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Sensitivity of Alaskan Freshwater and Anadromous 
Fishes to Prudhoe Bay Crude Oil and Benzene 

ADAM MOLES, STANLEY D. RICE, AND SID KORN 

Northwest and Alaska Fisheries Center Auke Bay Laboratory 
National Marine Fisheries Service 

Post Office Box 155, Auke Bay, Alaska 99821 

Abstract 

The sensitivity of various species and life stages of Alaskan freshwater and anadromous fishes 
to benzene and the water-soluble fraction of Prudhoe Bay crude oil was determined with 96- 
hour toxicity tests. Freshwater juveniles of the six salmonid species tested had similar sensitivities. 
Median tolerance limits (TLm's) of these salmonids for crude oil ranged from 2.7 to 4.4 mg/ 
liter; TLm's of benzene ranged from 11.7 to 14.7 /•l/liter. Threespine sticklebacks and, to a 
lesser extent, slimy sculpins were more tolerant than salmonids and had larger TLm's: threespine 
sticklebacks had a crude-oil TLm of 10.4 mg/liter and a benzene TLm of 24.8 /•l/liter; slimy 
sculpins had a crude-oil TLm of 6.44 mg/liter and a benzene TLm of 15.4/•l/liter. Eggs of pink 
salmon and coho salmon were quite tolerant to crude oil (TLm > 12 mg/liter) and benzene 
(TLm = 339-542 /•l/liter). Emergent fry were the most sensitive freshwater stage (crude-oil 
TLm = 8.0 mg/liter; benzene TLm = 12.3-17.1 /•l/liter). Out-migrant salmonids tested in sea- 
water were twice as sensitive as out-migrant salmonids tested in fresh water, apparently because 
of the additional stress of entering seawater and the physiological changes associated with this 
transition. Freshwater TLm's were 2.3-8.0 mg/liter for crude oil and 10.8-17.1 /•l/liter for 
benzene. Corresponding seawater sensitivities were 1.1-3.6 mg/liter for crude oil and 5.5-8.5 
/•l/liter for benzene. 

Operation of the 1,300-km transAlaska oil 
pipeline from Prudhoe Bay to Valdez, Alaska, 
began in July 1977 and has stimulated concern 
about the possible effects of spills or leaks of 
crude oil on the abundant freshwater and 
anadromous fishes in the freshwater and estu- 

arine habitats along the line of transport. Any 
spillage in these habitats could be more con- 
tained and less subject to dilution than a spill 
in the open ocean. 

There are many published studies on the 
acute toxicity of crude oil. Reviews by Craddock 
(1977) and Rice et al. (1977) concluded that 
most of the studies prior to 1974 are of little 
value because of the lack of chemical analyses 
of the exposure solutions. Most recent studies 
have chemical analyses but were done with ma- 
rine animals. Very little information is available 

• The freshwater studies were supported by reim- 
bursable funds for TransAlaska Pipeline Studies 
from Alyeska Pipeline Service Company through the 
United States Fish and Wildlife Service. The seawater 

tests were supported by reimbursable funds from 
Bureau of Land Management through the Alaskan 
Outer Continental Shelf Environmental Assessment 

Program of the National Oceanic and Atmospheric 
Administration. 

to judge the potential sensitivity of subarctic 
fishes to crude oil spilled in the Alaskan fresh- 
water and estuarine environment (Rice 1973; 
Morrow 1973, 1974; Morrow et al. 1975; Rice 

et al. 1975). Only Rice et al. (1975) tested fish 
with oil in fresh water and measured the con- 

centration of oil in their tests. They concluded 
that fry of pink salmon, Oncorhynchus gorbuscha, 
were more sensitive to crude oil than eggs or 
alevins. 

Although some research on the effects of oil 
in fresh water has been done with warmwater 

fishes, the sensitivity of subarctic fishes may be 
different due to the lower temperatures of ex- 
posure. The toxicity of oil is greater at cold 
temperatures, presumably because the toxic 
hydrocarbons persist longer in the exposure 
solutions at colder temperatures (Korn et al. 
1979). When sensitivities of several Alaskan 
marine organisms to oil were compared with 
sensitivities of similar species from warmer 
waters reported in the literature, sensitivities 
for the animals from colder waters were found 

to be generally greater (Rice et al. 1977). Korn 
et al. (1979) observed that pink salmon fry ex- 
posed in seawater to toluene were more sensi- 
tive at 4 C than 12 C. 
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SENSITIVITIES OF ALASKA FISHES TO CRUDE OIL AND BENZENE 

.--Description of fishes used. 

409 

Common Scientific Length Where 
name name Age (mm) Life stage collected Remarks 

Chinook salmon Oncorhynchus Yearling 75 Juveniles Taku River, Reared from fry in 
tshaurytscha southeast laboratory 

Alaska 

Coho salmon Oncorhynchus Young of 5-50 Eggs, alevins, Sashin Creek, Reared in gravel-lined 
kisutch the year fry, ju- southeast Heath trays 

veniles Alaska 

Pink salmon Oncorhynchus Young of 5-35 Eggs, alevins, Auke Creek, Reared in gravel-lined 
gorbuscha the year fry southeast Heath trays and 

Alaska captured as out- 
migrants 

Sockeye salmon Oncorhynchus 1-year-old 48 Juveniles Auke Lake, Smolts captured as out- 
nerka 2-year-old 75 Smolts southeast migrants 

Alaska 

Arctic char Salvelinus Yearling 50 Juveniles Moore Creek, 
alpinus interior 

Alaska 

Dolly Varden Salvelinus 2-year-old 40 Juveniles Montana Creek, Smolts captured as out- 
malma 3-year-old 100 Smolts southeast migrants 

Alaska 

Arctic grayling Thymallus Young of 55 Juveniles Moore Creek, 
arcticus the year interior 

Alaska 

Threespine Gasterosteus 3-year-old 55 Adults Auke Lake, Captured as out- 
stickleback aculeatus southeast migrants 

Alaska 

Slimy sculpin Cottus Yearling 50 Juveniles Moore Creek, 
cognatus interior 

Alaska 

The purpose of our study was to determine 
the sensitivity of the eggs, alevins, fry, fresh- 
water residents, and out-migrants of several 
species of freshwater and anadromous fishes to 
the water-soluble fractions of Prudhoe Bay 
crude oil and benzene. The specific objectives 
were to (1) determine the sensitivity of the 
freshwater residents (40-75 mm long ) of eight 
common Alaskan fishes (coho salmon, chinook 
salmon, sockeye salmon, Dolly Varden, arctic 
char, arctic grayling, slimy sculpin, and three- 
spine stickleback), (2) determine differences in 
sensitivity of the eggs, alevins, and fry of pink 
and coho salmon, and (3) determine sensitivity 
of out-migrants of three anadromous species 
(pink salmon, sockeye salmon, and Dolly Var- 
den) in fresh water and seawater. 

We chose to test the toxicity of benzene in 
addition to crude oil because benzene is a major 
aromatic component of the water-soluble frac- 
tion of crude oil, and tests with a single com- 
ponent avoided complexities of a many-com- 

ponent water-soluble fraction of crude oil. In 
addition, benzene is toxic to fish (Benville and 
Korn 1977; Struhsaker et al. 1974; Meyerhoff 
1975) and is more soluble in water (1,700 /xl/ 
liter) than crude oil, so solutions of sufficient 
toxicity could be prepared and easily quantitat- 
ed. 

Methods 

The fishes for the tests were collected from 

several streams in Alaska (Table 1). All fishes 
were fed appropriate sizes of Oregon Moist Pel- 
lets 2, and were maintained and tested at am- 
bient temperatures that varied seasonally from 
3.5 C to 8.0 C. The fish used in the freshwater- 

seawater tests were collected in streams during 
their normal migration to sea and randomly 
divided into two groups. One group was held 

2 Reference to trade names does not imply en- 
dorsement by the National Marine Fisheries Service, 
National Oceanic and Atmospheric Administration. 
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410 MOLES ET AL. 

T^BLE 2.--Ninety-six-hour median tolerance limits (TLm's) of several species of freshwater fishes to water-soluble fractions 
of Prudhoe Bay crude oil and benzene. Concentrations of oil were measured in rag/liter of oil by infrared spectrophotometry 
(1R) or mg/liter of total aromatics by gas chromatography (GC). The 95 % fiducial limits are in parentheses. Fishes tested 
ranged in size from 40 to 75 mm. 

Prudhoe Bay crude oil Benzene 

Tempera- Tempera- 
mg/liter of Total aromatics ture TLm ture 

Species oil by IR by GC (mg/liter) (C) /xl/liter (C) 

Dolly Varden 1.25 2.75 8 
( 1.17-1.33) (2.49-3.00) 

Chinook salmon 1.47 3.59 6 

( 1.37-1.57) (3.08•t.09) 

Coho salmon 1.45 3.67 8 

( 1.36-1.54) (3.27•t.07) 

Sockeye salmon 1.79 6 
(1.56-2.06) 

Arctic grayling 2.04 4.40 9 
(1.80-2.32) (3.86•t.98) 

Arctic char 2.17 4 

(1.98-2.37) 

Slimy sculpin 3.00 6.44 9 
(2.63-3.37) (5.74-7.14) 

Threespine >6.89 > 10.45 5 
stickleback 

11.96 8 

(8.92-15.00) 

11.73 9 

(8.40-13.63) 

14.09 9 

(9.88-18.30) 

14.71 

(10.69-18.73) 

15.41 9 

(13.90-17.08) 

24.83 8 

(21.70-28.42) 

and tested in fresh water. The other group was 
held in 50% seawater for 3 days, then trans- 
ferred to full-strength seawater (28-30%ø) for 
3 days to simulate normal transition, before 
testing in fhll strength seawater. 

The median tolerance limit (TLm; the con- 
centration at which half the animals survive a 

given period of exposure) was deternfined for 
each species and life stage exposed to the water- 
soluble fractions of Prudhoe Bay crude oil and 
benzene during static 96-hour toxicity tests. 
The exposures were in 18-liter glass jars with 
less than 1 g of tissue wet weight per liter of 
solution; replicate jars were used, as needed, to 
hold a total of 12 fish for each concentration. 

Solutions were aerated slowly to insure ade- 
quate oxygen concentrations (above 85% satu- 
ration at end of tests). Crude-oil solutions were 
aerated continuously; benzene solutions were 
only aerated during the final 48 hours. 

Each toxicity test had a minimum of 12 fish 
at each of five to seven concentrations plus con- 
trols. The number and level of concentrations 

tested for each species-toxicant combination 
were decided after preliminary tests that deter- 
mined the approximate lethal dose. Concentra- 
tions were set at 20% increments of the lowest 

concentration that showed an effect. The high- 
est concentration of crude oil tested was 12 rag/ 
liter, and the highest benzene concentration 
tested was 700 tzl/liter--both concentrations are 
the limits of solubility. Only results from tests 
with partial kills were used in calculations of 
TLm's. To have tests with partial kills, we often 
repeated tests with even smaller differences 
(10-15%) between exposure concentrations. 

Deaths were recorded daily and TLm's were 
determined from the initial concentrations of 

toxicant by either probit analysis or the Spear- 
man-Karber method (Finney 1971). Probit 
analysis was used to determine TLm and 95% 
fiducial limits (Wang 2 program S-174-7.7) when 
there were at least two toxicant concentrations 

in which some fish, but not all, were dead. If 
there was only one concentration with some 
deaths, the Spearman-Karber method was 
used, which gives equally good estimates of 
TLm's and 95% fiducial limits. No control fish 

died during the tests. 
Benzene solutions and the water-soluble frac- 

tions of Prudhoe Bay crude oil were prepared 
by slowly mixing a 1% toxicant-water nfixture 
for 20 hours. After the mixture settled for 3 

hours, the water-soluble portion was siphoned 
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SENSITIVITIES OF ALASKA FISHES TO CRUDE OIL AND BENZENE 411 

from beneath the slick and diluted to appro- 
priate concentrations in 18-liter glass jars, and 
the fish were added. Benzene solutions were 

measured at a wavelength of 253 nm with an 
ultraviolet spectrophotometer. Dilutions of 
crude-oil solutions were analyzed by infrared 
spectrophotometry (Gruenfeld 1973) and gas 
chromatography (Korn et al. 1979). 

Concentrations of both toxicants decreased 

with time due to evaporation and biodegrada- 
tion. In tests with juvenile fish (tissue loading 
of 0.4 g/liter), concentrations of the crude oil 
decreased to an average of 80% of the initial 
value in 24 hours and to an average of 15% of 
the initial value in 96 hours. Concentrations of 

benzene decreased to an average of 75% of the 
initial value in 24 hours and to an average of 
10% of the initial value in 96 hours (concentra- 
tions were not aerated in the first 48 hours). In 
tests with eggs and alevins, concentrations of 
these toxicants decreased significantly more 
slowly than in tests with juvenile fish. 

Crude oil is a complex mixture of com- 
pounds and no single analytical method is ad- 
equate to quantirate the entire mixture of com- 
ponents. We measured total aromatic 
hydrocarbons by gas chromatography because 
these compounds are believed to account for 
most of the toxicity in water-soluble fractions 
of crude oil (Rice et al. 1977). Paraffins, al- 
though they were not considered to be respon- 
sible for the toxicity of oil (Rice et al. 1977), 
were measured by infrared spectrophotometry 
and the values given so that our data could be 
compared with other data reported in the lit- 
erature. 

Species Sensitivity to Oil and Benzene 

The salmonids were consistently the most 
sensitive species tested with both the water-sol- 
uble fraction of Prudhoe Bay crude oil and 
benzene (Table 2), and threespine sticklebacks 
were consistently the most tolerant. Slimy soul- 
pins were similar to salmonids in sensitivity. 
Ninety-six-hour TLm's ranged from 2.75 rag/ 
liter total aromatic hydrocarbons of crude oil 
and 11.96 tzl/liter benzene for Dolly Varden, to 
10.45 rag/liter total aromatics of crude oil and 
24.83 tzl/liter benzene for threespine stickle- 
backs. When measured by infrared spectropho- 
tometry, the order of sensitivity to crude oil re- 
mained similar: 1.25 rag/liter for the Dolly 

Varden to >6.89 mg/liter for the threespine 
stickleback. 

The sensitivities of salmonids are similar, al- 

though there are some nonoverlapping 95% 
fiducial limits in the crude oil exposures. For 
example, the fiducial limits for Dolly Varden 
do not overlap those of the other salmonids. 
However, this sensitivity difference is small and 
does not appear in the benzene tests. In con- 
trast, the salmonids collectively are about twice 
as sensitive as the threespine sticklebacks. 
Threespine sticklebacks did not die in the high- 
est concentration of crude oil (> 10.45 rag/liter 
aromatic hydrocarbons), which is well above the 
highest upper fiducial limit for a salmonid (arc- 
tic grayling: 4.98 rag/liter aromatic hydrocar- 
bons). Tolerance of threespine sticklebacks was 
observed in the benzene exposures (fiducial 
limits did not overlap salmonid fiducial limits). 
The slimy sculpins were consistently more tol- 
erant than salmonids in the crude-oil and ben- 

zene tests, but not significantly (overlapping fi- 
ducial limits). However, the slimy sculpins were 
significantly more sensitive to oil and benzene 
than threespine sticklebacks. 

Static tests are logistically more practical for 
comparing and ranking the sensitivities of a 
large number of species. Static tests may sim- 
ulate an oil spill, and give good estimates of the 
species' relative sensitivity if the deaths occur 
largely during the period of initial toxicant sta- 
bility. In our static tests, most deaths occurred 
during the first 12 hours. This rapid mortality 
of fish exposed to aromatic hydrocarbons has 
been noted by other researchers (Pickering and 
Henderson 1966; Benville and Korn 1977; 
Morrow 1974; Rice et al. 1977). The 96-hour 
TLm's of flow-through tests with constant con- 
centrations of toxicants would be somewhat 
lower than 96-hour TLm's of static tests. Flow- 

through tests would relate better than static 
tests to a field situation where oil was dis- 

charged continuously for several days. How- 
ever, results of flow-through tests would not 
differ significantly from static tests if the fish 
die during the first few hours before the toxi- 
cant concentrations in the static tests have de- 

clined significantly. 
All tests were run at ambient temperatures 

appropriate for the fish at time of the tests. No 
attempt was made to arbitrarily pick a "stan- 
dard" temperature for all the tests because ab- 
normal temperatures for a given season were 
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412 MOLES ET AL. 
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FIOURE 1 .---Sensitivity (96-hour TLm's) •f early life stages 
of pink and coho salmon to benzene. Vertical bars indicate 
95 % fidudal limits, except for tests with eggs, where bars 
indicate concentrations at which 0 and 100% of the eggs 
survived. Times of hatching and emergence from the 
gravel are indicated. 

throught to be potentially stressful; conse- 
quently, temperature ranged from 4 C to 9 C 
between tests. This temperature range proba- 
bly does not affect the measured TLm's signif- 
icantly, because temperatures between 4 C and 
8 C do not significantly affect the sensitivity of 
pink salmon fry exposed to crude oil (Korn et 
al. 1979). 

Sensitivities of Early Life Stages 

The sensitivities of pink salmon and coho 
salmon to benzene increased sharply during 
development from egg to fry (Fig. 1). The egg 
stage was the least sensitive to benzene (96-hour 
TLm = 339 /xl/liter for pink salmon and 542 
/xl/liter for coho salmon), the alevin stages were 
moderately sensitive, and the emergent stage 
was the most sensitive (96-hour TLm = 5.28 

liter for pink salmon and 9.8/xl/liter for coho 
salmon). The pattern of increased sensitivity as 
development proceeded was clearer with ben- 
zene, but tests with crude oil showed the same 
trend. The 96-hour TLm's for eggs and early 
(20 days posthatching) alevins tested in crude- 
oil water-soluble fractions were greater than 12 
mg/liter (as measured by gas chromatography), 
the highest soluble concentration that could be 
obtained by our methods. Emergent fry were 
sensitive to Prudhoe Bay crude oil with a 96- 
hour TLm of 8 mg/liter for both species. 

The increase in sensitivity to benzene during 
development from eggs to fry is consistent with 
results of oil toxicity studies by Rice et al. (1975) 
and with results of other studies involving tox- 
icants such as dichlorodiphenyl trichloroethane 
(Burdick et al. 1964), detergent (Wurtz-Arlet 
1959), rotenone (Garrison 1968), ammonia 
(Penaz 1965; Rice and Stokes 1975), zinc (Skid- 
more 1965, 1966), and cadmium (Middaugh 
and Dean 1977). The higher sensitivity exhib- 
ited by the emergent fry is in agreement with 
the conclusions of McKim (1977), who exam- 
ined the results of 56 toxicity tests done in the 
last decade. In most of these tests, the larval 

and juvenile stages were more sensitive than 
eggs or adults. The "universal" tolerance of the 
egg is not fully explained by the presence of 
the chorion and perivitelline membrane acting 
as a barrier to toxicant uptake. If this were the 
case, loss of the membranes at hatching would 
result in sharp increase in sensitivity between 
eggs and alevins rather than a smooth logarith- 
mic increase. Skidmore (1965) found that ze- 
brafish embryos with ruptured egg membranes 
survived longer in zinc solutions than those em- 
bryos with intact membranes, indicating that 
the chorion may not offer any protection from 
some toxicants. The logarithmic increase in 
sensitivity to benzene from egg through alevin 
to fry correlates well with increased physiolog- 
ical activity and yolk absorption. The relatively 
tolerant early alevins have a large yolk reserve, 
even though they lack the chorionic membrane. 
Eggs and alevins can take up large quantities of 
aromatic hydrocarbons, but most of the hydro- 
carbons are partitioned off into the yolk (Korn 
et al., unpublished data) where they are isolated 
from the embryo. Consequently, the embryo is 
exposed to small quantities of hydrocarbons at 
a very slow rate as the yolk is consumed during 
development. 
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SENSITIVITIES OF ALASKA FISHES TO CRUDE OIL AND BENZENE 413 

T^eLE 3.--Sensitivity (96-hour TLm's) in fresh water and seawater of sockeye salmon and Dolly Varden smolts and 
outmigrant pink salmon fry to benzene and to Prudhoe Bay crude oil water-soluble fraction. The 95 % fiducial limits are 
in parentheses. 

Prudhoe Bay crude oil Benzene 
total aromatics (mg/liter) (p.l/liter) 

Tempera- 
ture Fresh Sea- Fresh Sea- 

Species (C) water water water water 

Dolly Varden 8 2.68 1.38 11.90 6.30 
(2.38-3.02) (1.24-1.52) (9.00-14.80) (4.60-8.00) 

Sockeye salmon 6 2.22 1.05 10.76 5.55 
(1.81-2.63) (0.76-1.40) (9.48-12.04) (2.89-8.21) 

Pink salmon 4 7.99 3.73 17.09 8.47 

(7.57-8.45) (2.74•t.46) (14.33-19.85) (7.89-9.09) 

Sensitivities of Out-Migrants in 
Fresh Water and Seawater 

Out-migrants of pink salmon, sockeye salm- 
on, and Dolly Varden acclimated to seawater 
were about twice as sensitive to benzene and the 

water-soluble fraction of Prudhoe Bay crude oil 
as out-migrants tested in fresh water (Table 3). 
Out-migrants tested with benzene had 96-hour 
TLm's ranging from 5.55 to 8.47 p.1/liter in sea- 
water and from 10.76 to 17.09 p.1/liter in fresh 
water. The range of 96-hour TLm's for fish 
tested with crude oil was from 1.05 to 3.60 rag/ 
liter in seawater and from 2.32 to 8.00 mg/liter 
in fresh water. In each test with crude oil 

and benzene, the 95% fiducial limits of the 
freshwater tests did not overlap with those of 
the seawater tests. Note that the tests in fresh 

water and seawater were conducted at equal 
temperatures for a given species, precluding 
effects caused by temperature differences be- 
tween the two tests. 

The greater sensitivity of Dolly Varden, pink 
salmon, and sockeye salmon out-migrants in 
seawater than in fresh water suggests that other 
salmonids would also be more sensitive to crude 

oil upon entering seawater than their fresh- 
water counterparts. Previous tests by Rice et al. 
(1975) also found pink salmon fry to be more 
sensitive to Prudhoe Bay crude oil in seawater 
than in fresh water; but, infrared spectrometry 
methods do not measure individual hydrocar- 
bons in the water-soluble fractions, and it was 

not known whether chemical composition of 
the freshwater and seawater water-soluble frac- 

tions was similar. By using gas chromatographic 
analysis and the reference toxicant benzene in 
this study, we demonstrated that the difference 
in sensitivity between fishes acclimated to sea- 

water and fresh water is not due to differences 

in the character of the oil-water mixture, but 
due to additional stresses associated with accli- 
mation to seawater. The transition to seawater 

is accompanied by physiological changes in ion- 
ic regulation and excretion that involve func- 
tional changes in several organs such as gills 
and kidneys. We do not know whether the 
change in sensitivity is caused directly by 
changes in the uptake, metabolism, and excre- 
tion of the hydrocarbons or whether increased 
sensitivity is caused by the additional stress of 
seawater and the required changes in ionic and 
osmotic regulatory processes. 

The fish in the freshwater-seawater tests were 

captured as they were migrating to the ocean, 
indicating they were ready to make the transi- 
tion to seawater. The rapid "acclimation" to 
seawater (3 days at 15%o, 3 days at 30%0) some- 
what mimics the variations encountered in the 

natural Alaskan estuary. The upper layer of 
diluted seawater in these estuaries varies in sa- 

linity and depth, depending on season and local 
weather. Fish fully acclimated to the seawater 
habitat after several weeks may not be as sen- 
sitive. 
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