concentrations. Further, the oil 
residues are sequestered in low-porosity sediments that inhibit 
the flow of water (Li and Bloufadel, 2010; Pope et al., 2011), 
which means while the HPAH analytes do not readily dissolve 
in any case, they would leach from the residues even more 
slowly. As they dissolve and disperse toward the stream they are 
diluted by ground water and tidal infiltration entering the perme
able sediments they are traveling through: only traces of HPAH 
would actually reach the stream. The process is demonstrated 
by the dye mixtures that were diluted 90% in the short distance 
from the injection-point to the stream in the Carls et al. study. 
Moreover, upon reaching the streams the leachate would be 
confronted with the high freshwater flushing and diluting flows 
irrigating the redds, reducing any potential risk to incubating 
eggs. This is consistent with the low tissue-TPAH measured in 
incubating alevins ( <95 ppb) in the Brannon et al. (1995) anal
yses at the height of stream contamination. The authors suggest 
the Carls et al. (2003) data show that the interstitial transport 
of PAH at concentrations sufficient to kill incubating eggs in 
adjacent strean1s is highly improbable. 
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Figure 8 Percent survival of 5 ~ month old fingerlings in net-pens after ex
posure to different initial aqueous-TPAH concentrations during incubation as 
embryos (from Carls et al., 2005). 

CYP1A Analysis of Eggs and Fry Applied to the Field 

CYPlA as an indication of exposure to petroleum hydro
carbons is consistent with the function of the enzyme. In the 
discussion of the laboratory studies, NMFS investigators con
tend that the presence of CYPlA in alevins and fry associated 
with oiled strean1s in PWS is indicative of long-term damage 
reducing survival success of later life stages (Rice et al., 2007; 
Carls et al., 2005). That position was related to the Carls et al. 
(I 996a) field study where the enzyme was observed in fry in ma
rine waters off from oiled streams. Carl et al. (2005) expanded 
on that theme in a net-pen study where laboratory exposed em
bryos were raised to the fingerling stage. The fish were raised 
in net-pens for ~5~ months after exposure to different oil doses 
during incubation that elevated tissue-TPAH loads and CYP IA 
scores. Subsequent survival success was reduced over the ~5 
1/2 months in the two highest doses with significant toxic loads 
represented by aqueous-TPAH concentrations of 16.5 ppb and 
44.7 ppb (Figure 8). They concluded their results were con
sistent with the alleged reduction in PWS adult returns from 
exposure to oil, and that CYPlA induction is related to a variety 
of lethal effects and diminished marine survival. 

Analysis 

It appears there are problems in how CYPIA is interpreted 
and applied to conditions in PWS. Sub-lethal and lethal con
centrations of PAH will trigger CYPlA in pink salmon, but, as 
indicated in the laboratory studies above, the enzyme does not 
indicate damage. Laboratory embryos had been exposed to a 
range in aqueous-PAH concentrations from 0.9 ppb-44.6 ppb in 
the Carls et al. (2005) study, and only the two highest concentra
tions showed reduced, post-emergence survival by the end of the 
study (Figure 8). However, the embryos exposed to 0.9 ppb and 

3.7 ppb aqueous-PAH had CYPlA scores of 1.9 and 2.9 respec
tively and show slightly higher survival rates than the controls 
after the 5~ months of rearing. It is noteworthy, therefore, that 
contrary to the investigators' contention those juveniles with at 
or slightly higher survival than the controls demonstrated that 
CYPlA scores up to 2.9 had no predictive negative survival 
value. 

The lack of long-term survival effects was also evident in 
other field studies. Wiedmer et al. (1996) found that CYPlA 
induction was apparent in pre-emergent fry with scores up to 
4.0 in 1989 and 3.0 in 1990, but neither Sharr et al. (1994) 
nor Brannon et al. (1995) observed differences in pre-emergent 
fry survival between oiled and non-oiled strean1s. This again 
showed that CYPIA was an indicator of exposure, not damage. 
Longer-tenn evidence of no damage with CYPlA scores at ~4.0 
determined by Wiedmer et al. was also shown by wild adults 
returning to oiled streams at rates statistically no different from 
non-oiled streams (Brannon et al., 2006b; Maki et al., 1995). 

The Carls et al. (2005) implication that reduced growth and 
survival of laboratory fry equate with what embryos in oiled 
PWS stream would experience is problematic. Carls et al. stated, 
"The combined results from a series of embryo-larvae exposures 
experiments .... demonstrate that CYPlA induction is related 
to a variety of lethal and sublethal effects, including abnom1ali
ties, reduced growth, and diminished marine survival" (p. 264). 
That is only true when CYPlA induction was coincident with 
very high oil concentrations in their studies. As shown above, 
induction scores up to 2.9 had no effect on marine survival in 
the Carls et al. (2005) study and scores as high as 4.0 in the 
Wiedmer et al. (1996) assays had no effect on pre-emergent 
fry survival or adult return success. The Carls et al. high oil 
exposure concentrations were ~1,400,000 ppb and 3,800,000 
ppb oil-on-gravel, with initial tissue-TPAH levels of exposed 
embryos at ~12,500 ppb and ~30,000 ppb respectively. Those 
tissue loads exceeded tissue levels in embryos in oiled streams 
by> 100 and > 300 times respectively (Brannon et al., 1995). 
The authors suggest there was no relationship between the in
duction of CYPIA in the laboratory exposures and the growth or 
survival of pink salmon originating from oiled streams in PWS. 

Conclusions from field studies 

Although deposits of oil on the beaches were hypothesized to 
produce leachate resulting in interstitial toxic water entering the 
redds and causing embryo deaths, actual field data show that was 
not the case. As confirmed in laboratory studies, HPAH com
pounds alleged to have been the toxic components of weathered 
oil are actually increasingly less available to incubating embryos 
as oil weathers and thus not the source of toxicity contemplated 
in the new oil toxicity paradigm. CYPlA induction from expo
sure to oil in PSW streams was not related to any damage that 
could be identified in pink salmon during or after the incubation 
experience, and there is no evidence that adults exposed to oil 
as embryos in oiled streams experienced lower return rates. 
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Prospective Long-term Effects of Oil Exposure 

Based on the interpretation of the above series of laboratory 
and field studies and the belief that egg mortality was caused 
from exposure to the oil, NMFS investigators at ABL concluded 
that survivorship was reduced in later life stages and that sur
vivors would experience lower reproductive output at maturity 
(Heintz et al. 2000). The rationale for the long-term effects cen
tered around three field studies summarized below, with analysis 
involving relevant data. 

The Search for Long-term Risk in PWS Streams 

Analysis of six oiled streams in 1999, ten years after the 
EVOS, was undertaken by Carls et al. (2004a) in search of per
sistent petroleum hydrocarbons in PWS. Low-density polyethy
lene membrane sampling devices (PEMDs) were deployed in 
streams in 1998 for periods of 45-56 days to sequester petroleum 
hydrocarbons from the water. PEMDs were suspended in tubes 
and buried in each of four tidal elevation zones of the streams at 
locations corresponding with other studies. Sediment samples 
were taken from the streams for PAH analysis, pink salmon em
bryo tissues were sampled to assess for TPAH concentration, 
and also scored for CYPlA expression. 

Two previously oiled streams (Sleepy Bay and Junction 
creeks) showed elevated concentrations of petroleum hydrocar
bons in extracts from PEMDs in the lower intertidal areas with 
meau PAH estimated between ~70 ppb-110 ppb compared to 
samples upstream of tidal influence (and thus above the point 
where oil would have gone) of ~50 ppb (Carls et al., 2004a). 
The composition of PEMD samples was found to be consistent 
with moderately weathered EVC. None of the other streams 
showed EVC contamination. 

The sediment san1ples showed that PAH was elevated to ~ 33 
ppb in the lower tidal area of Sleepy Bay Creek, but that level 
was consistent with pre-spill background levels (O'Clair et al., 
1996). The tissue-PAH (minus naphthalenes audCl naphthalene 
concentrations) levels of embryos sampled from those streams 
were low ( < 50 ppb ), and EVC wasn't identifiable as the source 
of PAH. EVC profiles in the water and sediment were also 
inconclusive (Carls et al., 2004a). CYPlA scores showed that 
the enzyme was induced in embryos in three of the streams, 
with two showing higher scores in the lower tidal elevations 
than above high tide. The relationship of CYPlA scores with 
exposure to TPAH was uncertain, and the elevated TPAH levels 
were not identifiable with the EVC profile. However, based on 
those data Carls et al. concluded that, "Positive identification of 
Exxon Valdez oil in Sleepy Creek water over ten years after the 
spill, together with evidence of PAH level in sediment remain 
elevated, and that pink salmon eggs were exposed to PAHs, 
indicates long-tenn habitat damage" (p. 841). 

Analysis 

The authors suggest that the Carls et al. (2004a) conclusion 
of long-term habitat damage was inconsistent with their data. 

There is no evidence of toxicity to eggs, or quantification of 
damage to the habitat, and little evidence of the presence of 
EVC. Furthermore, sites used from above mean high tide as the 
base measurements for comparison were not legitimate controls 
for intertidal stream conditions that are affected by various ma
rine petroleum residues. The data that Carls et al. generated is 
consistent with what occurs commonly in PWS as background 
conditions from a variety of non-EVC sources unassociated with 
the spill (Boehm et al., 1998). 

Long-Term Effects of Chronic Exposure on Growth and Adult 
Returns 

Pink salmon eggs exposed to oil concentrations in the labo
ratory in 1993 and 1995 were used in follow-up investigations 
to assess the long-term effects of snch exposures on growth and 
survival of juveniles reared in net-pen studies as well as on their 
subsequent growth and survival to the adult stage after their re
lease in marine waters as fry in 1994 and 1996 (Heintz et al., 
2000). After emergence of the 1993 brood fry, which were ex
posed as embryos to oil-on-gravel concentrations ranging from 
15,000 ppb--2,450,000 ppb (aqueous-TPAH 1.3 ppb--48 ppb), 
one study set remained in marine net pens for 200 days of 
post-emergence rearing, after which they were weighed and 
measured, and their survival detennined. There were no statisti
cally significant differences in fish lengths among all lots. Fish 
weight tended to be higher than the controls in those fish origi
nating from the three lowest oil concentrations (aqueous-TPAH 
1.3 ppb, 3.6 ppb, and 7 .8 ppb ), bnt the three highest exposure 
concentrations (aqueous-TPAH 18 ppb, 31 ppb, and 48 ppb), 
resulted in significantly lower weights than the controls. 

The experiment was repeated with the spawn of the 1995 
return adults with larger numbers of fish than in 1993 and in two 
experimental lots representing intermediate (83,000 ppb) and 
highest (726,000 ppb) oil-on-gravel exposures with aqueous
TPAH levels of 5.2 ppb and 19.4 ppb respectively. This net-pen 
study was run for 300 days, and while the lengths were not 
reported, only the highest oil-exposed fish were significantly 
lighter at the end of the study. 

The second study set of fry originating from three 1993 test 
lot exposures of 15, 000 ppb, 74,000 ppb, and 281,000 ppb oil
on-gravel concentrations (aqueous-TPAH 1.3 ppb, 7.8 ppb, and 
18 ppb) and released to open marine waters in 1994 to assess 
adult return survival, was also revealing. Return success in 1995 
was 2%, 2.2%, and 1.7% respectively with overlapping standard 
errors, showing that statistically survival was the same as the 
controls at 2%. Also, there were no differences in the lengths or 
weights of the adult returns from the test lots. 

The two test lots of 1995 brood fry exposed to oil-on-gravel 
concentrations of 83,000 ppb and 726,000 ppb (aqueous-TPAH 
5.2 ppb and 19.4 ppb) were released as fry in 1996. They re
turned in 1997 with no size differences, but survival to the re
turning adult stage was only 1.1 % and 0.8%, respectively with 
overlapping standard errors, compared to the controls at 1.3%. 

Heintz et al. (2000) concluded the results in net-pen fingerling 
growth and adult returns supported the premise that there were 
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delayed effects of oil exposure on PWS pink salmon. They 
claimed there was 15% less survival of the 1997 adult return 
exposed to 83,000 ppb oil-on-gravel as embryos compared to 
the controls, and Rice et al. (2007) concluded later that the those 
adults returning from incubation exposure to the high test dose 
(726,000 ppb oil-on-gravel) represented nearly a 40% reduction 
in survival compared to the controls. 

Analysis 

lt is better if the conclusions about adult survival and growth 
reduction in net pens are put in perspective. The concentrations 
tested by Heintz et al. (2000) under laboratory conditions were 
far in excess of what had occurred in PWS oiled streams (Bran
non et al., 1995) and thus have little relevance to the effects of 
the oil spill. Based on tissue-TPAH concentrations, there were 
no negative effects of exposing embryos to oil on subsequent 
growth rates of fingerlings in net pens until tissue-TPAH con
centrations were > 60 times higher at ~6,000 ppb (Heintz et al., 
1999) than what was experienced in PWS streams ( <95 ppb, 
Brannon et al., 1995). Moreover, the lengths and weights of 
adults returning in 1995 and 1997 that had experienced those 
high concentrations as embryos under controlled laboratory con
ditions were statistically the same as the controls after 14-16 
months on the high seas. The net-pen studies and marine growth 
of fry from laboratory exposures appear to verify that embryos 
that experienced the much lower oil levels in spill-path streams 
should demonstrate no long-term growth reduction in marine 
waters. 

The authors also suggest that the differences in survival of 
returning adults in the Heintz et al. (2000) fry marine release 
studies were not that meaningful in application to fry from oiled 
streams in PWS. Of the two release years, only one showed dif
ferences. The 1995 returns showed that the embryos with > 20 
times the tissue-TPAH level of incubating alevins in oil streams 
survived as well or better than the controls that had no expo
sure to oil. In 1997, while the adult returns for the medium and 
high dose exposed embryos were reported respectively at~ 15% 
and 40% lower survival than the controls (Heintz et al., 2000, 
and Rice et al., 2007), those claims appear to have been based 
on the comparison of the percentages of fish returning, rather 
than calculating survival as the percentage of adults returning 
from the number of fry released for each experimental group. 
The actual data for the 1995 brood fry releases showed that 
the medium dose (83,000 ppb oil-on-gravel) returned in 1997 
only 0.2% fewer fish than the controls, with overlapping stan
dard errors, and the highest dose (726,000 ppb oil-on-gravel) 
returned only 0.5% fewer fish than the controls. While these 
may be considered as different in survival performance, the 
differences were relatively minor. Given that the controls had 
experienced 98.7% mortality, the level of difference among the 
treated groups at 98.9% and 99.2% mortality would be an ex
pected level of variation even among multiple non-oiled control 
lots. This was demonstrated in adult returns in 2002 from fry 

released in 2000 that were the progeny of pink salmon exposed 
to oil during incubation in 1998 (Heintz, 2003). The kin of 
the experimental brood exposed to the highest oil concentra
tion (aqueous-TPAH 13.3 ppb) had the highest return success at 
1.1 % compared to the controls at 0.7%. Can we conclude that 
the long-term effects of oil treatment was a 36% higher survival 
benefit over the controls? No, the real difference was 98.9% 
mortality versus 99.3% mortality; virtually the same. 

Moreover, exposure to high oil concentrations during incu
bation tends to delay emergence timing (Carls and Thedinga, 
2010; Marty et al., 1997b) and that emerging fry experience dif
ferences in survival based on early marine growth (Cross et al., 
2008; Mortensen et al., 1991; Moss et al., 2005). However, there 
were no analyses of the interaction between dose experienced 
and release time in the Heintz et al. (2000) studies to help adjust 
survival estimates. 

The authors disagree that the Heintz et al. (2000) follow
up studies on long-term growth and survival of pink salmon 
supported the claims of delayed effects of oil exposure on PWS 
pink salmon. There were no impacts on growth and little or no 
effect on return success at oil exposure levels that were many 
times higher than concentrations experienced by pink salmon 
embryos in the oiled streams of PWS. Consequently, no negative 
survival or growth effects would be anticipated from the much 
lower oil exposure levels that embryos were shown to have 
experienced in spill-path streams. 

Long-Term Effects of Chronic Exposure on Reproductive 
Success 

Heintz et al. (2000) concluded that adults experiencing 
chronic exposure to oil during their incubation period as em
bryos would experience "reduced reproductive output at ma
turity'' (p. 214). The egg viability of the adult returns of the 
1993 and 1995 brood fry marine releases in that study appar
ently were not assessed. However, eggs of adults exposed to 
TPAH concentrations as embryos in 1998 were used to test the 
viability hypothesis. Eggs exposed to TPAH low and high con
centrations in 1998, released as fry in 1999 and returned, and 
were spawned artificially in 2000 showed that egg viability or 
survival was no different from the eggs of the returning controls 
released for comparison. The Heintz et al. (2002) research failed 
to demonstrate any negative effects of embryo exposure to oil 
on reproductive success of returning adults, even though high 
TPAH exposure was experienced. These were the gametes of 
fish exposed to oil as embryos, and Heintz concluded there was 
no impact on the reproductive ability of the generation of fish 
exposed to oil. 

Analysis 

Although the Heintz (2002) study appeared only in an an
nual project report and is not published, the data is pivotal evi
dence. It is contrary to both reduced pink salmon egg viability 
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interpreted by Bue et al. (1998) and the hypothesis of reproduc
tive impainnent (Heintz et al., 2000) from exposure of embryos 
to EVC. The egg viability of adults returning from fry releases in 
1998 were unaffected from exposure as embryos to two differ
ent oil concentrations experienced under laboratory conditions 
that were higher than what was experienced by embryos in PWS 
streams in 1989 and 1990. Consequently, the absence of repro
ductive effects at the Heintz (2002) TPAH levels tested imply 
there would be little risk to the productivity of pink salmon 
that were incubated in oiled steams, and is consistent with other 
data showing there were no inter-generational impacts due to 
oil-exposure (Brannon et al., l 995; Brannon and Maki, 1996; 
Cronin and Bickham, 1998; Cronin et al., 2002; Cronin and 
Maki, 2004). 

Conclusions about the Hypothesis on Long-Term Chronic 
Toxicity 

The authors suggest the allegations that pink salmon em
bryo exposure to the Exxon Valdez oil spill would later result in 
lower fry growth in marine waters, lower adult return survival, 
and reduced reproductive success are unsupported. The labora
tory evidence on much higher oil concentrations compared to 
the low level of EVC contamination in oiled streams based on 
tissue-TPAH levels indicates there was little long-term risk to 
incubating PWS pink salmon. Similarly, embryo exposure to oil 
concentrations in oiled strean1s would be expected to have no 
effect on their gamete viability as adults. 

University Studies on Oil Toxicity 

Laboratory and field investigations through the University of 
Idaho and Oregon State University helped resolve the discor
dance between the field evidence showing no effects on pink 
salmon from the EVOS and the alternative claims of signifi
cant negative effects based primarily on laboratory studies. The 
authors review the university studies below. 

University of Idaho Laboratory Study of Oil Toxicity on Pink 
Salmon 

To assess the conclusions reached by investigators regard
ing lethal effects of oil on pink salmon embryos, a study was 
conducted at the aquaculture laboratories of the University of 
Idaho (UI) in 2001 (Brannon et al., 2006a) with dissolved TPAH 
doses in generator columns similar to the experimental design 
described by Marty et al. (1997a, 1997b) and Heintz et al. (1999) 
that were flushed four days to eliminate particulate oil in the 
treatment water prior to introducing the eggs. Pink salmon eggs 
were exposed to EVC removed from the cargo tanks of the Exxon 
Valdez and artificially weathered (AWEVC), and to naturally 
weathered oil removed from PWS beaches (NWEVC) in 1989 
that had been stored under controlled conditions. Four oil-on
gravel concentrations at 200,000 ppb, 750,000 ppb, 1,500,000 

Table 7 Comparative sediment-, aqueous-, and tissue-TPAH levels, in the 
Brannon et al. (2006a) laboratory studies on percent mo1tality of incubating 
pink salmon exposed to concentrations of (a) laboratory weathered and (b) 
naturally weathered EVC at flows of 150 mL/min 

GravelEVC Gravel TPAH WaterTPAH Tissue TPAH Percent 
(ppb) (ppb) (ppb) (ppb) Mortality 

Control < 1 0.01 85 16.9 
200.000 a 460 1.46 l,500 12.6 
750,000 4,200 7.43 5.300 13.3 
1,500,000 8,300 7.84 7.100 23.1 
2,250,000 12,100 16.39 13,200 59.7 
2,250,000 b 4,400 8.27 7.800 14.8 

aLaboratory weathered oil. 
bNatural weathered oil from Prince William Sound. 

ppb, and 2,250,000 ppb were prepared and tested against a con
trol exposed to no oil. Test lots of eggs were placed directly on 
the oiled gravel and also downstream in the effluent of each oil 
treatment. Egg mortality was not significantly different at any 
oil concentration prior to the eyed stage, and became significant 
among the alevins only at the highest oil-on-gravel concentration 
with 59.7% mortality by the end of incubation (Table 7) com
pared to 16.9% mortality in the controls (Brannon et al., 2006a). 
Mortality of eggs and alevins suspended above the gravel was 
not significantly different from those directly on the gravel, and 
mortality of embryos exposed to the NWEVC was no different 
from the controls, even at 2,250,000 ppb oil-on-gravel contanli
nation. The resulting aqueous- and tissue-TPAH concentrations 
from a given oiled gravel concentration were much lower than 
in the laboratory studies of Heintz et al. (1999) (Table 6), and the 
resulting mortalities were also lower. The lack of difference with 
the NWEVC was attributed to its high moisture content (64.5% 
wt) acquired as the weathered oil mixed with water in the form 
of mousse upon reaching landfall that reduced the TPAH per 
unit of mass equivalent to AWEVC concentration of 750,000 
ppb oil-on-gravel (Table 7). 

It should be noted that the highly weathered VWO used 
by Heintz et al. (1999) was markedly different in composi
tion from the NWEVC in the Ul study (Figure 9). Their VWO 
contained no CO- through C3-naphthalenes and the most abun
dant PAH group was the C3-phenanthrenes. NWEVC in the 
UI study contained substantial amounts of alkyl naphthalenes, 
with C2-phenanthrenes as the most abundant group. NWEVC 
was not lethal at an aqueous-TPAH of 8.27 ppb compared to 
the Heintz et al. VWO inducing mortality at aqueous-TPAH of 
only l ppb (Tables 6 & 7), further supporting the conclusion 
that VWO toxicity was from something other than just PAH. As 
shown previously in this section, the most compelling evidence 
that PAH was not responsible for the toxicity was the tissue
TPAH level of 470 ppb with alkyl phenanthrenes at ~100 ppb 
in VWO with high embryo mortality compared to the 7,800 
ppb tissue-TPAH showing alkyl phenanthrenes at ~1575 ppb 
in the NWEVC without increased mortality over the controls 
(Brannon et al., 2006a). 
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Figure 9 Oil-on-gravel percent TPAH composition of VWO used by Heintz et aL (1999) and NWEVC used by Brannon et aL (2006a) in laboratory bioassays of 
pink salmon eggs. 

TPAH concentrations in gravel decreased with time during 
the egg incubation period in the Braunon et al. (2006a) study 
at all concentrations of oil-on-gravel, with loss of hydrocarbons 
most rapid early in the exposure period. The low dissolution 
rate of HPAH was apparent in the tissue-TPAH of embryos dur
ing the entire incubation period of the UI study. Tissues were 
dominated by C2- aud C3-naphthalenes, Cl-phenauthrene, and 
C 1-dibenzothiophene in contrast to only traces of the higher 
molecular weight compounds. The low tissue concentrations 
indicate that HPAH residues were not readily biologically avail
able. Blue sac disease occurred in the controls, but was signif
icautly much higher at 1,500,000 ppb aud 2,250,000 ppb (p < 
0.05) for both on aud above oil/gravel mixtures. The presence 
of the disease in the controls indicate that conditions other than 
petroleum contamination cau induce blue sac disease, a disease 
observed in some salmon hatcheries. 

Brannon et al. (2006a) found that four days of flushing of 
the oil/gravel mixture prior to starting the Braunon et al (2006a) 
study did not eliminate particulate oil from the treatments, and 
thus verified that incubating eggs above the oiled gravel surface 
were exposed to both dissolved and dispersed oil under that 
experimental design. Given that eggs were in direct contact 
with the oil phase aud covert oil micro-droplets were present in 
the treatment solution, TPAH in true solution was not the only 
source contributing to the tissue-TPAH concentration measured 
in embryos. 

UI Laboratory Study of Oil Toxicity on Steelhead 

In 2002 and 2009 a second set of studies was undertaken 
at the Aquaculture Research Institute, UI, with steelhead trout, 
Oncorhynchus mykiss (Collins et al., 2009b), using the same 
experimental design aud oil concentrations as Brannon et al. 
(2006a). In this case the objective was to examine the influence 
of water flow on mortality and the incidence of the blue sac 
disease in the presence ofEVC. At 150 mL/min flow (an appar
ent velocity of ~1.4 mm/sec) mortality increased at the higher 
concentrations, but mortality was not significautly higher than 
the controls at auy oil concentration when incubated at 600 
mL/min (an apparent velocity of ~5.6 mm/sec). Although ex-

posed to the same oil-on-gravel concentrations, the embryos in 
the 600 mL/min flow experienced < 50% of the aqueous-TPAH 
exposure aud accumulated only ~50% of the tissue-TPAH load 
with very low incidence of blue sac disease compared to those 
incubated at 150 mL/min. 

Blue sac disease occurred at 7 .5% of the control alevins aud 
22.2% and 37.7% of those that had experienced a tissue-TPAH 
loads of 15,974 ppb and 42,460 ppb respectively at 150 mL/min 
flow downstream from the weathered oil. However, at a flow of 
600 mL/min the disease was < 3.8% of the alevins even when 
they had experienced a tissue-TPAH concentration of 26,445 
ppb. Therefore, while oil increased the incidence of the disease, 
it occurred in the controls at low flow and was nearly eliminated 
by higher flows in all test lots, including high oil concentrations. 

Understaudably, the flow under which exposure is experi
enced affects the dissolution level of petroleum hydrocarbons in 
the water, aud thus the rate at which PAH molecules are absorbed 
by the eggs. But it is noteworthy that 39 .3% mortality occurred 
in embryos with a tissue-TPAH load of 15,974 ppb when incu
batedin 150mL/minflow, while only9.6% mortality occurred in 
those with tissue-TPAH of26,445 ppb incubated in 600 mL/min 
flow. This indicates that additional factors other than PAH were 
involved in affecting embryo survival, aud Collins et al. (2009b) 
suggested that it may have been dissolved oxygen. The flow of 
150 mL/min may have been insufficient to provide adequate 
oxygen to the developing embryos, suggesting that low oxygen 
could have been a synergistic effect on toxicity with oil on the 
chorion partially compromising the respiratory surfaces of the 
eggs. The control egg lots incubated at 150 mL/min flow hatched 
later, were delayed in yolk absorption, and experienced higher 
mortality (14.8%) compared to controls (6.5%) incubated at 600 
mL/min. 

Collins et al. (2009b) also addressed the question of whether 
PAH was absorbed by eggs when in direct contact with oil in 
the absence of au aqueous medium. After wiping the eggs of 
moisture, they were placed directly in refrigerated, undiluted 
non-weathered North Slope crude oil aud sampled at l d, 6 
d, and 56 d over the exposure period. The results showed au 
immediate and continuing uptake ofTPAH over the eight weeks, 
demonstrating that oil in direct contact with the egg membrane, 
whether resulting from droplets adhering to the egg surface or in 
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contact with oiled gravel substrate, cannot be excluded as a PAH 
source partitioning directly across the egg membrane from the 
oil mass. When eggs are in contact with oil, aqueous-dissolved 
PAH is not the only source of PAH absorbed across the chorion. 

Field Studies on the Interstitial Toxic Water Hypothesis 

To establish the level of toxicity associated with oil deposits 
in the stream deltas, a series of bioassay studies were undertaken 
in the fall of 2003 by Brannon et al. (2007) to test the validity of 
the interstitial toxic water hypothesis under field conditions and 
test the allegation that weathered EVC becomes increasingly 
more toxic as weathering advances (Heintz et al. 1999; Murphy 
et al. 1999; Rice et al. 2007). Sleepy Bay, Bay of Isles, East 
Herring Bay, Evans Island and Snug Harbor were the oiled 
shoreline sites selected where extensive oiling had occurred 
during the EVOS in 1989, and five non-oiled sites were used as 
controls. Live spawned pink salmon eggs were placed in mesh 
bags and buried in beach sediments near the streams. At Sleepy 
Bay the eggs were buried directly in an EVC oil deposit. Eggs 
were buried on previously oiled intertidal areas at Bay of Isles, 
Evans Islaud aud Snug Harbor. All samples were retrieved after 3 
weeks. East Herring Bay was included in the study because each 
year pink salmon spawned naturally over buried oil deposits in 
the intertidal beach area away from the stream at the site, aud 
egg samples were simply dug from the natural redds over the 
deposits. TPAH analyses were made of both the eggs and the 
sediments samples. 

Most noteworthy were the results for Sleepy Bay, with a 
sediment-TPAH of23,493 ppb in the oil deposit aud the low tis
sue load of 64 3 ppb dry wt. carried in the eggs after exposure for 
3 weeks buried in the deposit (Table 8). Bay of Isles was 170 to 
6,608 ppb sediment-TPAH, and the tissue loads were also low. 
At East Herring Bay, where spawning occurred directly over 
buried oil with sediment-TPAH at 17,673 ppb, the tissue-TPAH 
was only 13 ppb dry wt. The results indicated that even when in 
contact with or sitting directly over weathered oil deposits, the 
tissue-TPAH levels of the eggs were far from lethal levels shown 
in laboratory bioassays with AWEVC (> 7,100 ppb, Brannon 
et al. 2006a), and the eggs absorbed HPAH concentrations only 
in low amounts. For exau1ple, the C1-C4 naphthalenes remain
ing in the deposits in sample #4 at Sleepy Bay were lower 
(2,600 ppb dry wt.) than the HPAH analytes (5,670 ppb), but 
naphthalenes were still much higher in the tissue-TPAH loads 
(296 ppb) than HPAH analytes ( 45 ppb ). Therefore, even at very 
low sediment Cl - C4 naphthalene concentrations it is appar
ent that they were more readily dissolved in the leachate from 
the deposits than were the elevated concentrations of HPAH 
that dominated the petroleum hydrocarbon composition of the 
deposits. 

In this regard it is important to note that also in contrast 
to the interstitial toxic water hypothesis (Heintz et al. 1999, 
Rice et al. 2001), the weathered oil didn't emit higher HPAH 
concentrations with time in the actual field areas impacted by 

Table 8 Sediment-TPAH concentrations from 5 PWS beaches, and 

tissue-TPAH concentrations of eggs buried on 10 PWS beaches in PWS from 
mid-August to mid-September in the fall of 2003 

Sample Sleepy Bay 
no. Oiled 

909 
2 171 

-' 1,436 
4 23,149 

Sample Sleepy Bay 
no. Oiled 

11 
2 16 
3 18 
4 625 

Sample Evans Bay 
no. Oiled 

6 
2 7 
3 8 
4 17 

Sediment-TPAH (ppb) 

Bay of Isles Herring Bay Bainbridge 
Oiled Oiled Control 

6.608 17,673 24 
304 

2.445 
170 

Tissue-TPAH (ppb dry wt.) 

Bay of Isles 
Oiled 

39 
515 

24 
287 

Snug 
Harbor 
Oiled 

6 
6 

11 
10 

HeJTing Bay 
Oiled 

12 
14 

Horseshoe 
Control 

6 

7 
7 
9 

Bainbridge 
Control 

14 
6 
7 

13 

Ewan 
Control 

38 
10 
11 
11 

Culross 
Control 

29 

Culross 
Control 

12 
16 
6 

9 

Drier 
Control 

10 
10 
9 

the EVOS (Brannonn et al., 2007). In the laboratory bioassays 
embryos were exposed to a sediment-TPAH of 4,400 ppb in 
the NWEVC, which resulted in a peak tissue-TPAH level of 
7,800 ppb (Brannon et al. 2006a). This contrasts sharply with 
the field results at Sleepy Bay where sediment-TPAH was at 
five times higher concentrations in the oil deposit, but 12 fold 
less in tissue-TPAH of embryos buried in the deposit than in 
laboratory embryos, with HPAH detected at very low levels. 
These data indicate that while the percentage of HPAH increases 
in weathered oil over time, its availability as toxic leachate 
diminishes because of limited solubility. 

Research on Dissolved Oil and Oil Droplets at Oregon State 
University 

In the fall of 2005, a study was undertaken at the Parametrix 
Laboratory, Oregon State University (OSU), to assess the ef
fects of dissolved oil vs. un-dissolved oil droplets on toxicity of 
oil to pink salmon embryos (Stubblefield et al., 2010). To test 
exposure in the most severe toxic conditions, fresh North Slope 
crude oil was used in the bioassays. Thus the toxic components 
were not just PAH but also BTEX (benzene, toluene, ethyl
benzene, and total xylene). Five exposure concentrations with 
micro-droplets (HMP) and five without micro-droplets (LMP), 
plus a control, were employed in triplicate as continuous doses 
from post-fertilization to emergence. This assay represents the 
truly chronic exposure and thus allows assessment of minimum 
chronic levels associated with toxic effects. The experimental 
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Table 9 Average embryo mortalities for LMP and I-IMP studies with 
corresponding aqueous-TPAH (total polynuclear aromatic hydrocarbon) and 
BTEX (benzene, toluene, ethylbenzene, and total xylene) concentrations and 
tissue-TPAH for each water soluble fraction (WSF) treatment (N = 4 
replicates unless otherwise noted) 

Embryo Test Day 51 

BTEX Mortality Tissue-TPAH 
Mixing WSF TPAHng/L mg/L % ng/g 

LMP 0 47 36.0 600 
6.3 357 29 36.0 600 

12.5 486 55 37.0 3,776 
25.0 1,383 80 31.5 
50.0 1,996 150 35.3 3 10,000 

100.0 6,289 461 36.0b 23,149 

HMP 0 79 2 26.5 500 
6.3 1,984 85 28.5 4,569 

12.5 2,314 94 26.0 4,454 
25.0 4,569 180 36.l 10,000 
50.0 8,961 533 58.0* 11,000 

100.0 27,746 2095 100.0* 20,000 

'Significantly different than 0% WSF. 
aN = 3; one replicate removed clue to exposure chamber malfunction. 
bcomplete treatment mortality due to oxygen depletion in exposure chambers 
at day 48. 

design provided a true aqueous solution nearly absent of un
dissolved petroleum hydrocarbons (LMP) to compare with so
lutions contaminating un-dissolved oil micro-droplets (HMP) 
covering a range of tissue-TP AH concentrations, but in the pres
ence ofBTEX. 

The first noteworthy result was the responses of the embryos 
to test doses of oil. Although the aqueous-TPAH/BTEX con
centration represented a near-saturated WSF solution at l0°C 
(6.3/461 ppb), resulting in a tissue-TPAH of 23,149 ppb, that 
dose was insufficient to cause mortality significantly higher than 
the controls (Table 9). Therefore, while the petroleum hydro
carbons in fresh oil are considered the most toxic because of the 
high concentrations entering solution, Stubblefield et al. (2010) 
found that when in the dissolved state the high concentrations 
of TPAH absorbed were not lethal to pink salmon at the near
saturated concentration. 

The second noteworthy result was the major effect of un
dissolved oil micro-droplets on toxicity to the pink salmon em
bryos. With the presence of micro-droplets, mortality started to 
increase at 25% WSF of TPAH/BTEX (4.6/180 ppb) showing a 
tissue-TPAH of 10,000 ppb and reached very significant mortal
ity of well over 60% at TPAH/BTEX levels of 50% WSF. This 
demonstrated that the presence of oil micro-droplets caused a 
toxicity response resulting in mortality starting at TPAH/BTEX 
tissue concentrations of 10,000 ppb (about the levels reported in 
the Heintz et al. 1999 and Brannon et al. 2006a), or~ 57% lower 
than what was tolerated with a nearly tme solution of dissolved 
oil (tissue-TPAH load> 23,149 ppb). Even at the eyed stage, 
only 23 days into the study, the embryos exposed to micro
droplets experienced 58% mortality in the 50% TPAH/BTEX 

concentrations, compared to no increased embryo mortality in 
groups with no oil droplets in the nearly 100% true dissolved 
state of TPAH/BTEX. CYPlA scores increased with dose in 
some tissues, but not in others, and scores were not correlated 
with mortality. No significant effects on the growth (measured 
as weight or length) of pink salmon or anomalies were noted in 
either the dissolved or oil micro-droplet tests. 

Conclusions from University Studies on Oil Toxicity 

We realize that the university laboratory studies did not repli
cate the ABL studies, and the different results of university 
studies do not invalidate the results of the others. We feel the 
interpretation of the agency results are the issue. The university 
laboratory studies suggests that the NMFS reports on toxicity 
of dissolved aqueous-TPAH need to be re-examined. The ABL 
experimental type PAH generator columns used in the UI in
vestigations and previously assumed to eliminate particulate oil 
from laboratory tests was found to contain minute oil droplets 
that contribute to mortality. It appears, therefore, that reporting 
only the dissolved petroleum hydrocarbon level as aqueous
TPAH in such experimental procedures would over-state the 
toxicity of dissolved oil because the contribution of PAH from 
the presence of covert oil micro-droplets or direct contact with 
the oil mass wouldn't be included. Further, there was no evi
dence in the studies that weathered oil increased toxicity, either 
in the form as TPAH or as HPAH leachate. Field evidence sug
gests that well-weathered oil deposits on the deltas of the actual 
areas impacted by the EVOS do not represent a continuing and 
increasing threat of interstitial toxic water to pink salmon eggs 
incubating in adjacent streams. 

Although preliminary and needing verification, the implica
tions of the Stubblefield et al. (2010) results are far reaching 
and apply to oil contamination beyond the Exxon Valdez in
cident. The demonstrated absence of mortality from dissolved 
TPAH in nearly a saturated true solution and the mortality from 
exposure to the same TPAH concentration of dissolved TPAH 
in the presence of minute oil droplets, changes the perspective 
on oil toxicity. The Stubblefield et al. study demonstrated that 
oil in aqueous solution with un-dissolved oil droplets markedly 
increased the toxicity to pink salmon embryos compared to just 
dissolved oil. 

These results suggest that given the absence of mortality 
greater than the controls in the near-saturated WSF solution of 
TPAH/BTEX, the dissolved oil concentrations reported lethal 
to pink salmon eggs in other laboratory studies unrelated to 
the Exxon Valdez spill may be incorrect. Unless there was an 
awareness of the presence of oil micro-droplets and precautions 
taken to excluded them, we suggest that reports on toxicity 
will have been over-stated because of the covert contribution 
of micro-droplets to tissue loads, either by direct contact with 
the oil mass or by micro-droplets carried in solution that adhere 
to the chorion. The absence of increased mortality at tissue
TPAH concentrations of > 23,000 ppb exposed to only the 
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dissolved TPAH in the Stubblefield et al (2010) study, and > 
26,000 ppb in higher flows in the presence of oil droplets in 
the Collins et al. (2009b) study, demonstrate that toxicity of 
petroleum hydrocarbons is highly variable beyond the ~6,000 
ppb to 10,000 ppb in the presence of micro-droplets reported 
toxic in the ABL and university investigations, and will depend 
on the conditions around the exposure experience. 

SECTION III: GROWTH OF JUVENILE PINK SALMON 
IN MARINE WATERS 

Pink salmon migrate immediately to nursery areas in 
nearshore marine waters upon emergence, and while it was an
ticipated that the oil would have damaging effects on the fry 
in 1989, much of the surface oil had been carried out of PWS 
before fry emergence, and no fry mortality or avoidance of the 
residual surface oil was observed. Notwithstanding the lack of 
direct evidence, the second variable of the Geiger model (Stnrr) 
involved the reduction in juvenile pink salmon marine survival 
based on smaller mean size of fish in some oiled areas. Hy
pothetically, lower growth can result in reduced survival due 
to higher predation experienced by smaller fish (Cross et al., 
2008; Hargreaves and LeBrasseur, 1985; Heard, 1991; Moss 
et al., 2005; Parker, 1971). Consequently when agency studies 
reported that juvenile pink salmon were smaller, it was con
cluded that oil exposure resulted in lower growth (Wertheimer 
and Celewycz 1996, Willette 1996), and thus it was assumed 
that those fry experienced higher predation losses, which was 
estimated in the Geiger model (1996) to contribute to the 28% 
higher mortality of the 1989 wild juvenile marine population in 
the southwestern sound from the 1988 brood year. This review 
challenges the allegation of reduced growth based on reanalysis 
of the data. The agency studies are summarized below and the 
evidence that is contrary to their conclusions is presented. 

Allegations of Reduced Fry Growth 

Reduced growth as a survival variable in the Geiger model 
was based on two studies. The first was from size differences 
of fingerlings captured in PWS by Wertheimer and Celewycz 
(1996). The second was on marked hatchery fry released and 
recaptured by Willette (1996). 

Size Differences in PWS Pink Salmon 

Wertheimer and Celewycz (1996) monitored size of fry cap
tured in bays and migratory corridors in the sound. They con
trasted weight and length of the juveniles from oiled regions with 
those from non-oiled regions over a period from April-July in 
1989 and 1990, using beach seines to capture the fish. Juve
nile pink and chum salmon were sampled from four oiled and 
four non-oiled locations, with two sites at each location in bays 

and two sites between the mainland and island in the migration 
corridors from PWS to the Gulf of Alaska (Figure 10). Finger
ling stomachs were examined for fullness and composition, and 
temperature and salinity data were taken in triplicate at l m and 
4 m depths at each location to characterize the environments 
associated with the sample sites. 

Wertheimer and Celewycz found no statistically significant 
differences in weight or length of pink or chum salmon juveniles 
in bays or corridors over the two year study except for pink 
salmon in 1989, and only in corridors, not in bays. Mean length 
of samples from non-oiled corridors was longer (48 mm) than 
in oiled corridors (45 mm) in late June. The difference was not 
attributed to temperature where differences between locations 
were reported as insignificant. However, in contrast to lengths, 
weights of fingerlings between oiled and non-oiled corridors 
were the same and the condition index (weight:length ratio) 
was higher in oiled areas. Moreover, plankton productivity was 
higher in oiled areas in 1989, and there were no differences 
in stomach fullness of fingerlings between oiled and non-oiled 
areas. Wertheimer and Celewycz concluded from these data that 
in 1989 growth rate of pink salmon juveniles was less in oiled 
corridors based on reduced length of fish, notwithstanding that 
weight was unaffected. 

Size Differences from Hatchery Fry Releases 

Willette's (1996) assessment compared the sizes of pink 
salmon fry released and recaptured from the PWS cmnmer
cial hatcheries in 1989-1991. In this study the growth effects of 
exposure to oil after release into the marine environment were 
based on size differences of coded-wire tagged (CWT) early
fed hatchery produced fish recovered in oiled areas compared to 
tagged fish from the same test lots recovered from non-oiled or 
lightly oiled areas (Figure 10). Tagged fish were released from 
AFK and Wally H. Noerenberg (WHN) hatcheries in tl1e spring 
of those years. Beach and purse seines were used to recover 
the tagged juveniles. The water temperature and zooplankton 
abundance data taken twice a week by the Prince William Sound 
Aquaculture Corporation (PWSAC) in passages adjacent to each 
hatchery were used in the study to assess tl1eir effects on growth. 

Willette observed that fry recovered in moderately oiled ar
eas were lighter than those recovered in non-oiled or lightly 
oiled areas in 1989. The calculated growth rate of hatchery 
fish recaptured in oiled areas was 4.17%/day from AFK and 
4.22%/day from WHN, compared to those from non-oiled areas 
at 4.93%/day from AFK, and 5.16%/day from WHN. While the 
weights followed similar trends in 1990 and 1991 as in the 1989 
study, the differences were not large enough to be significant. 
Although temperatures were slightly higher in non-oiled areas, 
their influence on growth was considered insufficient to account 
for the weight differences. In contrast to weight, Willette ob
served no differences in juvenile lengths. Therefore, based on 
those differences in weight, Willette concluded that exposure 
of juvenile pink salmon to oil in the study areas resulted in a 
reduced growth rate in 1989. 
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Figure 10 Map of Prince William Sound showing oiled and reference sites used by Wertheimer and Celewycz (1996), and the hatchery release sites and oiled 
and reference recovery sites used by Willette (1996), in their studies on growth of juvenile pink salmon following the Exxon Valdez oil spill. 

Conclusions of the Agency Studies 

The conclusions of the investigators in the two agency stud
ies were that the size differences of juvenile pink salmon ex
posed to oil in marine waters represented a reduction in growth 
rate. Although growth rates were not directly measured, reduced 
growth was inferred from differences in size of juveniles cap
tured in oiled and control marine areas in 1989, involving less 
length in oiled corridors, but no weight differences, in the case 
of Wertheimer and Celewycz (1996), and lighter weight, but no 
length differences, in oiled areas in the case of Willette (1996). 

Evaluation of the Assumptiom Necessary to Analyze for 
Growth Differences 

After re-examination of the Wertheimer and Celewycz ( 1996) 
and Willette (1996) studies, the authors conclude that the evi
dence is insufficient to infer that smaller size of juvenile pink 
salmon in oiled marine waters of PWS represented a reduction 

in growth rate. In order to interpret size differences in that man
ner, at least four assumptions must first be satisfied, those being: 
( 1) the same population was randomly distributed between oiled 
and unoiled areas, (2) samples represent the same age structure, 
(3) sample areas were comparable, and (4) sampling gear was 
unbiased with regard to the sizes of fish caught. The authors will 
present the argument as to why they believe those assumptions 
were not satisfied in the Wertheimer and Celewycz and in the 
Willette studies. 

Random Distribution 

Distribution of juvenile pink salmon in the Wertheimer and 
Celewycz study included samples in non-oiled corridor sites that 
were 50-70 km upstream from the oiled corridor sites (Figure 
10). In 1989 the fish in the non-oiled corridor of Wells Pas
sage were dominated by juveniles from the WHN (160 million), 
Cannery Creek (59 million), and Solomon Gulch (134 million) 
hatcheries with a total release of 353 million fry, and constituting 
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66% of the fish in those corridor samples. As they progressed 
southward downstream from Wells Passage south of the WHN 
hatchery to the oiled corridors the percentage of hatchery fish 
in the samples diminished. By the time they reached the oiled 
corridors of Herring Bay and further south to Knight Island 
passage, hatchery fish decreased to 44% and 19% respectively 
(Celewyzc and Wertheimer, 1994) as wild recrnits from the ad
jacent streams joined the migration. Consequently, the evidence 
shows a non-random distribution of fish between areas with the 
dominance of pre-fed hatchery fish in the non-oiled corridors 
and wild fish in the oiled corridors. The change in composition 
from the non-oiled corridor downstrean1 in the current to the 
oiled corridors shows the non-oiled corridor samples were dis
proportionately representative of hatchery fish compared to the 
oiled corridors. Consequently, the san1ples taken in 1989 did not 
represent the san1e population of randomly distributed juveniles. 
Furtl1er, since hatchery fish were released in a shorter timeframe 
and pre-fed before release, there is good justification to assume 
the length differences observed were due to iliat disproportion
ate hatchery composition between oiled and non-oiled corridors. 
No significant differences were observed in 1990, but hatchery 
contributions increased by 40% that year, further diluting the 
wild production that had dropped to half that of 1989, based on 
the number of wild brood spawners. 

In contrast to Wertheimer and Celewycz, the Willette (1996) 
1989 studies on hatchery tagged fry found differences in weight, 
but not length. This is noteworthy since sampling areas for 
the two studies overlapped. However, differences in Willette's 
weight data between oiled and non-oiled areas had a major 
problem in 1989 that was corrected in 1990 and 1991. The 
problem was iliat the gain in weight from release to recapture 
was based on average weights at times of release, not averages 
of gains by individual fish. In 1989 the early-fed fry were re
leased over a period of 8 d at the WHN hatchery and over a 
period of 5 d at the AFK hatchery. All fry received the same tag 
code at their respective hatchery, regardless of the release dates. 
Therefore, upon recapture the growth rate was determined by 
the recapture weight subtracted from the mean weight for the 
8 d day and 5 d release periods, respectively, from WHN and 
AFK hatcheries. Since the hatchery fry increased in weight 
by ~4.6%/d in the wild, the first fish released from WHN or 
AFK hatcheries would be ~37% and ~20% heavier respec
tively by the time the last fish in each group emerged, were 
tagged, and released. With the inability to know which date the 
individual recaptured fish were released, it was impossible to de
termine the actual weight-gain/day differences between release 
and recapture times. Because AFK fish had to pass through 
an oiled passage off the AFK hatchery release site to reach 
the lightly oiled beaches of Knight Island 10-15 km furilier 
upstream and the uncertainty as to how long the AFK fish re
mained in the oiled area off from the hatchery before moving 
upstrean1 to Knight Island, the assumption about random distri
bution is questionable. For the 5 d release period, early releases 
should predominate in san1ples taken further away from the re
lease point, and thus more days of growth in the control area of 

Knight Island would be expected compared to the late releases 
that enter the beginning of the oiled site closer to the release 
point. At WHN releases from the hatchery covered an 8 d pe
riod with the same tag code, and thus non-random distribution 
could not be certain under such a sequence of releases. Given 
that in the absence of marine oil in 1990 and 1991 when fry 
were given separate tag codes for each release day and showed 
the same tendency for size trends as 1989 between sites se
lected for oiled and non-oiled comparisons, it malces averaging 
the size for the release periods in 1989 more suspect as hav
ing influenced ilie results. The small number of recaptures of 
only 250 AFK and 150 WHN fish also added to the uncer
tainty that size differences represented reliable data between 
sites. 

Age Structure at Study Locations 

Unmarked hatchery fish predominant in the northern non
oiled corridors were released in a comparatively narrow time
frame, while wild fry that constituted a growing percentage 
of samples in the oiled corridors along ilie migratory pathway 
represented an extended entry into marine waters (Brannon and 
Malci, 1996; Wertheimer and Celewycz 1996). This means oiled 
corridors with lower percentages of hatchery fish would also be 
expected to have more recent wild recrnits and thus slightly 
younger juveniles, and that invalidates the assumption of the 
same age strncture in the Wertheimer and Celewycz study. 

The effect of new recruits is shown with data on tagged 
fish providing a stabilized composition. Mortensen et al. (2000) 
measured tagged and untagged juvenile pink salmon in PWS 
and showed the growth rate of untagged fish in the samples 
was lower than the growth rate for tagged fish, because new 
wild recruits entering the untagged population reduced the av
erage weight. Therefore, the 1989 alleged lower growth rate 
in the oiled corridors downstream in the migratory pathway in 
the Wertheimer and Celewycz study is explained better by the 
higher percentage of newly recruited smaller fish entering the 
population along the migratory passage. 

The influence of differential effects on growth is also prob
lematic in the Willette study. Collection sites for the moderately 
oiled area were mostly downstream from the AFK hatchery, 
whereas sites for the control (lightly oiled) areas ranged from 
10-15 km upstream from the hatchery in the current of the 
sound. The fact that the collection sites for lightly oiled areas 
were further away from the release point than in the moder
ately oiled areas means samples taken would not be expected 
to represent the same age. Those released first in the 5 d period 
would have the opportunity to travel further with more days to 
gain weight than those released later. In the case of WHN the 
distribution pattern of the hatchery releases over the 8 d pe
riod is unknown, malcing the age structure of the samples also 
an lmknown factor, which leaves the assumption of same ages 
between oiled and control sites unresolved. 
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Comparable Sample Areas 

Wertheimer and Celewycz (1996) concluded that sampling 
sites were matched between oiled and non-oiled corridors. How
ever, selecting sample sites that are the same in terms of their 
effects on the behavior of juvenile pink salmon is nearly impossi
ble and may be the same only in the broadest criteria. LeBrasseur 
and Parker (1994) have shown that juvenile populations in lit
toral areas will differ in the timing (relative age) and period of 
residence around different sites. Shoreline gradients also differ 
between locations, which results in different escape patterns to 
avoid sampling gear, and also influences the escape opportunity 
of larger fish. Wertheimer and Celewycz (1996) were aware of 
the problem and reported that they took it into consideration, 
but it is not evident how that was done. Corridor samples in their 
study were close to shore and collected by beach seine, which 
meant they were vulnerable to unequal access to larger or older 
juveniles. 

Temperature is a major influence on growth, and in the 
present case Brannon and Maki (1996) had concluded that the 
temperature effects were not adequately accommodated for in 
the government studies. Spies (2007) disputed the allegation 
and referred to the temperature data collected in the government 
studies as evidence to the contrary. However, while Wertheimer 
and Celewycz (1996) concluded temperatures were no differ
ent between oiled and non-oiled corridors, they had confined 
measurements just to terminal sample sites at approximately 
two-week intervals. Those measurements were too infrequent 
to characterize the temperature regime experienced by juveniles 
during their migration, especially when there was no informa
tion on temperatures that existed in a cohort's distribution and 
migration pathway. Willette (1996) detected temperature dif
ferences of 0.9°C in the same regions sampled by Wertheimer 
and Celewycz, but also depended on infrequent measurements. 
Other data in overlapping sites from the same year showed oiled 
corridors were slightly cooler than non-oiled corridors, and in 
some cases temperatures varied between sites by 1°C at the same 
time of day, and 2°C over a 24 hr period (Brannon and Maki, 
1996). It appears that temperature differences were large enough 
to be of concern when attempting to estimate growth rates, and 
were higher in the non-oiled areas giving those juveniles a slight 
unaccounted for advantage. 

Bias in Sampling Gear 

The assumption that the sampling gear was unbiased was 
confounded by the inability of beach seines to sample corri
dors offshore in deeper water. This is shown by the 1989 fork 
length distribution in the corridor pink salmon catches rang
ing from 29 mm-71 mm in beach seine san1ples of Wertheimer 
and Celewycz compared to fork lengths ranging from 44 mm-78 
mm for the same time period in offshore trawl san1ples in Knight 
Island passage reported by Brannon and Maki (1996) (Figure 
11). 
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Figure 11 Fork length of seine caught (NOAA) and tow net caught (Brannon. 
1995) PWS juvenile pink salmon in early June of 1989. 

It is also apparent in Figure 11 that some of the more advanced 
fish in June had already left the nearshore habitat, and thus 
nearshore samples taken by beach seine were not representative 
of the fish available to Wertheimer and Celewycz (1996) and 
Willette ( 1996) in the off-shore corridor areas. Mean length of 
seine-caught juveniles increased from 40.0 mm-45.5 mm from 
late May to early June with an apparent growth of 5.5 mm. 
Mean length in trawl samples was 43.5 mm-51.8 mm for the 
same period were larger with an apparent growth of 8.3 mm, 
or a 50% increase over beach seine-caught fish. The magnitude 
of the difference increases with time as larger and thus older 
fish leave the nearshore habitat for residence offshore along 
the migratory pathway and would be inaccessible to sampling 
by beach seines, thus leaving smaller, more recent, recruits in 
nearshore waters, reducing the average size. Size bias in catches 
also confounds the assumption of equal age structure of the 
samples on any given date. 

Conclusions on the Validity of Assumptions 

The authors conclude that the four assumptions that are nec
essary before size differences can be related to growth were 
either not satisfied or there were uncertainties about their va
lidity. Distribution was different between oiled and non-oiled 
corridors by dominance of the hatchery fish in the control cor
ridors in the Wertheimer and Celewycz study, and age strncture 
was also influenced by the same differences. Using the same 
tag codes over the 8d and 5d release periods at the WHN and 
AFK hatcheries confounded accurate determinations of size and 
time relationships in the Willette study. In both studies there is 
uncertainty about how similar matched sample sites were, and 
there was evidence that beach seine sampling gear did not take 
samples representative of the population that was shown in the 
comparative trawl data. The authors contend that since there 
was no assurance that the assumptions were valid, the justifica
tion to malce conclusions about growth based on size differences 
cannot be supported. 
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Empirical Evidence on Growth Potential from Oil Exposure 

Apart from the above assumptions, it is legitimate to look at 
other empirical evidence that might support the hypothesis that 
oil exposure reduced early marine growth of pink salmon fry. 
Under such circumstances reduced growth could occur either by 
(a) exposure to toxic marine waters negatively affecting growth 
physiology, (b) toxicity reducing the food base, or (c) a direct 
toxic effect on fry from consumption of oil in the diet. The 
authors look at this evidence to determine if it supports the 
hypothesis. 

Environmental Toxicology 

Direct toxic effects of oil negatively affecting optimum phys
iology of the juvenile fish might be an explanation for size 
differences caused by reduction in growth rate. This would be 
detectible by differences in the water chemistry or the response 
of indicator organisms under controlled studies. 

Water-column chemist1y. Two major research programs 
were initiated on water-column chemistry within days following 
the spill in an effort to assess the extent of hydrocarbon contam
ination. One was undertaken by non-agency scientists, Neff and 
Stubblefield (1995) referred to as the Battelle study. They un
dertook 17 field surveys including 110 sampling stations within 
PWS, and completed the project between March 27, 1989, and 
March 9, 1990. That was the worst-case period for exposure of 
pelagic species to spilled oil in PWS. Water samples were taken 
from just below the surface (top 1 cm) and from depths between 
I m-42 m. The second study was by agency scientists, Short and 
Rounds (1993 ), referred to as the NOAA study. In their research 
water samples were taken one, three, and five weeks following 
the spill at depths of 1 and 5 meters. All of the samples were an
alyzed by gas chromatography-mass spectrometry (GC/MS), 
with individual PAH analytes reported. 

The data from the Battelle and NOAA studies show that 
the highest aqueous-TPAH concentrations, and thus the greatest 
threat to the pink salmon relative to potential effects on growth, 
were immediately offshore of the heavily oiled shorelines repre
sentative of the bays where oil tended to accumulate. Aqueous
TPAH concentrations at these sites ranged from 2 ppb-7 ppb, 
with one san1ple above 10 ppb (Short and Rounds, 1993). In 
contrast TPAH concentrations in offshore sites most character
istic of the corridor or passage environments were consistently 
< 1 ppb, with non-oiled background stations measuring be
tween 0.02 ppb-0.08 ppb for the year following the spill (Neff 
and Stubblefield, 1995). It is most noteworthy, therefore, that 
the Wertheimer and Celewycz (1996) data demonstrated that in 
those offshore corridors where the TPAH concentrations were < 
I ppb smaller size juvenile pink salmon were allegedly caused 
by oil exposure. Conversely, in the confined bays where oil 
concentrations were the highest, juvenile size was unaffected. 
Clearly, these data are contrary to the rationale that water col
umn toxicity was responsible for the reduction in juvenile length 
observed in the corridor environments. 
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Figure 12 PAH concentrations in the Exxon Valdez oil spill-path of PWS in 
1989 and 1990 from water quality samples taken by Battelle and NOAA. 

It was suggested that fry residence in the bays was not long 
enough to show size differences (Wertheimer and Celewycz, 
1996). However, histograms of fry length taken from juveniles 
in the bays in late May and early June included individuals from 
40 mm-65 mm in length, or a 40%-100% increase in size over 
that at emergence (32 mm), constituting > 50% of the fish cap
tures, and suggesting juveniles had considerable residence time 
in bay areas. Moreover, the water quality monitoring programs 
were discontinued after the first year, because water column 
PAH returned to background levels by August of 1989 (Fig
ure 12), just a couple of months after emergence was completed 
and before pink salmon fingerlings moved into open water of the 
Gulf. Consequently, there is no evidence from the water chem
istry monitoring in PWS that environmental toxicity was present 
that would have affected fry growth during the spring of 1989. 

Toxicity tests with standardized bioassay species. Toxicity 
tests of water from the corridors of PWS were undertaken in 
the laboratory on indicator organisms immediately following 
the spill. Procedures followed the protocols of the U.S. Envi
ronmental Protection Agency (lJSEPA, 1985, 1988) considered 
as the standard to detect aqueous toxicity. A total of 123 water 
samples were taken at depths of 1 m and 3 min PWS from 
April 3rd-July 6th in 1989 (Neff and Stubblefield, 1995). The 
depths represented the region of the water column where the 
largest numbers of pink salmon juveniles reside in the sound 
and where the highest hydrocarbon levels occurred in the spring 
of 1989. The toxicity tests represented three trophic levels of 
the marine ecosystem: the marine diatom Skeletonema costa
tum; the mysid shrimp Mysidopsis bahia; and larval sheepshead 
minnow, Cyprinodon variegatus (Suter and Rosen, 1988). 

No mortality occurred among the mysid shrimp or 1ninnow 
exposures to water samples taken at the height of oil contam
ination of surface waters during April-July. Algal cell growth 
and larval fish-growth showed no negative effects from expo
sure concentrations of the PWS water. Hydrocarbon concen
trations present in the water column at the time of the most 
severe oil contamination in the sound were not high enough to 
result in any toxic responses among the three indicator species. 
It follows, therefore, that pink salmon juvenile growth should 
not have been negatively-affected when no effects of oil in the 
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water column was demonstrated with the three standard indica
tor organisms. 

Impact of Oil on the Food Supply 

Oil effects on the food web might be considered the sec
ond most likely candidate for growth reduction of juvenile pink 
salmon. Reduced growth due to oil affecting the food web could 
function either by reducing the availability of the food supply 
for pink salmon fry, or it could have a more direct affect by cre
ating a negative physiological response from having consumed 
contaminated feed. 

Zooplankton biomass. Zooplankton is the main food source 
of juvenile pink salmon and assessing the effect of the oil spill 
on zooplankton biomass provides a straight forward approach 
to ascertaining potential effects of the spill on food. Such data 
have been collected by the PWSAC since the late 1970s for 
use in synchronizing hatchery fry releases in the sound with the 
plankton bloom (Cooney et al., 1981) and provides a relative 
index for year-to-year comparisons. The sites monitored are Port 
Ashton and Elrington Passage, both within the oil spill impact 
area. Large calanoid copepods, dominated by Pseudocalanus 
spp. and Calanus spp., are the primary prey of ymmg salmon, 
and crucial to marine productivity. Data from monitoring sites, 
representing the top 20 m of the water column, indicate that 
zooplankton biomass in 1989 was among the highest recorded 
in western PWS (2 x the previous 8 yr mean), and ostensibly was 
responsible for exceptional growth among juvenile salmon for 
that year. These data also correspond with the data on plankton 
biomass gathered by Celewycz and Wertheimer (1996), showing 
no differences between oiled and non-oiled areas in any of the 
eight sample sites except for greater abundance of some species 
in oiled areas. 

The distribution and density of epibenthic harpacticoid cope
pods was also monitored in heavily and lightly oiled bays by 
Wertheimer et al. (1996). They found that copepod mean densi
ties on heavily oiled shorelines were higher than on lightly oiled 
shorelines. Moreover, the percentage of egg-bearing copepods 
were similar in the oiled and non-oiled sample sites. Wertheimer 
et al. concluded that copepod abundance appeared to increase 
from higher nutrients in the oiled areas. Therefore, from the 
standpoint of food availability, there is no evidence that smaller 
pink salmon fry in the oiled corridors can be explained by re
duced growth from possible effects of oil on the zooplankton 
biomass. The food supply used by pink salmon in PWS was 
abundant in 1989. 

Plankton consumption by juvenile pink salmon. Wertheimer 
and Celewycz (1996) also examined feeding perfonnance of 
chum and pink salmon juveniles in oiled and non-oiled areas by 
assessing diet composition and stomach fullness. They found 
no differences in juvenile feeding activity between oiled and 
non-oiled areas. Moreover, they concluded that pink salmon did 
not avoid oiled areas in any study site, which suggests that oil 
concentrations didn't inhibit feeding behavior. 

Similarly, Willette (1996) examined feeding performance of 
the hatchery fry released and also found no difference in stom
ach fullness of fry in oiled and non-oiled areas. Evaluation of 
feeding and stomach fullness was also undertaken by Sturdevant 
et al. (1996) on both pink and chum salmon fry in oiled andnon
oiled areas of the sound in the spring of 1989. They determined 
that stomach fullness and quantity of food items were similar 
in oiled and non-oiled areas, and thus confirmed that food con
sumption by juveniles did not decrease in the presence of oil. 
These observations suggest that feeding performance does not 
explain the observed size differences in pink salmon between 
oiled and unoiled corridors. 

Oil Contaminated Feed 

While it was shown that aqueous-TPAH levels in the water 
column were below toxic concentrations to zooplankton and 
appeared to stimulate productivity, it was possible that inges
tion of oil could in some way impact fry growth. Consumption 
of contanlinated food items in the water column or direct con
sumption of oil droplets, for instance, could disrupt metabolic 
pathways or increase the metabolic cost of depuration. Such 
circumstances could concentrate petroleum and pass on higher 
doses to feeding fry than would be absorbed as dissolved TPAH 
from the water column. 

Oil-concentrations absorbed by feeding fry. In 1989 Stur
devant et al. (1996) observed oil droplets in the stomachs of 
some fry san1ples taken from the same eight locations as those 
in Wertheimer and Celewycz (1996) with no apparent effect 
on their condition. In an analysis of samples from those areas 
by Carls et al. (1996), the tissue-TPAH concentration of pink 
salmon fry off oiled bays in 1989 averaged ~200 ppb (ng/g) 
dry wt. While the tissue-TPAH of juveniles sampled in the cor
ridors was nearly the same, they averaged less at ~175 ppb, or 
> 12% less than the bays. This was a period when the high
est concentrations of oil were present and apparently, based on 
CYPlA levels in the tissue (Carls et al., 1996), fry ingested 
more oil contaminated food or droplets than any other time. 
It is important to recall, therefore, that while Wertheimer and 
Celewycz found no differences in fry weight or length between 
the non-oiled and oiled bays, they reported that fry in non-oiled 
corridors were longer than in oiled corridors. But fish in the 
oiled corridors showed a lower mean tissue-TPAH concentra
tion than those in oiled bays, which suggests that size differences 
were not related to oil exposure, although tissue-analysis was 
limited. 

Laboratory feeding study. A laboratory feeding study by 
Wang et al. (1993) was undertaken to assess the influence of oil 
in the diet of pink salmon fry. Three levels of oil were selected 
and proportionally mixed into feed, producing oil-contaminated 
pellets at oil concentrations of 0.37 mg, 2.8 mg, and 35 mg oil/g 
of feed. Over a six-week feeding period, the results showed 
that growth was significantly lower only in those fed the highest 
oiled feed. Wang et al. demonstrated that pink salmon decreased 
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feeding at the highest oil contamination level, but no growth 
reduction in dry weight was apparent from consuming feed at 
lower levels of contaminated. 

Carls et al. (1996b) apparently reworked the Wang et al. 
(1993) data to re-examine the level of oil ingestion that would 
affect growth in wet wt. over the six week period. They con
cluded that weights among the fry fed 0.37 mg oil/g of feed 
(the lowest contanlinated feed level) were the same as the con
trols at five weeks, but dropped slightly below the controls by 
the sixth week. Carls et al. then applied those results in sup
port of the Wertheimer and Celewycz (1996) conclusions that 
size differences in their study represented reduced growth from 
oil exposure by stating, "This research strongly supports the 
hypothesis that ingestion of hydrocarbons was a cause of the 
reduced growth in pink salmon fry," referring to the smaller size 
of juveniles in oiled corridors (p. 616 ). 

Unfortunately, Wang et al. and Carls et al. did not report the 
tissue-PAH levels resulting from consuming the contaminated 
feed. However, the authors would predict that both the interme
diate or lowest feeding levels that showed little or no growth 
effects would have much higher mean tissue-PAH levels than 
the~ 175 ppb observed in the corridor fingerling samples (Carls 
et al., 1996a). The authors expect that based on elevated tissue 
levels in the presence of laboratory aqueous-PAH concentra
tions, the PAH doses of that magnitude in the feed would result 
in the accumulation of tissue-PAH loads similar to or greater 
than the same level in the water. The PAH level in the lowest 
dose fed was 13,000 ppb (Carls et al., 1996a). Therefore, no 
growth reduction among fingerlings with tissue-PAH levels as 
low as ~175 ppb would be anticipated. 

Carls et al. (1996b) feeding study also showed that when 
weight was affected by oil, fish length was also influenced, 
and to about the same degree. This is an important point about 
the effect of oil on juvenile growth when confronted with oil 
in their nursery environment. Those results are contrary to the 
Wertheimer and Celewycz (1996) field study where only dif
ferences in length were observed, and the Willette (1996) study 
where only differences in weight were observed. The Carls et al. 
study suggests the size differences observed in the field studies 
were not oil induced differences in rate of growth. 

Marine Growth Studies 

The most relevant data on growth in the judgment of the 
authors are the responses of juvenile pink salmon in marine 
waters after long-term exposure to known oil concentrations 
during incubation, in which the embryo and alevins are the 
most sensitive life stages of pink salmon to oil toxicity. The 
pink salmon growth data is examined from various studies after 
long-term incubation exposure to known TPAH concentrations. 

Growth response of oil-exposed juveniles in marine net pens. 
The growth in net-pen studies and marine releases presented in 
the previous chapter are also relevant here in the marine growth 
studies (Heintz et al., 1999, 2000). Juveniles reared in net pens 

for 200 and 300 days after experiencing tissue-TPAH loads of 
> 70,000 ppb showed no differences in lengths compared to the 
controls. Although exposed at different life stages, those results 
are of interest in light of the Wertheimer and Celewycz (1996) 
conclusion that length was alleged to be affected in corridor 
marine waters where the mean tissue-TPAH load (~175 ppb) 
was several hundred times lower (Carls et al., 1996a). Similarly, 
no weight differences were detected in juveniles reared in the 
Heintz et al. (2000) study after embryos experienced tissue
TPAH concentrations up to 1,900 ppb, which is contrary to the 
allegation of Willette ( 1996) that weight was reduced in marine 
waters when mean tissue-TPAH levels were ten times lower. 

The Carls et al. (2005) net-pen study is also relevant here. 
Having grown juveniles in net pens for 5~ months after em
bryos had experienced aqueous-TPAH levels ranging from 0. 94 
ppb-44.67 ppb, differences were reported. The lowest exposure 
resulted in a tissue-TPAH load of ~800 ppb, and the highest at 
~ 30,000 ppb, neither of which resulted in less weight and length 
than the controls, although weight and length of juve11iles were 
reduced when exposed to intermediate concentrations. The mit
igating circumstance, however, may have been the mortality that 
occurred in the highest exposure group that could have removed 
the smaller individuals, leaving the more healthy fish that had 
tolerated the contamination. Mortality reached ~70% in the 
highest dose compared to ~34% in the controls. 

It should be noted that the size of the Heintz et al. (2000) 
pen-reared juvenile controls were only about 23 g after 200 
d of rearing and 60 g after 300 d of rearing. Net-pen reared 
juveniles in the Carls et al. (2005) study were < 10gafter~162 
d of rearing. These sizes are quite small for such long rearing 
periods compared to growth of open water juvenile pink salmon 
that would be much larger over the san1e period. While the 
relative sizes may reflect the influences of exposure to high oil 
concentrations under artificial and restrictive rearing conditions, 
the application of the net-pen study results where the growth of 
the controls was limited may not be justified in relating to the 
effects of oil on growth of free-ranging pink salmon. 

Growth response of oil-exposed juveniles released in marine 
waters. The study by Heintz et al. (2000) also examined the 
effect of oil exposure on the size and survival of fry releases 
into the marine environment. The three test lots of the 1993 
brood year embryos initially exposed to 200 ppb, 1,000 ppb, and 
3,800 ppb sediment-TPAH concentrations during incubation, or 
aqueous-TPAH concentrations of 1.3 ppb, 7.8 ppb, and 18 ppb, 
were released as fry in 1994. Although effects of exposure to oi I 
are most pronounced on developing embryos and alevins, long
term effects of exposure could also be apparent in returning 
adults, but that was not the case. The adults returning in 1995 
were not statistically different in weight or length after exposure 
to those oil doses which were much higher than any measured in 
the marine corridor waters of PWS. The 1995 brood releases of 
fry in 1996 that had experienced sediment-TPAH concentrations 
of 860 ppb and 7,500 ppb (aqueous-TPAH 5.2 ppb and 19.4 
ppb) also returned in 1997 with no differences in weight or 
length. 

Reviews in Fisheries Science vol. 20 1 2012 

EX-0207-000032-TSS 



REVIEW OF THE EXXON VALDEZ OIL SPILL 51 

Size variability of oil-exposed wild juveniles in marine wa
ters. Field surveys in corridors with surface-trawls in 1989 
(Brannon and Maki, 1996) also provided relevant information. 
The mean lengths of pink salmon juveniles sampled off the en
trance of Snug Harbor and Knight Island Passage on the 8th and 
10th of June were 55.8 mm and 60.1 mm respectively. Lengths 
off Herring Bay on the 6th of June and in Montague Strait on 
the 8th of June were smaller at 49.4 mm and 50.4 mm respec
tively. These san1ple areas were in oiled corridors, and larger 
than those measured in oiled corridors ( ~46 mm) on the cor
responding san1ple dates by Wertheimer and Celewycz (1996), 
and also larger than those in non-oiled corridors ( ~48 mm). the 
authors conclude from these data that in 1989 substantial length 
differences were apparent in the populations sampled in oiled 
corridors at the same time of year, and there is no evidence those 
differences were associated with oil concentrations. 

Growth response of oil-exposed juvenile in other studies. A 
five year study on the growth and marine survival of pink salmon 
fry exposed to concentrated sub-lethal doses of dissolved oil by 
Birtwell et al. (1999) has direct application to the conclusions of 
Wertheimer and Celewycz and the work by Willette. On three 
different years pink salmon fry were exposed for 10 d to a low 
water soluble fraction (WSF) of oil ranging from 54 ppb up to 
349 ppb (benzene, toluene, xylenes, ethybenzene, naphthalene) 
as sub-lethal exposures, but markedly higher than the dissolved 
fraction of oil that fry experienced in PWS following the Exxon 
Valdez oil spill. Growth of the fry was monitored before re
lease from the holding facilities and while they noted there were 
growth differences among the test groups and controls, the dif
ferences were not dose-dependent. 

After the 10 d exposure period the fry were released into 
the waters of Discovery Passage in Johnston Strait, British 
Columbia, for natural rearing and return in the 1991 to 1993 
brood years. The returns showed no statistically significant dif
ferences in weight, length, or survival. The results applied to the 
situation in PWS, and demonstrated no size reduction from oil 
WSF exposure as juveniles higher than what was experienced 
in PWS and no impact on the return size or survival to the adult 
stage. 

The authors suggest the Birtwell et al. (1999) field results 
are contrary to laboratory results interpreted to show growth 
of juveniles in PWS was reduced from previous exposure to 
oil (Carls et al, 1996b, 2005; Heintz et al., 2000). The results 
also do not appear to support the allegation that smaller juvenile 
sizes observed by Wertheimer and Celewycz (1996) and Willette 
(1996) in oiled areas were growth related. 

Conclusions from Empirical Evidence on Growth Potential 

The authors conclude from studies on potential effects of the 
Exxon Valdez spill that the evidence does not support growth 
reduction of juvenile pink salmon from EVC in marine waters 
of PWS. The concentration of oil in the water column and the 
level of tissue contamination appear too low to limit growth. 

The toxicology assessment, abundance of food items, level of 
oil contamination of the food supply, and actual growth perfor
mance of juveniles exposed to known oil contamination levels 
also suggest that oil concentrations in spill-path waters were not 
high enough to limit growth. In contrast, there was strong sup
port available from field research on plankton productivity that 
showed conditions in PWS were conducive to good growth and 
perhaps even superior growth in areas along the trajectory of 
the EVC. The authors suggest, therefore, that the size variations 
of juvenile pink salmon reported by Wertheimer and Celewycz 
(1996) and Willette (1996) in the summer of 1989 were more 
likely caused by samples representing differences in the origins 
of sampled cohorts, age structure of the juveniles, variation in 
habitat associated with the study areas such as temperatures, 
and/or sampling bias which they believe has been demonstrated 
in the variations of juvenile sizes in the 1989 marine seine and 
trawl samples taken from oiled corridors. 

SECTION IV: RESOLUTION OF EXXON VALDEZ OIL 
SPILL EFFECTS ON PINK SALMON 

When the Exxon Valdez grounded and spilled nearly 11 mil
lion gallons of oil in PWS it was anticipated that there would 
be a major impact on the pink salmon that use the intertidal 
stream reaches for incubation and the marine nursery waters 
of that large inland sea. While the anticipated major negative 
effects of the spill never occurred, the preconception that there 
would be damage nevertheless had a major influence on the in
terpretation of research results. That is understandable given the 
magnitude of the spill and visual evidence of shoreline oiling, 
but superimposing that preconception on the evidence was also 
the essence of the problem, coupled with litigation priorities. 
Once attention to the effects of the spill was taken over by the 
process of litigation, there was the inevitable alignment of those 
researching the spill effects to be identified with the opposing 
camps of the plaintiffs and the defendants. The EVOSTC-the 
council of government agencies formed to assess the impact of 
the spill-tended to depend on agency research and conclusions 
in assessment of damage, and in general the agencies didn't 
give serious consideration to the work of the opposing non
agency scientists. This was exemplified by Spies (2007), who 
was appointed as chief scientist for EVOSTC at that time, in 
his statement about dueling scientists in Long-Term Ecological 
Change in the Northern Gulf of Alaska. He said: 

To stave off government litigation or regulation, some indus
try groups manufacture uncertainty about solid scientific finding. 
Use of study designs by Exxon scientists that were underpow
ered to detect significant differences, or where study sites were 
not picked in impact areas,. . suggest that causing doubt is a 
strategy that Exxon has employed (p. 428). 

The best way to answer such an allegation is to present the full 
evidence on the extent of the impacts, which the authors have 
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endeavored to do on the effects of the Exxon Valdez oil spill with 
considerable detail from the scientific perspective that turned out 
to show the PWS pink salmon were not damaged at observable 
levels. The purpose of the authors in this discussion now turns to 
the reconciliation of the agency position on the immediate and 
long-tenn damage to the pink salmon population. Three issues 
drove the allegation of damage to pink salmon. Egg mortality 
was higher in oiled streams, laboratory evidence of egg mortality 
was assumed to represent embryo experiences in oiled streams, 
and smaller juveniles were associated with oiled corridors in the 
sound. 

Increased Egg Mortality as an Artifact of Sampling 

Review of the stream survey data and the large data base 
on the studies of the PWS oiled streams provided a convincing 
account as to why the ADFG observed an increase in mortality 
of eggs in oiled streams. The process of flushing the eggs from 
their redds during the critical period of embryo sensitivity to 
physical shock in a matter of days after the last of the eggs 
were spawned was responsible for the increased mortality in 
the ADFG strean1 surveys (Figure 4). The problem was sample 
timing (Collins et al., 2000; Brannon et al., 2001). In the fall of 
1989-1993 and again in 1997 returning adults in oiled streams 
spawned later and the incubating eggs were sampled earlier than 
in non-oiled streams. The result was that higher lethal sampling 
shock occurred in oiled streams that mistakenly appeared as 
though it was related to oil. 

Evidence revealing the situation was forthcoming from a 
series of studies executed on the condition of the incubating 
environment, eggs, and alevins exposed to oil. The problem 
was confirmed in records on egg mortality in the IDFG data 
base (Craig et al., 2002). The higher mortality in oiled streams 
sampled in the fall of the year was absent by the following spring. 
If the higher egg mortality in the fall was from oil exposure, that 
mortality would have still been evident in the number of dead 
eggs retained in the redds over winter, and that wasn't the case. 
Although NMFS denied sample tinting was responsible (Rice 
et al., 2001 ), most recently they have come to recognize the 
lethal effects that occur from sampling eggs too early after the 
spawning event (Carls et al., 2004b; Thedinga et al., 2005; Carls 
et al., 2010). 

The problem was compounded as demonstrated by Collins 
et al. (2000) showing the latest spawners entering the strean1 
dig over earlier redds. Consequently, nearly 40% of the post
spawning egg population can be attributed to the last 20% or 
fewer spawners, and thus a disproportionate number of eggs 
sampled during the post-spawning period were from the latest 
spawners. Because resistance to shock occurs rapidly after em
bryos complete blastopore closure, a difference of a few days 
in sample timing during the period of embryo development can 
make the difference in embryo shock mortality when sampling 
is in close proximity to the end of spawner stream-life (Fig
ure 4). The later spawning and slightly earlier removal of egg 

samples from oiled streams that overlapped embryo sensitiv
ity to mechanical shock made timing the crucial factor in the 
increased level of mortality observed in oiled streams (Collins 
et al., 2000; Brannon et al., 2001). 

Reconciliation of the Egg Mortality Allegation 

When ADFG reported higher egg mortality in oil streams, it 
was assumed that oil was responsible for those losses. Although 
Bue et al. (1996) stated that their conclusion was not definitive, 
nonetheless the results fit with the preconception that oil would 
cause damage, and with that assumption there was no attempt 
by the agencies to confirm whether toxic conditions existed 
in pink salmon redds or embryo tissues in oiled streams. The 
higher mortality was convincing, but wrongfully assumed as an 
oil effect. In the l 993 Proceeding of the Exxon Valdez Oil Spill 
Symposium it was reported that pink salmon eggs and juveniles 
were directly affected, with egg mortality "the most compelling 
evidence of long-term damage," (Spies et al., 1996, p. 7). 

However, the most compelling evidence was the origin of 
the problem. The ADFG survey crews were unaware that eggs 
are highly sensitive to physical shock during early embryo de
velopment. The stream surveys were conducted within ilie four 
weeks following the end of spawning iliat overlapped the egg 
sensitivity period, and because oiled streams had been sampled 
earlier than non-oiled streams, in some cases extracting eggs 
from ilie redds as little as 2 d after the end of adult strean1-life, 
those embryos were less developed and experienced a higher 
shock mortality, unintentionally biasing the survey against the 
oiled streams (Brannon and Maki, 1996; Brannon et al., 1999; 
Collins et al., 2000; Brannon et al., 2001). 

After shock sensitivity of embryos was presented as the prob
lem (Brannon and Maki, 1996) and the agencies recognized 
that sampling too early in embryonic development would result 
in such mortality, Carls and Thedinga (2010) were uncertain 
whether or not ADFG sampling crews were aware of embryo 
sensitivity to shock at ilie time of sampling and suggested iliat 
observers could have been easily trained to detect mechanical 
shock effects. Therefore, it is important to leave no doubt about 
that matter. Neither Sharr et al. (1994), Craig et al. (1995), nor 
Bue et al. (1996) made any statements about egg sensitivity 
in the sampling routine conducted in ilieir analyses of ADFG 
stream survey data, nor did they give any recognition of meili
ods to avoid confusing shock mortality with natural mortality 
or to compensate for mechanical shock in their procedures. It is 
apparent iliat the ADFG survey crews were unaware that their 
sampling protocol compromised ilieir surveys. 

Further, Rice et al. (2001) challenged the assertion of shock 
mortality of pink salmon eggs by characterizing the ADFG 
stream surveys as a routine followed for many years wiili no egg 
mortality resulting from the procedure: that was correct. His
torically, surveys were done for management purposes to help 
predict adult return for the respective brood, and they were con
ducted from mid-October ilirough November. However, starting 
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in 1989, the year of the spill, and proceeding to 1997, ADFG 
moved their sample timing forward by nearly three weeks, be
ginning by the third week of September (Sharr et al., 1994; 
Bue et al., 1996, 1998). That change meant that the first of the 
sampling schedule overlapped with eggs that had been spawned 
during the first three weeks of September and those eggs hadn't 
yet development tolerance to mechanical shock by the time the 
earlier san1ples were taken. While the sampling method was 
routine, the sample timing schedule was not, and proved fatal 
for the eggs spawned later in the season. 

The Problems with the Laboratory Studies 

It is important in the review to distinguish between what 
has been shown in laboratory research and the results of in
vestigations conducted in the field on the Exxon Valdez spill. 
The authors' assessment and conclusions in the review apply 
to conditions that deal with the effects of the oil in PWS. The 
laboratory work is not an issue except where we believe it has 
been wrongfully interpreted or applied to spill conditions. The 
greatest incongrnity between agency and non-agency research 
has been on what levels of contamination were experienced by 
incubating pink salmon in oiled streams and what that experi
ence meant in the long-term health of those fish. 

NMFS investigators at ABL accepted the conclusion from 
the ADFG stream surveys that oil was the cause of the higher 
egg mortality. The laboratory bioassay work that followed was 
to determine the effects of weathered oil on pink salmon during 
incubation (Marty et al., 1997a, 1997b; Heintz et al., 1999). 
Based on their published works, after the laboratory toxicity 
levels were determined ABL investigators assumed that because 
the increased egg mortality observed by ADFG was caused 
by oil, then the concentrations that were shown to be toxic 
in the laboratory must have been the concentrations the eggs 
experienced in the oiled streams. This is deduced from their 
statements that the observed effects of oil corroborate Bue et al. 
mortality claims (Heintz et al., 1999; Rice et al., 2001), that their 
results were consistent with field data on egg mortality (Carls 
et al., 2005), that residual oil persisted at oiled strean1s and 
may have exceeded the lethal threshold through 1993, (Murphy 
et al., 1999), and egg mortality was consistent with drainage 
of oil-contaminated water from the surrounding sediment (Rice 
et al., 2007). The laboratory test concentrations of oil resulted 
in a tissue-TPAH lethal toxicity threshold around 6,000 ppb and 
the VWO was toxic with a corresponding aqueous-TPAH level 
as low as 1 ppb (Heintz et al., 1999). Those laboratory results 
initiated the oil toxicity narrative that was developed by ABL to 
explain the mortality and thereafter the narrative was expanded 
to involve long-tem1 damage to the pink salmon that had been 
exposed to oil. 

However, the contamination levels measured in the non
agency assessment of oil in the stream substrate were well be
low the concentrations tested in the laboratory. Mean sediment
TPAH of the oiled streams ranged from 0.5 ppb-267 ppb in the 

fall of 1989, remained at that level or higher by the fall of 1990 
and returned to near background levels of < 39 ppb in most 
strean1s byl991. When that becan1e apparent and the containi
nation levels of stream sediments were not high enough to cause 
mortality, ABL investigators looked to the oil deposits on the 
stream deltas and alleged that it was leachate emanating from 
the deposits that was the source of toxicity entering intertidal 
stream reaches killing the eggs (Heintz et al., 1999; Murphy 
et al., 1999). Leachate passing through the subsurface substrate 
to the incubation redds was presented as the interstitial toxic 
water hypothesis. 

Further, it meant the leachate would have to be extremely 
toxic to overcome the dilution from the high flushing rate of 
freshwater irrigating the incubation environment. High toxicity 
was not consistent with the LPAH compounds in the weathered 
oil, so investigators turned to the more toxic HPAH analytes as 
the primary source of toxicity, and those petroleum compounds 
were good candidates because of their increased concentration 
in percentage of the oil mass as it weathered. The low aqueous
TPAH concentrations of VWO (1 ppb) that ABL thought to be 
responsible for the egg mortality in their laboratory trials sup
ported such a hypothesis, and attention shifted to the HPAH 
compounds as the responsible agents for the chronic toxicity of 
weathered oil (Rice et al., 2001) rather than the light more sol
uble low molecular weight hydrocarbons previously considered 
the most hazardous. This ''shift in the oil toxicity paradigm" to 
HPAH was the next step in the oil toxicity narrative. 

With egg viability of spawners reported to be lower in adults 
exposed to oil as embryos (Bue et al., 1998), and with earlier 
reports of lower marine growth of oil exposed juveniles, fur
ther laboratory tests were conducted. Growth rates of fingerling 
pink salmon that experienced high oil concentrations during 
laboratory incubation were lower compared to controls when 
reared in marine net-pens, and return of adults from release of 
fry that had experience oil during incubation showed variabil
ity in return success. Consequently, the narrative then went on 
to implicate oil exposure of embryos to further impacts with 
the statement that, "fish populations whose natal habitats are 
contaminated with PAHs at low ppb levels can be expected to 
experience the compound effects of mortality during exposure, 
reduced survivorship afterward,s and reduced reproductive out
put at maturity" (Heintz et al., 2000, p. 214). 

Reconciliation of the Laboratory Research 

There were several problems to reconcile with the labora
tory work at Auke Bay. The first was the assumption that oil 
was the cause of the ADFG reported higher egg mortality in 
oiled streams. That established the foundation on which the 
subsequent laboratory bioassay work was based ai1d set the oil 
toxicity narrative pathway that, in the opinions of the authors, 
led away from what the preponderance of the data was showing. 

The second problem was to apply the laboratory results to 
the field situation in PWS streams. The oil concentrations tested 
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in the laboratory that showed growth effects and variability in 
long-term survival were not low. The laboratory trials exposed 
embryos to oil concentrations many times higher than what 
contamination levels were experienced by naturally incubating 
pink salmon (Marty et al., 1997b; Heintz et al., 1999; Carls et al., 
2005; Carls and Thedinga, 2010). Those data had no application 
to conditions in oiled streams. The tissue loads of incubating 
pink salmon were decisive data on exposure experience during 
incubation in oiled streams that was also overlooked. Heintz 
et al. (1999) stated: 

Measurements of PAH concentrations in developing pink 
salmon embryos collected from redds of streams on the oiled 
beaches would have been a more sensitive indication of ex
posure, but unfortunately measurements were not reported by 
either Bue et al. or Brannon et al. (p. 494) 

And Murphy et al. (1999) also remarked that the non-agency 
studies, ''did not measure PAH. ... in salmon embryos" (p. 917). 
That was mistaken. ABL scientists failed to notice the data 
reported in non-agency publications showed that mean tissue
TPAH contamination levels in alevins did not exceed 95 ppb at 
the height of oil encroachment in the intertidal reaches of oiled 
strean1s (Brannon et al., 1995; Brannon and Maki, 1996). As it 
turned out the tissue-TPAH levels of alevins in the experimental 
controls of the agency studies ( ~90 ppb) were more compatible 
to the tissue concentrations of alevins in oiled streams ( <95 ppb) 
than were the laboratory test concentrations. The sediment- and 
tissue-TPAH levels exposures in the laboratory tests had no re
lationship to the contamination levels measured in actual stream 
sediments or alevins tissues from EVC exposure, and the inter
pretation of damage encouraged the toxicity narrative further 
along the path of irreconcilability. 

The third problem was the lack of field work at the time when 
the greatest potential for damage was present. As late as 2007 it 
was stated: 

Both field and laboratory experiments show that exposure 
to PAH at low parts-per-billion concentrations impairs devel
opment of pink sahnon .... Reduced growth and survival were 
noted long after exposure had stopped and long after PAH was 
eliminated from the tissue, demonstrating that long-lasting or 
permanent damage had occurred (Rice et al. 2007, pp. 476-477). 

If that were true, it applied only with the high oil concentra
tions tested in the laboratory, not with the low concentrations 
observed in the field. The agency investigators never analyzed 
for stream sediment- and tissue-TPAH concentrations to assess 
the level of oil exposure of incubating eggs or alevins in the 
field during the first three critical years following the grounding 
of the Exxon Valdez. There is no record that interstitial wa
ter adjacent to or in salmon redds was analyzed to support the 
narrative that toxic aqueous-TPAH concentrations occurred in 
stream substrate during that period. No long-term studies of ma
rine mortality of juveniles exposed to oil during incubation or 

reduction of adult returns of fish originating from oiled streams 
were conducted. 

In the field the intertidal sediments acted as a filter limiting 
particulate oil entering the redds, which wasn't the case in the 
laboratory. One of the concerns about the laboratory data in 
that regard was the evidence of oil droplets in the treatment 
water as a covert source of PAH contributing to the toxicity 
of what was reported only in terms of the dissolved fraction. 
Preliminary laboratory work showed that toxicity of dissolved 
oil was markedly increased by the presence of micro-droplets in 
the treatment water (Stubblefield et al., 2010). Therefore, when 
it was demonstrated that micro-droplets were present in the oil 
toxicity studies at ABL, it suggested the low parts-per-billion 
reported to be toxic most likely overstated the toxicity associated 
with the dissolved fraction. 

The fourth problem was the analyses of embryos exposed to 
weathered oil in the laboratory trials were inconsistent with the 
oil toxicity narrative. Tissue-TPAH concentrations were dom
inated by low molecular weight PAH, with naphthalenes well 
represented, and tissue-HPAH at low and decreasing concen
trations as the oil weathered (Heintz et al., 1999; Carls et al., 
2005; Brannon et al., 2006a), challenging the shift to HPAH in 
the oil toxicity paradigm proposed by Rice et al. (2001, 2007). 
The shift in the oil toxicity paradigm was largely conceived by 
the alleged VWO toxicity at 1 ppb in the laboratory study by 
Heintz et al. (1999) and that too was later challenged by Page 
et al. (2011, 2012). 

Further, the low rate of HPAH dissolution from oil deposits 
and low and decreasing tissue-HPAH as oil weathered doesn't 
support the allegation of long-term chronic threats of toxic 
leachate infiltrating adjacent pink salmon incubation streams. 
HPAH increases in percentage of the oil mass as oil weathers, 
but its total concentration diminishes and is less biologically 
available because of its limited solubility. Moreover, the back
ground sediment-TPAH levels on deltas and intertidal areas as 
the alleged source of toxic leachate were too low to be a threat 
(Boehm et al., 1995; Short and Babcock, 1996; ()'Clair et al., 
1996; Wolfe et al., 1996). Further, eggs experimentally buried 
on oil contaminated beaches or buried in weathered EVC de
posits on the stream deltas in 2003 (Brannon et al., 2007) did 
not absorb TPAH at concentrations that imposed any lethal risk 
to incubating pink salmon embryos. There is no evidence that 
such toxic interstitial water ever reached incubating redds or 
that HPAH leachate was ever concentrated enough to overcome 
the diluting effects of tidal washing and freshwater flushing of 
stream substrate. 

Finally, the concluding problem is that egg mortality, long
term effects, and lower egg viability from exposure of brood 
year embryos to oil are still cited as an impact of the spill (Spies, 
2007; Rice et al., 2007; Heintz, 2007; Carls and Thedinga, 20 IQ). 
Conflicting evidence has not changed the mindset on damage. 
The extensive data showing egg mortality was not oil related 
and that exposure to high oil concentrations of embryos in the 
laboratory do not apply to field conditions in PWS are sim
ply dismissed. For example, after the annual restoration project 
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report by Heintz (2002) showed that the adults returning from 
exposure to high oil levels as embryos experienced no impair
ment in reproductive ability, that study has not been referenced 
by NMFS investigators in subsequent publications. However, 
his study and other complementary data, such as the very low 
egg morality ( < 4%) in spawnersremoved from streamsin 1991 
where very high egg mortality was observed in ADFG surveys 
(i.e., 65.6% and 57% respectively in streams in Shelter Bay 
and Sleepy Bay), essentially nullify inter-generational effects 
alleged about oil exposure of pink salmon embryos in PWS. 

Juvenile Growth Reduction from Oil Exposure 

Coincident with the egg mortality observed in oiled streams, 
the size of juvenile pink salmon in oiled corridors of the sound 
and hatchery marked fry recovered in oiled areas were found 
to be smaller than in non-oiled reference areas. Wertheimer 
and Celewycz (1996) observed reduced length of juveniles in 
oiled corridors, and Willette (1996) observed lower weights of 
hatchery fish captured from oiled areas. The size parameters 
that varied were different between studies, but smaller size in 
each case was interpreted to be the result of reduced growth rate 
from oil exposure in marine waters. 

Although Brannon et al. (1995) pointed out that if the health 
of the fish was deteriorating it would be apparent by a lower 
condition factor, which was the case in the feeding trails with 
high oil concentrations (Carls et al., 1996b ), just the opposite 
was true when oil was fed at the intermediate level, showing a 
higher condition factor in their study. However, the condition 
factor of fingerlings fed low concentrations of oil was the same 
as the controls for the most part. Therefore, when Wertheimer 
and Celewycz observed that the condition factor of juvenile 
samples from oiled areas was higher than non-oiled areas, rather 
than correlating juvenile condition with the higher level of food 
availability in oiled areas, they related the condition to oil expo
sure, even though the concentration in the contaminated areas 
was < lppb and much lower than the lowest oil exposure in the 
Carls et al. feeding trials. If the relationship that Wertheimer and 
Celewycz was making with the feeding trials was legitimate, it 
would suggest that the source of contamination was from the 
consumption of oil, and the level would have to have been in the 
range of the intermediate levels in the Carls et al. feeding study. 
That would amount to a PAH of ~ 130,000 ppb, representing a 
substantial oil intake for which there is no evidence. 

The smaller size was interpreted as a reduced growth rate 
from oil exposure, and based on the literature (Hargreaves and 
LeBrasseur, 1985; Mortensen et al., 1991; Parker, 1971), that 
was estimated to have had a significant reduction in adult pink 
salmon returning to PWS as a result of increased predation on 
the smaller fry in 1989. However, Willette (1996) was cautious 
in the growth conclusion by stating, ''Sufficient data were not 
available to determine if the level of hydrocarbon exposure was 
great enough to cause the estimated reduction in growth rate 
attributed to oil contamination" (p. 533). 

Reconciliation of the Claim of Reduced Growth in Oiled 
Marine Waters 

In the investigators' conclusions about growth rates from 
the size differences observed in samples, similar to the con
clusion about egg mortality from oil exposure, the alternative 
possibilities that could explain size differences were not given 
much attention. In the present re-exanlination of the evidence 
about growth reduction of juvenile pink salmon, the authors 
conclude that the data does not support the claim. Foremost, the 
assumptions that were necessary before size variation could be 
attributed to differences in growth rates were not satisfied. The 
evidence showed that juvenile samples from the study sites were 
not representative of the same population and that age structure 
differed based on the origin of samples collected from oiled and 
non-oiled areas. The trends that occurred in subsequent years 
(Boldt and Handorson, 2004), suggests it was a typical pattern, 
but not different enough to be statistically significant. There 
was also uncertainty whether the paired study areas were simi
lar enough for comparative analysis of size differences. Also the 
sampling gear used had resulted in juvenile catches that were 
biased against the larger size fish. 

Moreover, the allegation that growth was reduced in oil
exposed pink salmon juveniles in marine waters is not sup
ported by the empirical evidence. The marine waters were not 
toxic based on water chemistry and bioassays using EPA ap
proved protocols with indicator organisms (Neff and Stubble
field, 1995). PWS was particularly productive in plankton, feed
ing of juvenile pink salmon was not inhibited by oil (Celewycz 
and Wertheimer, 1996; Sturdevant et al., 1996; Wertheimer and 
Celewycz 1996 ), and petroleum contamination levels in juve11ile 
tissues in the field (Carls et al., 1996b) were well below concen
trations shown to negatively affect growth (Heintz et al., 2000; 
Carls et al., 2005). Laboratory studies and field trials by Heintz 
et al. (2000) showed that juvenile length and weight were un
affected at tissue-TPAH concentrations many times higher than 
what was experienced by pink salmon in oiled corridors of the 
sound (Brannon et al., 1995). 

Research results on net-pen studies conducted by Heintz et al. 
(2000) and Carls et al. (2005) are also problematic for support 
of the Wertheimer and Celewycz 1996 and Willette 1996 in
terpretation that smaller size represented reduced growth rather 
than differences in population structure or age of fish in the 
samples. Body weight was not affected in those juveniles that 
had experienced tissue-TPAH concentrations of 1,900 ppb in 
the Heintz et al. studies (2000), and those fish were exposed to 
much higher oil concentrations and at a life stage much more 
sensitive to oil toxicity than post-emergent fry (Moles and Rice, 
1983). The Heintz et al. (2000) and Carls et al. (2005) net-pen 
studies also showed no survival reduction of pink salmon ju
veniles when as embryos they experienced tissue-TPAH levels 
~ 1,900 ppb-3,000 ppb, > IO times higher than the mean tissue 
load of ~175 ppb-200 ppb pink salmon fry showed in oiled 
marine waters (Carls et al., 1996a). Moreover, adults returning 
from marine releases of fry that experienced tissue-TP AH levels 
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Figure 13 Adult pink salmon returns to PWS from 1960-2007, showing the record returns of adults in 1990 and 1991 that had experienced the highest oil 
concentrations of EVC during incubation in 1989 and 1990. By 2007 ten major return years have occun-ed since the EVOS, representing the good health of the 
PWS pink salmon population. 

of ~ 1,900 ppb during incubation showed no differences in size 
at return from that of controls. The evidence that growth of PWS 
pink salmon was unaffected by oil is also consistent with other 
studies exposing pink salmon juveniles to oil concentrations 
(Birtwell et al., 1999) and with the published literature showing 
open-water spills generally do not cause extensive injury to fish 
or other water-column organisms (Longhurst et al., 1982; Rice, 
1985; Shennan and Busch, 1978; Straughan, 1970; Wells et al., 
1985). 

CONCLUSIONS 

The results of the present review on the impact of oil have 
major implications on the previous assessment of reduced adult 
returns under the Geiger model (Geiger et al., 1996). The 
EVOSTC (2002) made the determination that PWS pink salmon 
didn't recover from the spill until 2001, six generations or twelve 
years after the spill. That determination was based on the higher 
egg mortality in oiled streams from 1989 through 1997 (Bue 
et al., 1996, 1998; Craig et al., 1995, 2002), and the alleged re
duced growth in oiled marine waters (Wertheimer and Celewycz, 
1996; Willette, 1996). Those impacts were represented as vari
ables (Segt and Smrt) in the Geiger model reducing survival 
(st) of returning adults by as much as 2.3 million wild fish. As 
demonstrated in this review the authors challenge the values 
assigned to the Segt and S1nrt variables. 

Regarding the issues that drove the allegations of damage 
to pink salmon, the authors have demonstrated in the present 
review that the increased egg mortality observed by ADFG was 
caused by their sampling protocol, unrelated to oil (Brannon 
et al., 2001; Collins et al., 2000), and thus consider that the 
value of Segr variable in the Geiger model is essentially zero. 
Furthermore, the bioassays in the laboratory, including those that 

were below the toxicity threshold of pink salmon, were so far in 
excess of the oil concentrations in oiled streams that they have no 
application to what embryos in those streams experienced. The 
authors conclude that the contamination levels in those streams 
posed no measurable risks to the subsequent long-term growth 
and survival of pink salmon juveniles in marine waters. 

The authors have also shown in this review that the weight 
of the evidence does not imply that size differences represent 
differences in growth of PWS juveniles once they were exposed 
to oil contaminated marine waters. Consequently the authors 
believe the review has shown that the Smrr variable in the Geiger 
model is unsupported and incomplete. 

Contrary to the Geiger et al. estimate of reduced returns, the 
authors submit the observed increase in plankton productivity 
and reduction of bird predation following the spill contributed 
to the record survival success of the 1989 and 1990 pink salmon 
brood year classes exposed to the oil spill, and those elements 
were not included in the Geiger marine survival estimates. The 
authors suggest that with the correction of the variables in the 
Geiger model it will eliminate the estimate of reduced numbers 
of returning adult pink salmon. Consequently, EVOSTC needs 
to revise their official assessment of the effects of the Exxon 
Valdez oil spill on PWS pink salmon. The published work spon
sored by EVOSTC is misleading in the understanding of the 
effects of the spill on pink salmon and its implications on oil 
contaminated waters. 

The long-term effects of the Exxon Valdez oil spill on the 
PWS pink salmon survival can best be demonstrated by the suc
cess of adult returns. The general good health of the PWS pop
ulation immediately following the spill is shown by the record 
returns of pink salmon to the sound in 1990 and 1991 (Figure 
13), which were the returns from embryos exposed to the oil 
in 1989 and 1990 (Brannon et al., 2006b ), and their successful 
productivity since then by nine additional record years. Nearly 

Reviews in Fisheries Science vol. 20 1 2012 

EX-0207-000038-TSS 



REVIEW OF THE EXXON VALDEZ OIL SPILL 57 

3.5 times the number of 1988 adults returned in 1990, although 
6% fewer fry were released from the PWS hatcheries that pro
duced that large run. A stock-specific run reconstruction model 
for PWS pink salmon by Templin et al. (1996) also concluded 
there was no reduction in adult returns from the spill. These data 
present a compelling case that pink salmon were not measurably 
damaged by the Exxon Valdez oil spill. There is no evidence sup
porting the projected losses to the PWS pink salmon that were 
anticipated at the time of the spill event or estimated by the 
Geiger model. 

The authors recognize that the large hatchery progran1s in 
the sound are major contributors to the success in cultivating 
the large runs of PWS. We also realize that natural variability 
will occur in numbers of adults returning as a reflection of PWS 
productivity, such as the low returns in 1992 and 1993 caused 
by low temperatures affecting growth and reduced plankton 
productivity (Cooney and Willette, 1997; Willette, 1992). But 
the success of the hatchery rnns is also evidence that oil passing 
through their marine nursery areas and migratory pathways in 
the spring of 1989 didn'tinhibitthe record returns of those fish in 
1990, and the demonstrated success of the natural returns to oiled 
streams in the twelve years of study thereafter (Brannon et al., 
2006b; Maki et al., 1995). Recovery efforts for pink salmon 
were not applied nor were they necessary because the evidence 
shows they were not damaged in any measurable way. 

The authors suggest the EVOSTC conclusions about oil ef
fects on pink salmon were influenced by the need for litigation 
to identify damages and recover monetary compensation for the 
injuries to natural resources. This was evident in the tenor of the 
proceedings of the Exxon Valdez Oil Spill Symposium in 1996 
where the contributors were agency researchers reporting on the 
extent of oiling and their assessment of damages. Unfortunately 
this is part of the process that characterizes damage assess
ment in such major environmental perturbations. Exxon also 
presented its side on the effects of the spill in the symposium on 
the Exxon Valdez Oil Spill: Fate and Effects in Alaskan Waters 
in 1995. Both of these were productive contributions that pre
sented the data and the interpretation of the research results, but 
they left no resolution to the differences in conclusions arrived 
at on spill effects beyond the readers ability to work through the 
experimental procedures and resulting data. The present review 
undertook that task on pink salmon in an attempt to reconcile 
the interpretations of the research based on the science. The im
plications of these findings are significant in our understanding 
of the impact of oil spill on PWS pink salmon. Accurate infor
mation is the key in establishing confidence that we understand 
the ecological impact of the Exxon Valdez oil spill and that such 
understanding is founded on reliable science. 

ACKNOWLEDGEMENTS 

The work performed on the effects of the Exxon Valdez oil 
spill on pink salmon in Prince William Sound was sponsored 
by Exxon and Exxon Mobil Corporation through contracts with 

consultants and funds provided to the Exxon Valdez Oil Spill 
Trustee Council over the last 23 years. The review of the effects 
of the spill on pink salmon is the compilation of those works and 
the assessment of that research by the co-authors. The authors 
thank the in-house and external reviewers for their helpful com
ments and critique of the article, and appreciate the willingness 
of Reviews in Fisheries Science to publish the review. 

REFERENCES 

Barns, R. A. Evaluation of a revised hatchery method tested on pink 
and chum salmon fry. J. of Fish. Res. Board Can., 27: 1429-1452 
(1970). 

Birtwell, I. K., R. Fink. D. Brand, R. Alexander, and C. D. McAllister. 
Survival of pink salmon ( Oncorhynchus gorbuscha) fry to adulthood 
following a 10-day exposure to the aromatic hydrocarbon water
soluble fraction of crude oil and release to the Pacific Ocean. Can. 
J. of Fish. and Aqu. Sci., 56: 2087-2098 (1999). 

Boldt, J. L., and L. J. Haldorson. Size and condition of wild and hatchery 
pink salmon juveniles in Prince William Sound, Alaska. Trans Am. 
Fish. Soc. 133: 173-184 (2004). 

Boehm, P. D, D. S. Page, E. S. Gilfillan, W. A. Stubblefield, and E. 
J. Hamer. Shoreline ecology program for Prince William Sound, 
Alaska, following the Exxon Valdez oil spill: Part 2-Chemistry and 
Toxicology: In: Exxon Valdez Oil Spill: Fate and Effects in Alaskan 
Waters,ASTM STP 1219,pp. 347-397. (Wells. P. G., J. N.Butler. and 
J. S. Hughes, Eds.) Philadelphia, PA: American Society of Testing 
and Materials (1995). 

Boehm, P. D., D.S. Page. E. S. Gilfillan, A. E. Bence, W. A. Bums, and 
P. J. Mankiewicz. Study of the fates and effects of the Exxon Valdez 
oil spill on benthic sediments in two bays in Prince William Sound, 
Alaska. I: Study design, chemistry and source fingerprinting. Envir 
Sci. and Tech, 32: 567-576 (1998). 

Brannon, E. L., L. L. Moulton, L. G. Gilbertson, A. W. Maki, and 
J. R. Skalski. An assessment of oil spill effects on pink salmon 
populations following the Exxon Valdez oil spill -Part 1: Early life 
history, pp. 548-584. In: Exxon Valdez Oil Spill: Fate and I~ffects 
in Alaskan Hhters, ASTM STP 1219, (Wells. P.G., J. N. Butler, and 
J. S. Hughes, Eds.), Philadelphia. PA: American Society of Testing 
and Materials (1995). 

Brannon, E. L., and A. W. Maki. The Exxon Valdez oil spill: Analysis 
of impacts on Prince William Sound pink salmon. Rev. in Fish. Sci .. 
4: 289-337 (1996). 

Brannon, E. L., L. Moulton. K. Parker, M. Cronin, and K. Collins. 
Resolution of oil spill affects on incubating pink salmon in Prince 
William Sound, p. 72. Research Bulletin 9-1. Center for Salmonid 
and Freshwater Species at Risk (1999). 

Brannon, E. L., K. C. M. Collins, M. A. Cronin, L. L. Moulton, and K. 
R. Parker. Resolving allegations of oil damage to incubating pink 
salmon eggs in Prince William Sound. Can. J. of Fish. and Aqu. Sci. 
58: 1070-1076 (2001). 

Brannon E. L.. K. C. Collins, J. S. Brown, J.M. Neff, K. R. Parker, and 
W. A. Stubblefield. Toxicity of weathered Exxon Valdez crude oil to 
pink salmon embryos. Envir. Tax. and Chem. 25: 962-972 (2006a). 

Brannon, E .. A. Maki, L. Moulton, and K. Parker. Results from a 
sixteen year study on the effects of oiling from Exxon Valdez on 
adult pink salmon. Mar. Poll. Bull. 52: 892-899 (2006b ). 

Brannon, E. L., K. C. Collins, M. A. Cronin, L. L. Moulton, K. R. 
Parker, and W. Wilson. Risk of weathered residual Exxon Valdez oil 

Reviews in Fisheries Science vol. 20 1 2012 

EX-0207-000039-TSS 



58 E. L. BRANNON ET AL. 

to pink salmon embryos in Prince William Sound. Envi1: Tox. and 
Chem. 26: 780-786 (2007). 

Bue, B. G, S. Sharr, S. D. Moffitt, and A. K. Craig. Effects oftheE.u:on 
Valdez oil spill on pink salmon embryos and pre-emergent fry. Am. 
Fish. Soc. Symp. 18: 619-627 (1996). 

Bue, B. G .. S. Sharr, andJ. E. Seeb. Evidence of damage to pink salmon 
inhabiting Prince William Sound, Alaska, two generations after the 
Exxon Valdez oil spill. Trans. Am. Fish. Soc. 127: 35-43 (1998). 

Carls, M. G., A. C. Wertheimer, .I. W. Short, R. M. Smolowitz, and .I. 
J. Stegeman. Contamination of juvenile pink and chum salmon by 
hydrocarbons in Prince William Sound. Am. Fish. Soc. Symp. 18: 
593-607 (1996a). 

Carls, M. G., L. Holland, M. Larsen, etal. Growth, feeding, and survival 
of pink salmon fry exposed to food contaminated with crude oil. Am. 
Fish. Soc. Symp. 18: 608-618 (1996b). 

Carls M. G., R. E. Thomas, M. R. Lilly, and S. D. Rice. Mechanism for 
transport of oil-contaminated groundwater into pink salmon redds. 
Mar: Ecol. Prog. Ser. 248: 245-255 (2003). 

Carls M. G., S. D. Rice, G.D. Marty, and D. K. Naydan. Pink salmon 
spawning habitat is recovering a decade after the Exxon Valdez oil 
spill. Trans. Am. Fish. Soc. 133: 834-844 (2004a). 

Carls, M. G., .I. F. Thedinga, andR. E. Thomas. Observer classification 
of live, mechanically damaged, and dead pink salmon eggs. Trans. 
Amer. Fish. Soc., 133: 245-251 (2004b). 

Carls, M. G., R. A. Heintz, G. D. Marty, and S. D. Rice. Cytochrome 
P4501 A induction in oil-exposed pink salmon Oncorhynchus gor
buscha embryos predicts reduced survival potential. Mar. Ecol. Prog. 
Series. 301: 253-265 (2005). 

Car·ls M. C., L. Holland, M. Larsen, T. Collier, N. Scholz, and J. P. 
Incardona. Fish embryos ar·e damaged by dissolved PAHs, not oil 
particles.Aqu. Tox.,88: 121-127(2008). 

Carls, M. G. and J. F. Thedinga. Exposure of pink salmon embryos to 
dissolved polynuclear aromatic hydrocarbons delays development, 
prolonging vulnerability to mechar1ical damage. Mar. Envir. Res., 
69: 318-325 (2010). 

Celewycz. A.G. and A. C. Wertheimer. Distribution, abundance, size, 
and growth of juvenile pink and chum salmon in western Price 
William Sound after the Exxon Valdez oil spill, pp.2.1-2.52. Impact 
of the oil spill on juvenile pink and chum salmon and their prey 
in critical nearshore habitat; Exxon Valdez Oil Spill State/Federal 
Natural Resources Damage Assessment Final Report; Fish/Shellfish 
Study Number 4 NMFS Component (1994). 

Collins, K. M .• Brannon, E. L., Moulton, L. L., Cronin, M. A., and 
Parker, K. R. Hydraulic sampling protocol to estimate natural em
bryo mortality of pink salmon. Trans. Am. Fish. Soc. 129: 827-834 
(2000). 

Collins, K. C. M. Percentage of hatchery fish strays in Prince William 
Sound streams using otolith marks. Research Report 02-1, Center 
for Salmonid and Freshwater Species at Risk, University of Idaho, 
Moscow (2002). 

Collins, K. C., E. L. Brannon, and M. A. Cronin. Percentage of hatch
ery fish strays in Prince William Sound streams using otolith marks. 
09-l. Center for Salmonid and Freshwater Species at Risk, Univer
sity of ldal10. Moscow, Idaho (2009a). 

Collins, K., E. Brannon, and K. Parker. Sensitivity of Steelhead Trout 
to Exxon Valdez Crude Oil. Research Bulletin 09-3. Center for 
Salmonid and Freshwater Species at Risk, University of Idaho, 
Moscow, Idaho (2009b). 

Cooney. R. T., D. Urquhart, and D. Barnard. The behaviour, feeding 
biology, and growth of hatchery released pink and chum salmon 

fry in Prince William Sound, Alaska. Alaska Sea Grant College 
Program, Report 81-5, University of Fairbanks (1981). 

Craig, A., S. Sharr, and S. Moffitt. A compilation of historical preemer
gent fry and egg deposition survey data from Prince William Sound, 
1961-1995. In: Regional lnfomzation Report No. 2A95-49. ADFG, 
Commercial Fishery Division, Fishery Management Development. 
Anchorage, Alaska (1995). 

Cooney, R. T., and T. M. Willette. Factors influencing the survival 
of pink salmon in Prince William Sound, Alaska, pp. 183-196. In: 
Estuarine and Ocean Survival, of Northeastern Pacific Salmon (Em
mett, R. L., and M. H. Schiewe, Eds.) NOAA Tech. Memo NMFS
NWFSC-29 (1997). 

Craig A. K., T. M. Willette, D. G. Evans, and B. G. Bue. Injury to 
pink salmon emb1yos in Prince William Sound-Field monitoring. 
Restoration Project 98191A-1. Exxon Valdez Oil Spill Restoration 
Project Final Report. E.u:on Valdez Oil Spill Trustee Council, Alaska 
Resources Library and information Services, Anchorage, Alaska, 
USA (2002). 

Cronin, M.A. and A. W. Maki. Assessment of the genetic toxicological 
impacts of the Exxon Valdez oil spill on pink salmon ( Oncorhynchus 
gorbuscha) may be confounded by the influence of hatchery fish. 
Ecotoxicology, 13: 495-501 (2004). 

Cronin, M. A., J. K. Wickliffe, Y. Dunina. and R. J. Baker. No ev
idence of K-ras mutations in pink salmon in the area of Prince 
William Sound impacted by the Exxon Valdez oil spill and areas 
with natural oil seeps on the Alaska Peninsula. Ecotoxicology. 11: 
233-241 (2002). 

Cronin, M. A.. and J. W. Bickham. A population genetic analy
sis of the potential for crude oil spill to induce heritable muta
tions and impact natural populations. Ecotoxicology, 7: 259-278 
(1998). 

Cross, A. D., D. A. Beauchamp, K. W. Myers. and J. H. Moss. Early 
marine growth of pink salmon in Prince William Sound and the 
coastal Gulf of Alaska during years of low and high survival. Trans. 
Am. Fish. Soc., 137: 927-939 (2008). 

E.u:on Valdez Oil Spill Trustee Council. Status Report. Restoration 
Office, Anchorage, Alaska. p. 29 (2002). 

Exxon Valdez Trustees Hydrocarbon Database and Interpretation Ser
vice. Database. Service project by Auke Bay Laboratory, National 
Marine Fisheries Service/ National Oceanic Atmospheric and Ad
ministration, Auke Bay, Alaska (2003). 

Geiger. H.J., B. G. Bue, S. Sharr. A. C. Wertheimer, and T. M. Willette. 
A life history approach to estimating damage to Prince William 
Sound pink salmon caused by the Exxon Valdez oil spill. Amer: Fish. 
Soc. Symp., 18: 487-498 (1996). 

Hargreaves, N. B .. and R. J. LeBrasseur. Species selective predation 
on juvenile pink (Oncorhynchus gorbuscha) and chum salmon (0. 
keta) by coho salmon (0. kisutch) Can. J. of Fish. and Aqu. Sci., 42: 
659-668 (1985). 

Heard, W. H. Life history of pink salmon. pp. 119-230 In: Pacific 
SalmonL!fe Histories (Groot, C., andL. Margolis, Eds.). Vancouver: 
University of British Columbia Press (1991). 

Heintz, R. A. I~ffects of oiled incubation substrate on pink salmon 
reproduction, Exxon Valdez Oil Spill Restoration Project Report 
(Restoration Project 01476) U.S. Department of Commerce. Na
tional Oceanic and Atmospheric Administration, National Marine 
Fisheries Service, Juneau, Alaska (2002). 

Heintz, R. A. I~ffects of oiled incubation substrate on pink salmon 
reproduction, Exxon Valdez Oil Spill Restoration Project Re
port (Restoration Project 02476) U.S. Department of Commerce, 

Reviews in Fisheries Science vol. 20 1 2012 

EX-0207-000040-TSS 



REVIEW OF THE EXXON VALDEZ OIL SPILL 59 

National Oceanic and Atmospheric Administration. National Ma
rine Fisheries Service, Juneau, Alaska (2003). 

Heintz, R. A. Chronic exposure to polynuclear aromatic hydrocarbons 
in natal habitats leads to decreased equilibrium size, growth, and 
stability of pink salmon populations. SETAC, 3: 351-363 (2007). 

Heintz, R. A., S. D. Rice. A. C. Wertheimer, et al. Delayed effects on 
growth and marine survival of pink salmon Oncorhynchus gorbuscha 
of exposure to crude oil during embryonic development. Mar. Ecol. 
Prog. Series 208: 205-216 (2000). 

Heintz, R. A., J. W. Short, and S. D. Rice. Sensitivity of fish embryos to 
weathered crude oil: Part IL Increased mortality of pink salmon (On
corhynchus gorbuscha) embryos to weathered Exxon Valdez crude 
oil. Envir. Tox. and Chem. 18: 494-503 (1999). 

Heintz, R. A.. J. W. Short, S. D. Rice, M. G. Carls. Comments on 'Tox
icity ofWhethered Exxon Valdez crude oil to pink salmon embroys. 
Environmental Toxicity and Chemistry 27: 1475-1476 (2008). 

Jensen. J. 0. T., and D. F. Alderdice. Comparison of mechanical shock 
sensitivity of eggs of five Pacific salmon (Oncorhynchus) species 
and steelhead trout (Salmo gairdneri). Aquaculture, 78: 163-181 
(1989). 

Jensen, N., and K. Collins. Time required for yolk coagulation in pink 
salmon and steelhead eggs exposed to lethal shock prior to eyeing. 
N. Am. J. of Aquaculture, 65: 339-343 (2003). 

Joyce T. L., and D. G. Evans. Otolith marking of pink salmon in 
Prince William Sound Hatcheries, 1995-1998. Exxon Valdez oil spill 
restoration project final report (Restoration Project 99188), Alaska 
Department of Fish and Game, Cordova. Alaska (1999). 

Joyce, T. L., and D. Evans. Otolith marking of pink salmon in 
Prince William Sound Hatcheries, 1995-1998.Exxon Valdez oil spill 
restoration project final report (Restoration Project 99188), Alaska 
Department of Fish and Game, Cordova, Alaska (2000). 

LeBrasseur, R. J., and R. R. Parker. Growth rate of central British 
Columbia pink salmon (Oncorhynchus gorbuscha). J. of Fish. Re
search Board of Canada, 21: 1101-1128 (1994). 

Li, H .. and M. C. Boufadel. Long-term persistence of oil from the 
Exxon Valdez spill in two-layer beaches. Nature Geoscience, 3: 
96-99 (2010). 

Long, E. R., and L. G. Morgan. The potential for biological effects 
of sediment-sorbed contaminants tested in the National Status and 
Trends Programs. National Oceanic and Atmospheric Administra
tion Technical Memorandum NOS 52. Office of Oceanography and 
Marine Assessment, National Oceanic and Atmospheric Adminis
tration, Seattle, Washington (1990). 

Longhurst, A. (ed.) Consultation on the consequences of offshore oil 
production on offshore fish stocks and fishing operations. Bedford 
Institute of Oceanography. Canada Department of Fisheries and 
Oceans (1983). 

Maki, A. W., E. L. Brannon, L. G. Gilbertson, L. L. Moulton, and 
J. R. Skalski. An assessment of oil spill effects on pink salmon 
populations following the Exxon Valdez oil spill. Part 2: Adults 
and escapement, pp. 585-625. In: Exxon Valdez Oil Spill: Fate and 
Effects inAlaskan Waters (Wells, P. G., J. N.Butler, andJ. S. Hughes, 
Eds.) Philadelphia, PA: American Society for Testing and Materials 
( 1995). 

Marty, G.D .. R. A. Heintz. and D. E. Hinton. Histology and teratology 
of pink salmon larvae near the time emergence from the gravel 
substrate in the laboratory. Can. J. of Zoology, 75: 978-988 (1997a). 

Marty, G. D., J. W. Short, D. M. Dambach, et al. Ascites, prema
ture emergence, increased gonadal cell apoptosis, and cytochrome 
P4501. An induction into pink salmon larvae continuously exposed 

to oil-contaminated gravel during development. Can. J. of Zoology 
75: 989-1007 (1997b). 

Moles, A., and S. D. Rice. Effects of crude oil and naphthalene on 
growth, caloric content and fat content of pink salmon juveniles in 
sea water. Trans. Am. Fish. Soc .. 112: 205-211 (1983). 

Mortensen, D. G., A. C. Wertheimer. S. G. Taylor, and J. Landingham. 
The relation between early marine growth of pink sahnon (On
corhynchus gorbuscha), and marine water temperature. secondary 
production, and survival to adulthood. Fish. Bull .. 98: 319-335 
(2000). 

Mortensen, D. G., J. H. Landingham, A. C. Wetheimer, and S. G. Taylor. 
Relationship of early marine growth and survival of juvenile pink 
salmon to marine water temperature and secondary production in 
Auke Bay, Alaska, pp. 38-49. In: Proceeding of the 151h Northeast 
Pacific Pink and Chum Salmon Workshop 1990. (Guthrie, I., and 
B. Wright, Eds) Pacific Salmon Commission, Parksville, British 
Columbia (1991). 

Moss. J. H. et al. Evidence for size-selective mortality after the first 
summer of ocean growth by pink salmon. Trans. Amer. Fish. Soc .. 
134: 1313-1322 (2005). 

Moulton, L. L. Effects of oil-contaminated sediments on early life stage 
and egg viability of pink salmon in Prince William Sound Alaska, 
pp. 147-155. In: Proceedings of the 17th Northeast Pacific Pink 
and Chum Salmon Workshop 1995, (Fuss, H. and G. Graves, Eds.). 
Northwest Fisheries Commission and Washington Department of 
Fish and Wildlife, Olympia, WA (1996). 

Murphy. M. L., R. A. Heintz, J. W. Short. M. L. Larsen, and S. D. Rice. 
Recovery of pink salmon spawning areas after the Exxon Valdez oil 
spill. Trans. Am. Fish. Soc., 128: 909-918 (1999). 

Neff. J., and W. A. Stubblefield. Chemical and toxicological evaluation 
of water quality following the Exxon Valdez oil spill, pp. 141-177. 
In: Third Symposium on Environmental Toxicology and Risk Assess
ment: Aquatic, Plant, and Terrestrial, ASTM STP 1219 (Wells. P. G., 
J. N. Butler, and J. S. Hughes, Eds.). Philadelphia, PA: American 
Society for Testing Materials, Philadelphia ( 1995). 

O'Clair, C. E., J. W. Short, and S. D. Rice. Contamination of in
tertidal and subtidal sediments by oil from the Exxon Valdez oil 
spill in Prince Willian1 Sound. Am. Fish. Soc. Symp., 18: 61-93 
(1996). 

Page. D.S., J. Neff. P. Landrum, and P. Chapman. Comment on sen
sitivity of fish embryos to weathered crude oil: Part II. Increased 
mortality of pink salmon (Oncorhynchus gorbuscha) embryos to 
weathered Exxon Valdez crude oil. Envir. Tox. and Chem. (2011 in 
press). 

Page. D. S., P. M. Chapman, P. F. Landrum, J. Neff. and R. A. Elston. 
A perspective on the toxicity of low concentrations of petroleum
derived polycyclic aromatic hydrocarbons to early life stages of 
herring and sahnon. Human and Ecol. Risk Mgmt, (2012 in press). 

Parker, R. R. Size selective predation an10ngjuvenile salmonids fishes 
in a British Columbia inlet. J. of Fish. Res. Board of Canada, 28: 
1503-1510 (1971). 

Payne J. R., and W. B. Driskell. The importance of distinguishing 
dissolved-versus oil-droplet phases in assessing the fate, transport, 
and toxic effects of marine oil pollution. Response monitoring, 2003. 
International oil spill coriference (2003). 

Peterson C. H., S. D. Rice, J. W. Short, et al. Long-term ecosystem 
response to the Exxon Valdez oil spill. Science, 302: 2082-2086 
(2003). 

Pope, G., K. Gordon, and J. Bragg. Fundamental reservoir engineer
ing principles explain lenses of shoreline residual oil twenty years 

Reviews in Fisheries Science vol. 20 1 2012 

EX-0207-000041-TSS 



60 E. L. BRANNON ET AL. 

after the Exxon Valdez oil spill. Society .for Petroleum Engineer
ing Americas Exploration and Production Health, Safety, Security, 
and Environmental Conference. Houston, TX. USA, March 21-23, 
201 l. Paper SPE-141809 (2011). 

Rice, S. D. Effects of oil on fish. pp. 157-182. In: Petroleum effects in 
the arctic environment (Englehardt, F. R., Ed.) New York: Elsevier 
Publishers (1985). 

Rice, S. D., R. E. Thomas. M. G. Carls. et al. Impacts to pink salmon 
following the Exxon Valdez oil spill: Persistence. toxicity, sensitivity. 
and controversy. Rev. in Fish. Sci. 9: 165-211 (2001). 

Rice. S. D., J. W. Short, M. G. Carls, A. Moles, and R. B. Spies. 
The Exxon Valdez oil spill. pp. 419-520. In: Long-te1m ecological 
change in the northern Gulf of Alaska (Spies, R. B., Ed). Amsterdam: 
Elsevier (2007). 

Roy, N. K.. J. Stabile, J.E. Seeb, C. Habicht, and I. Wirgin. High Fre
quency of K-ras mutations in pink salmon embryos experimentally 
exposed to Exxon Valdez oil. Env. fox. and Chem, 18: 1521-1528 
(1999). 

Seeb, J. E., and C. Habrcht. Laboratmy examination of oil-related em
bryo mortalities that persist in pink salmon populations in Prince 
William Sound, Exxon Valdez oil spill restoration project final re
port, (Restoration Project 9719A-2), Alaska Department of Fish and 
Game, Genetics Laboratory, Anchorage, Alaska (1999). 

Sharr, S., J. E. Seeb, B. G. Bue. S. D. Moffitt, A. K. Craig, and C. D. 
Miller. Injury to salmon eggs and pre-emergentfry in Prince William 
Sound. Restoration study number 60C, final report. 93003 July 1994. 
Alaska Department of Fish and Game, Anchorage (1994). 

Sherman. K., and D. Busch. The A1go Merchant oil spill and the fish
eries. In: The wake of the Argo Merchant. Naragansett: Center for 
Ocean Management Studies, University of Rhode Island (1978). 

Short, J. W., G. V. Irvine, D. H. Mann, J.M. Maselko . .I. J. Pella, M. 
R. Lindeberg, et al. Slightly weathered Exxon Valdez oil persists in 
Gulf of Alaska beach sediments after 16 years. Envir. Sci. and Tech. 
41: 1245-1250 (2007). 

Short, J. W .. and M. M. Babcock. Prespill and postspill concentrations 
of hydrocarbons in mussels and sediments in Prince William Sound. 
Am. Fish. Soc. Symp., 18: 149-166 (1996). 

Short, J. W., M. R. Lindeberg, P. M. Harris, J.M. Maselko. J. J. Pella, 
and S. D. Rice. Estimate of oil persisting on beaches of Prince 
William Sound after the Exxon Valdez oil spill. Envir. Sci. Tech., 38: 
19-25 (2004). 

Short, J. W., and P. Rounds. Determination of petroleum-derived hydro
carbons in seawater following the Exxon Valdez oil spill: Analysis of 
seawater extracts, pp. 57-59. [n: Exxon Valdez Oil Spill Symposium, 
Anchorage, February (1993). 

Spies, R. A. (Ed.) Dueling scientists, pp. 426-428. In: Long term eco
logical change in the northern Gulf of Alaska. Arnsterdan1, Nether
lands: Elsevier (2007). 

Spies, R. B., S. D. Rice, D. A. Wolfe, and B. A. Wright. The effects of 
the Exxon Valdez oil spill on the Alaskan coastal environment. Am. 
Fish. Soc. Symp., 18: 1-16 (1996). 

Straughan, D. Ecological effects of the Santa Barbara oil spill. pp. 
173-182. In: Proceedings of the Santa Barbara oil symposium. 
Santa Barbara, CA. (1970). 

Stubblefield, W. A., E. L. Brannon. J. S. Brown, et al. Evaluation 
of the chronic toxicity of Alaska north slope crude oil to pink 

salmon (iOncorhynchus gorbuscha). Research Report 10-1, Center 
for Salmonid and Freshwater Species at Risk, University of Idaho, 
Moscow (2010). 

Sturdevant M. V., A. C. Wertheimer, and .I. L. Lum. Diets of juvenile 
pink and churn salmon in oiled and non-oiled nearshore habitats in 
Prince William Sound, 1989 and 1990. Am. Fish. Soc. Symp. 18: 
564-592 (1996). 

Suter, G. W., 11. and A. E. Rosen. Comparative toxicology for risk 
assessment of marine fishes and crustaceans. Envir. Sci. and Tech. 
22: 548-556 (1988). 

Templin, W. D., J. S. Collie, and T. J. Quinn, II. Run reconstruction on 
the wild pink salmon fishery in Prince William Sound,1990-1991. 
Am. Fish. Soc. Symp. 18: 509-517 (1996). 

Thedinga, J. F., M. G. Carls, J.M. Maselko, R. A. Heintz, and S. D. Rice. 
Resistance of naturally spawned pink salmon eggs to mechanical 
shock. Alaska Fish. Res. Bull. 11: 37-43 (2005). 

U.S. Environmental Protection Agency. Methods for measuring the 
acute toxicity of effluents to freshwater and marine organisms. EPA 
600/4-84-013, Washington, D.C. (1985) 

U.S. Environmental Protection Agency. Short-term methods for es
timating the chronic toxicity of effluents and receiving waters to 
freshwater and marine organisms. EPA 600/4-86/028. Washington, 
D.C. (1988) 

Wang, S. Y., J. L. Lum, M. G. Carls, and S. D. Rice. The relationship 
between growth and total nucleic acids in juvenile pink salmon, 
Oncorhynchus gorbuscha fed crude oil-contaminated feed. Can. J. 
of Fish. andAqu. Sci. 50: 996-1001 (1993). 

Wells, P. G., J. A. Percy, and F. R. Engelhardt. Effects of oil on arc
tic invertebrates, pp. 101-156. In: Petroleum effects in the Arctic 
environment. New York: Applied Science Publishers, Ltd. (1985). 

Wertheimer, A. C., N. J. Bax. A. D. Celewycz, M. G. Carls, and J. 
N. Landingham. Harpacticaid copepod abundance and population 
structure in Prince William Sound, 1 year after the Exxon Valdez oil 
spill. Am. Fish. Soc. Symp. 18: 551-563 (1996). 

Wertheimer. A. C .. and A. G. Celewycz. Abundance and growth of 
juvenile pink salmon in oiled and non-oiled locations of western 
Prince William Sound after the Exxon Valdez oil spill. Am. Fish. 
Soc. Symp. 18: 518-532 (1996). 

Wiedmer, M., M. J. Fink, J. J. Stegeman, R. Smolowitz, G. D. 
Marty. and D. E. Hinton. Cytochrome P-450 induction and 
histopathology in preemergent pink salmon from oiled spawning 
sites in Prince William Sound. Am. Fish. Soc. Symp. 18: 509-517 
(1996). 

Willette M. I~ffects of ocean temperatures and zoo plankton abundances 
on the growth and survival ojjuvenile pink salmon in Prince William 
Sound. Report to Prince William Sound Aquaculture C0111oration. 
Alaska Department of Fish and Game, Cordova (1992). 

Willette, T. M. Impacts of the Exxon Valdez oil spill on the migration, 
growth, and survival of juvenile pink salmon in Prince Willian1 
Sound, Am. Fish. Soc. Symp. 18: 533-550 (1996). 

Wolfe, D. A.. M. M. Krahn, E. Casillas. et al. Toxicity of intertidal and 
subtidal sediments contaminated by the Exxon Valdez oil spill. Am. 
Fish. Soc. Symp. 18: 121-139 (1996). 

Wolfe, D. A., K. J. Hameedi, J. A. Galt, et al. Fate of the oil spilled 
from the TN Exxon Valdez in Prince William Sound, Alaska. Envir. 
Sci. Tech. 28: 561A-568A (1994). 

Reviews in Fisheries Science vol. 20 1 2012 

EX-0207-000042-TSS 


