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I. TASK OBJECTIVE

The main objective of this study was to establish the effect of selected
petroleum hydrocarbons on the physiology of certain cold-water fishes that
are year round residents of the Bering Sea.

IT. FIELD AND LABORATORY ACTIVITIES

Background. In the past several years there has been much interest in
the biological effects produced when marine organisms are exposed to petroleum
hydrocarbons. This interest has been in the form of studies in which organisms
have been exposed to the water soluble fraction of petroleum or some of its
refined products such as fuel oil (1). Generally the approach in these
studies has involved determining how much of the water soluble fraction it
takes to kill an organism in a specified period of time. In general the
hydrocarbon toxicants responsible for death were not identified and if so
their concentrations were not accurately determined because of the lack of
good analytical techniques (1}.

Recently there has been more emphasis on identifying the toxic components
of the water soluble fraction of petroleum and attempting to elucidate the
mechanisms by which they disrupt behavior and cause death (2,3). Of the
many petroleum hydrocarbon pollutants studied recent results indicate that
the aromatic compounds, and in particular naphthalene and naphthalene type

compounds are probably the most toxic (3). Naphthalene is of particular

interest because it has been demonstrated that it is rapidly taken up by

organisms and in the case of fishes it has been shown to concentrate in the
liver where it is metabolized (4). Recently studies have also shown that

this hydrocarbon comprises a significant portion of some crude oils and
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fuel oil fractions (3). Because of its toxicity and its relatively high
concentration in certain petroleums, we decided to investigate its toxic
effects on the physiology and biochemistry of selected Bering Sea fishes

at lethal and sublethal concentrations. The fact that naphthalene is rapidly
taken up by the liver even at low exposure levels (4) suggested to us that
this toxicant might affect liver protein synthesis. The liver proteins
selected for study was the secreted plasma proteins (albumins and globulins)
because it is a relatively easy system to work with (see review by Haschemeyer)
(5) and the biological antifreeze proteins which have been demonstrated to

be present in certain members of the fish families Gadidae and Cottidae

which inhabit the Bering Sea. The species selected for long term sublethal

exposure in this study was the cottid, Myoxycephalus verrucosus (Bean)

because it was found to be a very hardy fish which could be handled easily
in an experimental study. The biological antifreeze which protects this
fish at subfreezing temperatures is a small peptide which is composed of
approximately 40% alanine (6). A recent study of protein synthesis in
antarctic fishes indicates that their antifreeze compounds (glycopeptides)
are synthesized in the liver (7). No studies have been done to demonstrate
that the peptide antifreeze is synthesized in the liver of the sculpin,
however there is no reason to believe that their site of synthesis should
be different than that of the antarctic fish.

A. Ship and Field Trips for Specimen Collection and Methods

Collection of Specimens. Ten specimens of the sculpin, Megalocottus

platycephalus laticeps (Gilbert) were trawled using a 14 foot otter trawl

from Safety Lagoon south of Nome Alaska during September of 1975. The




water temperature was +7°C and the depth 3 meters. The fish were shipped

to the experimental aquarium facility at Scripps Institution of Oceanography
(SIO) in coolers which were equipped with air pumps. The were held at +1°C
until used.

Naphthalene Uptake. Two specimens of Megalocottus weighing 27 g each

e

were used in two separate naphthalene uptake experiments. The experiments
involved solubilizing 1 uc of Naphthalene-1-Cl4 (specific activity 39.8 uCi/mg)
in one ml of ethanol and slowly infusing it into one liter of filtered seawater
through a 30 gauge needle. The seawater was stirred with a magnetic stirrer
to ensure mixing occurred. The water was gently aerated and radioactivity
measurements of a water sample indicated that loss of naphthalene from the
water by evaporation was insignificant. After the sculpin was put into the
water, samples were withdrawn and analyzed for radioactivity. One ml of
seawater was diluted to 3.5 ml with distilled water and then shaken with

11.5 ml of Aquasol (New England Nuclear). The resulting stiff clear gels

were counted in a Beckman liquid scintillation counter. After 22 hours one

of the sculpins was washed with methanol and the radioactivity determined in
100 mg samples of several of its tissues. The tissue samples were digested
with Protosol (New England Nuclear), and after digestion was complete they
were neutralized with Tris-HCl. They were counted in Aquasol before and

after addition of an internal standard.

Collection of Specimens for Short and Long Term Naphthalene Expsoure.

About 200 specimens of the sculpin, Myoxocephalus verrucosus were collected

by the fishing crew aborad the R/V Miller Freeman while on Leg II of cruise

OCSEAP RP-4-MF-76-A 1n the eastern Bering Sea. The fish were caught with a




100 foot otter trawl which was towed for 30 minutes at a depth of 50 m near

St. George Island. The water tempefature near the bottom was 0°C as indica-

ted by <o XBT probe trace. The fish were held on the deck of the ship in

1220 liter fiberglassed circular tanks while at sea. The tanks were closed
with resined plywood covers which sealed the tanks and water was introduced
through a stand-pipe. This design ensured that the tanks were full and that
there was little water movement even in rough seas. Seawater from the ship's
fire main was continually circulated through the tanks and few of the sculpins
died while at sea. The water temperature of the fire main varied between -0.5
and +4°C depending on how near the ship was to the edge of the ice.

Short term acute exposures to naphthalene were done aboard the ship in
tanks holding 160 liters of seawater containing naphthalene at concentrations
of 3, 4 and 5 ppm. Naphthalene was introduced into the water by first solu-
bilizing it in ethanol and then infusing the ethanol into a stream of high
velocity seawater which ensured that mixing was adequate. When sea conditions
permitted, 10 specimens of each species were transferred to the tanks and the
times at which they first showed stress and when they died were recorded.
Cessation of opercular movement coincided with death as indicated by the
fact that when exposed fish were removed to fresh seawater they failed to
recover. Only preliminary short term studies were done aboard the ship
because of the lack of aquarium space, the large size of the specimens (average
weight = 500 g) and the short duration of the cruise. These preliminary
naphthalene toxicity determinations were intended only to provide a rough
approximation of the TLm (concentration at which 50% of specimens survive)

so that sublethal concentrations could be selected for long term exposure
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studies to be conducted at the aquarium facility at SIO using a flow through
system.

Long Term Sublethal Exposure. Forty specimens of the sculpin collected

on this cruise where shipped by airfreight to the aquarium facility at SIO.
They were packaged in heavy plastic bags in Igloo coolers and the water
aerated using a portable battery powered air pump. Some ice was put in the
coolers and after 30 hours of air travel the temperature of the water was

+4°C. Of the 40 specimens shipped all survived the air shipment. After a
week in the aquarium at +7°C the fish began feeding on pieces of yellow tail
tuna. The fish were treated once a week with the antibiotic, furacin (30

g/100 1 of seawater) to prevent bacterial infections. After two weeks
acclimation at +7°C they were transferred to +14°C water and held at that
temperature for 2 months. At this temperature the fish were fed twice a week
and each week thereafter a few of the specimens were selected for blood samples.
Blood plasma samples were assayed for ion content as well as for the disappear-
ance of the thermal hysteresis which is a measure of the peptide antifreeze
content. Upon warm acclimation most of the peptide antifreeze disappeared

and then 6 specimens were transferred to a 60 liter tank where they were cold
acclimated to +0.5°C seawater containing naphthalene at a concentration of

1 ppm. Naphthalene concentration in the tank was determined by measuring the
absorbance at 276 mu and the absorbance agreed with that obtained for a stan-

dard solution of 1 ppm. The naphthalene was introduced by solubilizing it

in 95% ethanol and infusing it through an 18 gauge needle at the rate of

0.4 ml per minute into a stream of seawater flowing at the rate of 800 ml per

minute. For metering the alcoholic naphthalene and seawater, two variable




speed peristaltic pumps were used. Silicone tubing was used and it was changed
one a week. The calibration of the pumps was checked daily as well as the
concentration of the naphthalene in the seawater by measuring the absorbance

at 276 mu. At the beginning of the naphthalene exposure experiment, 5 speci-
mens of the warm acclimated sculpin were also transferred to +0.5°C seawater
and served as controls. Blood samples were taken periodically from the caudal
vein of both the control and exposed fish using a 30 gauge hypodermic needle
while the fish were under light anesthesia. The plasma levels of sodium and
potassium were determined using a Corning 450 flame photometer and the chlorides
determined using a Buchler chloridometer. Freezing and melting points were
determined according to the method of DeVries (10). The difference between

the freezing and melting point is referred to as a thermal hysteresis and is

a reasonably accurate estimate of concentration of the peptide antifreeze in
the blood.

Measurement of Resting Metabolism. Oxygen consumption measurements were

done in a 6 liter glass jar at +1°C. Water was circulated through a Rank
electrode chamber and back to the respirometer. The electrode potential was
displayed on a Houston strip chart recorder and a span of one millivolt indi-
cated an oxygen concentration change from 0 to 7.9 ml per 1 of seawater. At
+1°C the response time of the electrode was about 10 minutes. Runs usually
lasted about 2 hours. Data were recorded only after the first 15 minutes to
ensure that the rate of response of the electrode was constant.

When fish are put into a chamber they often exhibit elevated rates of

oxygen consumption for several hours due to the activity resulting from strange

surroundings and being handled. Therefore, the sculpins were héld in the




respirometer several hours before their oxygen consumption was determined.
During this acclimation period water was slowly circulated through the respir-
ometer. The oxygen consumption is expressed as ml O2 consumed/g/hour.

Measurement of Plasma Protein Synthesis. After 6 weeks of low tempera-

ture acclimation, 4 control fish and 4 exposed fish were injected each with

40 pCi of L-leucine-Cl4(U) (specific activity: 320 mCi/mmol) and the incor-
poration into secreted plasma protein determined. Forty pCi of the isotope
was made up to a volume of 0.4 ml with a buffered, balanced salt solution

and injected into the caudal vein. The solution was injected through a 10 cm
length of polyethylene tubine (PE-10) attached to a 30 gauge needle. Once

the needle pierced the vein the injection could be made without disturbing

the needle. The fish were lightly anesthesized with MS 222 (0.1 g/1) both
during the injection and when blood samples were drawn. The arousal time

was usually about 3 minutes. At various times after the injection, 300 ul
samples of blood were withdrawn from the caudal vein and immediately centrifuged
before clotting occurred. A IOO'ul aliquot of the plasma was transferred to

a 2.3 cm Whatman No. 3 mm filter paper. The paper disc was allowed to dry

for 5 minutes then washed twice for 10 minutes in each of the following solu-
tions: cold 10% trichloracetic acid (TCA), cold 3% perchloric acid, cold 95%
ethanol and ether. After drying at room temperature for 15 minutes the disc
was put into a scintillation vial containing 10 ml of toluene containing 4 g
per liter of 2,5-diphenyl-oxazole (PPO), 0.05 g per liter of 1,4-bis(2-phenyl-
oxazolyl)benzene (POPOP). Another 100 pl aliquot of the blood plasma sample
was added to 100 ul of 10% TCA, shaken and centrifuged after having been

immersed for 1 hour in ice. A 100 pl aliquot of the TCA supernatant was

counted in 10 ml of Aquasol.




When it was apparent that the sécretion of leucine labeled plasma protein
was occurring at a constant rate, the fish were anesthesized, weighed and
sacrificed. The liver was removed, weighed and homogenized in one volume of
a buffer containing 0.35 M sucrose, 0.05 M Tris, pH 7.4, 0.025 M KC1 and
0.01 M_MgCl2 for 3 minutes at low speed in a Waring Blender. The homogenate
was centrifuged at 1000 x g for 3 minutes to sediment the cellular debris and
rid the homogenate of bubbles. One hundred pl aliquots were assayed for radio-
activity using the filter disc technique described above and the free radio-
activity determined in TCA soluble supernatants.

The ratioactive samples were counted on a Beckman liquid scintillation
counter. The recoveries of radioactivity in the forms of labeled protein and
free radioactivity in the plasma and liver were calculated according to the
method outlined by Hashemeyer (8).

Effect of Naphthalene on Liver Morphology. Upon completion of the leucine

incorporation studies but before the livers were homogenized, small sections of
liver were preserved in 10% formalin for histological examination. The liver
samples were embedded, sectioned and stained with hematoxylin and eesin. They
were examined by light microscopy.

ITI. RESULTS AND INTERPRETATION

Naphthalene Uptake in Sculpin. Exposure of the sculpin Megalocottus to

low levels of naphthalene (0.025 ppm) indicates that even at very low levels
fish rapidly take up naphthalene from seawater. Figure 1 illustrates that
within two hours 75% of the naphthalene in a liter of seawater had been taken

up by a 37 g Megalocottus. After several hours of exposure significant amounts

of radioactivity (presumably naphthalene) were found in the various body fluids




and tissues. Most of the radioactivity present in the fish was associated
with the liver (Table 1). Similar rates of uptake and concentrations of
radioactivity in the liver have also been found when specimens of the tem-

perate pacific sculpin Oligocottus maculosus were exposed to low levels of

radioactive naphthalene (4). Recent studies indicate that the liver metabo-
lizes naphthalene to more water soluble products such as 1,2-dihydro-1,2-
dihydroxynaphthalene which are excreted via the bile (4). In rats some of
the naphthalene is metabolized to 1,2-dihydro-1-naphthyl glucosiduronic acid
and excreted via the urine (9). There appears to be no data available con-
cerning the toxicity of these metabolites.

Acute Exposure Studies. Of the several species of Bering Sea fishes

exposed to naphthalene at a temperature of +1°C, the cottids and pleuronectids
appeared to be more resistant to exposure than the gadids. At a concentration

of 4 ppm all of the cod, Gadus macrocephalus and pollack, Theragra chalcogramma

died within 2 hours while other species which included the sculpin Myoxocephalus

and the rock sole Lepidopsetta bilineata did not die until they had been ex-

posed for 20 hours. At a concentration of 3 ppm the cods were unable to

maintain their equilibrium after 3 hours had passed and after 13 hours they

failed to ventilate and did not recover when put into fresh seawater at the
same temperature. The cottids and pleuronectids however showed signs of stress
at this concentration only after 12 hours of exposure and after 48 hours only
10% of the sculpins had died. No toxic lethal doses are given for this study
because only 10 specimens of each species were exposed. The results are con-
sidered to be of a preliminary nature because the exact concentrations could

not be determined as there was no spectrophotometer aboard the ship. Water
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samples were collected during the course of the exposures and analyzed at

the laboratory at SIO one month later, however the naphthalene concentrations
were about one tenth of what was expected. Therefore they were considered
unreliable and not used. However, the experiments did permit a reasonable
estimate of the naphthalene dose which could be tolerated for long periods
of time. On the basis of these short term exposure studies, a concentration
of 1 ppm was selected for the sublethal long term exposures and at this level
no fish died during a 6 week period of exposure.

The cause of death from short term exposures to high concentrations of
naphthalene is not known. Exposed fish usually lost their ability to retain
their equilibrium in the water column very quickly, and shortly thereafter
stopped ventilating. Such behavior suggests that disruption of the nervous
system may be involved. The high concentration of radioactivity in the brain
(Table 1) of sculpin exposed to radioactive naphthalene lends some support to
this hypothesis.

Long Term Naphthalene Exposure Studies. Although none of the six sculpin,

Myoxocephalus exposed to seawater containing 1 ppm naphthalene died, their

condition appeared to deteriorate over the course of exposure. Previously

all of these fish fed on pieces of yellow tail fillet and although the con-

trols continued to feed during the course of cold acclimation, the naphthalene
exposed fish refused to feed. During the 6 week exposure period they were
lightly anesthesized twice and small pieces of fish forced into their stomach.
This '"force feeding'" did not appear to have any adverse effects on the specimens.
The reduced food intake undoubtedly had some influence on their condition,
however they appeared worse than the condition of the starved controls. The

exposed fish also appeared to be less active when transferred to a container

of anesthetic.
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Effect on Blood Chemistry. Periodic sampling of both the control and

exposed fish showed that the concentrations of ions in their blood did not
change significantly after the initial increase which resulted from trans-
ferring them from warm to cold water (Table 2). The changes in ion levels
are in accord with what has been observed with other marine fishes upon cold
acclimation (10). On the basis of the data presented in this study, it
appears that naphthalene does not affect the capability for osmoregulation

in Myoxocephalus. One important difference that was noted was the large

drop in the hematocrit value of the naphthalene exposed fish which appeared
to drop further as exposure continued. It should be pointed out that each
time the fish were sampled about 2.5% of their blood volume was removed.
Since they did not accept food the red blood cells may have been regenerated
more slowly or not at all. The decrease in hematocrit did not occur in a
few of the control fish which were starved. The drop in hematocrit value

is similar to that observed for other higher vertebrates which have been
exposed to naphthalene (11).

Effect of Naphthalene on Peptide Antifreeze. When the warm acclimated

control sculpin were acclimated for 6 weeks at +0.5°C, they produced only
a small amount of peptide antifreeze. The plasma freezing point dropped
from -1.01°C to -1.28°C during this time. The change in the difference
between the freezing point and melting point (thermal hysteresis) was only

0.13°C (Table 2). This change is quite small compared to difference observed

between sculpin collected during the summer and winter where it is 1.0°C.

The small change in thermal hysteresis observed with this extended period
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of cold acclimation was surprising, however it is in accord with the magnitude

of change observed when the sculpin, Myoxocephalus scorpius was cold acclimated

in the laboratory during the months of August and September (12}.

No increase in thermal hysteresis was observed with the plasmas of the
naphthalene exposed fish. In fact it actually decreased by 0.06°C during
the 6 week acclimation and exposure period (Table 2) indicating small amounts
of peptide antifreeze had disappeared from the blood. In order to decide
whether this change in the level of antifreeze resulted from a decrease in
the rate of protein synthesis, the incorporation of radioactive leucine into
liver secreted proteins was determined (see Effect on Synthesis of Secreted
Liver Proteins).

The slow rate of peptide antifreeze production during 6 weeks of cold
acclimation suggests to us that the experiment should have been conducted
late in the autumn season rather than during the summer. A similar cold
acclimation experiment done with the closely related sculpin, M. scorpius
resulted in the production of 50% of their wintertime compliment of anti-
freeze (12), whereas in this study cold acclimation caused only 35% of the
wintertime compliment of antifreeze to appear. Acclimation regimes used
in the two studies were the same except that the study described in this
paper was done between mid- and late summer, while the other was done between
late summer and early autumn. The difference in antifreeze production during
cold acclimation in these two species suggests to us that control of produc-
tion is a seasonal phenomenon and involves more than low temperature and

exposure to short days. It is apparent that in order to examine the effects

of naphthalene exposure on peptide antifreeze synthesis, the acclimation
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experiments must be done during the late autumn, a time during which the
sculpin normally produce their peptide antifreeczes.

Effect of Naphthalene on Metabolism. The oxygen consumption rates for

the exposed and control fish are given in Table 3. Data are for fish of
similar weights and are therefore comparable. They clearly show that exposed
fish have lower rates of oxygen consumption. This low rate is not entirely
unexpected in view of their reduced food intake and apparent poor condition.
It is possible that the exposed fish are unable to use oxygen at a faster
rate because of their severe anemia.

Effect on Synthesis of Secreted Liver Proteins. The time course of the

appearance of labeled plasma protein at —0.5°C after injection of radioactive
leucine into the caudal vein of control and exposed sculpin is shown in Fig-
ure 2. Examination of the respective curves revals that there is no difference
in the rates of incorporation between the control and exposed specimens. The
shape of the curves are similar to those obtained for the incorporation of
labeled amino acids into plasma protein at 20°C in the toad fish (8).

The recoveries of labeled plasma protein ranged between 3 and 10% for both
groups. These values are slightly lower than those reported for the toad fish

at 10°C and for the antarctic cod, Dissostichus mawsoni at -1.5°C (7). The

recoveries of liver protein (63-76%) however were similar to those reported for
the toad fish and antarctic cod. Rocoveries of free radioactivity in the liver
were significantly higher than those in the toad fish, however this is most

likely due to the fact that twice as much isotope per unit of body weight was

administered to the sculpin as was to the other species. Free radioactivity

recovered from the plasma was less than 3% of the total, a value which is
similar to that recovered from the plasma of the toad fish.
There appear to be no differences in the recoveries of both the labeled

protein and free radioactivity between the control and exposed fish. There-
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fore it appears that 6 weeks exposure to 1 ppm napththalene does not have
dny detectable effect on the rate at which liver proteins are synthesized
and secreted into the blood.

Effect on Liver Cellular Structure. Prior to preparation of the liver

homogenates the livers were examined for gross changes and there appeared

to be no difference between the control and exposed fish with the exception
that one of the livers of the exposed fish was slightly hardened and pigmented.
Histological examination of H and E stained sections of this liver revealed
that many of its cells were shrunken, and in fact some of them lacked cytoplasm.
In other cells thickening of the cell wall had occurred and in some there
appeared to be deposition of fibrous material in the cytoplasm. Examination

of other livers taken from exposed fish indicated similar cellular changes

but not.to the extent observed in the hardened liver. Examination of the
livers of control fish indicated that their cells were normal.

The histological analysis of the livers indicates that naphthalene
exposure does produce changes in the cells of the liver. The normal pattern
of protein synthesis observed in naphthalene exposed fishes is not unusual.
Compensatory mechanisms exist in the liver which allow protein synthesis to
occur at its normal rate despite some cellular deterioration.

IV. SUMMARY AND CONCLUSIONS

Sculpins from the Bering Sea were shown to take up naphthalene from their
environment however it appeared to have little effect on the biosynthesis of
either the plasma protein or of the peptide antifreeze. Morphological studies
demonstrated that naphthalene exposure caused deterioration of the liver, how-
ever it was not determined whether this was a direct effect of naphthalene
metabolism or resulted indirectly from anemia and reduced food intake. The
normal rate of protein synthesis in tHe naphthalene exposed fishes suggests

that compensatory mechanisms exist to maintain a constant synthetic rate of

liver proteins.
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Table 1. Distribution of radicactivity in various tissues and fluids of

Megalocottus platycephalus laticeps after 22 hours exposure in one 1 of sea-

water containing 1 uCi (0.025 ppm) naphthalene C-14.

Tissue Dpm/100 mg tissue
Liver 135,000
Bile 117,000
Brain 41,300
Gut 15,300
Kidney 8,200
Gill 4,500
Muscle 2,800
Blood Serum 1,800
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Table 2. Physicochemical properties of blood plasma of two groups of Myoxocephalus verrucosus cold

acclimated at +0.5°C.

acclimation. The number of specimens analyzed are given in parentheses.

Number of specimens
and acclimation
conditions

Freezing
Point

Melting
Point

Melting Point
minus
Freezing Point

Na
mM/ 1

One of the groups was exposed to Ippm naphthalene during the course of cold

Cl
mM/ 1

CONTROLS

60 days at +12°C (8)
15 days at +0.5°C (6)
27 days at +0.5°C (6)
50 days at +0.5°C (4)
NAPHTHALENE EXPOSURES
15 days at +0.5°C (6)
27 days at +0.5°C (6)

50 days at +0.5°C (4)

.01

.25

.28

.36

.02

.11

.34

.68

.85

.79

.75

.85

.84

.78

.33

.40

.49

.61

.17

.27

.46

183

207

203

207

205

205

214

171

190

185

193

183

178

187

Hematocrit




Table 3. Rates of oxygen consumption for the sculpin Myoxocephalus

verrucosus after 6 weeks acclimation to +0.05°C and exposure to 1 ppm

naphthalene.
Milliliters of 0p/ g/ hour
Controls 0.044, 0.059, 0.045
Exposed to Naphthalene 0.029, 0.025, 0.032, 0.025
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Table 4.

Recoveries of radioactivity in the form of plasma and liver

protein and TCA soluble radioactivity after injection of 40uCi leucine

C-14 into specimens of Myoxocephalus verrucosus.

Plasma Liver
Plasma Liver Free Free
Protein Protein Radioactivity Radioactivity
Specimen uci % UCi %1 uCi % ucCi %1
CONTROL
1 0.22 17 2.1 63 0.06 2 0.94 29
2 0.21 11 1.5 76 0.04 2 0.25 12
EXPOSED TO
NAPHTHALENE
1 0.19 3 3.5 64 0.14 3 0.164 30
2 0.19 8 1.8 73 0.06 2 0.40 17

Percentages of recovery are percentages of total radioactivity recovered in the

TCA soluble and insoluble fractions.
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Figure 1. Uptake of naphthalenc by a 37 g Megalocottus platycephalus laticeps

The fish was introduced into 11. of scawater which contained 1 pCi of
naphthalene-1-Cl4. The concentration was 0.025 mg per liter and the decline

in radioactivity of one ml samples followed as a function of timc.
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Figure 2. Time course of appearance of radioactive label in the TCA insoluble

fraction of the plasma of the sculpin, Myoxocephalus verrucosus at +0.5°C after

40 uCi of leucine C-14 was injected into the cauda vein. The control values
are given by (A) and (e) while the values for the specimens exposed to lppm
naphthalenc are indicated by (A) and (o). The data are given as dpm divided

by the dpm value of the plateau (A/A).
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Annual Report April 1, 1977
This report is divided into four parts.

Part I. Narrative describing results of studies itemized in the FY 76 contract
(ending October 1, 1976).

Part II. Summary progress report on FY 77 studies (started October 1, 1976-to
present).

Part III. Estimate of funds expended for FY 77.

Part IV. Attached manuscripts-published in press, or ready for submission to
a journal.
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Part I-Studies for FY 76
Introduction
The research was addressed to the general question, "What are the effects
of petroleum hydrocarbons on arctic and subarctic biota"? It involved physiological
and bjoassay tests of applied research on species indigenous to the Gulf of Alaska,
Bering Sea, and Beaufort Sea. The major emphasis of research has shifted from
strictly descriptive acute toxicity determinations to mechanistic studies and

sublethal tests that will eventually allow prediction of oil impact on the biota.

Relevance to Problems of Petroleum Development

The above objectives when answered will allow an evaluation of the relative
contribution of each important oil component to the toxicity of oil WSF. This
information will allow some prediction of effects of o0il contamination on the biota
by relating chemical analyses of the water (amount of each important oil component)
to the toxicity of each component. In addition, the other objectives will evaluate
comparative sensitivities of Alaskan organisms, effects of temperature on toxicity,

and effects on sublethal physiological parameters.

Current State of Knowledge

Prior to this research, information on acute and chronic toxicity to Alaskan
organsims was limited to certain commercial species. Beyond acute toxicity deter-
minations 1ittle was known about sublethal effects or the relative toxicity of
important oil components. Essentially little is known about the effects of tem-
perature on the ability of arctic organisms to metabolize, eliminate or recover

from petroleum exposure,.
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I. Task Objectives

A. General Tasks

1. Determine the acute and chronic effects of crude oil, its component fractions,
and other petroleum-associated chemicals on physiological and behaviorial mechanisms
of selected arctic and subarctic organisms.
2. Conduct laboratory and field studies to determine recovery rates of selected
organisms and ecosystems from perturbations resulting from either contamination
or other disturbances associated with petroleum development.

B. Specific Objectives and Studies

for FY 76 (March 1-October 1, 1976)
1. Determine acute toxicity of previously untested species such as amphipods,
mysids, sandlances, and others.
2. Determine acute toxicity at different temperatures with several species such
as scallops, pink salmon, and shrimp.
3. Determine the chronic toxicity to shrimp and herring eggs and the effects of
0il on newly extruded eggs of crabs.
4. Determine the uptake and depuration of 0il components for previously untested
species.
5. Determine the effect of temperature on o0il component uptake and depuration.
6. Determine the effect of 01l on metabolic rate of fish and invertebrates.
7. Determine the effect of 0il on scallop growth and behavior.
8. Determine the effect of 0il on crab autotomy response.
9. Determine histopathology effects of o0il using routine histology, enzyme

histochemistry, and electron microscopy.
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METHODS (Refer to Previous Task Objectives)

Methods are reported in the respective papers enclosed with this report.
Details are elaborated in this report for methods with studies that have not
reached manuscript status.

1. Static Acute Bioassays

a. Bioassay methods for adult organisms are described in: Rice, Short, and
Karinen 1976; Korn, Rice, Moles 197 ; Rice, Short, Karinen 1977. Information
concerning analytical methods used in all studies is presented in the mentioned
manuscripts plus Cheatham et al. (in Lab. review).

b. Methods for a separate bioassay with Macoma balthica clams in sediment

is given by Taylor and Karinen 1976.

c. Special assays with scallops and hermit crabs were run to determine long-
term effects and extent of recovery after acute exposure to Cook Inlet WSF. Scallops
and hermit crabs were exposed to three concentrations of Cook Inlet WSF for ten
exposure time periods and then put in clean flowing seawater where their condition
(Tethal and sublethal responses) was monitored for 3 months. This was repeated
three times with scallops and was duplicated (two replicates) with hermit crabs.

d. Stages I through VI coonstripe shrimp larvae were assayed with Coock Inlet
WSF. Mortality, inhibition of molting, and frequency (or success) were monitored
(Mecklenburg, Rice, and Karinen 1976).

e. The sensitivity of adult and larval shrimp and crabs to Cook Inlet WSF
was determined by Broderson et al. 1977.

2. The effect of temperature on acute toxicity to shrimp and pink salmon was
determined by Korn, Rice, and Moles, (in lab. review).

3. a. A chronic Cook Inlet WSF assay was completed on the eggs of Eualus suckleyi

attached to the female shrimp. Doses were replenished every 48 hours for 1 month,

until hatching began. Hatching then took place over the next 2 months. Number of
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larvae per female and general condition of larvae were recorded, as well as post-
parturition molting success and size of females. The relationships between WSF
concentrations and hatch size per size of female, condition of hatched Tarvae,
condition of female, and time of hatching are being analyzed.

b. Herring roe on Fucus fronds were assayed using both single 48-hour doses
and four doses over 9 days. Visible egg death, hatching success, and survival of
larvae for 48 hours were monitored.

c. The effects of naphthalene on newly extruded tanner crab eggs were
determined. Crabs without eggs (prior to egg extrusion) or with newly extruded
eggs were exposed to several doses of naphthalene for 20 hours, then egg samples
were examined daily for cell division and development.

4. a. An uptake study to document the biological and analytical variability when
measuring hydrocarbon accumulation in marine organisms was completed. Fish, shrimp,
and scallops were exposed to Cook Inlet WSF for 24 hours under static conditions.
Rép]icate samples (whole organisms) were frozen and sent to Scott Warner (Battelle
Columbus Laboratory) for gas chromatographic analyses. Warner divided some samples
for use in an intercalibration study with Brown of the Northwest Fisheries Center,
and Hertz of the National Bureau of Standards.

b. An uptake study to compare the accumulation, metabolism, and depuration
of benzene, toluene, naphthalene, and methyl naphthalene using pink salmon emergent
fry in fresh- and seawater was completed. Pink salmon fry at the stage of develop-
ment when they would migrate to seawater were tested using radiolabeled compounds.
Replicate individual fish were sampled periodically and processed using the sample
oxidizer and scintillation counter. The percentage of metabolites was determined
using the method of Roubal (1978).

5. An uptake study to determine effects of temperature on the accumulation of
aromatic hydrocarbons in fish, shrimp, and scallops was completed. Cook Inlet

WSF spiked with 14¢ toluene and 3H naphthalene was used for a 48-hour static
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exposure with pink salmon, shrimp (Pandalus goniurus), and scallops (Chlamys spp) at

at 4°, 8°, 12°. Whole organisms were sampled periodically through the exposure
period and a subsequent 8 day depuration period. Samples were frozen and processed
as follows:

a. using a sample oxidizer and scintillation counter to determine the
toluene and naphthalene content,

b. using the method of Roubal (1976 ) to separate metabolites from parent
compounds, then using the sample oxidizer and scintillation counter to document
the percent metabolism of toluene and naphthalene,

c. sending samples to Battelle Columbus Laboratory for gas chromatographic
analyses to quantitate certain aromatic and aliphatic oil components.

6. a. The effect of 0il on the metabolic rate of pink salmon at different temper-
atures has been determined. The method of Thomas and Rice (1975) which used
opercular rate as a measurement of metabolic activity was employed to document the
effect of toluene naphthalene and CIWSF on pink salmon at 4°-12°.

For each test, two groups were acclimated at 4° and 12°C respectively.
Identical sublethal concentrations of toxicant were prepared and brought to proper
exposure temperature before the flow-through test was begun. The concentration of
the stock tanks was measured and spiked frequently to prevent the toxicant con-
centration from declining. The ventilation movements were recorded from free
swimming fish (no surgery or anesthetic) in special confining chambers before
and during exposure for up to 15 hours of exposure. Previous experiments have
shown that increases and decreases in oxygen consumption measurements parallel
ventilation recordings.

In additional tests, the metabolic response of pink salmon to toluene and
naphthalene, as measured by opercular rate, was compared to direct oxygen consumption

measurements. Flow-through tunnel respirometers were used with precise temperature

control (6 replicates).




b. Heart rates of the king crab, Paralithodes were recorded by electro-
cardiogram during exposures to (static) sublethal concentrations of Cook Inlet
crude oil, naphthalene, benzene. The concentrations of these toxicants were
measured periodically throughout each test, and were found to decline rapidly.

The heart rate was correlated with the intial concentration of the toxicant and

with the length of time it remained in concentration strong enough to sustain a
response.

7. a. A preliminary study to determine effects of oil on the long-term survival

and behavior of scallops in the field was completed . Marked scallops (350) were
exposed to five doses of Cook Inlet WSF for 24 hr. A sixth group served as controls.
A11 scallops were placed in a 102%by 5-foot high net lined enclosure with no

bottom or top. Mortality and predation was noted pericdically by divers.

b. An attempt was made to determine the effects of Cook Inlet WSF on the growth
rate of scallops. Two groups of scallops were measured and marked, then exposed
statically to five doses of Cook Inlet WSF for 48 hours. One group was then held
in the lab and measured biweekly, while the other group was placed in framed net
enclosures in Auke Bay and measured likewise.

A third group of scallops was exposed to five doses of Cook Inlet WSF for 24
hours at weekly intervals. The scallops were measured biweekly and held in
running water in the lab between the static exposures.

Length-weight curves were developed for the scallops initially and are to
be repeated at the termination of the study.

8. a. The effect of 0il on the crab autotomy response was determined: post-molt
juvenile tanner crabs were measured, then exposed to several doses of Cook Inlet
WSF, benzene, toluene, or naphthalene at varying times after molting. Leg loss
was monitored in each experiment.

b. Adult shore crabs Hemigrapsus nudus were also exposed to doses of Cook

Inlet WSF, benzene, and naphthalene to determine crab autotomy responses.
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9, A study was completed to determine effects of 0il on pink salmon tissues
and correlate results with the respiration measurements of Thomas and Rice (see #6).

Pink salmon fry (Oncorhynchus gorbuscha) were exposed to approximately 25%

and 75% of the TLm dose of a WSF of Cook Inlet crude oil. Total exposure was for
96 hours, with a depuration period of 16 days. The crude o0il and seawater were
mixed in a barrel by ABL's standard procedure, allowed to set for 3 hours, sparged
and siphoned into tanks.

Gill and liver samples were taken at 3, 10, 24, 48, and 96 hours from each
dose during exposure; then samples were taken from depurating fish at 1, 4, 6, 10,
and 16 days. Control samples were also taken.

Tissues were fixed in buffered 5% formalin. Six fish were sampled at each
period for each dose. Controls were taken 3 times for a total of approximately
200 tissue samples. One half of these have been washed, dehydrated and embedded
in paraffin. Processing (including staining) is continuing and the slides will
be evaluated in the next few months.

10. Effect of Field Studies of 0il on Field Mortality of Limpets

An experiment to determine the effects of sublethal o0il exposure on the
survival of Timpets in the field was completed. Seven hundred-twenty-five limpets
at a site on north Douglas IsTand were marked, mapped, and monitored, then collected,
exposed to three doses of Cook Inlet WSF in the laboratory for 24 hours, and
returned to their homesites in the field. Control and exposed limpets were
monitored for survival in the field at monthly intervals.

RESULTS (Refer to Task Objectives)

Results are reported in the respective papers enclosed with the report.
Progress on other studies not yet in manuscript form is included.

1. a. Results of acute bicassays with adults are reported in the manuscript by
Rice, Short, and Karinen which was presented and published at the AIBS Symposium,

Washington, D.C. August 1976. An updated and final manuscript with more tests is

in progress.




b. The manuscript by Taylor and Karinen (1976) reports the results of the

Macoma balthica study and was presented at the NOAA Symposium, Seattle,

Washington, November 1976.

c. Mecklenburg, Rice, and Karinen (1976) reported results of the inhibition

of molting at the NOAA Symposium, Seattle, Washington, November 1976.

d. The results of adults and larval shrimp and crab bioassays are being presented

and published at the 1977 Conference on Fate and Effects of 0il Spills, New Orleans

La. March 1977.

2. a. The effect of temperature on acute toxicity of toluene and naphthalene to

shrimp and pink salmon was determined by Korn, Rice, and Moles and presented at

the NOAA Symposium, Seattle, Washington, November 1977. The manuscript has been

revised for journal publication.

b. Cheatham et al. presented results showing effects of temperature on the

persistance and degradation of 0il components at the same NOAA symposium, and is

being revised for journal publication.

3. Short-term (20 hour) exposures of newly extruded crab eggs to naphthalene

(.01 to 2 ppm) appeared to have little permanent effect on early cell division

and development. Results were not conclusive but data suggested that lower con-

centrations stimulated development while higher concentrations delayed development.
Exposure also appeared to have little effect on water hardening of eggs and

attachment to the pleopods when eggs were retained in the abdominal pouch by the

female. In Several cases, however, females exposed during extrusion of eggs lost

their eggs from the abdominal pouch.




Effects of the short term exposure on early egg development at .01 and .1 ppm
were apparently only temporary. Eggs on exposed crabs, held for 10 months, develope
to the eyed larval stage with larvae appearing normal at that stage compared to
controls. Unfortunately, a water failure caused the death of these crabs and the
eggs could not be carried to hatching. Longer exposures are needed to evaluate

effects of 0il on egg development and hatching success.

4. a. The GC analyses of samples to determine the biological and analytical
variability when measuring hydrocarbon uptake, have not been completed by Scott
Warner of Battelle, the subcontractor for analyses. He requested an extension,

and completion is expected by May 1977.

b. Pink salmon fry were exposed to labeled hydrocarbons in freshwater and saltwater
on schedule, but analyses will be completed by April 1977 and a manuscript prepared
after that. Preliminary results indicated little effect on uptake rates at
different salinities.

5. Samples from the temperature uptake study have been processed. The GC analyses
by Scott Warner is not finished and his contract was extended. When the GC
analyses is completed (March-May 1977) a manuscript will be prepared for this
study.

6. a. Results from the determination of metabolic effects of oil on pink salmon
at different temperatures are being written for publication with completion by

May 1977. In summary, toluene was more toxic at colder temperatures, although it
caused less of a respiratory response. Temperature definitely affects the

sensitivity of animals, and not uniformly to different toxicants.
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b. Mecklenburg and Rice presented results from the metabolic effect studies with
king crab at the Alaska Science Fair, Fairbanks, Alaska August 1976. A final
manuscript is due by June 1977. In summary, oil exposure caused a depression
in heart rate, which was proportional to exposure concentration.
7. a. Field survival was approximately equal for all exposure groups, until a
starfish entered the enclosure and devoured many scallops on a dose related basis.
This experiment is being redesigned to control the predation pressure.
b. Lab tested scallops exhibited a very slow growth rate. In the 2 month period,
April-June, control scallops did not show measureable growth. Because of this,
data collection regarding the two groups of scallops dosed one time has been
terminated. The third group dosed weekly was measured through the summer but no
growth was evident.

We conclude that scallops exhibit a growth rate that is insufficient for a
2-3 month growth study. We are presently testing other invertebrates to find a
more suitable animal.
8. a. Testing for effects of oil on the crab autotomy response has been terminated
for the time being. Crab autotomy was not found unless the toxic level of Cook
Inlet WSF, toluene, benzene, or naphthalene was approached. Naphthalene caused a
greater autotomy response than toluene or benzene. The crab autotomy response
occurs near the lethal concentration of water soluble fractions and is not a
sensitive parameter to investigate effects of water soluble 0il components.

9. No progress on pink salmon histology study. A manuscript concerning effects

of benzene on king crab gill morphology was presented at the NOAA symposium,

Seattle, Washington, November 1976 by Smith and Bonnett and is being prepared for
journal publication.
10. Field survival of lab exposed limpets. A dose related survival of limpets was

observed. However, survival of controls taken ahd returned to the field was
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significant compared to the marked controls that were left in the field. This

means that the affect of collecting and handling on survival was quite significant
compared to the oil exposures. For this reason, we are abandoning Timpets as a

study animal, and switching emphasis to scallops. Scallops can be marked, collected,
and handled without these problems, but unfortunately require divers for field

observations.

Discussion

The discussion and interpretation of results occurs in the enclosed manuscripts.
Most of last year's contract results (Oct. 1975-Oct. 1976) are included in
manuscript form. This year's contract has required considerable R & D to develop
and test continuous flow devices to allow stable concentrations of toxicant for
exposures. Therefore it is premature to discuss some of these results at this time.

1. We have completed the transition from static bioassays to continuous
flow assays. This will allow the generation of TLm values that are more comparable
to other continuous dosing exposures. This will also allow the direct determination
of the effect of temperature on o0il toxicity without the second variable of
declining toxicant concentration. We will also be able to directly compare the
toxicity of o0il solutions based on the chemical analyses of the solution and
knowledge of the toxicity of each important oil component.

2. Our attempts at determining the recovery rates of selected animals exposed
to 0il in the laboratory, then observed in the field, are meeting very limited
success. Field toxicity studies bring many uncontrolled variables into the
research, and considerable experimental and statistical R & D has been required
to design field experiments to answer stated objectives. Based on the past year's
effort, considerable progress has been made in this regard. Limpets are ideal

animals in many ways, but the stress of prying off rocks when collecting has dealt

our experimental designs a serious blow. OQur field efforts are now centered on
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scallops, who can be collected, marked, and held in the lab with no perceivable
stress.

3. We are now beginning to understand important mechanisms of o0il toxicity.
This progression from descriptive studies to determining mechanisms of oil toxicity
will allow us to better predict the impact of o0il pollution on marine biota. For
example, the understanding of how important oil components interact in toxicity
will lead to predictive capabilities for given 0il solutions. Advances in .
measuring the uptake, accumulation and depuration of aromatic oil components will
allow correlation with metabolic studies to assess the metabolic cost of exposure
to oil.

4, Simple temperature studies exposed a complex problem. Temperature can
affect animal sensitivity, the persistance of toxic compounds, and can act as a
stress itself at extremes. The more advanced studies by Thomas and Rice demonstrate
that the response to different toxicants at reduced temperatures is not the same,
thus further complicating the problems. We are continuing to study responses at
different temperatures, and under flow-through conditions.

Conclusions

1. Some invertebrates exhibit delayed mortality after completion of 96-hour
aséays. The previous observations of high resistance in static 96-hour tests may
be in error. Modification of standard procedures has been implemented.

2. MWhile oil did not appear very toxic to Macoma clams in standard 96-hour

tests, there were Significant effects of oil on Macoma burying activities. The

clams would surface when contaminated sediments settled on top of the substrate.

See Taylor et al. for effects on Macoma balthica.

3. Evidence suggests variable effect of temperature on the toxicity of toluene,
naphthalene, and Cook Inlet WSF solutions to shrimp and pink salmon. Temperature
affected the persistance of the aromatics in solution.

4. Heart rate was a sensitive parameter to determine effects of oil on

juvenile king crabs. Heart rates were depressed during exposures to Cook Inlet




13

crude o0il, benzene, and naphthalene WSF's, but recovery usually occurred. Heart
rate depression correlated well with the dose and depuration of the compounds.
Benzene caused a faster, more severe depression and slower recovery than naphthalene.

Opercular rates in salmon fry are stimulated when exposed to o0il, indicating
an increase in metabolism. This indicafes that vertebrates and invertebrates may
respond in very different ways to oil exposures. See Rice et al. (1976) for effects
on breathing rates in pink salmon. Current testing uses continuous flow devices.

5. Larvae of shrimp and crabs were more sensitive to 0il solutions than adults
were. The use of moribundity (animal is destined to die but is still alive) rather
than death in assays is indicated.

6. Larval shrimp and crabs were most sensitive to oi] toxicity during molting.

7. There were significant effects of temperature on-the metabolic rate of
pink salmon exposed to toluene and naphthalene. Toluene (compared to naphthalene)

was more toxic, but caused less response at low temperatures.

Needs for Further Studies
1. We must complete assessment of the contribution to toxicity of important oil
components with the objective of being able to predict the toxicity of o0il solutions
based on chemical analyses of the solution and toxicity information on each 0il
component (in progress).
2. Continuous flow assays are needed to assess the relative sensitivity of
invertebrates to 0il, and to determine effects of temperature on oil toxicity.
(Scheduled for summer 1977).
3. Field studies to document the recovery capabilities of organisms exposed
to oil are needed and are scheduled for summer 1977.
4. Long-term Tow-level tests are needed to assess the lowest concentration of oil
toxicant that will cause significant effects on marine organisms. Chronic effects

of 0il on reproductive potential, growth, and behavior to avoid predation are

examples of such studies.
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5. The uptake, persistance, and depuration of oil components in the eggs, larvae,
and adult forms of untested invertebrates are needed (scheduled for summer 1977).
6. Field measurements of the concentration of important oil components in the
water after oil spills are desperately needed. We must know what concentrations
occur in field situations to be able to design realistic laboratory experiments
that will answer the objectives of the OCS program. The correct analytical methods
must be used to supply meaningful information on the mono- and dinuclear aromatic
concentrations in the water following an o0il spill (parts per billion or parts
per trillion range).
Part II. Summary of Progress on FY 77 Studies
(January 1, 1977-April 1, 1977)
Objectives of Studies and Progress
Progress has been substantial on ocur ability to generate stable water soluble
fractions of individual compounds. We have three systems in opération, and another
under construction. Most studies were dependent on this R & D, and consequently

most data acquisition is scheduled for the next two quarters. Our spending is on

schedule, our hiring has been off schedule by a couple weeks, until Now. If the

hiring freeze continues through the contract period, we will lose about 29 man
months of effort due to the prevention of hiring or rehiring of new personnel.
While some adustments can be made (priorities, scheduling) the larvae experiments
which should start in the next few weeks, have the least flexibility. The larvae
specialist (Broderson, 2 years experience) is not hired yet. The majority of the
experiments will continue as scheduled.

We are resonably satisfied with our production of manuscripts. Only.a few

have taken Tlonger than expected. Progress on specific studies follows.
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1. Objective
Determine the acute toxicity of the water-soluble fraction (WSF) of crude oil.

a. Continue experiments with species not tested previously. Static tests
will be phased out and flow-through tests phased in.

b. Continue experiments with larvae of species not tested previously.
Tests will be static. Emphasis will be on intertidal species, such as mussels,
barnacles, snails, and sea urchins.

Progress: On schedule, until April 1. Methodology and apparatus of

flow-through tests has been designed, and three systems are currently in use, with
one more under construction. However, the current hiring freeze jeopardizes the
larvae tests severely, since Civil Service was unable to certify Broderson (larvae
specialist, 2 years experience) to us in the 8 weeks prior to the freeze. We will
conduct tests on adults, possibly behind schedule, but future progress with larval
tests look very marginal at this time.
2. Objective:

Determine which components of oil account for toxicity.

a. Assess the toxicity role of phenols and heterocycles by determining
quantities in oil and WSF's, and determining the acute toxicity to three species
of the major compounds found in the WSF. Toxicity test will be static.

Progress: On schedule. Mass spec. analysis indicate phenolic compounds
are present in WSF's, and bioassays are scheduled for next quarter.

b. Determine toxicity of a natural WSF and a synthetic WSF to three
species with flow-through tests to determine whether the synthetic WSF accounts
for all the toxicity. Compounds that are difficult to analyze for, or that may be
in trace quantities, can probably be eliminated as major components responsible
for toxicity.

Progress: On schedule. Data acquisition scheduled for summer quarter.

c¢. Determine time-dependent toxicity recovery curves with mono- and

dinuclear aromatics to three species with f1ow-through tests. Tests will be with
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individual compounds and with combined mixtures. This will be a beginning
effort to assess the relative toxicity importance of mono- and di-nuclear aromatics.

Progress: This was the pilot study for apparatus R & D. R & D required
massive simplification to test fewer compounds. This study has tight animal
requirements (small, genetically the same), and dosing requirements. We will
compare the predicted toxicity with the experimentally determined toxicity of
individual aromatics and several mixtures of aromatics. This will allow us to
determine if the joint toxicity of the aromatics is additive or synergistic.
Progress is behind schedule, but is continuing.

3. Objective

Determine the effects of short-term exposures to WSF's on the survival of
tagged marine organisms that are returned to the environment. Two species (limpets
and mussels) will be tagged, exposed, and returned to their "home" spots. Their
survival will be monitored for up to 3 months. Tests with pure aromatic fractions
will also be used. Survival in the environment will be compared to survival of
laboratory-held organisms.

Progress: Study redesigned for scallops. Underwater scallop pens for
controlled predation have been constructed. Experiment scheduled for next quarter.
4. Objective

Determine the effects of WSF's of 0il and pure aromatics on the metabolic rate
of invertebrate species. A flow-through set-up will be used. Oxygen uptake will
be monitored by a blood-gas analyzer, and heart rate may be measured in some species.
Experiments will be coordinated with uptake-depuration experiments (tissue burden
experiments) for the assessment of the animal's capacity to oil uptake.

Progress: On schedule. Redesign and construction of f]ow-thfough and
data collection apparatus complete. Data acquisition scheduled for next quarter.
5. Objective

Determine the tissue burden of several species exposed to oil, and their
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ability to rid themselves of hydrocarbons. Analysis will be by NOAA National
Analytical Laboratory.

a. Larvae will be tested with WSF's spiked with labelled isotopes.
The form of the isotope (parent hydrocarbon versus metabolite) will be checked
by the method of Roubal et al. (1976), no determination of metabolite identity
will be attempted. Eggs will also be tested.

b. The tissue burden of animals exposed in the long-term flow-through
teéts (see 3). Mono- and di-nuclear aromatic hydrocarbon concentrations will be
determined by two GC runs per sample, and verified by two GC-MS determinations
per series of 12.

Progress: A1l scheduled for next two quarters.

6. Objective

Determine the pathway and rate of elimination of labelled mono- and di-
nuclear aromatics in fish and crabs; identify the labelled compounds as '"parent"
or "metabolite". Gills and excretory organs will be treated separately. Isotopes
will be introduced via a WSF. Isotope form (parent hydrocarbon introduced versus
metabolite) will be determined using the method of Roubal et al. (1976).

Progress: Scheduled for summer quarter.

7. Objective

Determine the rate of byssal thread extrusion of mussels exposed to WSF,
toluene and naphthalene.

Progress: The rate of byssal thread attachment in mussels decreases
when exposed to 0il and shows a dose related response. Tests with toluene,
naphthalene, and WSF's of Cook Inlet crude and No. 2 fuel oil have been completed.
Mussels which are unable to lay down byssal threads would likely to be detached
from the substrate. Flow-through tests are scheduled for the spring 1977 with

a publication to follow.
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Part III. Estimate of Funds Expended for FY 77 (Oct. 76-Oct. 77)

Budget Summary as of Feburary 28, 1977.

Annual Plan Costs to Feb. 28
Salary Costs § 216.4 § 204.8Y
Travel 30.1 13.1
Contracts 68.0 21.9
Equipment and Supplies 99.4 84.1
Other Direct & Indirect Costs 86. 1 86.11/
Total $ 500.0 $ 410.0

1/ Salary costs projected through September 30
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THE RELATIVE IMPORTANCE OF EVAPORATION AND BIODEGRADATION, AND THE
EFFECT OF LOWER TEMPERATURE ON THE LOSS OF SOME MONONUCLEAR AND

DINUCLEAR AROMATIC HYDROCARBONS FROM SEAWATER ’ Dk

D. Loren Cheatham, Rob S. McMahon, Suzanne J. Way,

Jeffrey W. Short, and Stanley D. Rice

Northwest and Alaska Fisheries Center Auke Bay Laboratory
National Marine Fisheries Service, NOAA
P.0. Box 155, Auke Bay, AK 69821

Abstract

A Cook Inlet crude o0il water-soluble fraction, incubated at S°, 8°,
and 12°C, was analyzed by gas chromatography during a 96-h period to
determine the effect of temperature oﬁ evaporation and biodegradation of
individual mononuclear and dinuclear aromatic hydrocarbons in seawater.
The relative importance of evaporation and biodegradation on the loss of
‘these hydrocarbons was assessed at each temperature using combinations
of aeration and poison as experimental conditions. Lower temperature
reduced the loss of mononuclear and dinuclear aromatic hydrocarbons from
seawater. Evaporation was an especially significant factor in the loss
of mononuclear aromatics. Biodegradation had little effect on mononuclear
aromatics but had a significant effect on dinuclear aromatics, particularly
naphthalene. Natural means exist for eliminating toxic aromatic hydrocarbons
from seawater, even at low temperature. However, oil and seawater
mixtures could be more toxic for longer periods of time at lower temperatures

because aromatic hydrocarbons would persist in seawater longer.
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Introduction

0Oil pollution may be more damaging to marine organisms in colder waters
(12-0°C) characteristic of arctic and subarctic environments. This may be
due to greater persistence of toxic petroleum hydrocarbons in seawater of
lower temperatures. Increased persistence of hydrocarbons at lower
temperatures is to be expected since losses from biodegradation and
evaporatidn would occur at slower rates. This increased persistence. at
lower temperature would explain previous observations of increased oil
toxicity.at lower temperature. Morrow (1973, 1974) found greater toxicity
of Prudhoe Bay crude 0il to juvenile coho and sockeye salmon at 3°C than
at 8° and 13°C. Rice, Short, and Karinen (1976) compared the median
tolerance limits (TLm) of several Alaskan species to levels reported in
the literature for species from warmer climates and concluded that
Alaskan species were more adversely affected by oil toxicity. Korm,
Moles and Rice (In prep) have found increased toxicity for pink salmon

exposed to crude oil and toluene at lower temperatures.




Several factors contribute to the loss of petroleum hydrocarbons
from seawater, but evaporation (Gordon, Keizer, and Prouse 1973, p.
1614) and biodegradation (Xinney, Button, and Schell 1970, p. 1-23;
Kator et al. 1971, p. 295; Pirnik et al. 1974, p. 873) have been shown
to be two of the more important factors. The evaporation rates of
different oil components at different temperatures is relatively easy to
estimate, since evaporation rates of a compound depend primarily on
vapor pressure and temperature. Vapor pressure and temperature data areeasily
easily obtained, so there has been less emphasis placed on measuring the
evaporation of oil and oil components at different temperatures. More
emphasis has been placed on studying the complex biodegradation Qf crude
and refined oils and their components. Several studies have shown that
a variety of compounds can be degraded, that degradation abilities vary
with different species, and that decreased biodegradation of oil and oil
components (or similar compounds) occurs at iower temperature (Karinen

et al. 1967; Atlas and Bartha 1971).
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The majority of these oil pollution chemistry studies have not
measured what factors affect the loss of the more toxic components of
crude and refined oils (specifically mononuclear and dinuclear aromatic
hydrocarbons). They have not established the relative importance of
evaroration versus biodegradation on the loss of these aromatic hydrocarbons
from seawater, and they have not established the effect of lower seawater
temperatures, characteristic of Alaska, on the evaporation and biodegradation
of these aromatic hydrocarbons.

In this study, we determined: (1) the relative importance of
evaporation versus biodegradation on the loss of individual mononuclear
and dinuclear aromatic hydrocarbons from seawater contaminated with Cook

Inlet crude oil, and (2) the effect of reduced temperature on evaporation

and biodegradation losses of these hydrocarbons from seawater.




Experimental Design

The effect of temperature on rates of evaporation and biodegradation
of different aromatic hydrocarbons from seawater was determined by
measuring concentrations of several aromatic hydrocarbons in a Cook
Inlet crude o0il water-soluble fraction (WSF) incubated at 5°, 8°, and
12°C during a 96-h period. The relative importance of evaporation and
biodegradation on the loss of different aromatic hydrocarbons from
seawater was determined by measuring aromatic hydrocarbon concentrations
in solutions which were made by preparing the following combinations of
aeration and poison as experimental variables at each temperature:

(1) no aeration, no poison

(2) no aeration, poison

(3) aeration, no poison

(4) aeration, poison
Mercuric chloride was used as a poison to kill bacteria present in the
WSF in order to measure the contribution of biodegradation on the loss
of different aromatic hydrocarbons from seawater. Aeration was used to
measure the contribution of evaporation on the loss of different aromatic
hydrocarbons from seawater. Four replicates were prepared for each
condition. Samples for hydrocarbon analysis were collected from each
c ndition at 24-h intervals for 96 h and samples for bacteriological
analysis were collected from the initial WSF and from the 8°C nonaerated

solutions at 96 h.




Preparation of Experiment

The water-soluble fraction (WSF) of Cook Inlet crude 0il was
obtained by modifying Anderson's WSF mixing method (Anderson et al.
1974, p. 76), after which it was diluted two-fold and dispensed into
€lean 19-liter jars. Jars to be poisoned received mercuric chloride
dissolved in distilled water sufficient to produce a final concentration
of 136 ppm in the test solutions. The jars were then distributed among
the 5%, 8°, and 12°C water baths which were maintained at +1°C of the
desired temperatures. Jars to be aerated were supplied with air at a
rate of 4 ml/min through tubes which produced uniformly-sized bubbles at
a uniform distance above the bottom of the jars. Jar mouths were covered
with loose-fitting lids, and all jars were exposed to ambient laboratory

lighting.
Sample Collection

Samples of the WSF were collected by siphoning 300 ml aliquots
from each of the four replicates of a given condition and pooling them
in an erlenmeyer flask. From pooled samples, a 750 ml subsample was
taken for GC analysis and a 100 ml subsample was taken for bacteriological
analysis. GC samples were immediately extracted with methylene chloride

and bacteriological samples were placed in sterile BOD jars and cooled

until analysis.
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Bacteriological Analysis

Both quantitative and cualitative determinations were made of
bacferia present in the samples. Bacterial samples were prepared for
colony enumeration using the spread plate technique (Wiebe and Liston
1972, p. 289). Plates were incubated at 10°C for one week before
enumeration. Standard bacteriological techniques were then used to
isolate pure cultures from these plates and to determine the ability of
these isolates to grow on agar plates innoculated with naphthalene-
spiked sterile seawater. We did not test the ability of these isolates

to grow in the presence of other aromatic hydrocarbons.
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GC Analysis

The 750-ml aliquot of each pooled water sample was extracted twice
with 20 ml methylene chloride and the two extracts were pooled, sealed,
and stored at -10°C until analysis. Extracts were analyzed on a Tracor
550 dual FID gas chromatograph using’a 10% SP2100 100/120 mesh 10-ft
stainless steel column.‘ Nitrogen flow rate was maintained at 23 ml/min,
hydrogen flow rate at 40 ml/min, and air flow rate at 330 ml/min. The
inlet was maintained at 225°C, outlet at 300°C, and detector at 350°C.
The column was at 50°C during injection of samples, after which it was
raised to a final temperature of 275°C by using an average temperature
program rate of 6°C/min.

The extract was analyzed for benzene, toluene, Xxylenes, and three
three-carbon substituted benzenes. The extract was then concentrated to
500 pl and analyzed for naphthalene, monomethylnaphthalenes, and the two
most significant dimethylnaphthalenes. These aromatic hydrocarbons

account for at least 95% of the aromatic hydrocarbons occurring in a WSF

of Cook Inlet crude oil.




The WSF chromatographic peaks occurriﬁg in the samples were previously
identified by comparing absolute retention times of Cook Iﬁlet crude oil
WSF chromatographic peaks to the absolute retention times of pure afomatic
hydrocarbons and by doing a GC-MS characterization study. Benzene,
toluene, and ngphthalene were used as e%ternal standards for benzene,
substituted benzenes, and dinuclear aromatics, respectively. Cyclohexene
and heptadecane were used as internal standards for concentrated and

nonconcentrated samples respectively. Peak areas were determined by

triangulation.
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Effects of Aeration

A comgarison of aerated and nonaerated solutions shows that aeration
reduced benzene and toluene concentrations more than it reduced naphfhalene
and l-methylnaphthalene concentrations. At 8°C after 96 h, the aerated
poisoned solution contained 16% of initiél amounts of benzene and 18% of
initial amounts of toluene, but it contained 30% of initial amounts of
naphthalene and 43% of initial amounts of l-methylnaphthalene. The
nonaerated poisoned condition contained 63% and 61% of initial amounts of
nzphthalene and 1-methylnaphthalene respectively. Similar results were
observed for these solutions at 5° and 12°C (Figure 1b and 1d).

Trends similar to those observed for individual aromatics were also
observed for total amounts of either mononuclear or dinuclear aromatics that
were measured. At 8°C after 96 h, the aerated poisoned solu;ion contained
17% of initial amounts of total mononuclear aromatics and 34% of initial
amounts of dinuclear aromatics. The nonaerated poisoned solution contained
61% of initial amounts of total mononuclear arcmatics and 77% of initial
amounts of total dinuclear aromatics. Similar trends were observed at

5° and 12°C.
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Effects of Mercuric Chloride

_A comparison of mercuric chloride poiscned end monpoisoned solutions
shows that most poisoned solutions had a greatsr increase in the persistence
of naphthalene and l-methylnaphthalene than of benzene and toluene. At
8°C after 96 h, the difference in naphthalern= concentrations between the
nonaerated poisoned and the nonaerated nonpoisonsd solutions was 61%,
vhile this difference for benzene was 5%, for toluene 3%, and for
1-methylnaphthalene there was no difference. Similar trends were observed
at 5° and 12°C except that l-methylnaphthalene also showed greater
persistence increases in poisoned solutions at these temperatures than
did benzene and toluene (Figure la and 1b).

Trends similar to those observed for indivicual aromatics were also
observed for total amounts of either mononucleaf or dinuclear aromatics
that were measured. At 8°C after 96 h, the diiference in total mononuclear

aromatics remaining between the nonaerated poisoned and the nonaerated

nonpoisoned solutions was only 5%, whereas this cifference for total

dinuclear aromatics was 39%. Similar trends were observed at 5° and

12°C.
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Effects of Temperature

Lower temperature increased the persistence of benzene, toluene,
naphthalene, and lmethylnaphthalene in seawater for all conditions after
96 h (Figure 1). The effect of temperature on individual aromatic
hydrocarbons became apparent as early as 24 h after the experiment
began, but no later than 48 h afterwards. The 12°C nonaerated nonpoisoned
solution lost mononuclear and dinuclear aromatic hydrocarbons (especially
naphthalene) rapidly compared to the 5° and 8°C solutions. Benzene and
toluene exhibited nearly identical behavior for a given temperature as
the experiment progressed, but naphthalene and l-methylnaphthalene
showed divergent behavior at a given temperature as the experiment
progressed (Figure 2). All mononuclear aromatics were lost at rates
similar to those for benzene and toluene, but all substituted naphthalenes
were lost at rates different from those observed for naphthalene.

Trends similar to those observed for these individual aromatics
were also observed for total amounts of either mononuclear or dinuclear
aromatics that were measured. The average mononuclear aromatic concentration
of the four experimental conditions after 96 h was 19%, 36%, and 38% of
the initial amount of total mononuclear aromatics present in the 12°,
8°, and 5°C solutions respectively. The average dinuclear aromatic
concentration of the four experimental conditions after 96 h was 24%,

43%, and 48% of the initial amounts of total dinuclear aromatics present

in the 12°, 8°, and 5°C solutions respectively.
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Interpretation and Significance of Experimental Results

Aeration caused significant losses of mononuclear aromatics compared
to diﬁuclearraromatics because of higher mononuclear aromatic vapor
pressures. At 10°C, benzene has a vapor pressure of 45 mm Hg (Stuckey
and Saylor 1940, p. 2924) compared to a vapor pressure of 0.019 mm Hg
for naphthalene (Weast 1966, p. D136-D13§). Thus, a major route for the
loss of mononuclear aromatics from seawater under natural conditions may
be evaporation. Some evaporative loss of dinuclear aromatics will also
occur, but not to the extent that mononuclear aromatics are lost.

The increased persistence at lower temperature of mononuclear
aromatics, and to a lesser extent dinuclear arcmatics, is a result of
their decreased vapor pressures at lower temperatures. From 10-0°C,
there is a 19 mm Hg decrease in the vapor pressure of benzene (Stuckey

and Saylor 1940, p. 2624) and a 0.013 mm Hg decrease in the vapor

pressure of naphthalene (Weast 1966). Since mononuclear aromatics were
affected mostly by aeration, their increased persistence at lower
temperature can be attributed largely to their decreased volatility.

Since we found that dinuclear aromatics were not as affected by aeration
as were mononuclear aromatics, and since the vapor pressure decrease

from 10-0°C is so small for dinuclear aromatics, the increased persistence
of dinuclear aromatics at lower temperature is prcbzbly not dus entirely

to decreased evaporative losses.
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The correlation between the presence of mercuric chloride and the
persistence of dinuclear aromatics suggests that biodegradation of these
compounds occurred. The large increase in bacterial colonies enumerated
at 96 h in the 8°C nonpoisoned condition and the selection at 96 h of
bacterial isolates capable of growing on naphthalene agar plates suggests
there were bacteria present capable of metabolizing dinuclear aromatic
hydrocarbons. Bacterial metabolism of naphthalene has been previously
documented (Gibson 1968, p. 1094). In addition, a bacterial isolate
collected near a natural oil seep was capable of utilizing naphthalene
between 0° and 24°C (Cundell and Traxler 1973, p. 126).

Of the dinuclear aromatics, naphthalene was more affected by
biodegradation than were substituted naphthalenes (Fig 2 ¢ and d). At
8°C we found no naphthalene remaining in the nonaerated, nonpoisoned
condition at 96 h, whereas 138 ppb of substituted naphthalenes were
still present in that condition at 96 h. Gibson (1968, p. 160) noted
that several aromatic hydrocarbons have been shown to undergo hydroxylation
of the aromatic nucleus in preference to the degradation of aliphatic
side chains. It seems possible then that aliphatic substitution reduces
the number of potential hydroxylation sites and increases steric interferences,

thus decreasing the biodegradation rate of substituted naphthalenes.
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Mononuclear aromatics were also affected by biodegradation, but not
as much as dinuclear aromatics. At 8°C, we found a 5% greater loss of
mononuclear aromatics at 96 h in ths nonpoissnad nonasrated condition
compafed to the poisoned nonasrated conditioi. Tnils, in addition to the
increased number of bacterial colonles enumerated at 96 h in the 8°C
nonpoisoned condition (compared to no colonizs in the poisoned condition
at 96 h), suggests there were bacteria present cepable of utilizing
mononuclear aromatics. Although we did not atterdt to establish the
ability of bacterial isolates to grow in the presznce of any mononuclear
aromatics, Gibson (1968, p. 1093) documented the bacterial degradation
of benzene and toluene. Cundell and Traxler (1973, p. 120) documented
the ability of a bacterial isolate collected n=ar a natural oil seep to
utilize hexyl benzenec between 0° and 24°C.

Although the position and degree of substitution probably does have
an effect on the ability of different mononuclear aromatic hydrocarbons
to undergo biodegradation, the high volatility of these hydrocarbons

obscured such effects in this experiment. Thus, we observed nearly

identical behavior over time for any given expzrimental condition for

all mononuclear aromatics that we quantitated (Fig 2 a and b).
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The effect of temperature on biodegradation was large between 8°
and 12°C for both mononuclear and dinuclear aromatics. At 12°C, 7% of
the initial amounts of dinuclear aromatics remained at 96 h in the
nonaerated, nonpoisoned condition, but at 8°C, 33% of the initial amounts
remained at 96 h in this condition. The 12°C nonaerated nonpoisoned
condition had only 13% of initial amounts of mononuclear aromatics still
present at 96 h compared to 56% still remaining for that condition at
§°C. This clearly indicates that lower temperature increases the
persistence of both mononuclear and dinuclcar aromatics in seawater
because of reduced biodegradation of these compounds. Atlas and Bartha
(1972, p. 1852) have documented the low temperature inhibition of crude
0il biodegradation and they also cite several studies documenting the

temperature dependence of bacterial activity.
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Although biodegradation caused only a small percent decrease in
mononuclear aronatics originally present in the test solutions compared
to a large percent decrease in dinuclear aromatics originally present,
the absolute amounts of mononuclear and dinuclear biodegradation were
similar. Knowing the concentrations.of mononuclear and dinuclear
aromatics originally present (2,020 ppb mononuclear aromatics and 200
ppb dinuclear aromatics), and assuming that percent-remaining differences
of mononuclear and dinuclear aromatics between poisoned'and nonpoisoned
conditions 1s entirely attributable to biodegradation, we calculated
actual amounts of these hydrocarbons biodegraded. We found that 101 ppb
mononuclear aromatics were biodegraded and 78 ppb dinuclear aromatics
were biodeg}aded after 96 h at 8°C with ho aeration. Although similar
amounts of mononuclear and dinuclear aromatics were biodegraded, we
should point out that evaporation removed rmuch greater quantities of
mononuclear aromatics from seawater than did biodegradation. In contrast,
biodegradation removed more dinuclear aromatics from seawater than did

evaporation.
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Our study does not eliminate the possibility of there being
psychrophilic bacteria present in seawater which could efficiently
oxidize aromatic hydrocarbons at low temerature. These bacteria might
take periods longer than 96 h to establish populations capable of
metabolizing large amounts of these hydrocarbons. Atlas and Bartha
(1972) found it actually took several weeks to detect significant
mineralization of crude oil at 5°C using water collected in the winter.
They believed this water had higher populations of psychrophilic bacteria
than seawater collected during the summer for a similar experiment which

showed little crude oil mineralization at low temperature, even after

several weeks.
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In essence, the results of this investigation show that volatilization
and biodegradation of aromatic hydrécarbons are both significant vectors
for the loss of these compounds from seawater. Monoimuclear aromatics
are lost mostly through volatilization, although some biodegradation
loss occurs. Dinuclear aromatics, particularly naphthalene, incur
greater losses due to biodegradation, but some volatilization losses
also occur. At lower temperatures, losses frcm biodegradation and
evaporation are reduced significantly, although these natural means of
eliminating toxic aromatic hydrocarbons will still function at lower
temperature. Under natural conditions, lower temperature will increase
the persistence of these petroleum hydrocarbons in seawater because of
their decreased volatilization and biodegradation, resulting in solutions
that will be more toxic for longer periods of time. We conclude that
marine species in Alaskan waters and other cold waters will be more
adversely affected by oil/seawater mixtures than will species in warmer
waters since the persistence of toxic aromatic hydrocarbons is greater

at lower temperatures.
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EFFECTS OF LOW TEMPERATURE ON THE SURVIVAL OF PINK SALMON
AND SHRIMP EXPOSED TO TOLUENE, NAPHTHALENE, AND THE -

A <
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Sid Korn, D. Adam Moles, and Stanley D. Rice

Northwest and Alaska Fisheries Center Auke Bay Laboratory
Mational Marine Fisheries Service; NOAA
P. 0. Box 155, Auke Bay, AK 99821

ABSTRACT
Ke conducted toxicity tests at different temberatures to determine
the effects of temperature on survival of shrimp and fish exposed to oil
and oil component solutions. Exposure concentrations declined with
time, and at different rates for each temperature, simulating a point
source spill in the environment.

Shrimp (Pandalus goniurus and Eualus spp.) and pink salmon

(Oncorhynchus gorbuscha) were tested (96-h bioassays) with toluene,
naphthalene, and the water-soluble fraction (NSF) of Cook Inlet crude
0il at 4°, 8°, and 12°C. Median tolerance limits (96-h TLm) were
computed by probit statistics. O0il concentrations were measured by
ultraviolet spectrophotometry.

The effect of different temperatures on the toxicity of toluene,
naphthalene, and the WSF of Cook Inlet crude oil solutions depended on
species and toxicanﬁ! Survival of shrimp exposed to toluene and |
naphthalene was significantly less at higher temperatures. In contrast,
survival of pink salmon exposed to toluene was significantly less at

lower temperatures. Other tests did not yield significant temperature

effects (Non-overlapping 95% fiducial limits).
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S. Korn, D. A. Moles, and S. D. Rice
_Northwest and Alaska Fisheries Center Auke Bay Laboratory
National Marine Fisheries Service, NOAA
P.0. Box 155, Auke Bay, AK 99821
INTRODUCTION
larine 1ife in Alaska or cold waters may be more susceptible to oil
spills than they would be in warmer water because of direct and indirect
effects of low temperatures on oil toxicity and animal sensitivity. 0il-
water solutions are probably toxic for longer periods of time at lower
temperatures because of increased persistence of 01l components in
seawater. Cheatham, et al. (In prep) measured smaller losses of mono-
and dinuclear aromatic hydrocarbons from seawater at reduced temperatures,
because vapor pressures were lower and biodegradation was less. Animal
sensitivity to oil may be increased or decreased at Tower temperatures.
At reduced temperatures, Alaskan marine animals may have less tolerance
to 011 because metabolism and excretion of 0il hydrocarbons may occur at
slower rates than similar species from warmer waters. In contrast,
relatively highar temperatures may be stressful to any animal, thus

affecting tolerance to toxicants.
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There is little published information on the influence of temperatures
on survival of animals exposed to oil. Morrow (1973, 1974) found increased
toxicity at low temperatures when juvenile salmon were exposed to Prudhoe
Bay crude 0il, but 0il concentrations were not measured analytically.
Rice et al. (1976) compared o1l toxicities reported for several species
of shrimp and fish from the Gulf of Mexico and Alaska, and found the
Alaskan species were consistently more sensitive. However, differences
in species, oils, and temperatures'madg direct comparisons of these
studies inappropriate. Rice et affﬁﬁyéothesized that the increased
sensitivities to o1l observed with the Alaskan species was caused by
increased persistence of 0il during the static tests.

To obtain direct evidence of the effects of low temperatures on

acute toxicity, we measured the survival of pink salmon (Oncorhynchus

gorbuscha) fry and shrimp (Eualus spp. and Pandalus goniurus) exposed to

toluene, napthalene, and the water-soluble {raction (WSF) of Cook Inlet
crude 0il. Ve used static exposures which simulate an oil spill situation
where an initial concentration declines with time. Toluene, a mononuclear
aromatic hydrocarbon, and naphthalene, a dinuclear aromatic hydrocarbon,
were tested because they are toxic compounds that have been found in
relatively high concentrations in crude oil water-soluble fractions

(Anderson et al. 1974b; Rice et al. 1975).
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MATERTALS AND METHODS
Animal Collection and Acclimation

e two spacies of shrimp were captured in Auke Bay, Alaska with
shrimp pots. Their average weight was 0.8 g and average length 6 cm.
They were held in running seawater at a temperature of 6-8°C and-salinity
of salinity 26-28%. They were acclimated for two weeks prior to testing
and fed chopped herring during the holding period.

Pink salmon fry were reared from eggs collected at Auke Creek,
Rlaska. Yhen the fry reached the development stage approximating that
of emergence under normal conditions i.e., vhen the yolk sac absorption
was complete and they were beginning to feed, they were gradually acclimate
to seawater to simulate their normal migration from freshwater to seawater.
They were then held in seawater at a temperature of 7.5-8.0°C and salinity
of 26-28% and fed Oregon moist diet for six weeks prior to testing when
their average weight was 350 mg and length 35 mm.

Toxicants
Toluene and naphthalene were reagent grade. Cook Inlet Crude oil

from Alaska was supplied by Shell 0i1 Company in sealed 55 gallon drums.

Mixing Procedures
For toluene and crude oil, stock solutions were prepared by mixing
1% 011 {or toluene) into water and stirring slowly for 20 h at ambient
seawater temperatures (8°C + 2°C). Variable-speed electric motors with
mixing paddles were adjusted to allow the oil or toluene vortex to
descend one-third of the depth of the container. The resulting stock
solutions were allowed to separate for 3 h bafore the solution was

siphoned from below the slick.
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Naphthalene stock solutions were made by pumping water in a static

container through a stainless steel cartridge packed with naphthalene.
Bicassay Procedures

Bioassays were standard 95-h static tests. Animals were sorﬁed for
size and placed in separate tanks, then gradually acclimated to the test
temperature over a 4-day period at a rate of <2°C increase per day;
Test animals were fed during acclimation but feeding was stopped one day
bafore the assays. Biomass in the test containers was limited to 1
g/liter.

| After preparation of the stock solution, the stock was divided into

three portions which were individually adjusted to test temperatures of
4°, 8°, and 12°C. Dilutions were made in 18-1iter glass jars with water
of desired temperature. The test so]utions were then analyzed to confirm
the concentration and 10-15 pink salmon or shrimp were added to éach
jar. The number of dead animals was noted daily.

The jars for naphtahlene and crude o0il tests were aerated slowly at

a rate of 10-20 bubbles per min from a 3 mm glass orifice. Toluene

tests were not aerated until after the first 48 h of the bioassay to
reduce evaporation. Oxygen concentrations vere measured periodically
and never dropped below 80% saturation.

Temperature was maintained at 4°, 8°, and 12°C by water baths

surrounding the exposure jars.




Analytical Methods

Toluene and naphthalene concentrations in seawater were determined
by ultraviolet (UV) spectrophotometry using a Beckman model 25 UV
spectrophotometer. The UV optical densities (UVOD's) of test so]utﬁons
were determined at appropriate absorbance maxima (260 nm for toluene,
219 nm for naphthalene) using 1-cm cuvettes. Optical densities were
converted to concentrations in ppm (v/v for toluene, w/v for naphthalene)
by reference to standards of known concentrations.

Stock WSFs of Cook Inlet crude oil were analyzed by gas chromatography
(GC) (Cheatham et al. in preparation) for concentrations of behzene;
toluene; o-, m-, and p-xylenes; naphthalene; 1 and 2-methylnaphthalenes;
and dimethylnaphthalenes. These concentrations were summed to calculate
the total arOmaticvconcentration of the stock solution (Table 1). 1In
order to estimate concentrations of total aromatic hydrocarbons in the
exposure solutions (dilutions of the stock WSF), the amount of dilution
was determined analytically by comparing UV absorbance at 221 nm of
hexane extracts of the stock WSF and the exposure solutions. Parts per

million of total aromatics in exposure solutions were then calculated

as follows:
ppm aromatics of _ ppm aromatics of X UVOD of exposure solution
exposure solution stock WSF UVOD of stock WSF

where ppm aromatics (stock WSF) is the sum of aromatic hydrocarbon
concentrations for stock WSF as measured by GC (Table 1).
This provides a reasonable estimate of aromatic concentrations in the
doses because good linearity of dilution for WSFs has been shown both

by UV spectrophotometry at 221 nm and by gas chromatography (Cheatham

pers. commun.).
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Statistical Analyses of Bioassay Rasults

The median tolerance level (TLm) is defined as the concentration
of toxicant where 5035 of the exposed animals survived a given period of
time. If there were at least two doses with partial response, Tlm's
with 95% fiducial limits were determined by probit analysis (Finney
1971). If there was one partial response the method of Spearman-Karber
(Finney 1971) was used. If there were no partial responses (all-or-
none responses) the TLm was estimated as the antilog of the sum of the
log of the highest dose where no animals responded plus the log of the
lowest dose where all responded, divided by 2. The latter two methods

do not yield fiducial limits.
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RESULTS
The concentration of toxicants in the test containers declined with
time either from eveporation losses or biodegradation, more rapidly at
higher temperatures. Toluene declined to nondetectable levels by 72 h at
12° and by 96 h at 8°, and 25% of the initial concentration by 96 h at

4°C. Naphthalene concentrations declined even faster, to nondetectable

tevels by 48 h at 12°, 72 h at 8°, and 96 h at 4°C. Cheatham et al. (In

preparation) observed that the concentration of total aromatics in Cook
Inlet WSF had declined by 96 h to 12% of the initial value at 12°, 20% at
8°, and 40% at 5°C.

Shrimp had significantly lower survival (non-overlapping 95% fiducial
Tlimits) to toluene and naphthalens solutions at 12° than at 4°C (Table
2,4). There was an indication of temperature effect on the survival of
shrimp with Cook Inlet WSF solution. Ue tested the two shrimp species
with Cook Inlet WSF in order to compare sensitivities and found that

Eualus sp. and Pandalus goniurus showed equal sensitivity to the Cook

Inlet WSF with 96 h TLm values of 1.68 (1.66-2.11) and 1.94 (1.68-2.26)
respectively.

There was a significant decrease in survival of pink salmon fry
exposed to toluene at lower temperatures, and a definite trend of decreased
survival at lower temperatures with the Cook Inlet USF (Table 3,4).
Survival did not vary with temperature in tests with naphthalene.

Temperature effects on survival for both shrimp and fish were similar

at 24 and 96 h of exposure (Tables 2 and 3).




DISCUSSION

The rate of decline of toluene, naphthalene, and Cook Inlet crude oil
WSF in seawater is influenced by temperature. Cheatham et al. (In preparation)
demonstrated.in tests at temperatures of 5-12°C that higher temperatures |
accelerated the losses by evaporation and biodegredation of mono- and
dinuclear aromatic hydrocarbons from the Cook Inlet WSF. We observed even
greater losses at 12°C than did Cheatham et al., probably because our
solutions contained the test animals and their associated bacteria.
Because aromatic hydrocarbons persist in solution longer at lower temperatures,
the tdxicity of WSF's would persist for longer time periods at lower
temperatures. |

However, in our exposures of shrimp to toluene and naphthalene,
survival was less at higher temperatures (no significant effect was observed
with Cook Inlet WSF), despite the increased loss of the toxicants at
higher temperature. Therefore, shrimp were more sensitive at higher
temperatures. Similar iﬁcreases in sensitivity of aquatic animals have
been noted with many toxicants (Cairns et al. 1975 p. ]37-138) and many
can be explained by the increase in metabolism at higher temperatures
experienced by ectothermic organisms. This could result in faster -

accumulation of the toxicant at higher temperatures with subsequent

greater effects.




In contrast, we found reduced survival of pink salmon fry exposed at
low temperatures to toluene and Cook Inlet WSF solutions. This agrees
with the findings of Morrow (1973) who reported greater toxicity of
Prudhoe Bay crude 0il to juvenile coho and sockeye salmon at 3°C than at
8° and 13°C. Increased persistence of toxic aromatics at lower temperatures
accounts for some, if not all, of the decreased survival of pink salmon
fry. We cannot evaluate the effect of lower temperatures on sensitivity
changes.

Survival of pink salmon exposed to naphthalene was not affected by
temperature, in contrast to survival after exposures to toluene and Cook
Inlet WSF. The lack of changes in survival at different temperatures
after exposure to naphthalene may be explained, possibly, by increased
persistence of naphthalene at lower temperatures countered by decreased

animal sensitivity.
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Although aromatic hydrocarbons persist longer in solutions at reduced
temperatures, suggesting the possiblity of prolonged toxicity, the relationship
of temperature to survival varies with the toxicant and species. Generalizations
about temperature effects on animal survival exposed to oil or its fractions
cannot be made. Sprague (1970, p. 13) noted that changes in temperature
affect the toxicity ti fish of a variety of pollutants in a non-uniform
and unpredictable manner.

A variable response by organisms exposed to toxicants at different
temperatures must be expected since temperature affects their physiological
reponse to toxicants. Different species have differing abilities to cope
with the toxicants, since, for example, the enzymes capable of metabolizing
aromatic hydrocarbons, if present, differ in structure and quantity between
species. The internal concentration of toxicants depends on rate of
uptake, rate of metabolism of the individual compounds, storage capabilities,
and rates of excretion of metabolites and parent compounds. A1l of these
processes are affectedlby temperature, but not necessarily at equal rates.
Furthermore, each species has different individual temperature tolerances
to Tow and high temperatures. Organisms can be expected to be more sensitive

to any toxicant when stressed by temperature extremes.

76




11

In an oil spill, in the environment, temperature can be expected to
influence toxicity of the oil solution by increasing persistence of toxic
aromatic components at low temperatures and by influencing animal sensitivity
in a complex and non-uniform way. Our tests simulate a spill to the
extent that concentrations decline with time. The magnitude of animal
sensitivity changes at different temperatures cannot be measured in our
tests since the persistence of 0il is a changing variable also. Tests
with continuous and stable exposure concentrations at different temperatures

are required to measure changes in animal sensitivity.

77




12

We conclude that temperature can affect survival of animals exposed
to oil toxicants in three ways: (1) it affects the persistence of
hydrocarbons in water, (2) it affects the organism by changing the rate
of hydrocarbon uptake, metabolism and excretion, (3) extreme temperatures
can act as synergistic stresses with oil toxicity. It is likely that
toxicity of hydrocarbons will be greater at lower temperatures because
they persist longer at lower temperatures. However, since different
species have different tolerances to oil anu *emperature, we cannot say
whether the sensitivity of any particular animal will be increased or
decreased at lower temperatures. Each animal must be tested at the

temperature ranges it normaliy encounters.
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Table 1.--Concentrations of individual aromatic hydrocarbons determined

by gas chromatography for WSF's of Cook Inlet crude o0il (undiluted solutions)
that were used in temperature assays with shrimp, Eualus spp; and pink salmon,
Oncorhynchus gorbuscha.

Concentration in ppm

Compounds ‘Shrimp Bioassay Pink Saimon Bioassay
Benzene 2.00 2.71
Toluene 2.15 2.07
o-Xylene 0.377 0.322
m- and p-Xylene 1/ :

and ethyl benzene 0.782 0.714
Naphthalene 0.115 0.1é1
1-Methylnaphthalene 0.0706 0.0771
2-MethyInaphthalene 0.0579 0.101
Dimethylnaphthalenet 0.028 0.043
Total aromatics 5.58 6.22

l-/Concentrat“ion value includes some contribution from undetermined sources.

81




Table 2.--24 and 96 h TLms for shrimp, Pandalus goniurus and Eualus spp.
tested with Cook Inlet WSF (measured as total aromatics), toluene, and
naphthalene at three temperatures. Concentrations of the TLm's are
reported in ppm, with 95% fiducial Timits given in parentheses.

TLm at temperature of--

8°C

Toxicant/Species 4°C 12°C
24 h
Cook Inlet WSF 1.94 2.30 1.91
Fualus sp. (1.80-2.10) (2.02-2.63) (1.70-2.15)
Toluene 22.7 23.92 17.9
Fualus sp. (20.9-24.7) (19.2-29.8) -
Naphthalene 2.21 2.06 1.29
Pandalus goniurus (1.81-2.70) - (1.08-1.55)
96 h
Cook Inlet WSF 1.68 1.86 1.58
Eualus sp. (1.66-1.80) (1.66-2.07) (1.42-1.73)
Toluene 21.4 20.2 14.7
Eualus sp. (19.5-23.5) (17.9-22.8) (13.1-16.6)
Naphithalene 2.16 1.02 0.97
Pandalus goniurus (1.76-2.64) (0.77-1.34) (0.78-1.22)
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Table 3.--TLm's for pink salmon, Oncorhynchus gorbuscha, tested with Cook
Cook Inlet WSF (total aromatics), toluene, and naphthalene at 24 and 95 h
at three temperatures. Concentrations are reported in ppm with 95%
fiducial 1imits given in parantheses,

Tim 2t temperature of--

Compound 4°C 8°C 12°C

24 h
Cook Inlet WSF 1.45 1.71 1.73
(1.28-1.62) (1.55-1.88) (1.54-1.92)
Toluene 6.69 7.75 -8.09
(6.01-7.44) (6.97-8.62) (7.45-8.75)
Naphthalene 1.56 1.84 1.38
(1.30-1.87) (1.22-2.80) (1.09-1.75)
96 h
Cook Inlet WSF 1.45 1.69- 1:77
(1.28-1.62) (1.47-1.83) (1.58-1.99)
Toluene 6.41 7.63 8.09 -
(5.73-7.18) (6.86-8.48) (7.45-8.78
Naphthalene 1.37 1.84- 1.24 ~
(1.11-1.68) (1.22-2.80) (0.95-1.62)
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Teble 4.--Significance of differences between 96-h TLm's of shrimp,
Eualus sp. and Pandalus goniurus, and pink salmon, Oncorhynchus

gorbuscha, to solutions of Cook Inlet crude oil WSF, naphthalene,
and toluene.

Species and toxicants Significance of differences between 96-h TLm's

4 ys 12°C 4 vs 8°C 8 vs 12°C

Shrimp (Eualus sp.)
Cook Inlet WSF NS NS NS

Shrimp (Pandalus goniurus)

Naphthalene SS 4 SS 4 NS
Toluene SS

-

NS SS 4

Pink salmon

Cook Inlet WSF NS NS NS
Naphthalene NS NS NS
Toluene SS + NS NS

SS--significant toxicity (difference) between given
temperatures (non-overlapping 95% fiducial Timits).

NS--Not significant.
+--Increased toxicity at higher temperature.

+--Decreased toxicity at higher temperature.
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ABSTRACT
Continuous monitoring of heart rates during exposure to toxicants
was found to be a sensitive indicator cf sublethal responses in the king

“crab, Paralithodes camtschatica. In exposures to water-soluble fractions

of Cook Inlet crude oil, benzene, and naphthalene, the heart rate response
was consistently one of depression, follcwed by return to normal as the
crude 0il or aromatic concentrations in the seawater declined.

In one of the experiments with crude oil, respiration was also
monitored; it closely paralleled the chenges in heart rate. In another,
using periodically replenished crude oil water-soluble fractions, the
heart rate remained depressed until th2 oil concentration was allowed to
drop.

Benzene produced more severe and longer-lasting heart rate depressions

-5

1

than did naphthalene or crude oil; the response to benzene also occurred
much sooner after initial exposure. Thes long-lasting sublethal effect
of benzene was evident even though the tenzene degraded more rapidly in
the water than either crude oil or rzphthalene.

A1l of the experiments substantizted z strong relationship betwveen

0il or aromatic fraction degradaticn and heart rate recovery.
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EFFECTS OF COOX INLET CRUDE CIL, BENZENE, AND NAPHTHALENE
ON HEART RATES CF THE ATLASKAN KING CRAB
(PARALITHODES CAMTSCHATICA)

T. Anthony Mecklenburg and Stanley D. Rice

Northwest Fisheries Center '“ne Ba’ F15ner1°s LdForatory

INTRODUCTION

Respiratory responses of marine fish and invertebrates exposed to
stressful pollutants, including oil, have been neasured by several
investigators. However, the variability and complexity of the reported
responses to oil exposure (reviewed by Percy and Mullin, 1975, p. 14;
Moore and Dwyer, 1974, p. 823) make it difficult to find patterns conmon
to any particular species, or to compare sensitivity between species.
At least part of the problen lies in methcdology. monitoring
of physiological responses has not typically included continuous measurements,

Also,

so that the patterns of response are incompletely recorded. ¥hen monitoring
sublethal responses it is not sufficient to know only the initial toxicant
concentration and the length of exposure. The aromatic components of
oil degrade rapidly in seawater, and at different rates (Rossi et al.,
1976, p. 13; Cheatham et al., in prep.); if the oil dose is measured
only at the beginning of an experiment, the usual procedure, the actual

concentration at which & given physiological respcnse occurs will not be

known.

86




3

The only previous investigations on heart rate responses to oil
(and oil dispersant) exposure have been on fish eggs using visual
methods to count the heart beats. Linden (1974, p. 143) observed depression
in the heart rates when Baltic herring eggs were exposed to oil dispersants.
Anderson (1975 p. 65; et al., 1976 p. 74) and his coworkers found that
heart rate declined in minnow and killifish eggs during exposures to
high WSF concentrations of No. 2 fuel oil and South Louisiana crude oil.
In these studies the heart rate depiessions were notable only during
exposures to lethal concentrations of the pollutants. Wilson (1876, p.
261), however, observed heart rate depression in fish embryos after
exposure to sublethal concentrations of oil dispersants. He also found
that heart rate was more sensitive than other parameters (embryo length,

eye pigmentation), the heart rate changes being detected at lower concentrations

and after shorter exposures.




Electrocardiograms are easy to obtain and provide a continuous
record of heart rate responses. In this research, heart rates were
rmonitored by EXG's simultaneously with psricdic measurements of toxicant
concentrations in the exposure water. In this way the timing and magnitude
of the Heart rate responses were recordsd and could be correlated with
0il or aromatic fraction concentrations. To determine if heart rate
responses parallel the respiratory responses, an experiment was also
conducted in which oxygen consumption was monitored simultaneously with
heart rate.

The Alaskan king crab, Paralithodes camtschatica, was chosen for

this research because the king crab's heart beat can be characterized as
steady and continuous. It lacks the frequert but normal cardiac arrests
occurring in some brachyuran crabs and lobsters (McMahon and Wilkens,
1972; Florey and Kriebel, 1974; Mecklenburg, in preparation) which would
make monitoring of heart rate responses to toxic pollutants in these

crustaceans more difficult.
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This research concentrated on the sublethal effects of Cook Inlet
crude oil, benzene, and naphthalene. Ths spzscific purposes were to
deternine, for king crabs, (1) if the heart rate is a sensitive indicator
ldf 0il toxicity; (2) the pattern of heart rate response; (3) if heart
rate responses during exposure parallel respiratory responses; (4) if
repeated exposures to 0il have a cumulative effect on the heart rate
responses; and (5) if there are any differences in heart rate responses
to Cook Inlet crude oil, benzéne, and napnhthalene exposﬁres. Anderson
et al. (1974, p. 293) and Anderson (1975; ». 23) believed the naphthalenes
to be the most significant toxic compounds in some oils. Rossi et al.'s
(1976, p. 13) work contains suggestive evicence that benzenes are at

least as toxic as the naphthalenes.
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All but one of our exposures were of the one-dose, short-term type
(22-28 h) which Anderson et al. (1976, P. 72) have considered as corresponding
roughly to an oil spill. In the exception, crabs were exposed to periodically
feplenished sublethal WSF concentrations of crude oil for 80 hours, a
situation which Anderson et al. relate to a chronically polluted area.
This experiment indicated whether or not chronic exposure to sublethal
doses has an intensifying or cumulative effect on the heart rate responses.
Anderson et al.'s (1976, p. 10) experiments on killifish eggs, which

included daily renewal of crude oil, suggest such an intensifying

effect.
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MATERIALS AND METHODS

Juvenile male and female king crabs (tio-year olds) weighing between
40 and 70 grans were caught by divers in Auke Bay, then held in flowing
seawatefqaquaria. The crabs were fed daily, feeding being stopped one
day prior to exposing them to WSF's. Crabs were used within one week of
capture. Five to 11 crabs were exposed to WSF's in each experiment.

Control crabs and the crabs to be exzosed to WSF's were placed in
separate aquaria. Crabs to be exposed were placed in a 45-liter aquarium
submerged in a constant temperature bath (6.5°C). Control crabs were
put in a smaller aquarium submerged in the same temperature bath.

The WSF dilutions were chilled in a 600-l1liter reservoir to 6.5°C,
and continuously circulated between the reservoir and the 45-liter
exposure aquarium. Water oxygen tension was maintained between 138-145

mmHg in both of the aquaria and the reservoir.
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Electrocardiograms were obtained after implanting twin-lead shielded
electrodes (phono tone arm pickup leads) in individual crabs. Preparation
was rapid, allowing return of each crab to seawater within minutes.

First the carapace dorsal to the heart was dried and coated with a thin
film of cyanoacrylate cement. Next two small holes were drilled into
the carapace with a blunt #22 gauge needle. EXKG leads were seated
through the openings into the pericardium and permanently attached to
the shell with a small drop of quick-drying thermal glue. Crabs were
then held overnight in the experimental aquariun before exposing them to
the various WSF's.

Each crab's signal output leads were connected to separate phono
jacks. Heart rates were recorded after suitable amplification on a
Guyton twin channel recorder. They were recorded for durations of 30
seconds to one minute at least twice prior to exposure to WSF's, then at

various intervals during the exposures.
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Oxygen Uptake

In one exposure to Cook Inlet Crude 0il, oxygen uptake and heart
rates were monitored simultaneously. Oxygen uptake was measured by
Aplacing crabs in sepzrate flow-through respirometérs. Oxygen tensions
in the inflowing and outflowing seawater were measured with a Radiometer
oxygen electrode chilled to 6.5°C. The flow rates through the respirometers
were monitored with Gilmont flowmeters; the rates were calibrated against
a timed volume collected in a'gradugted cylinder. Oxygen consumption
(VO,) was derived from the differences between inflowing and outflowing
oxygen tensions (APO,), the flow rates (f), and the solubility of oxygen
in seawater (=0;) at 6.5°C and 29.1°/,. salinity, where Vo, = £ (APOZ)

«0,. Values for oxygen uptake are expressed as ml/min/kg wet weight of

crabs.

93




9

Preparation of Toxicant Solutions

For Cook Inlet crude oil water-soluble fractions, one percent oil
in seawater (1 liter 0il/100 liters seawater) was mixed slowly and
gently for 20 hours at ambient water tempsrature (4-6°C). The mixture
was allowed to separate for three hours before the water-soluble fraction
was siphoned from beneath the-slick (Rice et al., 1976, p. 11). After
determination of the aromatic concentrations by ultraviolet spectrophotometry
(UV) (Neff and Anderson, 1975), the WSF was diluced and used for test
exposures. While absorbance at 221 nm has been shown to correspond to
the absorption spectra of naphthalene and alkyl naphthalenes (Neff and
Anderson, 1975), lighter aromatics such as benzene and toluene also
effect the absorption spectra. Each dosage measured by this method is
expressed as the UV optical density, or UVCD. Many investigators use
naphthalene equivalents to express the aromatic concentrations of
hydrocarbon as measured by ultraviolet spectrophotometry. To facilitate
comparison with their publications, ppb of naphthalene equivalents are

equal to UVOD .
8.996x10-4
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The naphthalene solution was prepared by dissolving 1 g of analytical
grade naphthalene in 100 ml of absolute alcohol. This solution was then
nmixed into approximately 400 liters of seawater. The concentration of
this test solution had an initial measurement of 1.65 ppm of naphthalene,
as measured by UV at 221 nm.

A benzene solution was prepared by mixing a one percent solution
for 20 hours. The mixture was allowed to settle for three hours. After
the concentration of this mixture was measured by UV at 250 nm it was
diluted in 350 liters of seawater to an initial high strength of 14.27
ppm of benzene.

The aromatic concentrations in three of the Cook Inlet crude oil

WSF solutions were measured by gas chromatography (GC) using a modified

method of Warner (1876).
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RESULTS

Responses to Cook Inlet Crude 0il

In all of these experiments the WSF's of Cook Inlet crude oil
.gradually degraded with time (Figs. la, 2, and 3). The Cook Inlet crude
01l WSF concentrations declined more slowly in the heart rate experiments
than in the heart rate/oxygen uptake experiment. For example, the 0.213
UVOD WSF (Fig. la) declined approximately 27% in five hours, as opposed
to 50% in the same amount of time for the 0.202 UVOD WSF (Fig. 2). This
may be related to the greater aeration of the exposure water in the
oxygen uptake experiment necessary to raintain stable oxygen tensions
for respiration measurements. The greater aeration appears to have

caused more rapid degradation of the WSF.
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Results of gas chromatographic analyses of Cook Inlet crude oil
WSF's are shown in Table 1. These are from samples taken at the beginning
of the short-term exper ng h They were
from the 0.213 UVOD, 0.134 UVOD, and 0.078 UVOD WSF's. These WSF's were
not uniform in their aromatic concentrations at the different UVOD's.
The concentrations of naphthalene and other heavy diaromatics in the
0.213 UVOD WSF were lower than in the 0.134 UVOD WSF. The light aromatics,
however, including benzene, xylene, and toluene, had their highest
concentrations in the 0.213 UVOD WSF.

In most of the exposures to Cook Inlet crude oil the heart rate
response was basically the same (Figs. 1b, 2, and 3): a depression
followed by eventual recovery. Partial recovery occurred while the crabs

were still in the exposure water, with further recovery when the crabs

were returned to non-contaminated seawater. (Crabs were not returned to

non-contaminated seawater until some recovery had been noted in the

exposure water.)
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The severity and duration of the bradycardia ware dose—related.
Heart rates in crabs exposed to the lowest concentration of 0.078 UVOD
were very similar to the rates in control crzbs. All of the higher
doses resulted in bradycardia, the severity znd duration increasing with
increased dosages.

Recovery usually began in nine to 12 hours, when the crude oil
WSF's had declined approximately 30-40%. The only dose czusing death
was the 0.213 UVOD WSF. In this experiment (Fig. 1b) four crabs died by
23 hours but heart rates in the other four crabs, although severely
depressed, improved with time and return to non-ccntaminated seawater.
However, another relatively strong crude oil WSF of 0.202 U.OD (Fig. 2)
did not result in any deaths and the bradicardia was not nezrly as
severe or prolonged. This is explained by the more rapid degradation of
the WSF due to greater aeration in this expsriment, as describesd above.

The contrast in the results of these two exseriments suggests that the
gy oD

severity of bradycardia and the onset of recovery (or duration of bradycardia)

are not only dose-related, but related also to duration of the WSF in

the exposure water.
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The experiment in which heart rate and oxygen uptake were monitored
simultaneously (Fig. 2) showed that both responded similarly to crude
oil WSF's. The initial dose resulted in a clear depression-recovery
cycle for heart rate, but the respiratory response was not as pronounced
as the heart rate response. To more clearly define the respiratory
response a higher WSF concentratioﬁ was added. Then the oxygen consumption
responses closely paralleled those of heart rate. The heart rate and
oxygen uptake each depressed to a slower rate after the second dose.

The greater depression here may be due to a cumulative effect, to the
higher WSF concentration, or to both.

A cumulative toxic effect was more strongly suggested by the results
of the 80-hour repetitive-dose experiment (Fig. 3). The heart rate
depression at 56 hours was greater than the previous depressions. This
experiment also further substantiated the relationship between diminishing
WSF concentrations and heart rate recovery. The relationship is apparent

at the 24-, 48- and 72-h observations.
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The Cook Inlet crude oil WSF dilution causing the most severe
bradycardia (0.213 UVOD, Fig. 1b) had the highest concentrations of
light aromatics, particularly benzene, of any cf the three WSF's that
were measured by GC (Tzble 1). However, it did not have the highest
concentrations of naphthalene and alkyl nzphthalenes. Their highest

concentrations were in the 0.134 UVOD WSF, yst the bradycardia resulting

from this WSF was minimal.
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Responses to Benzene and Naphthalene

Although in the benzene and naphthalene experiments (Figs. 4 and 5)
the naphthalene concentration was initially lower than the benzene
concentration, it was 18 times greater than the highest concentration
found in any of the GC-measured crude oil WSF's; that is, 18 times
higher than in the 0.134 UVOD WSF. The benzene concentration was approximately
three times higher than in the crude oil WSF (0.213 UVOD) containing the
highest measured benzene . The benzene concentration declined more
rapidly than the naphthalene concentration (Figs. 4 and 5). After nine
hours it had declined approximately 50% from the highest measured concentration,
compared to a 20% decline for naphthalene. By 12 hours the benzene had

declined 78% compared to a 56% naphthalene decline.
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Both of these experiments (Figs. 4 and 5} showed the heart rate
depression-recovery cycle. During exposure to benzene, however, the
1eart rate céepression occurred much sooner iha;»during either crude oil
Abr naphthalene exposures. The major declines in heart rate occurred
during the first 30 minutes in the benzens exposure, as opposed to three
to seven hours for crude oil and two hours for nezphthalene. Further,
the naphthalene did not cause as great a cescline in heart rates as did
either benzene or sublethal doses of crude cil. During exposure to the
naphthalene solution the maximum heart rate Zepression was 20% from
control rates, as compared to a 50% maximm depression during the benzene
exposure and 52% for Cook Inlet crude oil.

During the naphthalene exposure (Fig. 5), heart rates had recovered
to 85% of the control rate by 12 hours and 55% naphthalene degradation.

In contrast, despite the 78% WSF degradation in the benzene exposure, at

12 hours the heart rates had only returned to 35% of the control rates.
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DISCUSSION

In this study electrocardiograms, coupled with periodic measurements
of the oil or aromatic fractions in the exposure watér, provided a
sensiti&e, continuous index of toxic stress. The combination enabled us
to correlate toxicant concentrations with heart rate and respiratory
responses as they occurred. In the king crab, both heart rate and
respiration underwent marked depression-recovery cycles during exposure
to WSF's of Cook Inlet crude oil. Heart rate responses to benzene and
naphthalene exposures showed the same cycle, but with different timing
and severity. The crabs did not acclimate to repeated dosing with Cook
Inlet crude oil; instead their heart rates were more severely depressed

under each successive dosing.
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Our results agree with those of Rice et al. (1976, p. 38) who
observed depression of respiration during exposures to oil in preliminary
studies on adult king crabs. Respiratory depression was also recorded

in two genera of shrimp (Palaemonetespugio and Penaeus aztecus) by

Anderson et al. (1975, p. 45), and in an amphipod and an isopod by Percy
and Mullin (1975, p. 101). The metabolic response to oil exposure,
however, is not always one of depression. In a second isopod Species

Percy and Mullins (1975, p. 102) noted respiratory elevation, while

Rice, Thomas, and Short (1976) and Brocksen and Bailey (1973, p. 783)

noted the same in pink salmon fry and in striped bass and king salmon,
respectively. Since these studies used various methodologies for measuring
the physiological responses and for mixing and measuring the oils, and
different crude and fuel oils, it cannot be said whether the conflicts

in results are due to these differences or to species differences.
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The depression-recovery cycles of both respiration and heart rate
in the king crab occurred proportional to dose and closely followed the
degradation of the WSF's in the exposure water. Heart rates dropped
soon after exposure to crude oil (respiration also), benzene, and naphthalene
when the WSF's were still strongly concentrated, but recovered as the
WSF concentrations declined. Thus, the physiological responses are
dependent not only on the initial concentration of the dose but also its
duration in the exposure water.

The relationship between biological response on the one hand, and
toxicant concentration and period of exposure on the other appears to be
well established (see for example, Wilson, 1976). However, the length
of time the toxic components remain at concentrations strong enough to
cause or sustain a response is also important, but less generally recognized.
Recent studies in addition to this one have reported degradation of o0il
and aromatic solutions and their decrease in toxicity, apparently due to
volatilization and bacterial degradation (Cheathan et al., in prep.). A
case in this study which emphasizes the point is the 0.213 UVOD that
caused death versus the 0.202 UVOD that only produced a sublethal response.
As mentioned previously, because of greater aeration in the latter
experiment the oil WSF volatilized more rapidly, thus allowing the crabs
to recover. To alleviate this type of problem, Vanderhorst et al.

(1976) have designed a continuous-flow bicassay system which reduces the

changes in o0il fraction concentrations with time.

105




21

In contrast to our conclusion that the metabolic depression-recovery

1

cycle of the king crab was dependent on magnitude and duration of dose,
Anderson et al. (1575, p. 49) believed the respiratory depression they

Pty

observed in the grass shrimp Palaemonetes pugio was correlated with

tissue uptake of naphthalenes, and that recovery was correlated with

tissue depuration of naphthalenes. Relating toxic compounds in tissues

to respiratory or circulatory phenomena is difficult, particularly in
species which can actively metabolize the compounds. Recently Corner et
al. (1973) demonstrated naphthalene metabolism in the spider crab, Maja
squinado. Rice et al. (in press) observed that pink salmon fry returned

to near normal breathing rates after several hours during a continuous
exposure to oil WSE, indicating active metabolism. If king crabs possessed
the ability to metabolize oil toxicants, then correlation of physiological
responses with specific tissue concentrations would be extremely complex
because the parent compounds would be converted into several metabolites.
Our study suggests metabolism of toxic aromatics is not significant in
king crabs, because the heart rate response was proportional to dose
magnitude and duration, even after 80 h of exposure. The lack of metabolism
of hydrocarbons in king crabs is further indicated by Rice gf al. (1976

p. 34) and Short and Rice's (in preparation, p. 20) observations on

uptake and retention of hydrocarbons in this spscles. The King crabs
depurated aromatics slowly when they were returned to clean water,
suggesting a passive response rather than an active role in metabolism

or excretion.
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The wnequal distributions of the various aromatics in o0il could
also readily affect the toxic response. Different crude oils and fuel
oils can vary widely in their aromatic fractions and resultant toxicity
(Anderson et al., 1975, p. 56; Rice et al., 1976, p. 9; Rossi et al.,
1976, p. 10). Even WSF's of the same o0il can vary in their aromatic
compositions, as shown in this study. However, the relative toxicities
of the various aromatic fractions present in crude oils are only beginning
to be studied. According to Rice et al. (1976 p. 34) and Short and
Rice (in prep.); naphthalene and alkyl naphthalenes are accumulated in
the tissues of king crabs and several other marine invertebrates and are
slow to depurate. However, these analyses were relatively ineffective
fér detecting the more volatile mononuclear aromatics such as benzene
and toluene. Anderson et al., (1974 p. 305) and Anderson (1975 p. 63-
64), after studying several fish and invertebrate species, concluded
that naphthalenes ''are important not only from the standpoint of toxicity,
but also in the production of abnormal physiological responses', and
that they were ''the most significant petroleum derived compounds from
the standpoint of toxicity and tissue retention’ (pp. 63, 64). They did

not analyze for mononuclear aromatics. Therefore findings by other
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investigators that naphthalenes are accumulated in marine animal tissues
nead not necessarily indicate that dinuclear aromatics are the most
toxic components in oils. Mononuclear aromatics are known to be toxic.
Trey can be taken uwp readily and eliminated readily (Roubal 1574, p.
372), although they may inflict tissue damage before depuration. Rossi
et al.'s (1976, p. 16) toxicity studies on polychastes suggested that
benzene is at least as important as naphthalene in producing a toxic
response. No doubt many aromatics contribute, and in different ways, to
the toxicity of crude oil and other petroleum products. The present
study shows that both benzene and naphthalene depress heart rates in the
king crab and suggests that each plays a different role. Benzene appears
to produce more severe and longer-lasting heart rate depressions than
naphthalene; the response also occurs much sooner after initial exposure
to benzene. These differences were apparent even though the benzene in
the exposure water declined more rapidly than the naphthalene. Further
studies are indicated to assess the relative irmportance of mononuclear

and dinuclear aromatics.
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Table 1.

Concentrations, as determined by gas chromztography, of various
aromatic compounds in three test solutions used in hsart rate experiments
with king crabs. The test water contained thz wz:izr-saluble frzction of
Cook Inlet crude oil. UVOD = ultraviolet opticz® <znsity at 221 nm; a
measure of concentrations of VSF.

Concentrazicns in test solution with
Aromatic compound UJCh of:

0.078 5.134 Cc.213

(ppm) {ppm) (ppm)
Benzene 1.232 1.300 L. 355
Tolueshne 0.954 1,504 2.528
o-Xylene 0.162 3.255 0.235
m-, p-Xylene 0.288 2.527 C.641
Naphthalene 0.043 1.085 0.031
1-Methylnaphthalene 0.019 0.0L3 0.029
2-Methylnaphthalene 0.018 3.04% 0.034
2-6-Dimethylnaphthalene 0.005 9.022 0.030
Total Aromatics 2.721 3.76D 7.550
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FIGURE LEGENDS

Figure 1.--Paralithodes camtschatica. Heart rate responses and behavior

of aromatic concentrations during single-dose, short-term exposures to Cook
Inlet crude oil water-soluble fraction (WSF) dilutions. UVOD: The aromatic
concentrations in the oil dilutions expressed as ultraviolet optical density
at 221 nm. (a) Decrease in aromatic concentrations of each WSF dilution over
time. (b) Heart rate responses over tiﬁe. Each data point represents mean
from 5-11 crabs. Arrow indicates beginning of exposures.

Figure 2.--Paralithodes camtschatica. Heart rate and oxygen consumption

(VOZ) responses monitored simultaneously with aromatic concentration of Cook
Inlet crude oil water-soluble fraction dilutions. Means * one standard
deviation for 5 crabs. Mean weight of carbs = 54.8 = 7.7 g. UVOD: The
aromatic concentrations expressed as the ultraviolet optical density at 221 nm.
Arrows indicate dosing.

Figure 3.--Paralithodes camtschatica. Heart rate responses and aromatic

concentrations during repetitive dosing with Ccok Inlet crude o1l water-soluble
fraction dilutions over an 80-h pericd. Control crabs, n = 2Z; exposed

crabs, n = 11. UVOD: The aromatic concentrations expressed as the ultraviolet
optical density at 221 nm. Arrows indicate dosing.

Figure 4.--Paralithodes camtschatica. Heart rate responses to naphthalene

concentrations. Control crabs, n = 2; exposed crabs, n = 11, mean *+ one
standard deviation. Arrow indicates beginning of exposure.

Figure 5.--Paralithodes camtschatica. Heart rate responses to benzene

concentrations. Control crabs, n = 2; exposed crabs, n = 11, mean # one

standard deviation. Arrow indicates beginning of exposure.
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Figure 1.--Paralithodes camtschatica. Heart ;‘ate responses and behavior
of aromatic concentrations during single-dose, short-term exposures to Cook
Inlet crude oil water-soluble fraction (WSF) dilutions. UVOD: The aromatic
concentrations in the oil dilutions expressed as ultraviolet optical density
at 221 nm. (a) Decrease in aromatic concentrations of each WSF dilution over

time. (b) Heart rate responses over time. Fach data point represents msan

from 5-11 crabs. Arrow indicates beginning of exposures..
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Figure 2.--Paralithodes camtschatica. Heart rate and oxygen consumption

(i0,) responses monitored simultaneously with aromatic concentration’of CeoX

inlet crude o0il water-soluble fraction dilutions.. Means *+ on2 standard
c¢aviation for 5 crabs. Mean weight of gaybs = 54.8 = 7.7 g. UVOD: The

aromztic concentrations expressed as the ultraviolet optical density at 221 nm.

Arrows indicate dosing.
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Figure 3.--Paralithodes camtschatica. Hear:

[44]

-~
<o

responses and aromatic

r

t
13

concentrations during repetitive dosing with Cook Iniet crude oil water-soluble
fraction dilutions over an 80-h period. - Control crzbs, n = 2; exposed
crabs, n = 11. UVOD: The aromatic concentrations expressed as the ultraviolet

optical density at 221 mm. Axrows indicate dosing.
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I. SUMMARY OF OBJECTIVES, CONCLUSIONS, AND IMPLICATIONS
WITH RESPECT TO OCS OIL AND GAS DEVELOPMENT

SUMMARY OF OBJECTIVES

The overall objective of this program is to assess potential effects of
petroleum operations on marine organisms indigenous to Alaskan waters. Specific
objectives of this research unit (OCSEAP RU 73/74) during the contract period
were to define and evaluate: (1) effects of water-soluble fractions of crude
0oil and a model hydrocarbon mixture on salmon homing behavior; (2) effects of
Tong-term ingestion of crude oil-coated food on reproduction of rainbow trout;
(3) alterations in structure of fish after petroleum exposure; (4) changes in
feeding behavior of shrimp during exposure to water-soluble petroleum fractions;
(5) uptake and depuration of toxic trace metals by salmon and flatfish; (6)
effects of selected hydrocarbons on olfactory acuity of coho salmon; (7) uptake
and depuration of petroleum hydrocarbons by salmon, flatfish, and shrimp; (8)
enzymes (AHH) that metabolize (detoxify, activate) aromatic hydrocarbons in a
variety of aquatic species; (9) pathological effects of exposure of flatfish to
crude oil-contaminated sediment; (10) effects of exposure to 0il in diet or in
water on disease resistance of salmon.
SUMMARY OF CONCLUSIONS

Several studies have been completed. In two of these an effect from
exposure to petroleum has been demonstrated. In the first it was concluded
that postlarval spot shrimp were highly susceptible to low concentrations of
naphthalene in seawater; 10 ppb of naphthalene was acutely toxic. Metabolites
of naphthalene were retained by the larval shrimp at relatively unchanged con-
centrations while concentrations of the parent hydrocarbon were lowered. This
is of considerable concern because there is clear evidence linking metabolites
of aromatic hydrocarbons in various animal species to genetic damage and other

aberrations.
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In the second completed study in which petroleum effects were shown, it
was demonstrated that at concentrations of 20 ppb of the seawater-soluble
fraction of Prudhoe Bay crude 0il, there was a distinct reduction in behavioral
activity of adult spot shrimp in response to food stimuli. Symptoms of
narcosis appeared at 300 ppb. Conclusions were that adult as well as post-
larval spot shrimp were at risk from petroleum contamination.

In another completed experiment, maturing rainbow trout were fed high
doses (1 part oil added to 1,000 parts food) of Prudhoe Bay crude oil compo-
nents for 6-7 months prior to spawning and their ability to produce healthy
offspring evaluated. In contrast to the effects on postlarval and adult
shrimp in the above work, it was concluded from this study that there was no
significant effect on trout offspring viability. However, untested behavioral
and physiological aspects of salmonid reproduction may be affected by petroleum
exposure in the natural environment.

In other completed studies it was demonstrated that salmon, flatfish, and
shrimp accumulate hydrocarbons and trace metals from water. Uptake and
depuration were determined for lead and cadmium from mucus of coho salmon and
skin and scales of coho salmon and flatfish. Mucus of coho salmon was found
to excrete metals to some extent and skin and scales of both species acted as
storage and perhaps detoxification sites. Substantial amounts of metals per-
sisted in skin and scales for several weeks (37 days) after fish were returned
to clean water.

Additional studies with coho salmon and starry flounder exposed to
cadmium and Tead at low ppb concentrations in seawater, revealed substantial
increases in metal burdens of key internal tissues. These metals continued
to increase in concentration in certain tissues (e.g., posterior kidney) after

prolonged depuration times in clean water. The accumulations of cadmium and
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lead occurred preferentially in portions of cells associated with vital
physiological processes. The implications are that accumulation and retention
of these toxic metals may be found to be harmful to fish; there is as yet
little direct evidence that this is so.

Coho salmon and starry flounder exposed to <1.0 ppm of a saltwater-
soluble fraction of Prudhoe Bay crude oil accumulated significant concentra-
tions of aromatic hydrocarbons representing a broad spectrum of individual
compounds. Starry flounder accumulated substantially greater concentrations
of hydrocarbons than coho salmon. The evidence indicates that fish have a
significant capability for metabolizing aromatic hydrocarbons to potentially
toxic products, as indicated by enzyme (AHH) studies and chemical identifi-
cation of total and individual metabolites in tissues. The finding that these
fish accumulate hydrocarbons and metabolic products in a variety of body
tissues suggests that potentially deleterious effects on the organisms arise
and raises questions about their suitability for human consumption.

Morphological changes were found in gills, livers, and eye lenses of
salmonid fishes after petroleum exposures. Most of the changes were inter-
preted to be deleterious, but whether or not they would be seriously damaging
is not known.

Studies were also completed in which either (1) petroleum hydrocarbons
were introduced in home-stream water to which adult salmon were returning or
(2) salmon were captured in their home-stream, exposed to petroleum (up to 26
hr), tagged, transported offshore, and released. Conclusions in both
instances were that there was no significant effect on salmon homing migra-
tion or ability. Abnormally dry, hot weather conditions during the study may
have affected the results, however, by altering salmon homing patterns

generally.
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Experiments on effects of petroleum exposure on disease resistance of
salmon and flatfish were also performed or initiated. English sole were
placed on sediment contaminated with Prudhoe Bay crude oil. No flatfish
mortalities occurred during the first month of an anticipated several month
study and no marked pathological changes were detected. Similarly, studies
on effects of petroleum on resistance of salmon to bacterial diseases showed
no difference between petroleum-exposed and non-petroleum-exposed fish.
Conclusions were that short-term exposures of flatfish or salmon to petroleum
in these assays had no marked effect on disease or disease resistance. These
were very preliminary studies, however, and only after longer exposures and
different exposure regimes have been completed can meaningful conclusions of
this nature be made.

IMPLICATIONS WITH RESPECT TO OCS OIL AND GAS DEVELOPMENT

Several findings of RU 73/74 research have clear implications with
respect to petroleum effects on aquatic species and consequently to 0CS oil
and gas development. Most of the studies were designed as laboratory experi-
ments and the degree to which laboratory results can be directly applied to
natural events remains a considerable problem. The problem is similar to
that faced by investigators concerned with effects on humans; in the absence
of a capability for testing target species directly under natural conditions,
models for testing and representative test situations must be developed and
careful, conservative interpretations made.

The observed susceptibility of postlarval (narcosis, death) and adult
(feeding inhibition, narcosis) shrimp to very low levels (ppb) of naphthalene
in seawater is of concern. These studies strongly suggest that petroleum

introduced into the environment of these and related animals would have

'substantia]ly deleterious effects.




Similarly, the observed structural changes in salmonid fish after hydro-
carbon exposure, and the uptake and retention of toxic trace metals by salmon
and, particularly, flatfish imply that the presence of petroleum and trace
metals at some concentrations in diet, water, or sediment would be harmful to
these species. Concentrations either of hydrocarbons or metals capable of
causing structural damage have not yet been precisely determined.

A number of the studies suggest that exposure to petroleum in certain
species and under certain conditions may not be particularly damaging.

Feeding of high doses of Prudhoe Bay crude o0il components to adult rainbow
trout, for example, for 6-7 months during maturation induced no statistically
significant effect on viability of offspring. There were structural changes
in the adults that appeared potentially deleterious and deaths from fungal
infections may have been associated with o0il exposure. Nevertheless, there
was remarkably Tittle effect from this treatment. If this laboratory infor-
mation can be extended to feeding salmon at sea, then Prudhoe Bay crude oil
components in their diet would not drastically affect physiological-biochemical
processes of maturation. Clearly, this is an oversimplification, however, and
untested effects of oil exposure on mate selection, redd-building, and
spawning behavior may prove highly detrimental to salmon reproduction.

Controlled field studies on salmon homing indicated that low concentrations
of hydrocarbons do not affect salmon homing behavior or ability. This would
imply, but certainly not prove, that petroleum hydrocarbons in the path of
migrating salmon would not completely disrupt their migration. Again, the
results of these studies are preliminary and were conducted during an abnor-
mally dry, warm fall season which obviously affected salmon homing timing and

perhaps other aspects of their migration.
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No marked pathological changes have yet been associated with petroleum
exposure in the present research. These studies are still so preliminary,
however, that conclusions on petroleum and pathology are premature.

Results of studies on exposures of coho salmon and starry flounder to
ppb concentrations of metals and aromatic hydrocarbons imply that low levels
of both types of compounds arising from petroleum operations could result in
substantial increases in metal and hydrocarbon burdens in fish. This is
particularly notable for flatfish, which show a striking capability to
accumulate both types of pollutants. Physiological alterations in the fish
are possible after both metal and hydrocarbon exposures; in addition, high
accumulations of aromatic hydrocarbons in starry flounder may reduce’their
suitability for human consumption. Also, the tendency of fish to accumulate
significant amounts of metabolic products from accumulated hydrocarbons is a
cause for concern because of the toxicity ascribed to certain metabolites in
_other animal studies. The fact that greater accumulations of hydrocarbons
were found in exposed fish at 4°C, as compared to 10°C, suggests that cold
water environments may substantially increase the hydrocarbon burden under
Arctic conditions in comparison to temperate regions. This finding is

obviously relevant to the environmental impacts of arctic and subarctic

petroleum operations.




IT. INTRODUCTION

GENERAL NATURE AND SCOPE OF STUDY

The responses of marine organisms to environmental contaminants are
reflected in a number of changes detectable at population and organismal
Tevels, as well as at cellular, subcellular, and molecular levels. The
general scope of this study is to evaluate effects at various levels by
investigating behavioral, morphological, chemical, physiological, and
pathological changes in subarctic and arctic marine animals exposed to
petroleum hydrocarbons and trace metals.
SPECIFIC OBJECTIVES

In the multidisciplinary approach for this study to evaluate the effects
of petroleum on marine organisms, there is a series of objectives.

The series of specific objectives performed during the current reporting
period of April 1, 1976 to March 31, 1977 are as follows:

Behavior

Effects of Petroleum on Salmon Homing

To determine if petroleum hydrocarbons present in water modify the
behavior of homing adult salmon (oncorhynchus spp.) by (a) causing them to
avoid their home stream or (b) disrupting their homing capability.

Effects of Petroleum on Feeding Behavior of Shrimp

To determine if water-soluble fractions (WSF) of petroleum affect the
feeding response of spot shrimp (Pandalus platyceros).
Morphology

Effects of Petroleum Exposure on Structure of Fish

To determine if exposure to petroleum components in diet or water

causes structural and ultrastructural changes in salmon and flatfish.
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Chemistry

Biotransformations of Petroleum Hydrocarbons

To determine uptake, depuration, accumulation, and metabolism of poly-
cyclic aromatic hydrocarbons by coho salmon, starry flounder, and larval
forms of Pandalus platyceros, Mytilus, and Protothaca. Also, to assess a
change of temperature (4° vs. 10°C) and mode of exposure to hydrocarbons
(i.e., ingestion vs. water-soluble components of 0il in water column) with
coho salmon and starry flounder.

Biochemical Interactions of Trace Metal Compouri's in Fish

To determine the accumulation, metabolism, and discharge of cadmium and
lead from coho salmon and starry flounder exposed to the metals (a) in water
and (b) in food containing Prudhoe Bay crude oil.

Trace Metal Concentrations in Fish Skin and Mucus

To define and evaluate uptake, accumulation, and discharge of trace
metals from epidermal mucus, skin, and scales of coho salmon (0. kisutch)
and starry flounder (Platichthys stellatus).

Enzymes Mediating the Bioconversions of Petroleum
Hydrocarbons: Baseline Data

To determine the specific activities of aryl hydrocarbon hydroxylase (AHH)

in different marine phyla from Norton Sound and Chukchi Sea, and to begin a
study of dose of 0il relationships to response of AHH systems in different
phyla.

Physiology

Effect of Ingestion of Crude 0il Components
on Reproductive Success of Salmonid Fish

To determine if long-term ingestion of crude oil components during

maturation affects hatching success and alevin viability in rainbow trout -

(Salmo gairdneri).




Effect of Hydrocarbons on the Chemosensory System of Coho Salmon

To determine electrophysiologically if selected hydrocarbons are detected
by coho salmon and if they disrupt responses to known olfactory stimulants.
Pathology

Pathological Changes in Flatfish from Exposure
to 0il-Contaminated Sediment

To determine the frequency and nature of pathological changes occurring
in flatfish as a result of exposure to oil-contaminated sediment.

Effect of Petroleum on Disease Resistance in Coho Salmon

To assess the effect of petroleum hydrocarbons in diet or water on
susceptibility of coho salmon to infection with a pathogenic bacterium, Vibrio
anguillarum.

RELEVANCE TO PROBLEMS OF PETROLEUM DEVELOPMENT

When petroleum is transported in or obtained from coastal or offshore
areas, inevitably petroleum hydrocarbons and associated trace metals escape
into the marine environment. These materials, at some levels, have a potential
for producing critical damage to marine resources. This damage by crude o0il
components can take several forms (Blumer, M., Testimony before Subcomm. on
Air and Water Pollution, Senate Comm. on Public Works, Machias, Maine, 8 Sept.,
1970):

1. Direct kill of organisms through coating and asphyxiation.

2. Direct kill through contact poisoning of organisms.

3. Direct kill through exposure to water-soluble toxic components of oil
at some distance in space and time from the accident.

4. Destruction of the generally more sensitive juvenile forms of organisms.

5. Incorporation of sublethal amounts of o0il and o0il products into
organisms resulting in reduced resistance to infection and other stresses.

Also, this may result in failure to reproduce.
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6. Destruction of the food sources of higher species.

7. Exposure to long-term poisons, e.g. carcinogens.

8. Low-level effects that may interrupt any of the numerous events
necessary for the feeding, migration, and propagation of marine species and
for the survival of those species which stand higher in the marine food web.

9. Contamination of marine food resources to make them unfit for human
consumption.

Studies of OCSEAP Research Unit 73/74 are largely concerned with indirect,
long-term effects of petroleum such as those detailed in items 5, 7, and 8.
These effects are much more difficult to detect and evaluate than those related
to acute exposures, but may over a period of time have even greater impact on

marine biota.
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ITT. CURRENT STATE OF KNOWLEDGE

A comprehensive literature review on effects of petroleum on arctic and
subarctic marine species has recently been completed entitled "Assessment of
Available Literature on Effects of 0i1 Pollution on Biota in Arctic and Sub-
arctic Waters," Donald C. Malins, Editor, Sept. 1976. This report which
contains 944 pages in two volumes was prepared primarily by investigators at
the Northwest and Alaska Fisheries Center who are working on RU 73/74 and
was funded by OCSEAP Contract #R7120818. (Two books based on the report are
currently in press and will be published by Academic Press, New York.) This
material will not be reviewed in detail in the present report. A brief
resume of the current state of knowledge particularly relevant to study areas
covered in the present report is given below.
BEHAVIOR

In marine organisms the chemosensory systems play a major role in
activities related to: feeding, avoidance, and escape responses; reproduction;
settlement and site selection; and homing. Some of these responses can be
induced by specific compounds at levels of parts per trillion (Kittredge et al.,
1971). Also, these responses can be abolished by petroleum components
(Straughan, 1971; Whittle and Blumer, 1970), even at levels of 1 part per
bi11ion (ppb) (Jacobson and Boylan, 1973; Takahashi and Kittredge, 1973). In
very few other areas of research with petroleum hydrocarbons have effects been
noted at such low levels of hydrocarbon exposure.

Behavioral studies in detection and avoidance of petroleum hydrocarbons
by fishes have been conducted mostly under laboratory conditions (e.g., Rice,
1973; Kunhold, 1970; Sprague and Drury, 1969). None of these studies, how-

ever, have evaluated possible disruption of homing behavior in a field
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situation as was done with salmon in studies discussed under BEHAVIOR in the
present report.
MORPHOLOGY

In the few papers which address the subject of morphological effects on
fish from contaminants, differences in experimental designs, including methods
and levels of exposure and types of contaminants make comparison of data
difficult. However, noticeable effects from toxic materials have been
observed in organs and tissues of fish. Sloughing of epithelial cells and
excess mucous production were noted in the gills of marine fish taken in the
Gulf of Mexico following a spill (Blanton and Robinson, 1973). Exposure to
No. 2 fuel oil and phenol can cause liver changes which range from gross color
differences (Cardwell, 1973; Waluga, 1966) to subcellular alterations such as
proliferation of the endoplasmic reticulum (Sabo and Stegeman, 1977).

In addition to the extensive literature review on effects of petroleum
cited above, a review on effects of petroleum hydrocarbons on the structure of
fish tissue is in press (Hawkes, 1977). Very little of the morphological
research reported deals with arctic and subarctic species.

In salmonids, skin constitutes a major reservoir of minerals. Podoliak
and Williams (1970) reported that more than one-third of the total calcium was
stored in the skin of the trout (Salmo trutta). This calcium is beljeved to
be a rapidly metabolized reserve that may affect the environmental adaptations
of fish. In addition to being involved in mineral metabolism, fish skin plays
a role in defense and protective mechanisms (Farris and Hunt, 1973; Jalowska,
1963). Hence, evaluations are needed to understand biological and biochemical

interactions of water-borne pollutants with fish skin and its accessory com-

ponents (e.g., scales and epidermal mucus). Recently, tissue concentrations

of lead and cadmium in fish exposed to these metals have been reported by




Gilmartin and Revelante (1975), Blood and Grant (1975), Fisher (1974), and
Holcombe et al. (1976). However, little information is available on the
distribution of either lead or cadmium in the skin or epidermal mucus, and
little is known concerning the significance of different quantities of these
metals in fish skin and mucus. High concentrations of cadmium, nickel, and
lead are known to precipitate gill mucus, thus causing death by asphyxiation
(Voyer et al., 1975; Schwiger, 1957; Heider, 1964); Varanasi et al. (1977)
reported that epidermal mucus of rainbow trout exposed to sublethal concen-
trations of lead or mercury accumulated substantial amounts of these metals
and exhibited certain alterations which were not reversed when the fish were
returned to metal-free water for 24 hr.
PHYSTOLOGY

Several reports describe effects of crude oil and refined petroleum
products on viability of eggs, sperm, and juveniles of aquatic species; there
are also reports of petroleum causing structural and functional abnormalities
of aquatic species at different developmental stages (Mironov, 1969a; Morrow,
1974; Renzoni, 1975; Rice et al., 1975; Struhsaker et al., 1974). The conse-
quences from exposure to petroleum on sexual maturation of fish are not known.
Interference by petroleum with sexual maturation processes could result in
infertile gametes and teratogenic effects on progeny. These kinds of effects
were demonstrated for trout exposed to DDT (Burdick et al., 1964; Macek, 1968).

Previous studies have elucidated endocrinological and biochemical
mechanisms of maturation of salmonid fishes (Gronlund, 1969; Gronlund and
Hodgins, 1970; Gronlund et al., 1973). Initiation of sexual maturation takes
place well in advance of outward signs of maturity and synthesis and storage
of gonadal material is occurring at least six months prior to spawning.

Studies on effects of petroleum on trout reproduction discussed in the
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present report (see PHYSIOLOGY section) represent the first investigation
of effects on reproductive processes of a saimonid fish from long-term
dietary exposure to crude oil components.

PATHOLOGY

Little is known about pathological conditions existing in most marine
arctic and subarctic animals; almost nothing is known about the effects on
the health of these species from petroleum and related substances or from
environmental modifications that may result from petroleum exploration.

There is experimental evidence that certain hydrocarbons and trace metals
which may be present in petroleum inhibit disease resistance mechanisms in
various animals (Stjernsward, 1974; Kripke and Weiss, 1970; Koller et al.,
1975; Koller and Kovacic, 1974; Cook et al., 1975) and in fish (Robohm and
Nitkowski, 1974). Considerable evidence also exists that certain hydrocarbons
and trace metals in petroleum and petroleum derivatives are carcinogens
(Heiger and Woodhouse, 1952; Cahnmann, 1955; Hueper and Cahnmann, 1958; Cook
et al., 1958; Hueper and Payne, 1960; Falk et al., 1964; Carruthers et al.,
1967; Bingham et al., 1965; Wallcave et al., 1971; Sullivan, 1974; Sunderman,
1971).

Tumors have been found, sometimes in high frequency, in marine fishes of
the North Pacific, the Bering Sea, and in many other areas of the world.
Their cause is unknown at present. Any significant increase in levels of
environmental carcinogens from petroleum or other sources could be reflected,
however, in increased incidence of tumors in susceptible marine species.
Bacterial and other infectious diseases are also present in fish in northern

marine waters. Thus, any reduction in immunity or disease resistance caused

by petroleum or other environmental changes could substantially increase

mortalities of species directly because of disease, or indirectly because of




reduced vitality. A key issue is whether or not petroleum at levels introduced
in northern marine waters can induce tumors or suppress immunity in species
of the =rea.

Several species of flatfish spend their first few years of life in near-
shore water, closely associated with bottom sediments (Clemens and Wilby,
1961). Sediments in the vicinity of o0il spills have been reported to contain
up to 12,000 ppm total hydrocarbons (Blumer and Sass, 1972; Kolpack et al.,
1971). Exposure of these young flatfish to oil-soaked sediments for long
periods may result in pathological conditions, such as loss of or damage to
epithelial cells (Blanton and Robinson, 1973), abnormal changes in liver cells
(Vishnevelskii, 1961), and development of skin tumors (Hieger and Woodhouse,
1952). The laboratory experiments involving the exposure of flatfish to oil-
contaminated sediments described in this report are the first known attempts
to determine the long-term pathological effects of such exposure under con-
trolled conditions.

CHEMISTRY

Many questions exist about the uptake, retention, and metabolism of
aromatic hydrocarbons of petroleum by coho salmon and starry flounder. These
species are capable of metabolizing low molecular weight aromatic hydrocarbons
such as benzene, naphthalene, and anthracene, found in crude oil. Moreover,
these fish rapidly accumulate such hydrocarbons when exposures are via food
and water (Roubal et al., 1976). After exposure to petroleum is ended, both
coho salmon and starry flounder rapidly depurate tissues of hydrocarbons. We
have shown that the temperature at which salmon are exposed to aromatic
hydrocarbons can affect the levels of these compounds in fish tissues. The

number of condensed rings in aromatic hydrocarbons and the degree of

149




alkylation also appear to be important factors governing the concentrations
of such compounds in fish tissues (Roubal et al., 1977b).

The present knowledge of the effects of polynuclear hydrocarbons (PAH)
and seawater-soluble fractions (SWSF) of crude 0il on larval invertebrates is
Timited. Studies on molting and survival of crustacean larvae exposed to
SWSF of Cook Inlet o0il and the sensitiVity of these animals to SWSF, have been
recently reported by the Auke Bay Laboratory of NMFS. The only information
on the metabolism of PAH by invertebrate Tarvae exposed under flow-through
conditions has been reported by Sanborn and Malins (1977).

At present, most studies on water-borne lead and cadmium focus on estab-
lishing 96-hr LD50 levels of metal. The likelihood of these levels being
reached in the marine environment are remote. Recent literature suggeéts that
much Tower concentrations of metals (1-200 ppb) could have significant impact
on marine species (Holcombe et al., 1976; Benoit et al., 1976).

Studies on the long-term effects of lead or cadmium on brook trout
(salvelinus fontinalis) exposed continuously over three generations have shown
that low concentrations of metals can have adverse physiological effects.

Lead at 119 ppb induced blackened caudal peduncles and scoliosis in second
generation brook trout. Cadmium at even lower levels, i.e., 3.4 ppb (Holcombe,
1976), caused death in significant numbers of first- and second-generation
males during spawning. Growth in second- and third-generation juveniles was
also significantly retarded at this concentration (Benoit, 1976). Although
these studies were done in fresh water, they clearly demonstrate that long-term
exposure to low concentrations of metal can have deleterious consequences in
fish. Cadmium at 100 ppb inhibits 1imb regeneration in the fiddler crab (vca
pugilator). The degree of inhibition varied with the time of year (Weis,

1976). When the polychaete capitella capitata was exposed to 10 ppb copper,
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abnormal larvae occurred (Reish, 1974). Scant information is available with
respect to interactive effects on marine species from metals and petroleum
hydrocarbons.

Fish exposed to petroleum in water exhibited increased hepatic benzopyrene
hydroxylase [an aryl hydrocarbon hydroxylase (AHH)] activity (Payne, 1976).
Attempts to demonstrate the induction of benzopyrene hydroxylase activity in
representative echinoderms, crustaceans, and molluscs have been unsuccessful,
but activity of the enzyme has been demonstrated in some invertebrates (Payne,
1976). Considerable variation in activity of hepatic AHH occurs between
strains of the same species of fish and between individuals within some
strains (Pedersen et al., 1976). Young coho salmon exposed for six days to
150 parts per billion (ppb) of a SWSF of Prudhoe Bay crude oil exhibited a
significant increase in hepatic AHH activity (compared to controls), but no
increase in the enzyme activity was found when a diet containing 1,000 ppb of
the 0i1 was fed for 68 days (Gruger et al., 1977).

IV. STUDY AREA

All experiménts were either conducted in laboratories, or in Puget Sound,

Washington and adjacent freshwater areas, on representative arctic and sub-

arctic marine and anadromous species.
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V. SOURCES AND METHODS
BEHAVIOR
Effects of Petroleum on Salmon Homing

Three studies were initiated in October 1976 to evaluate the effect of
petroleum hydrocarbons on the migratory behavior of adult coho (o. kisutch)
and chinook (0. tshawytscha) salmon. Two of the studies, one conducted in
a marine environment and the other in freshwater, were designed to determine
if short-term exposure to petroleum components has an effect on a salmon's
homing capability. The third experiment was designed to determine if salmon
avoid their home stream when petroleum hydrocarbons are present in the water.

The two studies on the effect of petroleum exposure on homing capabilities
are similar in experimental design (capture-exposure-transport-release) but
differ in species used, petroleum components, and geographical location. One
exposure-release experiment was conducted at the University of Washington
using adult chinook salmon returning to a freshwater holding pond (Fig. 1).
Surplus male salmon were divided into control and experimental groups, tagged,
and held for 14 to 18 hr in 600-gal fiberglass tanks with a water flow of
16 liters/min to each tank. The water delivered to the experimental tank
was first passed through a sealed 38-1liter glass mixing chamber. The glass
chamber contained 15 baffles and a water-tight port at the upstream end for
introduction of Prudhoe Bay crude oil. 0il was metered into the mixing
chamber with a calibrated syringe pump, and the oil-water mixture introduced
at the bottom of the circular holding tank. Water outflow was via a standpipe
in the center of the tank, thus affording equal dispersion of petroleum
components throughout the water column. After the exposure period, both
control and experimental fish were transported 7.8 km downstream from the

University holding pond and released. Adult salmon returning to the University
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pond and the Northwest and Alaska Fisheries Center (NWAFC) raceway were
checked for tagged returns throughout the duration of the chinook salmon run.
The other exposure-release experiment was conducted at the NWAFC aqua-
cultural station at Clam Bay, Washington (Fig. 2). Returning adult coho
salmon were obtained from a brackish water holding pond at the mouth of
Beaver Creek. Only adipose-fin-clipped adult salmon were used in this experi-
ment in an attempt to assure that the fish were not strays from another area.
The fin clips identified the salmon as being released as juveniles either in
Beaver Creek or from a net pen facility in Clam Bay two years earlier.
Hand1ling of the experimental and control groups of fish was the same as in the
University of Washington study, except that the experimental group was exposed
to a model hydrocarbon mixture in salt water. (Composition of the model
mixture (Table 1) is discussed below as part of the third or avoidance experi-
ment.) In addition, the water flowing into the glass mixing chamber was
further agitated by an electrically powered propeller at the point where the
model mixture was introduced. After 26-45 hr of exposure, the control and
experimental fish were transported and released offshore 2.1 km east of Beaver
Creek. Recovery of tagged coho salmon was monitored at the Beaver Creek

holding pond and in streams adjacent to Clam Bay.

Water samples for hydrocarbon analysis of both the freshwater-soluble

fraction (FWSF) of Prudhoe Bay crude oil and the model mixture were taken from
the experimental tanks after release of each test group. Collection and
extraction of the water samples and the characteristics of the gas chromato-
graph used in analysis are present in the CHEMISTRY section,

The third experiment was designed to determine if salmon will avoid their
home stream when petroleum hydrocarbons are present in the water. O0il

introduced into the home stream water consisted of the major water-soluble




components of Prudhoe Bay crude oil (termed model mixture). Components of
the mixture were determined from gas chromatographic and mass spectral data
taken from five representative samples of the saltwater-soluble fraction
(SWSF) of Prudhoe Bay crude 0il. (For details of the analytical approach,
see OCSEAP Quarterly Report RU 74, September 1976, and for the method of
generating the SWSF analyzed, see OCSEAP Annual Report RU 74, April 1976.)
A11 hydrocarbons used in the model mixture were spectrophotometric grade or
distilled in glass. The percent, by volume, of each hydrocarbon in the model

mixture is given in Table 1.

TABLE 1. composition of model mixture®

Hydrocarbon Percent by volume
Cyclohexane 2.19
Benzene 5.85
Methylcyclohexene 5.55
Toluene 64.10
Ethylbenzene 0.99
Xylene-m 7.92
Xylene-o 4.84
Xylene-p 4,95
Ethyltoluene-o 0.96
Ethyltoluene-m 0.99
1,2,3-trimethylbenzene 0.48
1,3,5-trimethylbenzene 0.50
1,2,4-trimethylbenzene 0.49

a
For analyses, cf., CHEMISTRY section.

The avoidance study was conducted at the NWAFC, Seattle, using chinook
salmon returning to a freshwater holding area (Fig. 3). The holding area
consists of a 25-meter raceway with a trace and a 10-meter entrance ladder.
At a distance of 12 meters from the 1édder, 11 Titers of water per min were
diverted from the raceway into a sealed 38-liter glass mixing chamber. The

glass chamber contained 17 baffles and an electrically powered propeller for
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initial mixing. The model mixture was metered into the inflow of the glass
chamber with a peristaltic pump, and this initial oil-water mixture reintro-
duced at the head of the fish ladder through a diffuser 30 cm beneath the
water surface. Further mixing took place through water turbulence in the
ladder.

Water samples for hydrocarbon analyses were collected from the center of
the water column in the fish ladder at the termination of each test. On the
day of water sample collection, two 100-ml1 aliquots of water were extracted
three times with a total of 15 ml of CS,; the CS, was evaporated to 0.5 ml,
internal standard was added, and 3 ul were injected into a gas chromatograph
(c.f., CHEMISTRY section).

Chinook salmon returning to the NWAFC predominantly enter the fish
ladder and raceway during hours of twilight and darkness. The numbers of
salmon entering the raceway trap were recorded daily. On test days, the
model mixture was introduced continuously starting at 1600 hours and terminating
at 0800 hours the following day. Flow rates for the model mixture were taken
at the start and end of each test: total water flow in the raceway and
ladder were considered to be constant at 5900 1/min.

Effects of Petroleum on Feeding Behavior of Shrimp

Observations on the feeding response of the spot shrimp (Pandalus
platyceros) were made during 6-day exposures to the SWSF of Prudhoe Bay
crude 0il. Methods of exposure, stimulation, and criteria for evaluating
behavior are as follows:

Seawater was pumped from an average depth of 10 m at a 50 m distance
offshore from the NWAFC facility at Mukilteo, Washington. The water was
serially filtered through 5 um and 1 um polypropylene filter bags into a

1,000 liter- fiberglass head box which supplied the test chambers and the
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continuous 0il solubilizer system described by Roubal et al. (1977a) (also

in the OCSEAP RU 74 Annual Report, April 1976). The oil solubilizer produced
1.8 1/min of SWSF of Prudhoe Bay crude o0il at a concentration of 250 * 190
(SD) ppb. Samples of the SWSF were collected every two days and analyzed by
gas chromatography (GC) (for details of analysis refer to OCSEAP RU 74
Quarterly Report, July 1-September 30, 1976). To obtain different levels of
exposure, the SWSF from the oil solubilizer was diluted in the mixing box of

each shrimp chamber while maintaining a total flow of 300 m1/min (Fig. 4).

FIG. 4. Glass chambers for testing effect of the SWSF on feeding response
of spot shrimp. Valves and mixing box in foreground of each
chamber are for adjusting flow rate and the SWSF concentration.

The shrimp chambers were enclosed in black plastic and observations on
feeding behavior made through one-way mirrors. Each data point consisted of
three, 3-min observations of: background activity, response to seawater
control, and response to a 1:10 dilution of artificially mixed squid

extract (Mackie, 1973). The seawater control and squid extract stimulus

were introduced at the upstream end of the chamber at a flow rate of 10 ml/min.
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Data on the following activities were collected during each 3-min observation
period:

(1) Antennule clicks/min. Number of times that either the left or
right antennule was moved rapidly anterior to posterior and back to its
anterior position.

(2) Antennule cleaning/min. Number of times both antennules were
towered and drawn through the second maxillipeds.

(3) Lines crossed/min. Each experimental tank was marked in 4 cm
intervals and the number of lines crossed during testing was recorded.

(4) Searching movements/min. Number of bouts of rapid movements of
walking Tegs and maxillipeds in response to stimulus.

(5) Feeding response. Contacting of stimulus outlet and picking at it
with chelipeds or moving it toward the mouth.

The shrimp were not fed for 3 days prior to exposure or during the 6-day
exposure period. The number of shrimp tested and number of observations made
at each of 8 SWSF concentrations are given in Table 2.

TABLE 2. Number of shrimp tested and number of observations made on
feeding behavior in relation to concentrations of SWSF

Gas chromatography analysis Number Number of observations
SWSF (ppm) SD N shrimp Squid Seawater

’ PP tested extract control
Control 6 36 36
0.011 0.001 24 3 18 --
0.014 0.012 7P 2 12 12
0.018 0.003 44 9 54 --
0.029 0.012 7b 2 12 12
0.040 0.012 24 4 24 --
0.072 0.061 7b 2 12 12
0.287 0.243 7P 2 6 6
0.574 0.486 74 3 7 7
@ Based on GC data from shrimp test tank.
b

Based on GC data from sample of 100% SWSF and calculated as a
dilution.

159




MORPHOLOGY
Effects of Petroleum Exposure on Structure of Fish

Methods of tissue preparation for 1ight microscopy (LM), transmission
electron microscopy (TEM), and scanning electron microscopy (SEM) were as
follows: Tissue samples were excised from freshly sacrificed fish and fixed
in 0.75% glutaraldehyde, 3% formalin, 0.5% acrolein in 0.1 M sodium cacodylate
buffer with 0.25% CaCl,-Hy0, 0.02 M S-collidine, and 5.5% sucrose (Hawkes,
1974). The tissues designated for examination by LM or TEM were post-fixed
in osmium tetroxide in the same buffer, dehydrated in an ethanol series, and
embedded in plastic (Spurr, 1969). Sections were cut at 0.5 p, stained with
toluidine blue or a trichrome (MacKay and Mead, 1970) for LM. For TEM,
sections were cut with a diamond knife and stained with lead citrate, uranyl
acetate, again with lead citrate, and examined with a Philips 301 microscope.
For SEM, the samples were dehydrated after the initial fixation, critically
point-dried, coated with gold-palladium, and examined with an AMR-1000
microscope. (Note that flatfish sections for LM were processed differently
in some instances. See PATHOLOGY section).
CHEMISTRY

Hydrocarbon Analyses

Sample Preparations and Extractions

Water samples. Water was collected in a clean glass jar and sealed

with a Teflon-lined 1id. Extraction of hydrocarbons was begun as soon as
possible, usually within 2 hr after sample collection. An accurately
measured volume, e.g., 400 ml, of water was placed in a 500 ml glass-stoppered
separatory funnel (with Teflon stopcock), and extracted twice with 20-ml
portions of distilled-in-glass methylene chloride. The mixture is shaken

vigorously for 2 min, and phases allowed to separate for 10 min. The initial
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extract was filtered through glass wool (previously rinsed with methylene
chloride to remove large water droplets). The glass wool was then rinsed
with 2 ml of methylene chloride. The methylene chloride extracts were placed
in a 25 ml Kuderna-Danish type concentrator tube, which was placed in a tube
heater (Kontes Glass Co., #K-720003). A clean ebullator tube (Kontes,
#K-569351) was then placed into the concentrator tube and the solvent
evaporated to no less than 1 mi. The second extract was passed through the
same glass wool, followed by another 2 ml rinse with methylene chloride; the
latter eluates were collected in a 30 ml beaker. As the first extract was
being evaporated at ca. 90°C, the second extract was added to the same
concentrator tube in a manner that did not interrupt the ebullition in the
tube. The total extract was reduced to ca. 1 ml, the exact volume of the
concentrated extract at room temperature was recorded, and the concentrate
was quickly transferred to a storage vial for analysis by GC. Before sealing
the vial with a Teflon-lined cap, an internal standard of a specific concen-
tration was added to the vial, i.e., 10 pl of a solution containing 800 nug

of hexamethylbenzene per ml of methylene chloride.

Tissue and sediment samples. The extractions of hydrocarbons from

tissue and sediment samples were performed as described by MacLeod et al.
(1976). However, in the case of sediments, the extraction procedure was
modified (during fourth quarter work) by replacing the ether-water solvent
system with 35% (v/v) methanol in methylene chloride. The latter increases
the extraction efficiency for hydrocarbons, compared to the previous solvent
system.

Gas-Liquid Chromatography

The analyses of hydrocarbons from water, tissues, and sediments were

performed by the NOAA National Analytical Facility (NNAF), employing procedures
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described (MacLeod et al., 1976). Samples of water from the behavioral
studies were handled separately so as to expedite the required analytical
data for the activity.

The conditions for the GC analyses for hydrocarbon concentrations in
water samples associated with behavioral activities on salmon homing and
shrimp feeding responses were as follows: A Finnigan Corporation gas
chromatograph, containing a glass column (2 mm I.D. x 1 m long) packed with
0.2% carbowax 1500 on 60-80 mesh Carbopack C (Supelco, Bellefonte, Penn.),
was operated with nitrogen flow rate of 44 ml/min, injector temperature of
200°C, and detector temperature of 300°C. The column temperature was pro-
grammed at 15°/min from 40° to 215°C.

. Mass Spectrometry

Mass spectra were employed to confirm identification of the hydrocarbons.
The procedures for mass spectrometry were employed by the NNAF, and were the
same as described by Macleod et al., 1976.

Biotransformations of Petroleum Hydrocarbons

Invertebrates

Shrimp and crab larvae. Marine larval invertebrates, spot shrimp

(Pandalus platcyeros) and Dungeness crab (cancer magister), were exposed in
flowing seawater to 8-12 ppb of naphtha]ene-l-]4c or of naphtha]ene-]-]4C
complexed with bovine serum albumin (BSA). The spot shrimp and Dungeness
crab were hatched in the Taboratory from ovigerous females. The shrimp
larvae hatched during each day were kept in separate holding tanks and fed
brine shrimp. Animals in the experiments were newly metamorphosed larval
stages. Exposure periods varied from 24 to 36 hr and depuration studies were

carried out for periods of up to 108 hr. Larvae were examined for both

accumulated naphtha]ene-]-]4c and carbon-14 labeled metabolites. Total
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carbon-14 in the animals was determined after digestion for 1 hr at 25°C
(Roubal et al., 1976). The amount of 14C was determined by liquid
scintillation spectrometry. Total metabolites of naphtha]ene-]-]4C were
determined by employing procedures for formic acid and solvent extraction
as described by Roubal et al. (1976).

Postlarval shrimp. Challenge experiments were conducted using tritiated

naphthalene with a high specific activity, which facilitates identification
of very small amounts of individual metabolites and permits autoradiography
of sections from exposed invertebrates.

Postlarval shrimp, Pandalus hypsinotus, were exposed for 144 hr in
continuous-flowing seawater containing 6 ppb 3H-naphtha]ene. Depuration was
evaluated after 48 hr in clean water. The shrimp were laboratory-hatched
and reared from ovigerous females captured in the vicinity of Kodiak Island.
Shrimp were sampled at various time intervals, washed, weighed, and analyzed
for aromatic hydrocarbons and metabolic products according to the procedure
of Roubal et al. (1977b). Specimens were also preserved for histology and
autoradiography.

One-year old spot shrimp, Pandalus platyceros, were exposed to the
water-soluble fraction (SWSF) of Prudhoe Bay crude o0il at a concentration of
0.09 ppm in seawater for seven days. The SWSF was obtained from the
solubilizer designed by Roubal et al. (1977a). The animals were washed,
extracted, and analyzed for accumulated hydrocarbons by gas-liquid chromatog-
raphy/mass spectrometry (GC/MS) (MacLeod, 1977).

Marine Fish

Uptake and metabolism of model compounds. The metabolism of aromatic

hydrocarbons in coho salmon was studied as follows: benzene-U-14C,

naphtha]ene-1-14C and anthracene-9-14C were administered either by intra-
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peritoneal injection or in food to juvenile salmon. Fish were injected with
2.5 uCi (average of 62.8 ug) of 14C-labeled benzene, naphthalene, or
anthracene dissolved in 0.05 ml of ethanol. The fish injected with benzene
were sampled at 6 and 24 hr periods after injection. Naphthalene and
anthracene injected fish (3 fish per analysis) were sampled 24, 72, and 144
hr after injection. Analyses were performed on brain, liver, gall bladder,
heart, muscle, and residual carcass (tissue remaining after other samples
were taken).

In feeding studies, carbon-14 labeled benzene, naphthalene, and anthracene
were incorporated into Oregon Moist Pellets (OMP). Salmonids were fasted for
3 days and then fed 1 dose of 5 uCi of the individual radio-labeled hydro-
carbons incorporated into OMP. Sampling began 24 hr after the initial
feeding. >Additiona1 samples were taken at 72, 168, and 336 hr for analysis
of aromatic compounds. Brain, liver, gall bladder, heart, muscle, and
residual carcass were analyzed for parent hydrocarbons and metabolic products

by the methods of Roubal et al. (1977b).

Coho salmon were force-fed naphtha]ene-1-14C in purified salmon oil.
The accumulation of radioactivity into brain, liver, kidney, gall bladder,
dark muscle, light muscle, gut contents, gut, and blood were determined at
intervals from 15 min to 48 hr.

Additional force-feeding studies were carried out to determine the effect

of temperature on the amount of naphtha]ene-1-14C incorporated into key

organs of coho salmon and on metabolite formation. The experiments were
conducted at 4° and 10°C. Naphtha]ene-1-14C (5.55 uCi), dissolved in salmon
0il, was force-fed to coho salmon (150 + 50 g). After 8 and 16 hr, the fish
were sacrificed and the carbon-14 incorporated into brain, liver, kidney,

gall bladder, dark muscle, light muscle, stomach, pyloric caeca, intestine,




stomach contents, caecal contents, intestinal contents, and blood. Tissues
(each a pooled sample from 3 animals) were isolated, and hydrocarbons and
metabolites were extracted (Roubal et al., 1977b). Stomach, caeca, and
intestinal contents were washed with saline until they were essentially free
of radioactivity, and the organs and the contents were assayed for residual
carbon-14. Carbon-14 was measured by liquid scintillation spectrometry.

Flow-through exposures with SWSF of Prudhoe Bay crude oil. Coho salmon

and starry flounder were exposed to a SWSF of Prudhoe Bay crude oil in seawater,
at 10°C, under continuous flow-through bioassay conditions (Roubal et al.,
1977a). The concentration of total soluble hydrocarbons in flowing seawater
delivered from the solubilizer was 5 ppm measured by GC. The individual
components of the system were analyzed by GC/MS.

Coho salmon smolts (11-19 g, undetermined sex) and starry flounder (32-
186 g, undetermined sex) were acclimated to 10°C for 14 weeks in 20 gal all-
glass aquaria. The fish were fed a daily ration of OMP equal to about 1% of
their body weight. Initially, the starry flounder refused to eat the pellets,
but eventually accepted the food.

The SWSF (~4.5 ppm total hydrocarbons) delivered from the modular flow-
through equipment was diluted with filtered seawater to produce a final hydro-
carbon content of 0.8 ppm SWSF. Coho salmon were exposed to the 0.8 ppm SWSF
for a 6-week period, followed by 6 weeks of holding exposed fish in oil-free,
filtered seawater to evaluate depuration.

Muscle tissue of salmon (composite from 2 fish) was analyzed for con-
centrations of SWSF hydrocarbons at weekly intervals, starting one week from
the beginning of the exposure period. Excised tissues were thoroughly rinsed
with 3.5% saline and aliquots (10 g) were digested at room temperatures

by 10 ml1 of 4 N NaOH in 40 ml glass centrifuge tubes sealed with tight-
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fitting, Teflon-Tined screw caps. The digests were analyzed for hydrocarbons
by the procedure of MacLeod et al. (1976). Similar analyses were made on
10-15 g pooled samples of starry flounder muscle from 5 fish and 5-10 g
pooled samples of gills or Tiver from 10 fish.
Biochemical Interactions of Trace Metal Compounds Iin Fish
Ccho salmon and starry flounder were exposed to lead and cadmium salts
in a temperature-controlled, semi-closed, recirculating saltwater system.

Uptake, Depuration and Subcellular Distribution of Lead and Cadmium

Coho salmon (average wt 225 + 40 g) and starry flounder (average wt
30 £ 15 g) were exposed at 4° and 10°C to 3 and 150 ppb of radioactive lead
and cadmium salts. The gills, liver, kidney, brain, and blood were examined.
Coho salmon were perfused with physiological saline before dissection. The
starry flounder were not perfused because of their small size. To determine
the distribution of radioactive metals in subcellular sites, kidney and liver
were homogenized and differentially centrifuged to yield cellular debris and
mitochondrial, microsomal, and cytosol fractions. The procedure used for
cell fractionation was described by Chen et al. (1974). Radioactivity was
measured by liquid-scintillation spectrometry.

Metal Binding Proteins

High specific activity PbZ]O(N03)2 or Cd]09C12 in saline with a tris

buffer at pH 6.8 was injected into the caudal veins of two groups of coho
salmon in seawater. Prior to injection of radioactive metals, one group of
fish had not been exposed to metals; the other group had been exposed for

2 weeks to 200 ppm of nonradioactive metal. At each sampling period the fish
were perfused with saline and immediately placed on ice. Dissection of the

fish started within 2 hr of sampling.




The gills, kidney, and liver were excised and homogenized with three
volumes of isotonic KCl. The homogenate was centrifuged at 110,000 x g for
60 min to obtain the cytosol. The cytosol was then fractionated on Sephadex
G-75 (Superfine grade) to separate protein components. The eluate was
monitored at 254 nm and aliquots from each collected fraction were analyzed
by liquid scintillation spectrometry to correlate metal concentration with
separated protein fractions.

The background concentrations of lead and cadmium in tissues and aquaria
seawater were determined from atomic absorption spectrometry; the analyses
were performed by Laucks Testing Laboratories, Inc., Seattle, Washington.

The concentrations of lead-210 and cadmium-109 in various samples were
determined by liquid-scintillation spectrometry.
Trace Metal Concentrations in Fish Skin and Mucus

Coho salmon (average wt 200 g) and starry flounder (average wt 25 g) were
exposed, in seawater, to 3 and 150 ppb of radioactively-labeled water-borne
Tead (PbZ]O) and cadmium (Cd109) at 4° and 10°C. Samples of mucus, skin, and
scales were collected at three intervals during the 14 to 30-day exposure
period. Following exposure, fish were placed in a metal-free environment for
depuration periods of up to 6 weeks.

At each data point, three test fish were sampled. Epidermal mucus was
collected by gentle scraping with a rubber spatula. After mucus removal, a
10 x 3 cm section of skin was excised from the side (including the lateral
line) and washed with isotonic saline. Scales were removed from the skin of
coho salmon prior to assessment of metal concentration in the skin and the
scales were analyzed separately. Flatfish skin and scales were analyzed
together. Concentrations of metals in the mucus, skin, and scales of the

test fish were determined by liquid scintillation spectrophotometry.
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Periodically, levels of metals in the tissues were also assessed by atomic
absorption spectrometry. Data from both methods were in close agreement.

Two groups of 12 coho salmon each (average individual fish wt of 80 g)
were injected intravenously with radiocactively-labeled lead nitrate (31 ug
lead per fish) or cadmium nitrate (32 ug cadmium per fish). Details of this
experiment are given above. Fish were sampled at the intervals of 3, 24, 48,
and 384 hr to determine concentrations of metals in skin, scales, and mucus.

Enzymes Mediating the Bioconversions of Petroleum Hydrocarbons:
Baseline Data Analyses of Aryl Hydrocarbon Hydroxylase (AHH) Activities

Metabolic enzymes important for the initial biotransformations of petroleum
aromatic hydrocarbons include the AHH's (Payne and Penrose, 1975; Payne, 1976).
Details of the procedure used to analyze AHH was reported by Gruger et al.
(1977). The method was adapted from the analysis reported by DePierre et al.
(1975) for benzo[a]pyrene hydroxylase. Briefly, the procedure involved
homogenizing fish livers in cold 0.25 mM-sucrose, and centrifuging the homo-
genate at 10,000 x g for 15 min at 4°C. The supernatant fraction from the
centrifuged homogenate was used as the source of hepatic AHH. An aliquot of
the supernatant was incubated with various cofactors and 3H—benzo[a]pyrene
(0.8 uCi) with shaking in air at 25°C for 20 min. The AHH activity was
determined by scintillation spectrometry, and calculated as nmoles of products
formed/mg protein/20 min. The protein content of the 10,000 x g supernatant
fraction was determined by the Lowry method as modified by Miller (1959).

Baseline Data on AHH in Arctic Species

Researchers aboard the mMiller Freeman collected 567 specimens of 26
species of marine organisms from Norton Sound and Chukchi Sea, during September
1976. These samples were spoiled beyond use because of freezer failure on

board ship.
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Replacement samples have been obtained on a second cruise to Alaskan
waters in the area northeast of Kodiak (57°30'-58°30'N lat x 149°-152°W long).
A total of nine species and 115 samples were collected and placed in a freezer
at -60°C for later transport to Seattle. The samples include three species
of sole, a flounder, two species of cod, pollock, fusitriton, and tanner
crab. These samples are presently still in storage at sea aboard the Miller
Freeman.

Response of Coho Salmon AHH to Petroleum
Concentration in Food: Dose-Time Experiment

In an effort to determine the extent of aryl hydrocarbon hydroxylase
activity in relation to dose of petroleum in diets over a short time period,
the following experiment was performed. Groups of 10 coho salmon, ranging in

weight from 10.5 to 38.0 g (median wt 205 g), were placed into 37-liter tanks

supplied with flowing seawater of 26 9/oo salinity. During the experiment

the water temperature ranged from 12.0 to 13.5°C. Diets containing 0.53,
5.3 and 53 ppm (wt/wt) of Prudhoe Bay crude oil were prepared and fed at a
rate of 2.5% of body weight each day, 5 days a week, for 4 to 28 days. A1l
fish in a tank were taken at intervals of 4, 8, 16, and 28 days, and new
groups of 10 fish were placed into tanks when fish were removed. (This
minimized the number of tanks needed.) The fish were acclimatized to the
flowing seawater supply for one month prior to initiation of the experiment.
Generally, livers from two fish were pooled for AHH analyses; in some cases,
single large livers were used separately for analyses.

PHYSIOLOGY

Effect of Ingestion of Crude 0Oil Components
on Reproductive Success of Salmonid Fish

Fish used were 3-year-old rainbow trout of Cape Cod strain, obtained in

June of 1975 from the Washington State Department of Game Hatchery in




Spokane, Washington. At the beginning of the study the fish measured 41 to
53 cm in fork length and weighed 1.0 to 1.8 kg.

Upon arrival at the NWAFC, Seattle, the fish were randomly placed in
approximately equal numbers in one or the other of two adjacent circular
fiberglass tanks (1.8 m diameter) continuously supplied with dechlorinated
city water at 30 1/min and maintained at a depth of 0.8 m. Water temperature
was control at 11° + 1°C and artificial light was maintained to correspond to
a natural light cycle.

Petroleum-coated food (1 part 0i1:1,000 parts food, by weight) was
routinely prepared in the following manner: Two kg of 1/4-inch diameter Oregon
moist pellets were placed in a 4 liter glass beaker. Two g (2.6 ml1) of Prudhoe
Bay crude o0il were mixed with 148 m1 of FREONR) TF solvent (trichlorotri-
fluoroethane) and poured over the food. The food and oil were thoroughly
mixed and the food was spread over porcelain-covered metal trays for 90 min
of air drying in a fume hood. The food was then weighed into daily aliquots,
sealed in plastic bags, and frozen until used. Food for control experiments
were prepared identically except that the crude o0il was omitted:

Fish were fed the above diets at an approximate rate of 2% (wet weight

of food) of body weight each weekday, starting in July 1975 and continuing

through August 1976.

In late November 1975, all fish were examined for degree of maturity.
Subsequent biweekly and then weekly examinations were made. As females
ripened they were spawned within one day of examination and eggs were ferti-
lized using standard trout-culture methods (Leitritz, 1959). Ripe males were
consistently available for the duration of the spawning period from January
through February 1976. Al1 eggs from control fish were divided into equal

aliquots and one aliquot was fertilized with sperm from one test male and the
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other with sperm from one control male. Ten of the test females were
similarly treated; eggs from the remaining test females were fertilized with
test sperm only. A total of 31 test and 10 control crosses were made, that
is, crosses utilizing different fish. Eggs were incubated in Heath trays
(Heath Tecna Plastics, Inc.) at 7° to 9°C. Mortality data were collected
through the yolk-sac resorption developmental stage and statistically analyzed
using the Mann-Whitney modification of Wilcoxon's sum of ranks test (Langley,
1971).

Samples of adult tissues, eggs, and alevins were collected and frozen
for later analysis for petroleum. Some samples were collected at the time
of spawning; others were obtained 4 to 5 mo after spawning. The analytical
procedures followed methods of Warner (1976) utilizing alkaline digestion,
solvent extraction, and silica gel chromatography. To reduce losses of volatile
compounds of Prudhoe Bay crude oil, the alkaline digestion procedure was
modified as follows: 6 ml of 4 N NaOH were added to 10 g of sample, which
was digested at 30°C for a minimum of 16 hr. Column chromatographic fractions
were analyzed by spectrofluorometry.

Fraction III from the modified Warner method, containing the fluorescent
aromatic compounds, was concentrated to 2.0 ml and analyzed using an Aminco-
Bowman spectrofluorometer, with a Model 4-8912 radio mode accessory (American
Instrument Compnay, Silver Springs, Maryland). Dilute solutions of Prudhoe
Bay crude oil (0.1 ug/ml to 10.0 ug/ml in methylene chloride:petroleum ether
(20:80 v/v) were used as standards for the spectrofluorometric quantitation
of the samples. The maximum excitation wavelength and maximum emission wave-
length for Prudhoe Bay crude oil were found to be 262 nm and 364 nm,

respectively.
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A11 solvents used were either Burdick and Jackson "distilled-in-glass"
grade or Mallinckrodt "nanograde." A1l glassware used in the prepakation of
samples for spectrofluorometric analyses was given special cleaning by
immersion in boiling concentrated HNO3 overnight, then rinsing in distilled
water and drying at 120°C. /

Effect of Hydrocarbons on the Chemosensory System of Coho Salmon

Electrophysiological studies were conducted on yearling coho salmon
adapted to salt water. Standard experimental procedures and recording
techniques were used to monitor the neural response from the olfactory bulb
(Hara, 1973). Amino acid stimulants (L-serine, L-alanine, and L-methionine
at 107 M) and selected aromatic fractions of petroleum hydrocarbons were
dissolved in filtered seawater. Concentrations of undiluted stock solutions
of aromatic hydrocarbons were determined by gas chromatography.

Extracts of Prudhoe Bay crude oil were prepared by shaking microliter
quantities of o0il in 50 ml of filtered salt water for 5 min. The mixture was
allowed to stand for 1 hr and the SWSF drawn off.

PATHOLOGY

Pathological Changes in Flatfish from Exposure
to Oil-Contaminated Sediments

Preparation of Qil-Contaminated Sediment
Sediment was collected from a beach near Sequim, Washington. Hydrocarbon
analyses of this material by the NNAF, NWAFC, Seattle, detected no poly-

aromatic hydrocarbons and very low levels of saturated hydrocarbons (1 to

36 ug/g dry weight). The physical and chemical properties of the sediment
are described in Table 3. The sediment was frozen and thawed three times,
and was kept frozen until needed.

In the first experiment, 50 Titers of sediment were combined with 100 m}

of crude oil (Alaskan North Slope, "Sadlerochit") to give a 0.2% (v/v)
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TABLE 3. chemical and physical characteristics of sediment used
subsequently in experiments exposing flatfish to oil-
contaminated sediment@

Constituent Concentration
Iron 1,210 mg/kg (dry wt)
Copper 11.5 mg/kg (dry wt)
Zinc 9.0 mg/kg (dry wt)
Cadmium --b (<0.6 mg/kg)
Lead --  (<5.0 mg/kg)
Mercury -- (<0.05 mg/kg)
Total carbon 0.07 %
Sieve analysis of sediment 5% >0.84 mm

(diameters of particles) 87% =0.84 to 0.18 mm

8% <0.18 mm

Analyses were performed by Lauck's Testing Laboratories, Seattle.
b --, not detected.

mixture. The oil-contaminated sediment was prepared in two 25-liter batches
using a cement mixer coated on the inside with fiberglass. The oil was
emulsified in seawater with a blender and gradually added to the rotating
sediment. Additional seawater was added to the mixture until the consistency
of mixture allowed it to move freely in the cement mixer. The oil-sediment
mixture was rotated for about 1 hr, allowed to settle for 15 min, and the
excess water was decanted off. The sediment was placed in a specially
constructed aquarium (Fig. 5) to a depth of 5 cm. After rinsing the sediment
overnight by allowing seawater to flow through the tank, the experimental
fish were added. An equal amount of uncontaminated sediment placed in a
similarly designed aquarium at the same depth was used for control fish.

Care _and Treatment of Experimental Fish

English sole (Parophrys vetulus) were captured with a beach seine at a
site about 20 miles south of Seattle in Puget Sound. Previous investigations
have shown that fish from this site have very low levels of detectable

pathological abnormalities.
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FIG. 5. Dpiagram of aquaria used in experiments involving exposure of flatfish
to oil-contaminated sediments.

TABLE 4. characteristics of English sole used in oiled-sediment exposure

studies
Control group Test group

Small Large Small Large
Males 15 6 14 5
Females 6 8 8 8
Total 21 14 22 13
Mean length (mm) 146.1+£11.5 242.3+20.3 145.5+11.7 244.2+23.0

+ S.D.

Range of lengths 130-172 206-276 123-179 205-286

Mean weight (g) 25.62+6.36 118.48+31.23 24.60+5.87 119.41+34.16
+ S.D.
Range of weights 17.8-41.4 72.8-192.3 14.6-42.3 71.1-188.5

Seventy English sole were divided into two groups of 35 fish. Each group
was composed of two size categories. Characteristics of the two groups are
given in Table 4. Prior to being placed in the appropriate aquarium, each
fish was measured to the nearest mm, weighed to the nearest 0.1 g, and sex was
determined from the size and shape of the gonad as seen through the translucent
body. In addition, each fish was identified by cold-branding.

After adding the fish to the sediment-containing aquaria, the aquaria

were examined daily for: dead or moribund fish, the number of fish lying
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uncovered on the surface of the sediment, and for the general level of
activity. The fish are presently on an 11-hr light and 13-hr dark cycle,
and are being fed earth worms daily at about 0.7% of the total weight of the
fish in each aquarium.

Analyses of Sediment for Petroleum Hydrocarbons

Hydrocarbon analyses are being performed by the NNAF. Sediment is
analyzed by a modification of a procedure described by MacLeod et al. (1976).
(For analytical details, see CHEMISTRY section.)

Samples of oil-contaminated sediments (about 400 g/sample) were taken
immediately after mixing, and at 2, 7, 16, 23, and 30 days after being placed
in the aquarium. Collection of sediment samples will be continued at 2 to 4
week intervals for the duration of the experiment.

Analyses of Fish

At 11 and 27 days after the test fish were exposed to the sediments, and
at one-month intervals thereafter, three fish from each group were, or will be
analyzed histologically, hematologically, and chemically for hydrocarbons.

Tissue specimens are being examined by transmission and scanning electron
microscopy, and with the light microscope. For each fish, pieces of gill,
skin, gastrointestinal tract, kidney, liver, and eye lens were removed and
preserved in the appropriate fixatives. Procedures for electron microscopy
are described elsewhere in this report (cf., MORPHOLOGY section). Specimens
to be examined by light microscopy were embedded in paraffin, sectioned, and
stained by a variety of histochemical stains and methods, including hematoxylin
and eosin, Feulgen, May-Griinwald-Giemsa, periodic acid-Schiff, and Massons
trichrome (Preece, 1972).

Hematological tests performed included the following measurements:

hemoglobin concentrations by the cyanomethemoglobin method (Oser, 1965),
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hematocrit, total red blood cell and Teucocyte counts, and differential
leucocyte counts.

Blood serum is also being collected and frozen for analyses of serum
proteins and osmolarity.

Samples of muscle, skin, and liver of the fish are being analyzed for
petroleum hydrocarbons by the NNAF (cf., CHEMISTRY section). Muscle samples
from each fish are being analyzed individually, while skin and liver samples
from the three fish in each of the two groups are being pooled. Tissue
samples were frozen immediately after they were taken and thawed just before
chemical analysis.

Effect of Petroleum on Disease Resistance in Coho Salmon

A series of in vivo and in vitro studies were initiated to assess the
effect of petroleum hydrocarbons on host defense mechanisms against disease
in salmonid fishes. Two preliminary studies dealing with disease resistance
have been completed.

In an initial experiment Prudhoe Bay crude oil was incorporated into the
diet of juvenile coho salmon and their relative degree of disease resistance
was compared to that of non-oil-fed controls. L050 values for a common
marine fish pathogen, vibrio anguillarum, were utilized as the index of
disease resistance.

The bacterial isolate employed with v. anguillarum strain 75-834, which
was provided by the Alaska Department of Fish and Game; it was isolated from
a moribund coho salmon at Halibut Cove Lagoon, Alaska at a water temperature
of 10°C. This isolate was maintained on 50% seawater cytophaga medium (0.4%
agar) and its taxonomic identity was confirmed both by biochemical and DNA

homology techniques. Bacteria for experimental challenge (approximate con-

centration of 109 bacteria/ml) were cultivated in 2% trypticase soy broth




(BBL) supplemented with 1% NaCl, for 18 hr at room temperature on a
reciprocal shaker.

Test fish were juvenile coho salmon, averaging 15 g; they were originally
received as eyed eggs from Sashin Creek, Little Port Walter, Alaska, and were
reared at the NWAFC, Seattle.

Petroleum-coated and control feeds were prepared as under PHYSIOLOGY
section and contained 1 part-per-thousand Prudhoe Bay crude oil applied to
Oregon moist pellet fish food.

Test and control groups of 75 fish each were placed in separate troughs
supplied with flowing dechlorinated Seattle City water (fresh water) at 10°C.
Petroleum-coated or non-petroleum diets were fed to the respective groups at
a rate of 3% of body weight, 5 days per week over a 34-day period. Following
the last feeding, the fish were transferred to a disease isolation facility
where test and control groups were maintained in separate 100-gal recirculating
tanks containing fresh water at 10°C. Test and control fish were divided into
subgroups of 10 fish each, marked by fin clipping, and challenged by sub-
cutaneous injection with varying dilutions of bacteria. Tenfold serial
dilutions of bacteria from 1073 through 1078 were tested.

In a second experiment, the effect of the SWSF of Prudhoe Bay crude 0il
on disease resistance of coho salmon was assessed in a manner similar to that
described above, except that the exposure and subsequent bacterial challenge
were conducted in seawater.

Test fish were juvenile coho salmon, averaging 9 g, from the Willard
National Fish Hatchery, Cook, Washington. They were maintained in fresh
water at 10°C and fed a standard hatchery diet 5 days a week.

Three days prior to the start of SWSF exposure, test and control groups

of 100 fish each were acclimated to seawater at the NWAFC Mukilteo field
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station. Test fish were then exposed for 14 days to 0.8 ppm SWSF in a
flow-through system (Roubal et al., 1977a).

The test and control fish were then transferred to a disease isolation
facility and maintained in separate 100 gal tanks containing recirculated
seawater at 10°C. Bacterial challenge was as described above.

Control experiments were also performed to determine if vibriosis could
be transferred from an infected to a non-infected fish under the conditions
of the present studies in fresh water or salt water. This was done by
injecting fish with v. anguillarum and placing these fish in the tanks with
control fish. Results were that the infected fish all died, but none of the

non-infected fish died, thereby substantiating that LD_., values obtained in

50
these studies were not invalidated by cross-infection occurring during

challenge.
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VI. RESULTS
BEHAVIOR
Effect of Petroleum on Salmon Homing

Exposure of homing adult salmon to petroleum hydrocarbons for a period of
14 to 45 hr did not appear to affect their homing capability. As shown in
Tables 5 and 6, there was no significént difference (P=0.25) between the re-
turn of control and oil-exposed salmon to their home stream, nor were there
differences in return with increasing levels of oil exposure.

On the basis of similar capture-transport-release experiments with
spawning salmonid fishes, we anticipated a 50% or better return of control fish
to the home stream. The expected return was not realized in either study, and
particularly for the coho salmon from Beaver Creek. The lTow return can be
attributed in part to the unusual meteorological condifions which prevailed
in the fall months of 1976 resulting in low stream flow and high water tem-
perature. Pacific salmon normally enter their home stream on a freshet and drop
in water temperature. For the University of Washington study, surface water
runoff was not important for haming since the attraction flow to the holding
pond is pumped water at a constant flow rate. Unfortunately, the anomalous
weather conditions and conflicts with other studies being conducted with the
same salmon runs prevented an evaluation of possible delay in return of oil-
exposed salmon to their home stream as compared with controls.

The stray chinook salmon from the University study, though few in number
and recovered only at one location, are of interest since they are predominantly
oil-exposed fish (Table 5). The same trend appears to be present in the stray
coho from the Beaver Creek study (Table 6). The stray coho were recovered in a
wide variety of locations, up to 65 km distant from Beaver Creek. Of the more

distant recovered "strays," four were oil-exposed and one was a control.
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TABLE 5. Recovery of chinook salmon at University of Washington (home stream) and NWAFC (stray)
following 14 to 18 hour exposure to Prudhoe Bay Crude oil

0i1 concentration Number recovered (%)

Number released

(ppm) Home stream Stray
Date Ex?gigre Calc.a Analyzedb
mean (range) Control Exposed Control Exposed Control Exposed
30 Oct 15 0.531 0.005 7 6 4 (57.1) 4 (66.6) 1 (14.3) 1 (16.6)
(0.002-0.009)
5-8° 14-18 5.310 0.044 19 22 q (47.4) 8 (36.4) 1 (5.3) 6 (27.3)
Nov (0.002-0.007)
10-169 14-18 40.600 C.101 32 32 11 (34.4) 10 (31.3) 1 (3.1) 3 (9.4)
Nov (0.050-0.178)
Total 58 60 24 (41.4) 22 (36.7) 3 (5.2) 10 (16.7)
Z Determined from volume injected by a precalibrated syringe pump.
s - Determined by gas chromatography
e d Four separate release groups.

Five separate release groups.
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TABLE 6. Recovery of coho salmon at Beaver Creek (home stream) and other areas (stray) following
26 to 45 hour exposure to synthetic oil

0iT concentration Number recovered ()

Number released

Date EX?ﬁigre o (ppE%a1yzedb Home stream Stray
mean (range) Control Exposed Control Exposed Control Exposed
30 Oct 45 0.312 0.005-0.182° 23 22 2 (8.7) 3 (13.6) 0 3 (13.6)
24 Nov 26 0.850 0.070 25 28 5 (20.0) 3 (10.7) 2 (8.0) 1 (3.6)
30 Nov 26 2.687 0.170-0.256° 13 16 1 (7.8) 1 (6.3) 2 (15.4) 4 (25.0)
Total 61 66 8 (13.1) 7 (10.6) 4 (6.6) 8 (12.1)
; Determined from volume injected by a precalibrated syringe pump.

Determined by gas chromatography
Replicate samples.




Tables 5 and 6 also list the amount of crude o0il and of the model mixture in the
water as measured by (1) calculation from the flow rate from a precalibrated
syringe pump, and (2) concentration determined by gas chromatographic analyses
of water samples taken at the termination of each test. The discrepancy between
the calculated amount of crude oil and model mixture introduced into the water as
calculated from pump flow rates and the concentrations as measured by gas chroma-
tography, indicates that only a small fraction of the mixture went into solution.
In addition, the variation in levels of hydrocarbons present between replicate
samples as analyzed by gas chromatography may be indicative of micells rather
than a true solution. At the high flow levels for both crude o0il1 and model mix-
ture, there was a visible sheen on the water surface in the experimental tanks.
In the third experiment, presence of petroleum hydrocarbons at levels of
600 ppb and less did not prevent adult chinook salmon from entering their home
stream. As shown in Figure 6 the model mixture was introduced into the fish
ladder on four occasions in November 1976. There was a small increase in fish

returns following the November 2-3 exposure. The exact amount introduced into

the water in this test could not be accurately evaluated due to malfunction of
the delivery system, but was estimated at 600 ppb.

The introduction of hydrocarbons after November 2-3 coincided with a natural
daily decrease in returning fish. That this decrease was not due to the presence
of hydrocarbons is supported by the occurrence of a similar decline in chinook
salmon returns to the University of Washington. The University of Washington fish-
way is 0.6 kilometers from the NWAFC and has the same basic salmon stock and water
drainage system. Table 7 lists the amount of model mixture in the entrance ladder

water as calculated from flow rates and measured by gas chromatography.
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TABLE 7. Amount of model mixture in home stream water and percent of
fish returning

Test date _ppb model mixture determined by: % change
Calculated?® Ana]yzedb in returns

November 2-3 600¢ --d +43
November 4-5 200,130e 39, 587 -23
November 6-7 200,130 14, 56 + 7
November 9-10 400,285 193,118 -17
4 petermined from volume injected by a peristaltic pump.
b Determined by gas chromatography.
€ Estimated.
d Not determined.
€ The two values represent concentrations of oil in home
; stream water at the beginning and end of each test.

The two values represent duplicate home stream water
samples taken at the end of each test.

161 /,’;{ O Univ. Wash. Returns
NWAFC Returns

\ .

14 / \ 4 Synthetic oil in fish ladder
S \ flume ot NWAFC

Percent Chinook Returning
@
"\

6..
4_
2_
H
O 1 T T T T T
26 30 3 7 " 15
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FIG. €. Percent chinook salmon returning to the University of Washington and
the Northwest and Alaska Fisheries Center (NWAFC) by date (percentages
do not sum to 100% since salmon were returning before and after time
periods depicted; for percentages shown, N=1775 at the University of
washington, and 349 at the NWAFC). Horizontal lines ( ) represent
l6-hour periods during which model mixture was introduced into the
NWAFC fish ladder.
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Effects of Petroleum on Feeding Behavior of Shrimp

The feeding response of shrimp to a food stimulus can be divided into three
discrete stages: (a) initial detection of stimulus, followed by (b) movement up
a stimulus gradient with searching activity, which (c) culminates in contact with,
and feeding upon, the stimulus source. The result of initial experiments on the
feeding response of spot shrimp indicates that exposure to the SWSF of Prudhoe
Bay crude 0il causes a decrease in feeding activity, particularly those activi-
ties involving searching and contact with the stimulus source. The results are
presented graphically in Figures 7 to 11 as follows:

(1) Antennule clicks/min: Figure 7 shows the effect of SWSF concentrations
on the shrimp's sampling of its environment in response to seawater control and
squid extract stimuli. Without the SWSF present, squid extract resulted in an
increase of antennular clicks/min from less than one to 26.5. Upon exposure of
the shrimp to increasing concentrations of SWSF, their antennular clicks/min
response decreased, while control responses remained relatively stable.

(2) Antennule cleaning/min (Fig. 8): Cleaning of chemoreceptive hairs
during the control interval was variable due primarily to inconsistent activity
during baseline observations. Following stimulation by squid extract, there is
a decided reduction in antennular cleanings with SWSF concentrations greater than
15 ppb.

(3) Lines crossed/min: Control values of Figure 9 are consistently low for
all tests. Following introduction of squid extract, there is movement toward
the stimulus source. The rate of movement with increasing SWSF concentration
indicates a decreasing trend; however, the high values at 72 and 280 ppb make the
data inconclusive.

(4) Searching movement/min (Fig. 10): Periodic rapid leg movement is

characteristic of intensified searching behavior. There are no searching bouts
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FIG. 8. Antennular cleaning/min of spot shrimp.
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FIG. 9. Line-crossed/min of spot shrimp.
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FIG. 10. sSearching bouts/min of spot shrimp.
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FIG. 11. Feeding response (%) of spot shrimp.

unless squid extract is oresent, and at 287 ppb SWSF concentrations this activity
disappears.

(5) Feeding response: Fiqure 11 shows the nercentage of shrimn that con-
tacted and began feeding on the stimulus source outlet in the upstream end of
the test chamber. Upon addition of squid extract stimulus, 70% of the shrimp fed
when the SWSF was not present: there was no feeding at concentrations greater than
287 pob SWSF.

The above results represent a composite of observations taken over a 6-day
exposure neriod at each SWSF concentration. Generally there was no observable
effect on any of the feeding behaviors measured at SWSF concentrations below

15 ppb. At the two highest SWSF concentrations(287 and 574 npb) anproximately
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4% of the shrimp exhibited a loss of equilibrium following 3 days' exposure
and died 1 to 2 days later; observations on these shrimp are not included.
MORPHOLOGY

Effects of Petroleum Exposure on Structure of Fish

Gills

Coho salmon and starry flounder were exposed to 83 ppb of the SWSF of
Prudhoe Bay crude oil for 5 days in a flow-through saltwater system (Roubal
et al., 1977a). The gills of exposed fish develoned lesions which reflected
the loss of the surface cells or the first two to three layers of cells
(Figs. 12,13,14). Immature mucous glands below the surface were exposed when
the surface sloughed and their contents, in some instances, were exuded.

The area of sloughing varied from gill filament to gill filament: 10 to
30 cells were lost in the smaller lesions and, in a few cases, the surface of
the entire filament lost its outermost layer of cells. In both exnerimental
and control coho salmon a gill ecto-parasite was observed, a monoagenetic
trematode (Gyrodactylus $p.). Caution must be exercised assigning direct
action of petroleum on tissue sloughing, especially if parasites are present.
Heavy infestation of Gyrodactylus sp., for example, can cause lesions and, if
severe enough, a diseased state (Mellon, 1928). In the present study, the
fish which were not treated with petroleum had Gyrodactylus but did not have
lesions. The infection, therefore, was low enough to not adversely affect
the host. The opishaptor of Gyrodactylus has hooks with which it attaches to
the gill or skin surface (Figs. 15,16).

Skin

In an early experiment, English sole were exposed to the SWSF of Prudhoe
Bay crude 0il: 10 ml crude o0il in 1 Titer of seawater was stirred for 20 hr.

allowed to stand for 3 hr, and the bottom, clear fraction was removed. The
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SEM of gill from an untreated coho salmon. X 370.

SEM of gill from an SWSF (10 ppb) petroleum-exposed coho salmon.
One filament appears undamaged and the two on the left show severe
cellular disruption. Many surface cells have sloughed and there is
an abundance of exuded mucus. X 370.

Surface cells of the gill of starry flounder after exposure to

10 ppb SWSF with SEM. The cells with microridges appear normal
but a group of cells have sloughed. The surface of the underlying
layer is evident. X 2,000.

The trematode, Gyrodactylus sp. on the gill of coho salmon with
SEM. X 320.

Higher magnification of the opishaptor of Gyrodactylus Sp.
The attachment to the skin does not appear to harm the surface
cells of the salmon gill. X 1,400.
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SWSF was then diluted with seawater to make a 13% SWSF solution. Experimental
and control fish were held in aerated glass tanks and maintained between 10°
and 13°C.

In skin samples of English sole taken 5 days after the SWSF had been added
(Figs. 17,18), many of the mucous glands were completely empty. In a reneat
experiment, skin samples were taken from three different body locations during
a 2-hr to 5-day time study. Results were inconclusive because of areat varia-
bility in both the numbers of glands and in the number that had discharged their
contents. More extensive studies are projected to understand the normal rate of
mucus exudation and to define alterations of that process with increasing con-
centrations of petroleum. (cf. CHEMISTRY section)

Liver

Depletion of energy-storage products and infiltration of hepatic blood
vessels by connective tissue were found in the livers of rainbow trout that
received excessive amounts of Prudhoe Bay crude 0il in their diets for two weeks.
These trout were fed oil-coated or non-oil-coated food in the same manner as
trout used in the repkoduction study described in the section on PHYSIOLOGY.
Each fish received about 11 mg of crude 0il per day and the average weight of
the trout was about 90 g. Two fish were sampled from each of four renlicates
from the experimental and control agroups. After 2 weeks of feedina, with no
mortality, there were dramatic differences in the levels of glycogen devosits
in the Tiver: the henatocytes of control fish were full of alycogen, whereas
those of the experimental fish had virtually none. These changes were evident
in 0.5u Sections stained with toluidine blue. The polychrome method (MacKay
and Mead, 1970), which stains mucopolysaccharide moieties bright red when the
cytoplasm is blue was used on 1.0 u sections to differentiate alycogen denosits

in the cells (Figs. 19,20). The sections for TEM analysis showed the same
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FIG. 17
FIG. 18
FIG. 19
FIG. 20
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SEM of the skin surface of an untreated English sole. The mucous
glands are liberally scattered throughout the normal skin between
the filament-containing cells which are sculptured on their outer
surface by microridges. X 3,500.

English sole, five days after exposure to a 13% solution of SWSF.
The mucous glands are numerous and conspicuously open. x 3,500.

Light micrograph of sections of the liver of untreated rainbow
trout. This and the accompanying micrograph were photographed

from sections prepared with a polychrome stain adapted for plastic
sections. The glycogen deposits are bright red against the blue
background of the cytoplasm. Parts of the larger glycogen reserves
were lost during preparation. Lipid droplets (circled) are abundant
and red blood cells are often apparent in the small hepatic vessels
or sinusoids. X 620.

Companion micrograph to FIG. 19 of petroleum-fed rainbow trout.
No glycogen or lipid deposits are seen in this section and the
cytoplasm is an overall blue tone. X 620.
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disparity (Figs. 21,22). Proliferation of the endoplasmic reticulum was evident
(Fig. 22), and cochlear ribosomes, a common feature of cells ranidly svnthesiz-
ing proteins (i.e., in embryos), were anparent (Fig. 23).

In a longer feeding experiment with the same parameters., all the fish
gained weight and no mortalities were observed for 75 days, at which time tissue
samples were taken. At the termination of the exneriment, the control fish had
gained an average of 95.5% in body weight; the oil-fed fish 70.5%. The alycogen
in the T1iver of test fish showed the same striking differences as in the above
experiment. The small amounts of glycogen present were evident by electron
microscony (Fig. 24), however, the glycogen stores were so minute that only a
rare cell showed differential stainina with the polychrome method for Tight
microscopy. In addition, Tipid reserves were reduced in the oil-fed fish.

Rainbow trout used to study maturation and renroduction (Hodgins et al.,
1977;: and see PHYSIOLOGY) were sampled for microscopy at the time of snawnina.
An abnormal amount of collagen around the Tiver sinusoids was noted using both
conventional electron microscopy and 1ight microscopy with a connective tissue
stain (MacKay and Mead, 1970). Work is in progress to better define the extent

of fibrosis and possible adverse effects. Such a response, however, is qgenerally

indicative of cell injury and may prove to be a useful qauge of liver damage.

Eye Lens

The same trout that developed liver abnormalities after exposure to crude
0il in the diet also had enlarged eye lenses (Table 8) which were abnormally
soft. Relatively mild pressure permanently comnressed the lenses of exnosed
fish into an amorphous mass, whereas the control lenses returned to their normal
geometry after anplication of equal pressure.

The lens is composed of ribbon-like filaments which interdiqgitate and form a

sphere. The filaments have simple projections on their broad surfaces which nlug




FIG. 21
FIG. 22
FIG. 23
FIG. 24

LIST OF FIGURES

TEM of thin sections of untreated rainbow trout liver. The
hepatocytes are rich in glycogen (G) and lipid (L). X 6,400.

Thin section of liver from a rainbow trout fed petroleum for 75 days
(see text). In addition to a lack of glycogen in the hepatocytes,
the endoplasmic reticulum (ER) has proliferated to an extreme
degree. X 7,500.

This section of liver from rainbow trout fed petroleum as above.
There was an abundance of cochlear ribosomes (arrow) in the
petroleum-fed fish. The mitochrondria (M) appear unchanged by
petroleum exposure. X 26,000.

TEM of liver from rainbow trout fed petroleum as above. Small
pools of glycogen (G) were found after considerable searching
with electron microscope. The deposits were small enough that they
did not show in the thick sections used for light microscopy. In
addition, there are unusual crystalline inclusions (arrow) of
unknown significance in some of the hepatocytes. X 16,000.
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TABLE 8. volume of eye lenses from trout fed Prudhoe Bay crude oil
for one year

Group Mean (mm3) S.D. N
Control 110.9 19.2
Oil-treated 226.10 81.2

into pits on the adjacent fiber; in addition, there are complex interlocking
series of protuberances on their thin side (Fig. 25). After treatment with
petroleum, the fiber structure changed: the broad surface was wrinkled and the
interdigitating projections were not smooth and reqular as in untreated fish
(Fig. 26). The fibers looked shriveled, as if the fixative was hypnerosmotic,
suggesting that the increase in sizé might be due to hydration of the lens
rather than to increased mass resulting from cell proliferation or cell secretory
activity. To test the hydration hypothesis, lenses were removed from normal
rainbow trout, measured, and placed in a dilution series of "Dulbecco's" saline
and distilled water. Hydration occurred at slightly different rates but in
approximately 5 hr there was an 80% increase in volume which stabilized until
the terminafion of the experiment at 45 hr.
CHEMISTRY

Biotransformations of Petroleum Hydrocarbons

Invertebrates

Shrimp and crab larvae. The results indicated that 8 to 12 pob of naph-
14

thalene-1-""C and naphtha]ene-1—]4C bovine serum albumin (BSA) complex in flow-
ing seawater, caused 100% mortality in 24 to 36 hr in Dungeness crab zoea and
Stage 1 and Stage V spot shrimp larvae. Maximum accumulation of naphthalene-
1—]4C in Staae V spot shrimp was nearly four times greater than in shrimp larvae

4
exposed to the naphtha]ene-1—1'C—BSA complex (820 ppb versus 220 ppb). These
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FIG. 25

FIG. 26
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SEM of fibers from the eye lens of an untreated rainbow trout.
The fiber surface, exclusive of connecting projections and pits,
is smooth. The lateral Iinterdigitations are quite regular.

X 3,100.

Lens fibers from a rainbow trout fed 17 mg crude oil/kg body
weight per week day for about one year (see text). These fibers
are from an enlarged lens and appear undulated and irregular.

X 3,100.
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levels indicate magnifications of 25 to 100 times the exnosure level. Meta-
bolic products (calculated as 1-nanhthol) of naphtha]ene—]—]4C reached a
maximum value of 9%, but were 21% when the naphthalene was comnlexed with BSA.
Naphtha]ene—]—]4C was almost entirely depurated from tissues in 24 to 36 hr,
whereas metabolic products were strongly resistant to deouration (Sanborn and
Malins, 1977).

Postlarval shrimp. Shrimp (P. hypsinotus), which were exposed in seawater

to 6 ppb of tritiated naphthalene, contained 360 ppb of nabhthalene and 29 ppb
of metabolites (as 1-naphthol) in 1 hr. The naphthalene concentration in the
shrimp reached 650 ppb in 3 hr. During the exposure neriod, the naphthalene con-
centration declined from a high of 740 ppb at 12 hr to 46 npb at 72 hr. Sub-
sequently, the concentrations of naphthalene did increase somewhat in the remain-
ing 72 hr of exposure. Metabolites reached a maximum concentration of 50 npb in
24 hr. Metabolite concentrations, however, decreased only slichtly durinag the
remainder of the exposure period. During depuration studies, the nanhthalene
Aconcentration decreased from 198 npb after 144 hr exoosure to 35 oob in 6 hr,
but metabolite concentrations only changed from 50 to 35 pnb in this neriod. No
mortalities were recorded during the exposure and depuration phases of the
experiment.
The data on accumulation of water-soluble hydrocarbons in one-vear-old

spot shrimp (P. platyceros) show that detectable levels of low molecular weight
aromatic hydrocarbons are readily accumulated in thoracic seaments (Table 9).

In contrast, abdominal segments were found to contain no more than trace levels
of identified aromatic hydrocarbons. The data given in Table 9 renresent hydro-
carbon accumulations in exnerimental animals with respect to data obtained from

a control group.
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TABLE 9. Hydrocarbons in thoracic and abdominal segments of one-year-
old spot shrimp exposed to a water-soluble fraction of Prudhoe
Bay crude oil using flow-through system®

Thoracic Abdominal
Compound Segments Segments
(ng/g wet wt) (ng/g wet wt)

C,-Substituted benzenes 25 Trace?
C3-Substituted benzenes 17 Trace
C4- & C.-Substituted benzenes 2 Trace
NaphthaTene 1 Trace
1- & 2-Methylnaphthalenes 4 19 Trace
Co-Substituted naphthalenes 18 Trace
C3-Substituted naphthalenes 15 Trace

4 0.11 ppm total hydrocarbons in flow-through water.

Trace - below measurable limit.

Marine Fish

)\
Uptake and metabolism of model compounds. The incornoration of ]'C-1abe1ed

benzene, naphthalene, and anthracene into brain, liver, gallbladder, muscle, and
residual carcass is presented in Table 10. The maximum accumulation of benzene
at a concentration of 5.5 ng/mg dry wt of tissue occurred at 24 hr in the liver.

In addition, maximum benzene accumulations occurred at 6 hr in brain, gallbladder,

muscle, and carcass; the benzene concentrations ranged from 0.08 to 0.9 ng/mg.
Naphthalene accumulated in the gallbladder to the extent of 9.5 ng/mg dry
wt tissue in 24 hr, when comparing results from the different tissues. However,
with the exception of gallbladder, a maximum accumulation of naphthalene at 6.4
ng/mg dry wt of tissue occurred in the residual carcass in 24 hr, and in other
tissues naphthalene ranged from 1.4 to 4.0 ng/mg in 24 hr. After 24 hr, con-
centrations of naphthalene diminished in the tissues.
The data from the anthracene experiment indicated that 167 ng/mg dry wt of
tissue occurred inrthe gallbtladder in 24 hr. In comparing various tissue analyses,
a maximum anthracene accumulation of 20.6 ng/mg dry wt tissue occurred in the

residual carcass at 24 hr.
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TABLE 10. Distribution of aromatic hydrocarbons and metabolites In coho salmon (Oncorhynchus kisutch) \
receiving hydrocarbons (62.8 mg) via intraperitoneal injection |

BRAIN LIVER GALL BLADDER MUSCLE® RESTDUAL CARCASS?

Time after Picograms % Acmin. UN® MET Picograms % Admin. UN MET Picograms & Admin. UN MET Picograms % Admin. UN  MET Piccgrams & Acmin. UN  NIT

Hydrocarbon {njection HC/mg dry  dose % % HC/mg dry dose % % HC/mg dry dose % % HC/mg dry dose % % HC/mg dry dose - %
(hr} tissue tissue tissue tissue tissue

Benzene 6 255 0.0027 98 2 702 0.016 68 32 888 0.00022 37 63 85 0.066 100 0 849 6.22 106 0

24 29 0.00036 100 0 5,510 0.0004 58 42 256 0.00041 29 7 7 0.006 100 0 61 0.22 1C0 0

Naphthalene 24 3,980 0.059 98 2 2,670 0.080 87 13 9,460 0.073 28 72 1,580 1.60 96 4 6,430 15.2 S9 ]

72 962 0.011 76 2% 984 0.023 55 45 --d -- - - 973 0.722 86 14 1,950 3.03 g N

144 437 0.0080 80 20 294 0.011 59 41 -- -- -- s 238 0.348 87 13 1,320 4,78 92 8

Anthracene 24 50,200 0.764 98 2 17,700 0.432 36 64 167,000 0.80 10 90 12,100 101 €7 13 20,600 33.0 97 3

72 5,240 0.052 36 4 2,150 0.076 42 58 - -~ .. e 1,210 ° .35 99 1 20,200 40.0 86 4

144 2,000 0.025 N 9 1,220 0.047 N 69 -- - .- == 385 0.421 84 46 4,420 12.0 60 40

S0z

Muscle sarples were a corbination of dark and light muscle from the left anterior of the fish. .
Tissue remaining after all othor samples had been taken.

€ values shown are percen:ages of parent hydrocarbon (UN) and total aromatic metabolites (MET}
based cn distribution of 49C betwean each group of compounds.

d Analysis not performed.




A detailed quantitative examination of the individual aromatic metabolites
was undertaken with coho salmon which received naphtha]ene-]—]4c via intraperi-
toneal injection (Table 11). The gallbladder and liver were major sites for
accumulation of metabolic products; nevertheless, substantial amounts of meta-
bolic products were found in the brain, muscle, and residual carcass at 72 to 144
hr after the injection. The T1-naphthol, 1-naphthyl mercapturic acid, and

TABLE 11. bpistribution of naphthalene metabolites in coho salmon 24 hours after
injection of 125.6 ug naphthalene

Compound Brain Liver Gallbladder Muscle
1-naphthol 292 156 537 34
1,2-dihydro-1,2- 5 48 604 €

dihydroxynaphthalene
1-naphthyl sulfate 24 12 238 29
1-naphthy1 20 172 1,380 9
mercapturic acid
1-naphthyl-g- 70 217 12,800 22

glucuronic acid

Values are given as picograms of compound per milligram dry tissue.
T-naphthyl-6-glucuronic acid were found in substantial amounts in brain, liver,
and gallbladder, together with Tesser amounts of other naphthalene metabolites such
as 1,2-dihydro-1,2-dihydroxy-1,2-dihydroxynaphthalene. The dark muscle, kidney,
and brain also accumulated relatively large amounts of naphthalenic metabolites in
the tissues of two test fish, 16 hr after an oral dose of 5.8 uCi ]4C-naphtha1ene.

The results were as follows (expressed as % carbon-14 in the form of 1-naphthol):

Tissue Fish No. 1 Fish No. 2
Liver 1.5 3.6
Kidney 5.4 9.7
Gallbladder 9.1 20,4
Dark muscle 1.0 1.3
Light muscle 1.0 2.2
Gut contents 2.1 5.3
Gut 1.4 2.7
Blood 0.3 3.5
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With the exception of blood which exhibited a 10-fold difference in carbon-14
content between the two fish in this study, remaining tissues did not have such
wide variations. The data illustrate, however, that fish from the same stock
exhibit individual variations, which may be considerable.

Data for the force-feeding study are given in Table 12. Maximum accumulation
of radiocactive naphthalene occurred in gallbladder and liver, and in 8 hr it
represented 10.6 and 6.9 ng/mg dry wt of tissue, respectively. The gut exhibited
the greatest naphthalene concentration (12.9 ng/mg), but this may be due to
residual contents that are not removed by three washings (see Methods).

Studies to determine the effect of temperature on the amount of nanhthalene-
]-]4C incorporated into key organs of coho salmon nrovided the data are presented in
TabTe 13. The results of these experiments showed that 16 hr after force-feeding,
fish maintained at 4°C had significantly greater concentrations of naphthalene
than fish at 10°C, e.g., in the brain there was 1,400 pg/mg at 4°C and 640 pa/mq
at 10°C. In the liver there were 2,300 pg/mg at 4°C and 400 png/mg at 10°C.

Flow-through exposure with crude oil. The flow-through system for exposure

of marine organisms to the SWSF of crude o0il was described in the April 1976
annual RU 74. Hydrocarbon composition from a single analysis of a diluted SWSF
is presénted in Table 14. The levels given are for the aauaria flow-through
water after dilution of the SWSF with clean seawater. With the exception of
cyclohexane and possible trace amounts of other compounds, the majority of the
hydrocarbons in the SWSF are one- and two-ring aromatic compounds.

Analysis of hydrocarbons repnresentative of the SWSF in fish tissues. Data

are nresented in Table 15 for the accumulation of hydrocarbons in coho salmon ex-
posed to a SWSF of Prudhoe Bay crude oil equal to 0.8 pnm of hydrocarbons in flow-
through seawater. After 1 week of exposure, no hydrocarbons renresentative of

the SWSF were detected in muscle tissue. Exposures from 2 to 6 weeks, however,
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TABLE 12. Accumulation and distribution of naphthalene in tissues of force-fed coho salmon (Oncorhynchus kisutch)

Time after feeding (hr) 2 8 16 48

picograms RC/mg % Admin. picograms HC/mg % Admin. picograms HC/mg % Admin. picograms HC/mg % Admin,
Tissue dry tissued dose? dry tissue dose dry tissue dose dry tissue dose
Brain 130 0.00286 4,140 0.105 3,130 0.105 271 0.00716
Liver 254 0.0347 6,890 1.48 3,750 1.16 249 0.05590
Kidrey 13 <0.001 2,420 0.145 1,250 0.161 174 0.0293
Gell bladder --C <0.001 10,600 0.180 8,240 0.285 14,500 0.252
Dark muscle 25 c.01 2,260 0.827 3,430 2.27 615 0.361
Light muscle 11 0.252 517 2.31 618 5.37 51 0.441
Gut contents NAd 92.0 NA 55.0 NA 18.3 NA 1.4
Gut 115 0.101 12,900 12 8,300 9.89 196 0.231
Biood 56 0.0977 536 0.305 3,370 3.46 54 0.0558
a

Values shown represent a combination of both parent naphthalene
and aromatic metabolites, based on molecular welght of naphthalene.
b Based on l4c.

Not detected.

Not applicable.

a0
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TABLE 13. content of naphthalene in organs of coho salmon as determined radiographically, 8 and 16 hours
after force feeding of naphthalene-l—l4c at 4° and 10°C
4°C, 8 hr : 4°C, 16 hr 10°C, 8 hr 10°C, 16 hr
Organs@ Picograms? Percent Picograms Percent Picograms Percent Picograms Percent
HC/mg Admin. HC/mg Admin. HC/mg Admin. HC/mg Admin.
Dry wt. Dose Dry wt. Dose Dry wt. Dose Dry wt. Dose
Brain 880 0.02 1,400 0.04 630 0.02 640 0.02
Liver 3,000 0.64 2,300 0.46 1,000 0.21 400 0.10
Kidney 510 0.04 . 930 0.09 540 0.07 230 0.05
Gall bladder 950 0.03 2,500 0.07 420 0.01 1,500 0.04
Dark muscle tissue 1,300 0.52 2,600 1.2 860 0.39 1,700 0.90
Light muscle tissue 120 0.65 230 1.3 85 0.49 77 0.72
Stomach? 17,600 3.7 6,900 1.5 9,300 2.0 3,200 0.78
Caecab 9,400 3.4 10,900 4.6 10,000 4.7 580 0.35
Intestineb 7,900 0.77 15,800 1.8 5,200 0.75 2,400 0.38
Stomach contents NWe 44.9 Nk 22.5 NW 52.6 NW 45.6
Caeca contents NW 5.2 NW 14.2 NW 7.4 NW 0.18
2 Intestine content NW 9.1 NW 11.9 N 7.5 MW 9.8
© Blood 140 0.04 200 0.13 97 0.07 48 0.04
@  Average value for three fish. Fish were force-fed 5.55 UCi naphthalene—1—14c in salmon oil.
b Digestive tract was divided into stomach, caeca, and intestine. Stomach data also
includes that for esophagus.

€ NW: not weighed. Contents were rinsed out and analyzed for radiocactivity.




TABLE 14. Hydrocarbon content of SWSF of Prudhoe Bay crude oil in flow-
through seawater system

Hydrocarbon Concentration, pom
Cyclohexane 0.02
Benzene 0.04
Toluene 0.4
Ethyl benzene 0.n05
m-Xylene 0.2
0- and p-Xylenes 0.07
C3—Substituted benzenes 0.03
C4-Substituted benzenes 0.01
Cz-Substituted benzenes trace
N3phthalene 0.003
1-Methylnaphthalene 0.003
2-Methylnaphthalene 0.003
C,-Substituted naphthalenes 0.01
C3—Substituted naphthalenes 0.005

Total 0.80

resulted in the accumulations of significant amounts of substituted and unsub-
stituted benzenes and naphthalenes (Table 15). After 5 weeks of exposure, which
was the time of maximum hydrocarbon accumulation in salmon, the bioconcentfation
factors (concentration in tissue # concentration in water) for SWSF hydrocarbons
in muscle for C3— substituted benzenes, nanhthalene, combined 1- and 2-methyl-

naphthalene, Cz—substituted naphthalene, and C_-substituted naphthalene were 50,

3
80, 160, 85, and 136, respectively. The C,- and C_-substituted benzene fraction

5

of SWSF was the most prominent fraction in muscle throughout the exnosures. Af-
ter 5 weeks of exposure, the latter amounted to 5.5 ppm, or a bioconcentration of
550 for C4- and C5-subst1tuted benzenes in muscle tissue. When fish were exposed
for 6 weeks and transferred to clean seawater, the SWSF hydrocarbons were not
found 1 week later.

Table 16 presents data on hydrocarbons accumulated in muscle, liver, and
gills of starry flounder exposed to a SWSF of Prudhoe Bay crude oil. In contrast

to salmon, wherein no hydrocarbons of the SWSF were detected in tissues after 1

week, starry flounder was found to have considerable hydrocarbons in tissues.

210




11z

TABLE 15. Aromatic hydrocarbons in muscle tissue of coho salmon (Oncorhynchus kisutch) exposed to
the water-soluble fraction of Prudhoe Bay crude oil using a flow-through system®

Weeks Exposure

v 2 3 5 33
Hydrocarbons ng/g dry ng/q dry ng/q dry ng/q dry
tissue tissue tissue tissue
Co-Substituted benzenes 310 660 490 270
C3-Substituted benzenes 300 830 1,500 390
Cq- & C -Substituted benzenes 1,500 1,700 5,500 2,000
Naphthalene 70 140 240 120
2-Methylnaphthalene 100 310 560 200
1-Methylnaphthalene 90 220 400 160
Co-Substituted naphthalenes 310 360 850 440
C3-Subst1tuted naphthalenes 230 150 680 390
2 0.8 ppm (total hydrocarbons) in flow-through water. Samples are composites from two fish; no
evidence was found from interferring compounds in control animals. Limits of detection for
individual hydrocarbons was ca. 9 ng/g dry weight. Compounds were not detected in tissues
b for one week of exposure.

After a 6-week exposure period, the fish were placed in oil-free seawater. After 1 week,
hydrocarbons representative of the WSF were below detectable limits.
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TABLE 16. Aromatic hydrocarbons in selected tissues of starry flounder (Platichthys stellatus) exposed to the water-soluble fraction of Prudhoe
Bay crude oil using a flow=-through system‘a

Tissue
Compound Muscle Liver Gills
Exposure Depuration Exposure __ Depuration Exposure Denuration
1P 2b 12 2b 2 1 2 1 2 1
ng/q dry tissue ng/g dry tissue ng/q dry tissue
C,-Substituted 5,500 1,700 270 NFE 1,600 2,600 230 180 1,800 1,100 1,100 60
~ benzenes
C,-Substituted 15,000 5,500 180 300 5,900 9,600 380 190 5,000 3,100 3,400 NF
benzenes
Cp & Cc- 93,000 33,000 9,800 26,000 36,000 110,000 29,000 NDE 30,000 21,000 21,000 ND
Subs%ituted
benzenes
Naphthalene 2,100 950 290 800 1,500 3,300 870 MD 440 750 470 310
2-Methyl- 8,3C0 2,700 330 590 3,000 6,200 870 NF 2,300 1,200 490 NF
naphthalene
1-Metnyl- 6,106 2,100 340 820 2,400 5,000 990 NF 1,800 $40 430 NF
naphthalene
C2—Substituted 24,000 8,800 2,700 7,000 9,700 28,000 8,900 250 7,900 3,200 3,900 220
naphthalenes
C3-Substituted 17,000 6,400 2,100 7,600 5,300 22,000 9,800 NF 7,600 3,500 4,300 NF

naphthalenes

0.8 ppm (total hydrocarbons) in flow-through seawater. Samples were composites of five fish (muscle) and ten fish (liver and gills);:
» corrections in data were made with reference to values from control animals. Limit of detection as ca. 9 ng/g dry weight.

Weeks.

NF = not found; ND = not determined.




Bioconcentration of hydrocarbons in flounder was greater after 1 week than after
2 weeks of exposure. After 1 week, for example, for muscle the bioconcentration
factor: ‘or C3-substituted benzenes, C4— and C5-subst1tuted benzenes, naphtha-
lenes, combined 1- and 2-methylnaphthalene, C2—subst1tuted naphthalene, and C3—
substituted naphthalenes were 500, 9,300, 700, 2,400, 240, and 2,400, respec-
tive]y. After 2 weeks of exposure, these same bioconcentration factors for
starry flounder muscle were 180, 3,300, 315, 800, 880, and 1,280, respectively.
The C4- and C5-subst1tuted benzene fraction of SWSF was concentrated to 10 to
100 times more in muscle of flounder than in salmon muscle after 2 weeks of
exposure. The latter fraction was 110 ppm in starry flounder liver, which is a
bioconcentration of 11,000 times the concentration in SWSF.

After 2 weeks of maintaining exposed starry flounder in clean seawater,
the concentration of several hydrocarbons of the SWSF in muscle tissue was still
elevated, e.g., 26 ppm for the C4— and C5—substituted benzene fraction and 7.6
ppm for the C3—substituted naphthalene fraction. In the gills and liver of
starry flounder, levels for all hydrocarbons of the SWSF were either near to
or below the 1limits of detection, i.e., <9 ng/g dry wt, after the fish were in
clean, oil-free seawater for 2 weeks.

Biochemical Interactions of Trace Metal Compounds in Fish

Data are presented in Table 17 for the accumulations of cadmium in coho
salmon and starry flounder, which were exposed to 150 ppb of the metal in sea-
water for 15 days. Also, data are included for the depuration of tissues when
the fish were placed in seawater free of cadmium-109. The results obtained with
both species indicate that gills, liver, and kidney bioconcentrate cadmium-109

to a substantial degree at 10°C; the bioconcentration at 4°C is about 50% less.
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TABLE 17. Accumulations and depurations of cadmium-109 in coho salmon (Oncorhynchus kisutch) and starry
flounder (Platichthys stellatus) in 15-day exposures to 150 ppb cadmium in seawater followed by

depuration.

Metal concentration

150 ppb

[STRR ST o !

Species Coho salmon Starry flounder
Temperature 4°C 10°C 4°C 10°C
Exposure period 15-Day U 15-Day U 8-Day DP 37-Day D 15-Day U 15-Day U 8-Day D
Gills 4764 878 628 420 593 1,020 1,144
Liver 165 299 259 245 443 1,572 1,651
Kidney, anterior 100 180 267 257 129 228 346
Kidney, posterior 127 380 592 790 75 281 492
Blood® 7 28 22 11 86 28 20
Brain 1 1 1 3 5 6 10

U = Uptake

D = Depuration

Observed cadmium concentrations in blood were influenced by variations in hematocrit

All values in ppb.




Very little cadmium-109 accumuiates in brain and whole blood. The maximum
bioconcentration of cadmium-109 occurred in starry flounder at 10°C in the
liver where concentrations were one order of magnitude greater than the exposure
concentrations of the metal.

When fish were placed in seawater without added cadmium, the cadmium-109
concentrations in most tissues declined; however, cadmium-109 concentrations
in the kidney increased when the animals were transferred to a "cadmium-free"
environment. For example, coho salmon, which were exposed at 10°C for 15 days
to 150 ppb of cadmium and then placed for 37 days in "metal-free" water, ex-
hibited twice the cadmium-109 burden in posterior kidneys at the end of the
final 37 days than they did at the end of the first 15 days.

The background concentrations of cadmium and lead in unexposed coho salmon
and in stock seawater are presented in Table 18. The background concentrations
of cadmium, although not included in the values given in Table 17, were substan-
tial in the liver and blood samples.

Table 19 presents data on the subcellular distribution of cadmium-109
in liver and kidney of coho salmon and starry flounder exposed at 10°C to
150 ppb of the metal in seawater. In each species, the greatest proportion
of metal accumu]atéd in cytosol; however, substantial proportions were found in
cellular debris and microsomal fractions. The mitochondrial fractions con-
tained the least amounts of cadmium. After 8 days in clean water, coho salmon
did not undergo significant changes in the oroportions of cadmium-109 in the

subcellular fractions (Table 20).
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TABLE 18. Concentrations (ppm) of metals in unexposed coho salmon and starry
flounder organs and seawater

coho salmon starry flounder
cadmium (ppm) lead (ppm) cadmium (ppm) Tead (ppm)

Flesh <0.02 0.19 <0.01 0.3
Gills 0.02 0.48 <0.02 <0.15
Liver 0.20 0.49 0.37 0.5
Kidney 0.09 0.40 0.02 0.3
Blood 0.10 0.20 <0.01 0.3
Seawater 0.002 <0.005

The data in Tables 21, 22, 23, and 24 give results on the accumulation and
subcellular distribution of lead-210 in coho salmon and starry flounder exposed
to this metal at 5 and 150 ppb in seawater. The accumulation of lead-210 in
coho salmon and starry flounder is characterized by significant bioconcentration
in both gills and kidney (Tables 21 and 22); the posterior kidney is a prominent
site for lead accumulation in both species of fish. Moreover, after 8 and 37-
days depuration periods substantial levels of lead still persist in both organs.
The data also show that starry flounder have a tendency to accumulate more lead

in the brain than do coho salmon. For example, as shown in Table 22, after 15

days of exposure to 150 ppb of lead-210 at 10°C, brain of salmon was found to con-
tain 6 ppb of that isotopic metal; however, under similar conditions starry
flounder brain was found to contain over 500 ppb of lead-210. In both species,
the blood accumulated substantial amounts of lead-210 (Table 22).

In the cell fractionation studies with liver and kidney of coho salmon and
starry flounder, noted in Tables 23 and 24, a significant portion of accumulated
lead appeared in the four cellular fractions, i.e., cell debris, mitochondria,
microsomes, and cytosol fractions. The percentage distributions shown in

Table 23, of lead-210 in the cell fractions of liver, for example, from
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TABLE 19. sSubcellular distribution of cadmium in starry flounder (Platichthys stellatus) and coho salmon
(Oncorhynchus kisutch) organs for 30-day exposure to 150 ppb of Cd at 4°C

Species Starry flounder Coho salmon
. Kidney Kidney car Kidney Kidney
Organ Liver (anterior) (posterior) Liver (anterior) (posterior)
Metal concentration (ppb) 900 37 100 310 215 297
Cell fraction (%) (%) (%) (%) (%) (%)
Cellular debris 12 14 21 9 24 28
Mitochondrial 8 19 7 7 7 6
Microsomal 8 14 10 20 18 15
Cytosol 72 68 80 64 57 56
% of total metal recovered 100 115 118 100 106 105
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TABLE 20. Subcellular distribution of cadmium in coho salmon (Oncorhynchus kisutch) organs after Cd
exposure to 150 ppb at 10°C

Exposure 15-Day Uptake 8-Day Depuration
. Kidney Kidney ; Kidney Kidney
Organ Liver (anterior) (posterior) Liver (anterior) (posterior)
Metal concentration (ppb) 356 231 342 . 252 425 628
Cell fraction (%) (%) (%) (%) (%) (%)
Cellular debris 15 21 28 13 30 27
Mitochondrial . 4 7 5 N 5 8
Microsomal 17 1 17 18 12 20
Cytosol 56 50 46 51 42 39
% of total metal recovered 92 89 96 93 89 94

8Tz




TABLE 21. Uptake and depuration of lead-210 in coho salmon (Oncorhynchus kisutch) and starry flounder
(Platichthys stellatus) after exposure at 5 ppb in seawater
Metal concentration 150 pnb
Species Coho salmon Starry flounder
Temperature 10°C 10°C
. b
Exposure period 28-Day U? 28-Day U 18-Day D 54-Dav D
Gills 12¢ce
Liver 5 13 18 21
Kidney, anterior 19 7 11 22
Kidne‘}/y, posterior 53 6 12 19
Blood® 2 21 14 14
~ PTlasma <1
o Brain <] 4 9 10
z U = uptake
D = depuration
g Average values from analyses of three fish.
o Observed lead concentrations in in blood were influenced by variations in hematocrit
All values in ppb.
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TABLE 22. uUptake and depuration of lead-210 in coho salmon (Oncorhynchus kisutch) and starry flounder
(Platichthys stellatus) in a 15-day exposure at 15 ppb in seawater

Metal concentration 150 pnb
Species Coho salmon Starry flounder
Temperature 4°C 10°C 4°C 10°C
Exposure period 15-Day U® 7-Day DP 15- Day U 8-Day D 37-Day D 15-Day U 7-Day D 15-Day U 8-Day D
Gills 1,062 ©€ 1,102 1,533 1,433 760 404 417 1,546 709
Liver 269 . 297 409 447 225 578 500 744 1,138
Kidney, anterior 272 304 468 673 677 557 557 1,871 568
Kidnexf posterior 1,094 1,760 1,798 1,985 2,218 701 852 1,288 716
Blood 282 206 179 132 26 314 344 - 525 544
Brain 4 8 6 14 7 202 363 529 491
4 py= uptake
b .

D = depuration
¢ Average values from analyses of three fish.
d

Observed lead concentrat@ons in blood were influenced
by variation in hematocrit values.

0}

All values in ppb.
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TABLE 23. subcellular distribution of lead-210 in coho salmon (Oncorhynchus kisutch) after exposure
to 150 ppb of lead for 15 days at 10°C in seawater®

Exposure 15-Day Uptake 8-Day Depuration
. Kidney Kidney . Kidney Kidney
Organ Liver (anterior) (posterior) Liver (anterior) (posterior)
Cell fraction (%) (%) (%) (%) (%) (%)
Cellular debris 18 34 40 7 25 33
Mitochondrial 26 22 21 13 28 15
Microsomal 20 13 14 40 33 28
Cytosol 30 11 10 40 14 10
% of total metal recovered 94 80 85 100 100 86

a

Average values from analyses of three fish.




TABLE 24. Ssubcellular distribution of lead -210 in starry flounder (Platichthys stellatus) after
exposure to 5 ppb of lead at 10°C in seawater @

Exposure 30-Day Uptake 18-Day Depuration 54-Day Depuration
Organ Liver Kidney Kidney Liver Kidney Kidney Liver Kidney Kidney
anterior posterior anterior posterior anterior posterior

Cell fraction (%) (%) (%) (%) (%) (%) (%) (%) (%)
Cellular debris 20 51 1 23 40 38 33 78 68
Mitochondrial 6 8 7 4 8 10 11 9 9
Microsomal 21 4 7 12 11 11 15 13 14
Cytosol 46 33 35 55 41 46 43 6 17

% of total

metal recovered 93 96 93 94 100 105 102 106 108

Average values for analyses of three fish.

N
N
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salmon exposed to 150 ppb Pb-210 at 10°C for 15 days is the distribution of the
409 ppb found in the liver as presented in Table 22. The other Tlead distribu-
tions can be similarly compared. The distribution of Pb-210 in the microsomal
fraction of salmon liver doubled after 8 days of depuration, while for the
flounder liver microsomes, the distribution was reduced by nearly one-half of
the accumulated isotope after 18 days of depuration (Table 24).

The experimental data collection for biochemical interactions and dis-
tribution of lead and cadmium in the cytosolic fraction of liver, kidney, and
gill homogenates is about completed and the results are being evaluated.

Table 25 shows that in the liver cytosol there was 80% of the total iso-
topically-Tabeled cadmium in the cytosol associated with the protein fraction
that has a molecular weight corresponding to about 8,900 daltons as a cadmium-
binding protein (CdBP). Figure 27 shows a typical distribution of protein and
cadmium in liver cytosol of coho salmon.

Three hours after injection of cadmium in coho salmon there was approxi-
mately 88% of the cytosol-related cadmium in the CdBP fraction: cadmium in the
CdBP fraction represents approximately 35% of total isotopic cadmium in the
liver. At 48 hr post injection, the CdBP binds approximately 44% (wt/wt) of total
liver cadmium. At this point, theconcentrations of cadmium associated with the
high molecular weight fractions, e.g., 55,000 daltons, has increased markedly.

For coho salmon, which were exposed for two weeks to 150 ppb non-radio-
active cadmium prior to the injection of cadmium-109, approximately the same
amount of cadmium-109 was observed in Tiver cytosol as in the case of the non-
cadmium exposed coho salmon three hours after injection. Significantly, the
amount of cadmium-109 bound to the 55,000 molecular-weight fraction in the liver
cytosol was approximately half of the amount observed in non-cadmium exposed coho

salmon {Table 25).
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TABLE 25. Distribution of cd in coho salmon liver cytosol?

Prior expggure

Time after injection No prior exposure to Cd™

3 hr 48 hr

High molecular wt

fraction (>55,00C daltons) 340 ng® 656 ng 145 ng

CdBPd fraction 1,822 4,520 1,920

Total in cytosol put

on column 2,041 5.225 2,163

ng/g wet tissue 5,566 10,694 5.323

2 Values are for single analyses of three pooled livers.

c Exposed to 150 ppb of nonradiocactive Cd for 2 weeks prior to injection.

d Metal in nanograms.

Cadmium-binding protein.

In addition to the cadmium in liver, cadmium bound to CdBP appears in the
gill, posterior kidney, and anterior kidney. The amounts of cadmium present in
the CdBP-complex increase markedly in these organs as the time increases from 3
to 48 hr post injection.

Preliminary examination of the data for lead exposures indicates that there
is little binding with proteins that have a molecular weight of approximately
8,900 daltons, which corresponds to the cadmium-binding protein.

Trace Metal Concentrations in Fish Skin and Mucus

Epidermal Mucus

Coho salmon. Uptake of lead and cadmium in the epidermal mucus of saltwater-
adanted coho salmon exposed to the waterborne metals was very rapid (Fig. 28),
often reaching near maximum Tevels within 24 hr. Thereafter, the concentrations
of the metals increased slightly during the rest of the exposure period of 2
weeks (Fig. 28). Maximum concentrations of both lead and cadmium in the mucus

of the test fish were about twice the concentrations of the metals in the
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surrounding seawater; lead was accumulated to a slightly greater extent than
cadmium in each experiment (Table 26). Bioconcentration factors (ng of metal per
g of wet tissue to ng of metal per ml of water) for lead and cadmium in the mucus
of coho salmon exposed to the waterborne metals under varying exposure conditions
in water had a small effect on concentration of lead and cadmium in the mucus.
For example, bioconcentration factors for mucus of the fish exposed to 3 and 150
ppb of lead at 10°C were 2.3 and 1.8, respectively, whereas those exposed to 3
and 150 ppb of lead at 4°C were 1.8 and 1.5, respectively. Mucus of cadmium-

exposed fish exhibited a similar trend (Table 26).
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Fig. 28. Rate of uptake and discharge of lead in epidermal mucus of saltwater-

adapted coho salmon (0. kisutch) exposed to 150 ppb of waterborne
lead at 10°C. '

When the test fish were placed in control water, a major fraction (=70%) of
the accumulated metal was discharged in the first few hours (Fig. 28) in each ex-
periment; remaining metal was persistent in the mucus for several days. For example,
at the end of 7-day depuration, the mucus of saltwater coho salmon exposed to 150

ppb of lead for 2 weeks at 10°C still contained about 25% of the accumulated lead;
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TABLE 26.

exposed to waterborne metalsa

Bioconcentration factors for lead and cadmium in saltwater adapted coho salmon (0. kisutch)

Level of Epidermal Mucus ’ Skinc

5 Scalesd
Metal Exposure 4°C 10°C 4°C 10°C 4°C 10°C
opb (ng/ml)
Pb 3 1.8 2.3 0.5 2.1 8.3 11.2
150 1.5 1.8 N.3 2.3 10.0 24.9
cd 3 : --€ 1.8 -- 0.3 -- 0.6
150 1.0 1.2 0.10 0.3 0.3 0.7
a Bioconcentration factor = ng of metal per g of wet tissue/ng of metal per ml of water. FEach value
b represents the mean of three or four fish.
Duration of exposure was two weeks.
c . .
d Skin from which scales were removed.
o Scales including lateral line scales.

Experiments not conducted.




however, at the end of the 6 weeks of depuration only €% of the metal was remain-
ing (Fig. 29). Cadmium was discharged at a relatively faster rate; concentrations
of cadmium dropped to Tess than 10% of the accumulated metal in the first 7 days
of depuration (Fig. 30).

In a separate experiment, coho salmon were injected intravenously with 31 ug
of radioactive lead or 32 ug of cadmium per fish (80 g) to study the role of mucus

and skin in detoxification and excretion of metals. Within 3 hr after the initial
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Fig. 29. Uptake and discharge of lead in skin, scales, and mucus of coho salmon
exposed to 150 ppb of lead at 10°C. The vertical bars in this and

succeeding figures (30-34) depict the mean value and standard deviation.
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FIG. 30. uUptake and discharge of cadmium in skin, scales, and mucus of coho
salmon exposed to 150 ppb of waterborne cadmium at 10°C.

injection, lead 4.4 ppb) or cadmium (18 ppb) was detected in the epidermal mucus

of test fish (Figs. 31 and 32). Concentrations of both metals in the mucus
remained more or less constant over a period of 48 hr. At the end of 384 hr, con-
centrations of lead in the mucus dropped to 1.3 ppb. Levels of metals in the
experimental tanks were less than 0.1 ppb during the entire experiment, indicating
that the presence of metals in the mucus was indeed due to the release of the
injected metals via mucous cells and not due to direct uptake of the excreted
metals from the water. Epidermal mucus of fish is generated when epithelial mucus,
released by the mucous cells, comes in contact with surrounding water. Therefore,
in the injection study, concentrations of metals in the mucus should be considered

on dry weight basis. Moisture content of epidermal mucus of saltwater coho salmon
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FIG. 31. Time~dependent distribution of lead in mucus and scales of coho salmon

following intravenous injection of lead nitrate.

was 97.3 + 0.5. Hence, on a dry weight basis, concentrations of lead and cadmium
in the mucus during the first 48 hr following the injection were as high as 164
and 744 ppb, respectively.

To determine whether metal-exposure had an effect on mucus production; mucus
samples from each control and test fish were weighed and the weight of mucus was

calculated on the basis of mg of mucus per gram of fish. Values for mucus of fish
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salmon following intravenous injection of cadmium nitrate.

exposed to 150 ppb of waterborne lead and cadmium at 10°C were 12.3 mg and 12.8 mg,
respectively, per g of fish. These are mean values for 12 to 16 different measure-
ments per experiment. Coho salmon exposed to 3 pob of lead did not produce sub-
stantially different amounts of mucus compared to the control fish.

Starry flounder. Large amounts of lead and cadmium were found in the epi-

dermal mucus of starry flounder giving rise to a bioconcentration factor of about
12 to 14 (Figs. 33 and 34) within the first few days of exposure to either water-

borne lead or cadmium. For example, starry flounder exposed to 150 ppb of lead
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FIG. 33. Uptake and discharge of lead in mucus and skin of starry flounder
exposed to 150 ppb of lead in water at 10°C.

at 10°C for 4 days accumulated 1,800 ppb of Tead in the mucus. The initial high

concentrations of lead declined steeply during the rest of the exposure period
reaching about 300 ppb at the end of 14 days (Fig. 33.) This residual amount of
metal persisted in the mucus even when the test fish were returned to a control
environment for a period of 7 days.

Skin and Scales

Coho salmon. Compared to the uptake of the metals in the epidermal mucus,
the uptake in the skin and scales of fish exposed to waterborne metals was very

slow (Figs. 29 and 30): concentrations of both Tead and cadmium continued to
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increase in the skin and scales over the entire period of exposure; lead accumu-
lated to a much greater extent than cadmium. When exposed to 150 ppb of either
metal for 14 days at 0°C, skin and scales of coho salmon contained 350 and 3,860
ppb of lead, respectively, (Fig. 29) and 45 and 110 ppb of cadmium, resnectively
(Fig. 30). In this report, the term skin denotes the skin samples from which

scales were removed. Intact skin is used to denote skin with scales attached.

The term scales applies to scale proper with some dermal and epidermal cells at-
tached to the scale. Concentrations of both lead and cadmium in skin and scales

were highly dependent on experimental temperature; for example, two to sevenfold

233




increase in the metal concentrations was observed when the temperature of water
was raised from 4° to 10°C (Table 26).

When the test fish were returned to control water, release of the accumulated
metals from skin and scales was rather slow. For example, after depuration of 37
days, scales of saltwater coho salmon contained 65% and 41% of the accumulated lead
and cadmium, respectively. In fact, in the lead-exposed fish, concentrations of
the metal in the scales increased during the first week of depuration (Fig. 29).

Results of the injection study revealed that 3 hr after the intravenous injec-
tion substantial amounts of Tead (304 ppb) and cadmium (800 ppb) were present in
the scales (Figs. 31 and 32). Concentrations of lead in the intact skin and scales
increased steadily during the next 384 hr reaching concentration of 804 ppb (ng/g)
and 5,036 ppb, respectively (Fig. 31). Concentration of cadmium remained more or
less constant during the 48 hr after the injection (Fig. 32). Intact skin of the
fish constituted 6% of the body weight. Hence, as much as 1.8ug of lead and 2.1
ug of cadmium were oresent in the intact skin at 48 hr following the injection.
These concentrations represent about 6% of the administered dose in both cases. In
the lead-injected fish, the concentration of the metal in the intact skin reached
3.9 ug (12% of the dose) in 16 days. Whether concentration of lead would continue
to rise over a much longer period was not determined.

Starry flounder. In flatfish, scales were not senarated from the skin before

analyses. Lead was accumulated to a much greater degree than cadmium in the skin of
the test fish (Figs. 33, 34). Concentrations of lead in the skin increased somewhat
during depuration of lead-exposed starry flounder indicating that the skin/scales

was a storage site for lead.
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Enzymes Mediating the Bioconversions
of Petroleum Hydrocarbons: Baseline Data

Baseline Data of AHH in Arctic Species

There are no results on this phase of the research because of the loss of AHH
activities in specimens which had experienced elevated temperatures during storage.
The specimens obtained as replacements are still aboard ship, and will not be ana-
lyzed until June 1977, when the ship returns to Seattle.

Response of Coho Salmon AHH to Petroleum Concentrations in Feed: Dose-Time

Control coho salmon were found to respond differently than exposed salmon,
which were fed three concentrations of Prudhoe Bay 0il. The controls were sluggish
and experienced about 70% mortality, while the exposed fish were generally quite
active and experienced 10-50% mortality. The group of salmon fed the highest dose,
1.e., 53 ppm crude oil in feed, were the most lively and active swimmers, and
experienced only a single mortality.

The results of analyses of hepatic AHH activity of the young coho salmon are
presented in Table 27. After 4 days of exposure, there were no significant

TABLE 27. Hepatic AHH activity, as benzolalpyrene hydroxylase, for coho salmon
in relation to dose of dietary petroleum oil

Exposure time

g O e T T
o nmole products/mg protein
0 - -- b 0.62 + 0.43,

0.53 0.30 + 0.71 0.16 + 0.157° 0.56 + 0.26

5.3 0:32 + 0.13 0.48 + 0.16° 0.31 £ 0.01

53.0 0.45 + 0.18 0.37 + 0.19 N.44 + 0.24
Z Units (+S.D.) of activity are for paired samples of 4 to 10 fish.

Statistically paired data showed AHH activities ‘o be significantly different

o (P<0.05, 5 degrees of freedom) between 8 and 15 days.

Statistically paired data for 0.53 and 5.3 ppm exposure levels at 8 days showed
AHH activities to be different (P<0.10, 8 degrees of freedom).
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differences among the AHH activities related to the dose of petroleum in the diet.
After 8 days of dietary exposures, the fish that received 0.53 ppm and 53 ppm of o0il
exhibited Tower mean values of AHH activities compared to activities after 4 days

of exposure: however, the differences from 4 days to 8 days were not statistically
significant. The fish that received 5.3 ppm exhibited increased (P<0.10) AHH activ-
ity after 8 days compared to that for fish which received .53 ppm 0il in feed; how-
ever, no significant difference in activityv occurred for hepatic AHH of the 53 ppm-
exposure group when compared to the other groups for the same time of exposures.

The fish fed 0.53 ppm 0i1 exhibited a significant (P<0.05) increase in AHH activi-
ties between 8 and 15 davs of the exposures. All other comnarisons of AHH activi-
ties did not demonstrate statistically significant differences. A1l test fish
exhibited Tower mean values of hepatic AHH activities than the controls.

PHYSIOLOGY

Effect of Ingestion of Crude 0Oil Components on
Reproductive Success of Salmonid Fish

Mortality

Totals of 12 control (not fed retroleum) and 48 test (fed petroleum during 6€-

7 months prior to spawning) rainbow trout were available for reproduction studies.
Due to holding facility failure an additional 33 control fish died 2 months prior
to spawning. This accident resulted in fewer control crosses than anticipated.
There was a substantial post-spawning mortality in the petroleum-fed group in which
15 fish died 1 to 3 months after spawning; all of these animals were heavily
infected with fungus. MNone of the controls were similarly affected.
Maturation

The first males were in spawning condition by mid-december 1975, and the first
females were ripe 2-3 weeks later (Fig. 35). Although the first ripe fish were

from the test group, there appeared to be no pronounced acceleration or retardation
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FIG. 35. Timing of maturation for petroleum-exposed and non-

petroleum exposed rainbow trout.
of maturity related to petroleum exposure. Eggs were collected from ripe females

starting on January 6, 1976, and collections continued weekly through February 17,

1976.

Reprocductive Success

No significant difference (nA=14, nB=14, R=197, P=0.10) in hatching success
(percent survival) among crosses in which sperm was used from petroleum-fed and
non-petroleum-fed males was observed (Table 28). One particular cross did, how-
ever, result in very low survival (5.1%) and slightly Towered the average percent
hatching success of eggs fertilized with sperm from a non-petroleum-fed male.

Hatching success ranged from 32.4% to 99.5% for eggs from petroleum-exposed

females and from 79.2% to 96.8% for non-petroleum exposed eggs (Table 29), but
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TABLE 28. survival of eggs fertilized with sperm from petroleum-exposed and non-
petroleum exposed male rainbow trout through hatching

% Survival through hatching

Female Crossed with Crossed with
petroleum-exposed male non-petroleum-exposed male

Non-petroleum exposed 9€.8 96.7
P 81.3 77.3
95.7 96.3
89.9 87.7
88.5 94.4
Petroleum exposed 99.4 99.6
: P 98.2 98.1
98.6 95.2
95.9 95.2
36.9 37.3
58.9 5.1
95.8 98.3

94.7 94.5b
78.5% 72.5
X = 86.4 x = 82.0

Sy = 18.0 Sy = 27.

Pool of eggs from two females
Pool of eggs from three females.

the respective means of 86.4% and 90.3% were not significantly different (nA=5,

nB=15, R=41.5, P=0.10). Eggs from two test females with 32% and 37% survival low-

ered the average survival of the test group.

Average survival of alevins was higher, although not significantly (nA=4,

nB=1O, R=19, P=0.10), for control than for test fish (Table 30). Again, low sur-
vival occurred in one petroleum-exposed group.

Chemical Analyses

Interference from non-hydrocarbon fluorescing compounds prevented precise
quantitation of Prudhoe Bay crude oil from adult trout muscle and eggs; only quali-
tative and semiquantitative results were possible. An emission maximum (364 nm)
superimposed on the background of fluorescing compounds was observed for all

samples from fish fed Prudhoe Bay crude 0il; this maximum was not observed for any

238




TABLE 29. Survival of eggs from petroleum-exposed and non-petroleum-
exposed female rainbow trout through hatching

% Survival for eggs from % Survival of eggs from
non-petroleum-exposed trout petroleum-exposed trout
96.8 96.8
79.2 98.4
96.0 98.9
88.4 98.5
91.3 29.5

98.1
X =90.3 97.0
Sy = 7.1 95.6
37.2
32.4
97.0
94.6a
75.€
89.8>
86.5°
x =86.4
SX = 21.9

Pool of eggs from two females.

Pool of eggs from three females.

Pool of eggs from four females.
of the samples from fish fed the control diet (Fig. 3¢). The ratios of the average
relative intensities at an excitation wavelenath of 2€2 nm and an emission vave-
length of 364 nm of petroleum-fed fish to control fish for muscle tissue and eggs
were 2.8:1 and 3.8:1, respectively. A total of 14 analyses of muscle and 7
analyses of eggs from petroleum-fed fish and 4 analyses of muscle and 2 of eqgs
from control fish were performed. The background of fluorescing compounds was
sufficiently hich for the centrol and petroleum-impregnated food so that no
definitive results could be obtained via spectrofluorometry.

Effect of Hydrocarbons on the Chemosensory System of Coho Salmon

A typical electrophysiological recording from a salmonid olfactory bulb is

shown in Figure 37A. Upon perfusion of a salmon's naris with stimulant
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TABLE 30. survival of alevins from petroleum-exposed and non-petroleum-
exposed female rainbow trout

% of offspring surv1v1ng from hatching to swim-up

Non-petroleum exposed Petroleum exnosed
99.0 97.4%
99.44 96. 2%
89.1 90.37%
76.3 87.3¢

_ 81.17
X = 91.0 79.8
s,= 10.9 74.1
68.0

61.7°

25.0%

X = 76.1

Sy = 21.4

Pool of offspring from two females.

Pool of offspring from three females.

Pool of offspring from four females.
(1 ppm L-serine) the background electrical activity of the olfactory bulb immedi-
ately changes to a pronounced oscillatory pattern. This increased amplitude

response is terminated by rinsing with filtered seawater. The event marks in

Figure 37A denote initiation of stimulus or rinsing. The delay of 1.0 to 1.5
seconds between start of stimulus and the electroencephalographic (EEG) response
reflects the time required for the solutions to pass through the capillary pipette
used to perfuse the naris. The duration of this delay interval is an important
factor in interpretation of results.

Figure 37B depicts the olfactorvy EEG response after infusion of the naris with
1.5 ppm naphthalene for 25 seconds, followed immediately by 1.0 ppm L-serine. The
response to naphthalene rapidly diminished as compared to the sustained activity
induced by L-serine. Exposure of the olfactory epithelium to naphthalene (0.2 to
17.0 ppm) did not reduce or inhibit the subsecuent response to 1 ppm L-serine,

L-methionine, or L-alanine.
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Relative Intensity

Emission Wavelength

FIG. 36. Spectrophotofluorometric curves of Prudhoe Bay crude oil and extracts of
trout eggs.

No. 1 - Prudhoe Bay crude oil
No. 2 - 0il-fed fish egg extract
No. 3 - Control fish egg extract
When one part of 1.5 ppm naphthalene was mixed with an equal part of 1.0 ppm
L-serine series the EEG response approximates that of the unmixed L-serine solu-
tion, being of slightly less amplitude for the appropriate dilution.
There was no evidence of detection of 2,6-dimethylnaphthalene, or 2,3,6-tri-
methyinaphthalene at levels of 0.2 to 2.0 ppm. The EEG response to these aromatics

was similar to that from flushing the naris with filtered seawater; that is, there

was a slight temporary decrease in baseline activity.
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Exposing the naris to benzene at 0.2 to 2.0 ppm resulted in the same EEG
pattern as naphthalene (Fig. 37B). Also, as with naphthalene, there was no
effect on the subsequent responses when amino acid stimuli were applied.

water-so1ub1e fractions of whole Prudhoe Bay crude oil (20.0 to 1.8 ppm
initial oil-water concentrations) were differentiated by the fish from fil-
tered seawater as shown in Figure 38. Here again, there was no decrease in
subsequent responses to amino acids.

Perfusion of the naris with 1-2 ppm naphthalene or benzene for 10 min
did not consistently alter the response to amino acids. In several instances
there appeared to be a delay in recovery of up to 40 seconds.

PATHOLOGY

Pathological Changes in Flatfish from Exposure
to Oil-Contaminated Sediment

After exposure to oil-contaminated and uncontaminated sediments for one

month the English sole experienced no mortalities, and both the test and control

group exhibited similar behavior. For example, most of the fish in each group
are buried in the sediment during the lighted hours, and come out of the sedi-
ment and are more active during hours of darkness. Fish in the test and con-
trol groups ltost 3.9% and 3.1%, respectively, of their body weight during this
period. The differcnce in weight loss between the two groups is not statisti-
cally significant.

Preliminary hematological tests performed on fish exposed to sediment for
'27 days did show significant differences between test and control English sole.
The mean (+S.D.) hematocrit for three test fish was 20.6 (+1.64), while the
three control fish had a mean hematocrit of 16.8 (£0.93). The difference
between the two values was statistically significant (P=0.02). Normal-appear-

ing, recently-captured English sole had a mean hematocrit of 16.6 (*0.49).

The hemoglobin concentrations of the blood from the test and control fish were
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EEG response of coho salmon to 107° M (1 ppm) L-serine for 25 seconds followed by rinse

A.

FIG. 37.

Middle trace is EKG, and event marks at bottom indicate initiation of

(top trace).
stimulus and rinse.

Exposure

Continuation of part A.

B.
to 1.5 ppm naphthalene for 25 seconds followed by 1 ppm L-serine.

Time scale, 1 second divisions.
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EEG response of coho salmon to water-soluble extract of Prudhoe Bay crude oil.

FIG. 38.

Time scale, 1 second divisions.

(Initial oil-water concentration of 1.8 ppm).




also significantly different (P=0.04). The test and control blood had 16.8
(+2.06) and 11.2 (+0.7) mg of hemoglobin per decaliter (d1), respectively. The
total numher of red blood cells for the test group was larger (2.65+0.39 x 106
cells/mm3), although not significantly (P=0.2), than that of the control group
(2.20£0.32 x 106 cells/mm3).

Tissue specimens collected after 11 and 27 days exposure to the sediments
are being examined by 1ight and electron microscopy. As yet, too few specimens
have been studied to make any definitive conclusions concerning differences
between control and test fish.

Hydrocarbon analyses are presently being performed on oil-contaminated
sediment collected immediately after mixing with crude oil and 2, 7, 16, 23, and
30 days after placing the sediment in the aquaria. Analyses for hydrocarbons
are also being performed on fish tissue collected 11 and 27 days after exposure
to the sediments. An analysis of one muscle and one skin sample from the test
and control groups (a total of four samples) taken after 11 days exposure has
been completed (Table 31).

TABLE 31. Result of analyses for petroleum hydrocarbons in the tissues of

English sole (test) exposed to oil-contaminated sediment and
English sole (control) exposed to non-oil-contaminated sediment

Concentration (ug/g dry wt)b

Hydrocarbons? Skin Muscle
Control Test Control Test
Biphenyl --¢ 156 -- --
Naphthalene -- 82 -- 20
2-Methylnaphthalene -- 888 -- 279
1-Methylnaphthalene -- 1189 -- 369
2,6-Dimethylnaphthalene -- 130 -- --

4 Analyses were performed by the NOAA National Analytical Facility (NNAF).
Arenes with aromatic rings ranging from one to six, i.e., O-xylene to
benzlalanthracene , were determined and only the compounds given here
were found in significantly higher concentrations in test fish.

Skin samples were pooled from three fish in each group, and the muscle
sample was from one fish from each group.

-—-, not detected.
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Effects of Petroleum on Disease Resistance in Coho Salmon

Initial results were that neither oral exposure to whole crude ¢il in
fresh water nor exposure to SWSF in seawater drastically altered resistance
to disease from bacterial injections in coho salmon. The LDgg levels of
V. anguillarum for fish maintained on a diet containing 1 part per thousand
crude oil did not differ from that of control fish fed a normal diet; LDgy's
were 10-6-0 and 10-6-6, respectively. Similarly, no difference in mortality
resulting from v.- anguillarum challenge could be demonstrated between fish
exposed to seawater-soluble fractions of crude o0ils and the controls. In
this second experiment, however, the calculated LDgq values were greater
than 10-8 in both oil-exposed and non-exposed fish. The actual percent mor-
talities at the 10-8 bacterial dilution were 60% and 80%, respectively;

these levels are not significantly different (at the 5% level of probability).
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VII. DISCUSSION
BEHAVIOR
Effect of Petroleum on Salmon Homing

Electrophysiological studies indicate that salmon detect aromatic hydro-
carbons in the water at levels well below 1 ppm (cf., PHYSIOLOGY section and
OCSEAP Quarterly Reports RU 73, 1976). Exact thresholds of hydrocarbon
detection have not been determined. However, extrapolation of data on
amplitude of olfactory neural response at different concentrations suggest
that salmon should certainly be capable of detecting aromatics at levels Tless
than 100 ppb. In addition, Folmar (1976) has shown that rainbow trout fry
avoid xylene (one major component of the model mixture) in fresh water at
concentrations of 100 ppb. The results from the present experiment indicate
that when hydrocarbons are present in salmon home-stream water at concentrations
that adult chinook salmon are capable of detecting, the fish do not avoid
their home-stream water.

Similarly, the exposure of adult chinook and coho saimon to petroleum
hydrocarbons at Tevels up to 256 ppb for 26 hr did not significantly alter
their ability to return to their home stream. There is an indication, however,
that salmon exposed to oil do stray to other spawning locations more fre-
quently than controls. This observation should be considered extremely
tentative because weather conditions were abnormal during the entire study
period (below average precipitation and high temperatures) and probably
influenced homing migration behavior of all transported-reieased fish.

Effect of Petroleum on Feeding Behavior of Shrimp

During exposure of spot shrimp to the SWSF of Prudhoce Bay crude oil,

there is a suppression of feeding activity. The interpretation and the

implications of this suppression are dependent upon the mechanism(s) of
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action of the petroleum hydrocarbons. There are two possible mechanisms
which may explain the observations: (1) blocking or disruption of chemo-
receptor sites, or (2) narcosis. If the effect is narcosis this would have
more serious implications for survival than if the chemosensory system alone
was disrupted.
MORPHOLOGY
Effect of Petroleum Exposure on Structure of Fish

General

Distinct morphological changes were observed in either the surface cells
exposed to WSF of crude oil or in cells of organs from fish exposed to crude
0oil in their diet. The structural changes have been described in the RESULTS
section and possible impact of these changes on the fish as well as a com-
parison of our observations with studies of others on other species are
discussed below.

Skin

There is morphological evidence for excessive discharge of mucous glands
when fish are exposed to the SWSF of petroleum. However, the variability in
both the total number of glands per unit area and in the ratio of empty to
full glands is great enough that additional evidence should be obtained
before final conclusions are reached concerning the severity of this effect
of exposure to petroleum. Changes in skin epithelijum and mucous glands have
been observed by others in fish exposed to phenol. Not only were there more
mucous glands but they were distended in phenol-treated bream (Waluga, 1966).
Also, in several species of fish sampled from the phenol-contaminated Rhine
and Elbe Rivers, the epidermis was swollen and inflamed (Reichenbach-Klinke,

1965).
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Liver

There are multiple structural changes in the Tiver cells of trout after
dietary exposure to Prudhoe Bay crude 0il which parallel some of the changes
reported in other species exposed to a wide variety of toxic materials.
Proliferation of the endoplasmic reticulum was frequently observed in the
present studies and has been reported in the liver cells of Fundulus heteroc¢litus
exposed to petroleum from an oil spill (Sabo et al., 1975; Sabo and Stegeman,
1977).

A common finding in our studies was the depletion of lipid and glycogen
in liver cells of petroleum-exposed fish. This depletion may signify a
generalized stress response during which carbohydrate andr1ipid metabolism
and their storage is altered. Our observations are consonant with reports of
biochemical changes in glucose and acetate metabolism (Sabo and Stegeman, 1977)‘
in Fundulus heteroclitus collected from a petroleum-contaminated estuary.

A common response to severe cellular damage is replacement of the
necrotic -regions with connective tissue. Fibrotic replacement was evident
in the trout exposed to dietary petroleum. Such a response reflects cell
injury and may prove to be a useful gauge of liver damage. Studies are in
progress to determine the extent of fibrosis in the liver and other tissues
resulting from petroleum exposure.
Eye Lens

One of the most striking, and a potentially deleterious effect of
petroleum exposure observed in our studies, was the increase in the size of
the eye lgns of trout. These changes should produce severe myopia in affected
fish, perhaps resulting in vision-related behavioral difficulties such as

difficulty in avoiding predators or finding prey.
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The increase in size of the lens could be the result of increased
numbers of lens fibers or expansion of existing fibers. Counts and measure-
ments of fibers as well as in vitro experiments on lens hydration with a
series of saline solutions indicated that much of the volume increase was the
result of hydration. In some instances in humans, such as during pregnancy
and in certain diabetics and prior to cataract formation, lenses are known to
temporarily hydrate and increase in size. A series of experiments are underway
to better define factors contributing to lens enlargement in trout in order to
clarify the role of petroleum in these changes.
CHEMISTRY

Biotransformation of Petroleum Hydrocarbons

Invertebrates

Shrimp and crab larvae. Larval forms of these invertebrates were found

to be extremely sensitive to naphthalene and naphthalene bound to protein.
The compounds were lethal in the low ppb range to Stage I and Stage V spot
shrimp and newly hatched Dungeness crab zoea. The findings also suggest that
Stage I and Stage V spot shrimp are capable of accumulating from 25 to 100
times environmental concentrations of naphthalene, depending upon whether the
naphthalene is free or protein-bound. Naphthalene is readily depurated from
Stage I and Stage V spot shrimp; however, metabolites are retained for
several days.

Postlarval shrimp. The postlarval P. hypsinotus were capable of concen-

trating tritiated naphthalene over 100 times the concentration in surrounding
water. These data support previous findings of Sanborn and Malins (1977)
with larval p. platyceros where comparable bioconcentrations occurred in
relation to ppb levels of naphthalene in the water. The substantial

decrease in naphthalene concentration that occurs after 12 hr cannot be
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explained at present; however, the same phenomenon has been observed in our
previéus data from the exposure of spot shrimp (p. platyceros) to naphthalene-
1-14C. Metabolites appear to be strongly resistant to discharge, remaining

at high levels for 48 hr of depuration. Because of the toxicity, the nature
of the metabolites formed in the larval shrimp may be important.

The findings with P. hypsinotus suggest that the mature animals readily
accumulate hydrocarbon components of a SWSF in a period of one week. The
thoracic segments appear to be predominant sites for accumulating the low
molecular weight benzenes and naphthalenes. This is in part due to the
presence of the digestive organs in this area. The fact that only trace
amounts of hydrocarbons were detected in abdominal segments suggests that the
spot shrimp tend to selectively deposit the more water-soluble hydrocarbons
in certain body tissues. At present no information is available on the
ability of these organisms to depurate thoracic segment tissues.

Marine Fish

Uptake and metabolism of individual hydrocarbons. Results indicated

that benzene, naphthalene, and anthracene are readily deposited in key tissue
sites upon entering the body. Concentrations of these compounds increased in
tissues, such as liver and brain, in the order of benzene < naphthalene <
anthracene. This finding suggests the possibility that, within certain
molecular weight ranges, the persistence of aromatic hydrocarbons in salmonid
tissues may be directly related to the number of benzoid rings in the
molecule; however, as discussed below, the degree of alkyl-group substitution
on the parent hydrocarbon molecule also appears to influence hydrocarbon
concentrations in tissues of fish.

Substantial reductions in the concentrations in fish tissues occur after

removal of the source of hydrocarbons; however, radiotracer studies showed
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that such depurations are followed by increased concentrations of metabolites
for days thereafter. The metabolites, although classically associated with
excretion, appear in significant amounts in all examined tissues, including
the brain. Thus, the results showed that a substantial decline in accumulations
of hydrocarbons is accompanied by a steady increase in the formation of
metabolic products in all examined tissues and body fluids.

The results from the study in which naphtha]ene—l-]4C was force-fed to
coho salmon at 4° and 10°C, provided insight into the amount of hydrocarbons
accumulated by salmonids at two environmental temperatures. The concentration
of naphthalene and its metabolites in the various organs was consistently
lower in the fish held at 10°C than in those at 4°C. This presumably reflects
the greater rate of metabolism of these cold-blood animals at the higher
temperatures. An important finding was that less than 5% of the naphthalene
administered by force-feeding was found in key organs and tissues, regardless
of temperature. The digestive tract thus appears to act as a major barrier to
the incorporation of aromatic hydrocarbons in salmonid tissues. The naphthalene
that is absorbed through the intestine appears to be rapidly oxidized to
metabolic products, although wide variations appear to exist between individual
fish. |

Flow-through exposures with crude oil. Substituted benzenes, naphthalene,

and substituted naphthalenes accumulate in both coho salmon and starry
flounder. Moreover, as more substituents are added to benzene and naphthalene
(in the form of carbon-hydrogen side chains) the greater is the accumulation
of these compounds. The data provided in the tables also indicate that
dramatic species differences exist in the deposition of the low molecular
weight aromatic hydrocarbons in key tissues. The C4- and Cg-substituted

benzene fraction of the crude 0il was the most prominent fraction in both
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coho salmon and starry flounder. VYet, substantially greater concentrations
of these aromatic compounds occur in the muscle of exposed starry flounder,
compared to that in the muscle of coho salmon; the differences in concentra-
tions between species often exceed an order of magnitude. Moreover, hydro-
carbons were not detected in either liver or gills of coho salmon exposed to
the WSF of crude oil. Nevertheless, substantial accumulations of substituted
and unsubstituted benzenes and naphthalenes were found in liver and gills of
starry flounder. Present data indicate that, in comparison with salmonids,
starry flounder accumulate very large proportions of water-soluble aromatic
hydrocarbons. This fact suggests that comparable studies on starry flounder
residing on or in sediments may reveal substantial accumulations of petroleum
hydrocarbons in key tissues. Accordingly, the importance of continuing
exposure studies of flatfish to crude oil and fractions thereof and in studying
the bioconversion of hydrocarbons in flatfish as well, must not be overlooked.
Biochemical Interactions of Trace Metal Compounds in Fish

The data for fish exposed to cadmium indicate that substantial biocon-
centrations of the metal occur in both coho salmon and starry flounder when
they are exposed to less than 200 ppb of cadmium ions in seawater. It is
important to note that the fish kidney is susceptible to continued infusion
of cadmium and lead from body fluids for at least 5 weeks after the animals

are transferred to environments free of these metals. Thus, termination of

exposures to metals should not be interpreted to mean that metal concentrations

will necessarily remain constant or decline in the kidney and possibly other
sites. It is interesting to note that in cases where a decline in cadmium or
lead concentrations were observed, e.g., in gills, significant levels still
remained even after 5 weeks in the metal-free environments. The strong

tendency to sequester cadmium and lead in gills during uptake and depuration




periods raises questions about possible interference with osmoregulation and
oxygen consumption (Thurberg et al., 1973).

There was Tittle accumulation of lead in coho salmon brain, whereas
significant Tead uptake was observed in starry flounder brain. Since lead is
a neurotoxin, the high levels of lead seen in starry flounder brains suggest
possible neurological damage that could have behavioral consequences. More-
over, high concentrations of lead in seawater will slowly precipitate, thereby
increasing the lead content in the sediments. Since starry flounder are
bottom feeders, they may experience significant, acditional influx of lead
while feeding on organisms associated with these sediments. The notable
accumulation of lead by the blood of coho salmon and starry flounder suggests
interferences with erythrocytic processes such as biochemical reactions
involving delta-amino levulinic acid dehydrases (Hodson, 1976).

Coho salmon appear to respond to challenge by cadmium with a low-molecular
weight protein which readily sequesters cadmium. This could reduce the amount
of cadmium which would be available for other binding sites, such as enzymes.

The subcellular distribution studies with cadmium and Tead indicate that
these metals accumulate in portions of the cell (e.g., cytosol and microsomes)
involved in important biochemical processes. Thus, the tendency to bioconcen-
trate cadmium and lead in liver, kidney, and gill tissues over Tlevels in sea-
water deserve further consideration.

Trace Metal Concentrations in Fish Skin and Mucus

When fish are exposed to water-borne metals, epidermal mucus may accumulate
metals either via direct uptake from the surrounding water and/or indirectly,
via internal transport in blood to the mucus. The finding that a considerable
amount of either lead or cadmium accumulated in coho mucus within a few hours

of exposure to water-borne metals suggests that at Teast initially, metals
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are accumulated in coho mucus via direct uptake, probably involving passive
diffusion. The results showing that bioconcentration of metals in the
epidermal mucus was not significantly dependent on either temperature or
metal concentrations in the water supports this view.

Bioconcentration of metals in the mucus was also dependent on the parti-
cular species of fish under investigation. Whether composition of epidermal
mucus varied with the size, age, or sex of the fish was not determined. How-
ever, Rosen and Cornford (1970) reported that rheological properties of the
epidermal mucus of a smaller coho salmon (6 in long) was quite different from
that of a larger (12 in long) fish indicating that physiochemical properties
of the mucus may change with age and size. If this is the case, then the
ability of the mucus to sequester metals may also vary with age. In our
studies fish were about the same size and weight in any individual experiment.
We did not observe any variations in the concentrations of metals in the mucus
that could be related to sex.

During depuration, a major fraction of the accumulated metals was rapidly
discharged from the coho mucus in each experiment. The persistence of a
significant fraction (25%) of metals in the mucus, especially lead, of the
test fish for several days during depuration can be explained by two alternative
phenomenon. It may be that once accumulated via diffusion, small amounts of
metals are bound to macromolecules, such as glycoproteins, of the mucus and
are released slowly. Another possibility may be that a small amount of metal
is continuously released via the mucous cells and excreted in the mucus during
depuration. With regard to these possible alterations it should be noted that
fish injected with either lead or cadmium contained substantial concentrations
of these metals in the mucus for the few days following the injection. These

results demonstrate that certain amounts of metals were released in the epi-
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dermal mucus via the mucous cells. Because mucus is in a state of flux
[average turnover is approximately 7 days in brook trout (Pickering, 1976)],
the continuous presence of metals in the mucus of the metal-injected fish

kept in control waters strongly suggests that epidermal mucus may play a
significant role in excretion of both lead and cadmium. Whether release of
metals through the epidermal mucus constitutes an important excretory mechanism
would depend on the rate of discharge of metals from the mucus into water as
well as on the turnover rate of the mucus itself. Because coho salmon exposed
to 150 ppb of Tead and cadmium produced 40% more mucus than the control fish,
the average turnover rate of mucus in these fish may be faster than 7 days as
reported by Pickering (1976).

The rapid uptake of the metals in the skin of both coho salmon and flat-
fish, followed by a gradual release, indicates a role for skin as a detoxifying
or storage site for metals, especially lead. It is not known whether accumu-
lated metals in the skin were released or sloughed off directly into the
surrounding water or whether there occurs a slow excretion of the metals from
the skin and scales into blood during depuration. It is known that a rapid
and continuous flux of calcium occurs in the skin and scales of trout and that
turnover of calcium in the skin is more rapid than that in the skeleton. An
intriguingquestion remains as to whether the lead deposited in the scales is
in labile form similar to that of calcium. Norris and coworkers (1963) have
shown that even though $r85 and Ca%5 were deposited at a similar rate in the
skeleton of a marine teleost injected with these metals (ratio of concentra-
tion of Sr85 to Ca%d was 0.95:1, 3 hr after the injection), strontium was
held more tenaciously than calcium giving rise to a strontium:calcium ratio
of 1.2:1, 22 days following injection. It is likely that lead in the scales

of test fish in the present studies was taken up at the same rate as calcium
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from the water but was released much more slowly than calcium. Preliminary
results in our laboratory (Varanasi and Markey, 1977) showed that increased
concentration of calcium in the surrounding water increased the rate of
discharge of lead from the skin and scales of teleosts. Podoliak and Williams
(1970) showed that presence of lead in the water caused an increased uptake of
calcium in the skin of brook trout. Thus, lead may interfere with transport
and perhaps metabolism of calcium in the teleost. Further studies on the mode
and action of both lead and cadmium on calcium metabolism are currently being
conducted.

The persistence of high concentrations of lead and smaller but significant
concentrations of cadmium in the skin and scales raises a question as to what
effect the presence of these metals has on the structure and viability of the
skin and scales. Moreover, scales of salmonids are known to be resorbed
during maturation and the mineral components of the scales are utilized for
general metabolism and production of sexual components (Wallin, i957). In
the metal-exposed fish, resorption of scales may result in the release of
toxic metals in the bloodstream at the time of stress. Holcombe (1976)
reported that lead was present in the eggs of brook trout after the adult
females were exposed to sublethal concentrations of water-borne lead. The
authors reported that hatchability of the eggs from the fish exposed to
474 ppb were 28% and 73%, respectively, compared to the eggs of control fish.
Concentrations of lead in the skin and scales were not determined in this

study.

257




Enzymes Mediating the Bioconversions
of Petroleum Hydrocarbons: Baseline Data

Baseline Data of AHH in Arctic Species

Samples from the Kodiak area will be analyzed during the second half
of Fiscal Year 1977. Our experience has shown that the AHH enzyme system in
fish is labile, and that handling of samples for AHH analysis of an important
variable that can influence results. For this reason expediency in freezing
samples for AHH analyses after the death of the Sampled organism is important
to maintain the activity of the enzyme and not permit the destruction of the
AHH system.

Response of Coho Salmon AHH to Petroleum Concentrations
in Feed: Dose-Time Experiments

The lethargic behavior of the young salmon, which were fed 0.5 to 53 ppm
of crude 0il in feed, was suggestive of a tranquilizing effect of petroleum.
The behavioral differences between the groups of oil-fed fish and the control
fish were indicative of alterations taking place in vivo due to the ingested
petroleum. In addition, the fact that fewer mortalities occurred among fish
fed the 0il than among those that did not receive 0il suggests a kind of
prophylatic action in vivo by petroleum. Other than the latter suggestion,
we cannot explain the disparity in mortalities between control fish and test

fish.

The data for hepatic AHH activities in the surviving test and control

fish tentatively indicate that concentrations of 0.5 to 53 ppm of crude
petroleum in feed causes repression of the activity of the AHH system. As far
as a dose-response evaluation is concerned, the experimental fish exhibited
such highly variable specific AHH activities, any rational prediction was not
possible about the relative magnitude of the AHH activity at a point in time

for a given concentration of petroleum in a feed source. In other words, the




present data strongly suggest that we cannot describe the relationship of the
amounf of a petroleum exposure through a food pathway with the activity of
hepatic AHH and be able to simultaneously predict a time frame for such an
exposure. The more important questions to be answered, however, are (1) does
a particular species have AHH activity at all?, and (2) does petroleum
exposure cause an increase or a decrease in the activity of AHH in vivo?
Therefore, the lack of a correlation in the dose-time experiment is not
entirely a disadvantage; the experiment demonstrated further the difficulty
and extreme caution necessary in relating AHH activity to exposure conditions
of fish (Gruger et al., 1977).

PHYSIOLOGY

Effect of Ingestion of Crude Oil Components
on Reproductive Success of Salmonid Fish

The quantities of petroleum components consumed by these test fish
exceeded that which would be encountered in natural food sﬁpp]ies; however, it
was the intention to examine an extreme case of exposure. The fish readily
consumed the petroleum-impregnated food and continued to grow and develop.
Although there were no mortalities of petroleum-fed fish prior to spawning,
the post-spawning mortality of petroleum-exposed trout with fungus infections
suggests some possible interaction between petroleum exposure and recovery
from spawning. It is also possible, however, that the differential post-
spawning mortality between the test and control groups may have been related
to a greater density of fish in the test tank compared to that in the control
tank.

There was no significant impairment of hatching success related to the
petroleum exposure. Survival percentages of 86 to 90% compare well with
survivals of 90 to 95% for the hatchery program from which the fish were

obtained (M. Albert, Hatchery Manager, personal communication, 1976), as well
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as with published values for other studies using rainbow trout (Anon., 1973).
However, eggs from two of the test females had low survivals, and it may be
that certain individual fish were adversely affected by the petroleum exposure.

There is no indication that the dietary petroleum exposure had any effect
on male fertility. In one one case, the hatching survival of eggs was greatly
different for eggs fertilized with sperm from both test and control fish; in
fact, the lowest survival was associated with a control male.

0f course, many other behavioral and physiological aspects of natural
reproduction were not examined in these studies. Clearly, activities such as
homing, mate selection, redd-building behavior, and territoriality could be
disrupted by petroleum consumption and contribute to poor reproductive success
in the natural environment.

The fluorescence spectra associated with the trout muscle indicated that
certain fluorescing compounds were mobilized from the food through the circu-
latory system in the fish, and localized in the tissues. Similarly, the
evidence suggests that trout are capable of transporting certain hydrocarbons
into eggs when the fish are exposed to petroleum in food.

There is no evidence from these studies to suggest that a chronic dietary
exposure to concentrations of the less volatile components of Prudhoe Bay
crude 0il that are likely to occur in the environment would result in repro-
ductive failure of rainbow or steelhead trout; however, the histological
abnormalities of eye lenses and livers observed in adult fish (see MORPHOLOGY
section) exposed to petroleum are potentially deleterious. New studies are
in progress to determine if the eye and liver changes develop in young fish
of the same stock fed either the same large quantity of Prudhoe Bay crude oil

or 1% of that amount.
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Effect of Hydrocarbons on the Chemosensory System of Coho Salmon

Recent Titerature has stressed that one adverse effect of petroleum
pollutic.: n>v be its action on the chemosensory system. Of the petroleum
hydrocarbons the aromatic fractions are the most suspect for causing chemo-
sensory disruption (Takahashi and Kittredge, 1973). The mechanism of this
disruption is unknown, but it has been suggested that contaminants may mask
the chemoreceptive sites, thus blocking incoming chemical signals at the
receptor level (Sutterlin, 1974). Our preliminary data indicate that the
receptor sites responsive to certain amino acids are not masked by specific
aromatic petroleum hydrocarbons as a result of short-term exposure.

The neural activity elicited by naphthalene and benzene may be, however,
of a different origin than that resulting from an amino acid stimulation. For
naphthalene and benzene solutions the delay from intrcduction of the sample
and EEG activity was about double that for amino acid elicited response. As
discussed by Hara (1974) a delay in reaction suggests activity taking place
not at the chemosensory receptor sites, but is more likely a nonspecific
irritant effect deeper in the olfactory epithelium. Thus, chronic exposure
may have a disruptive effect which has not shown up in these short-term
exposure experiments.

PATHOLOGY

Pathological Changes in Flatfish from Exposure
to Oil-Contaminated Sediment

Laboratory experiments involving English sole exposed to crude 0il-
contaminated sediments for up to 4 weeks of exposure did not cause changes
in the gross appearance, behavior, or survival rate of test fish; however,
hematological changes were observed. The hematocrit values and the hemoglobin
concentrations in blood from test fish were higher than in control fish. Both

increases may result from a decrease in blood volume in test fish as a result
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of stress (Fletcher, 1975). A better understanding of this possibility will
be attained after the decrease in blood volume is confirmed by analyses for
serum proteins and osmolarity.

Preliminary hydrocarbon analyses of tissue from fish exposed to oil-
contaminated sediments for 11 days indicated that naphthalene and its mono-
and dimethylated forms were the most abundant aromatic hydrocarboens found in
muscle and skin. The levels in skin were approximately three times higher
than muscle, suggesting that skin is one of the most Tikely tissues to
develop long-term pathological changes as a result of exposure to oil.

Effect of Petroleum on Disease Resistancé in Coho Salmon

Initial experiments failed to show any marked effect of petroleum hydro-
carbons on disease resistance; however, these results must be viewed as pre-
liminary. Both experiments employed relatively short-term exposure periods
and, in future tests, a longer exposure to petroleum may produce different
results. Furthermore, the LD50 methodology requires the injection of bacteria
and thus bypasses the skin and mucous layers, which may represent very
important disease resistance mechanisms in fish. Challenges using bacterial

bath exposure will be further evaluated and used where feasible.
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VIII. CONCLUSIONS
BEHAVIOR
Effect of Petroleum on Salmon Homing

In controlled field studies, the presence of petroleum hydrocarbons in
home stream water did not cause avoidance of the home stream by returning
adult salmon. Similarly, exposure of adult salmon to petroleum hydrocarbons
for 14 to 26 hr did not alter their ability to locate their home stream. We
conclude that exposures to low levels of water-soluble fractions of crude
0il would not markedly affect salmon homing migration. These conclusions
are tentativé, and require replication for confirmation, because of abnormal
meteorological conditions during the study.

Effects of Petroleum on Feeding Behavior of Shrimp

In Taboratory experiments, sublethal exposure of adult spot shrimp to
the SWSF of Prudhoe Bay crude oil caused a suppression of feeding activity.
At approximately 20 ppb there was a 50% reduction in overt behavioral
activity elicited in response to food stimuli. At higher concentrations of
SWSF there was a still further decline in feeding responses, with symptoms
of narcosis becoming apparent at 300 ppb. These results are reasonably firm,
and are currently being repeated with model mixtures and pure petroleum
hydrocarbon components. Therefore, exposures of spot shrimp to Tevels of
crude 0il used in these ekperiments would be anticipated to cause physiologi-
cal and behavioral changes and decreased survival.
MORPHOLOGY

Effect of Petroleum Exposure on Structure of Fish

The relative newness of ultrastructural studies as applied to petroleum

effects on aquatic species means that many of these results are preliminary.

Conclusions based on the present studies include:

263




(1) Sloughing of fish gill epithelium was observed within a few days
after exposure to the SWSF of Prudhoe Bay crude oil. With lesions present
on the gill surfaces, a fish would predictably have an increased suscepti-
bility to bacterial or fungal infection, and reduced respiratory function.

(2) Several changes in liver structure of fish occurred after petro-
leum exposure. The observed increase in rough endoplasmic reticulum
probably reflects increased enzyme synthesis\consonant with the detoxifica-
tion function of the Tiver. Fibrosis, which was frequently observed, is an
alteration that indicates a severe degree of liver damage. Depletion of
Tiver glycogen was also found, which indicates Towered energy reserves.
Although these changes appear deleterious, it is not yet clear that they
are severe enough to affect survival.

(3) Enlargement of trout lenses found after long-term petroleum feed-

ing may produce myopia; resulting vision-related behavioral difficulties
would be predicted; whether or not these would be severely damaging is not
known.
CHEMISTRY
Biotransformations of Petroleum Hydrocarbons

Postlarval shrimp are capable of concentrating benzenes and naphthalenes
from a SWSF of Prudhoe Bay crude oil. The thoracic segments, the site of
most of the organ system, are the predominant sites for the accumulation of
the low molecular weight hydrocarbons. Only trace amounts of hydrocarbons
are accumulated in the abdominal segments. Accordingly, the thoracic segments
should be assayed for hydrocarbons in organisms exposed to petroleum pollution.

The acute toxicity (mortality preceded by narcosis) of about 10 ppb of

naphthalene to developing stages of crustacea suggests that these life forms

are highly sensitive to this component of the SWSF. The tendency of develop-
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mental stages of shrimp to retain metabolites of naphthalene at unchanged
concentrations while concentrations of the parent hydrocarbon are declining
is of concern because of evidence linking metabolites to genetic damage and
other aberrations in animal systems. The findings on metabolite formation
point to possible consequent altered physiology and cellular morphology in
response to exposure of crustacea‘larval forms to SWSF components at concen-
trations of several ppb. Accordingly, the high susceptibility of larval and
other developmental stages to aromatic hydrocarbons must be considered an
important factor in the environmental impact of arctic and subarctic petro-
Teum operations.

Exposures of salmon and starry flounder to <-1.0 ppm of SWSF of Prudhoe
Bay crude 0il reveal that the fish readily accumulate a broad spectrum of
aromatic hydrocarbons under these conditions. Starry flounder appear to
accumulate substantially higher concentrations in less time than coho salmon.
Both fish are able to depurate tissues within several weeks when placed in
clean seawater.

The uptake of aromatic hydrocarbons by fish was shown to result in the
formation of metabolic products which are generally considered to have
chronic toxicity to animal systems. The nature and extent of the possible
deleterious effects remain to be demonstrated.

Studies on the fate of naphthalene in coho salmon exposed to the hydro-
carbon at 10° and 4°C revealed that the lower temperature resulted in greater
hydrocarbon accumulations in key tissues. These differences were often sub-
stantial and imply that fish living in cold water may not metabolize and dis-
charge aromatic hydrocarbons as rapidly as those inhabiting temperate waters.

Generally, it is concluded that fish exposed to several hundred ppb con-

centrations of water-soluble petroleum hydrocarbons for several weeks will
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deposit a broad spectrum of both parent hydrocarbons and metabolic products
in key tissues. Both the long-term effects on the resource and the accept-
ability of exposed fish for human consumption remain important questions with
respect to the impact of petroleum operations on arctic and subarctic marine
resources.

Biochemical Interactions of Trace Metal Compounds in Fish

Salmon and starry flounder readily accumulate lead and cadmium from sea-
water. The metals in liver and kidney are stored to a substantial degree in
portions of cells mediating vital biochemical and physiological processes
(e.g., cytosol). Cadmium is preferentially bound by low molecular weight
proteins (9,000 daltons) but is also associated with high molecular weight
proteins of the cytosol. Lead shows a strong preference for neural tissue
(e.g., brain).

The findings imply that low concentrations of metals entering marine
waters through petroleum drilling and transport operations are likely to in-
crease the metal burden of key tissues of fish and thereby possibly alter
normal physiological processes.

Effect of Trace Metals on Fish Skin and Epidermal Mucus

Epidermal mucus of coho salmon is involved to some extent in excretion
of Tead and cadmium. The importance of this route in relation to other
excretory tissues (e.g., kidney) remains to be assessed. Exposure to sub-
Tethal Tevels (150 ppb) of lead and cadmium for periods of up to two weeks
resulted in increased production (v40% increase) of epidermal mucus in coho
salmon. This increased rate of production may induce alterations in physico-
chemical and rheological properties of mucus. Our results also show that
skin and scales act as storage and perhaps detoxification sites for metals

in both salmonids and flatfish. Substantial amounts of metals persisted in
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the skin and scales several weeks (37 days) after fish were returned to clean
water. It is anticipated that persistence of high concentrations of toxic
metals would have adverse effects on skin structure which may be related to
skin lesions and other cellular and subcellular abnormalities.

PHYSIOLOGY

Effect of Ingestion of Crude 0il Components
on Reproductive Success of Salmonid Fish

Conclusions from studies on trout reproduction were that Tong-term
dietary exposure of maturing male and female trout to large amounts of Prudhoe
Bay crude 0il had no significant effects on reproduction, as measured by hatch-
ing success and alevin (fry) survival. However, untested behavioral and
physiological aspects of natural salmonid fish reproduction such as homing,
mate selection, redd-building behavior, and territoriality may be factors in
poor reproductive success, resulting from petroleum exposure in the natural
environment.

Effect of Hydrocarbons on the Chemosensory
System of Coho Salmon

Electrophysiological data indicate that coho salmon detect monoaromatic
hydrocarbons at levels less than 1 ppm, and that receptor site response to
certain olfactory stimulants (amino acids) are not masked by these hydrocarbons
as a result of short-term exposure (10 min). There is a suggestion that aro-
matic fractions may have an irritant effect.

We conclude that salmon can detect certain petroleum hydrocarbons in water
at very low concentrations. If they avoid the hydrocarbons immediately it
appears there would be no marked detrimental effects to their olfactory acuity.
There is little behavioral information on avoidance of hydrocarbons by adult
salmon, however. The possibility exists that although salmon clearly detect

petroleum they may not avoid it, thereby causing olfactory damage.
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PATHOLOGY

Pathological Changes in Flatfish from Exposure
to Oil-Contaminated Sediment

English sole, exposed to Prudhoe Bay crude oil-contaminated sediment for
the first month of an anticipated exposure of at least 3-4 months, have not
exhibited gross pathological changes. There were blood changes observed
(increased hematocrits and hemoglobin concentrations) in fish on oil-contami-
nated sediment, compared to controls on non-oiled sediment. These changes are
consistent with a reaction to stress which has been reported for fish. We
conclude that one month's exposure to oiled sediment does not cause extensive
pathology of English sole.

Effect of Petroleum on Disease Resistance
in Coho Salmon

In other preliminary experiments, coho salmon which were exposed to
Prudhoe Bay crude o0il in diet or to SWSF, demonstrated no detectable difference
in disease resistance between oil-exposed fish and non-oil-exposed controls.
Because disease-inducing challenges were injections of pathogenic bacteria,
important external barriers to infection such as skin and mucus were bypassed

and were not evaluated.
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IX. NEEDS FOR FURTHER STUDY

GENERAL COMMENTS

Ultimate needs in studies to define effects on marine organisms from
arctic petroleum operations include studies in three major categories:
(1) impacts on physiological processes from fresh or weathered petroleum
components should be determined quantitatively; (2) critical environmental
parameters (e.g., temperature) which influence the above should be charac-
terized; and (3) impacts on the physiological processes should be related
to the viability of organisms and ecosystems as reflected in altered
behavior, growth and development, reproduction, and disease resistance of
various species in different trophic levels.

Virtually all the information available on the bioconversion of petro-
Teum in marine organisms is based on the hydrocarbons per se. A need now
exists to understand more about the impacts of weathered petroleum and of
bioconversion in marine organisms of the chemically or biologically trans-
formed products. Moreover, it should not be assumed that the low concentra-
tions of petroleum in oceans occur only as free or uncomplexed molecules.
Thus, it seems important to study possible physico-chemical interactions of
hydrocarbons and weathered products with macromolecules (e.g., proteins) and
evaluate the metabolic fate of such structures on marine life. In the quest
for a better understanding of the biological effects of petroleum on marine
organisms, very little has been accomplished in evaluating the extent to which
hydrocarbons and their metabolites are transported through the food web or the
impact of metabolic products on such fluxes. These matters warrant more
consideration.

As the next step in approaching the above needs, the following sections

suggest some specific investigations.
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BEHAVIOR

Field studies concerning the effect of petroleum hydrocarbons on avoidance
and disruption of salmon homing were conducted during a period of anomalous
weather conditions in the fall of 1976 (little precipitation and higher than
normal temperature). Since salmon homing behavior is closely associated with
rather specific temperature and precipitation patterns, the abnormal weather
may have affected salmon migration and, in turn, the experimental results.

These studies should be repeated with the same basic experimental design in
the fall of 1977 (FY 78).

The avoidance responses of highly mobile marine organisms to environmental
pollution may significantly reduce the impact of a pollutant on these organisms.
At present, there are very few reports concerning the detection and avoidance
of fishes to petroleum hydrocarbons and the thresholds at which escape responses
occur.

The importance of oil-contaminated sediments and the organisms associated
with sediments suggest that detection and avoidance behavior of flatfish species
indigenous to subarctic waters should be evaluated. Experimental design is as
follows: (1) through electrophysiological responses of the fishes' chemosensory
system, screen the general level of detection of petroleum hydrocarbon compo-
nents; and (2) with information gained from the above data, assess overt behav-
joral responses to determine threshold levels of hydrocarbons which promote
avoidance reactions. It is important, considering the habits of flatfish, to
assess behavioral reactions to petroleum-contaminated sediment.

Exposure of marine animals to sublethal concentrations of SWSF of crude
petroleum oils, which alter behavior patterns or response, may seriously jeop-
ardize the animal's ability to survive the rigors of the natural environment.

This could especially be true in marine areas of Alaska and the Northwest
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where 011 drilling, 0il transportation, and refining could result in chronic low-
level o0il contamination. This contamination may occur in inshore areas, where
large schools of migrating salmon fry that follow shorelines would be exposed.

If there is an effect (e.g., narcosis) on the ability of the fry to avoid preda-
tors, it could significantly decrease the survival of future stocks of these
fishes, since predation is one of the most important causes of mortality at sea.

Information on the effects of petroleum on the surface membranes of unfer-
tilized eggs is timely and needed in view of the purported damage to pelagic
fish eggs occurring as a result of the argo Merchant spill. We are now perform-
ing scanning electron microscopy on normal fish egg surfaces before and after
fertilization in order to delineate structural changes before initiating studies
of effects from exposing eggs to petroleum.

MORPHOLOGY

A great need for information concerning the structure of normal tissues
from different species of wild marine fish captured in uncontaminated waters is
evident in order to clearly define abnormalities.

Light and electron microscopy examinations of tissues from flatfish exposed
to oiled sediments has just begun in conjunction with the pathology program.
CHEMISTRY

The results obtained so far and other considerations suggest that future
work on the effects of petroleum on representative arctic and subarctic marine
organisms should include the following high-priority research activities:

(1) Studies on the biological impact of weathered petroleum (e.g.,
oxidized fraction).

(2) Further work to delineate the nature and extent of metabolite forma-

tion and retention in key tissues.
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(3) Studies with bottom-dwelling species on the accumulation and metabo-
1ism of petroleum from impregnated sediments.

(4) Further work on the influence of parameters, such as temperature, on
the accumulation and metabolism of aromatic hydrocarbons and weathered products.

(5) Studies to delineate the transport of hydrocarbons, weathered (oxi-
dized products) and metabolites in ecosystems.

(6) Studies on the accumulation and bioconversion of high molecular
weight petroleum components, to include polymeric fractions.

(7) Studies to determine the subcellular localization of aromatic hydro-
carbons in sites associated primarily with storage (e.g., 1lipid reserves), high
metabolic activity (e.g., microsomes) and cellular structure (membranes).

In the above activities emphasis should be placed on time-dependent
studies conducted in concert with physiology and other work related to OCSEAP
interest.

Studies from our laboratories have shown that epidermal mucus and skin of
salmonids and flatfish are involved to some degree in the accumulation and
excretion of lead and cadmium. Moreover, our preliminary studies on hydro-
carbons show that fish skin may be involved in metabolism and excretion of a
hydrocarbon (naphthalene). Because skin is the primary site of contact to
pollutants in water and sediments and also because skin plays a vital role in
defense and protective mechanisms in fish, future research should focus on the
role of skin and epidermal mucus in metabolism and excretion of various pol-
lutants, such as petroleum hydrocarbons and metals associated with oil opera-
tions. Further research needs include the following:

(1) Studies should be designed to determine the role of skin and mucus
in the assimilation, metabolism, and discharge of various petroleum hydrocarbons

under different conditions of exposure (e.g., through the water column, sediment,
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or diet). Several species of fish should be considered with special emphasis
on coho salmon and flatfish. Moreover, to understand the effect of various
hydrocarbons on the structure of fish skin, studies should be carried out on
aryl hydrocarbon hydroxylases, together with studies on the distribution and
characterization of hydrocarbon metabolites in the skin. Preliminary studies
of this type are in progress in our laboratories.

(2) Our results show that coho salmon exposed to waterborne lead and
cadmium for a period of two weeks produced significantly more epidermal mucus
than the control fish. It appears that short-term exposure to pollutants,
especially metals, results in increased mucus production; however, no informa-
tion on mucus production is available on long-term exposure to sublethal levels
of lead and cadmium. In flatfish (Dover sole) from Palos Verdes Shelf, a known
area of contamination (e.g., PCB's, Cd, Cr), fin erosion is accompanied by
reduction in epidermal mucus (Sherwood and Bendele, 1975). To understand possi-
ble relationships between the rate of production of epidermal mucus and condi-
tions such as fin erosion, studies on the rate of turnover of mucus in fish
exposed to various hydrocarbons and metals should be conducted. This can be
accomplished using simple radiotracer techniques reported in the literature.
Such techniques can be applied to the study of alterations in the rate of turn-
over of mucus in exposed fish.

(3) Our results show that salmonids and flatfish accumulate substantial

amounts of lead in the skin. Lead stored in salmonid skin is primarily

associated with the scales. Resorption of scales occurs in salmonids during

maturation for utilization of minerals for general metabolism and production
of sexual components (Wallin, 1957). This known process of mineral (calcium)
mobilization from scales raises questions about the biological consequences of

lead stored in scales on developing eggs and sperm. Studies should be conducted




to investigate transport of lead from the scales to eggs and sperm and the
effect of this lead on their viability. Also, information should be obtained
on physicochemical effects of metals on egg membranes, organ membranes, and
key enzyme systems (e.g., those regulating aromatic hydrocarbon metabolism).
Approximately three- to four-fold increases in activities of hepatic
xenobiotic metabolizing enzymes, including AHH, have been found for some fish,
which were acclimated at 5°C compared to the activities associated with fish
acclimated at 18°C (Dewaide, 1970). In addition, present knowledge Teads to
the conclusion that wide variations of the AHH activity is probable for individ-
uals from a single strain of marine organisms (Pedersen et al., 1976). Based
on the above information, investigations should be carried out to learn the
differences in AHH activities among different strains of different species.
The information from such work would tell us whether strains of fish exist that
are perhaps more capable of xenobiotic metabolism of petroleum aromatic com-
pounds than are other strains of the same species. Such information is impor-
tant for understanding the role of AHH in metabolism of petroleum hydrocarbons
in different marine species in the 0CS area.
PATHOLOGY

Experiments currently being conducted concerning pathological effects of

Tong-term exposure of flatfish to crude oil-contaminated sediments should be

continued with particular emphasis on the following:

(1) Using additional species of flatfish as experimental fish, i.e., rock
sole and starry flounder;

(2) Using younger experimental fish;

(3) Employing different concentrations of crude oil and sediment from
Alaskan beaches;

(4) Increasing the number of parameters monitored in experimental fish to

274




include (a) analyses for the nature and concentration of compounds (metabolites)
resulting from the metabolism of polynuclear aromatic hydrocarbons in tissue and
the enzymes involved, with particular emphasis on skin, and (b) tests concerned
with disease resistance, such as challenge experiments in which fish would be
exposed to an infectious bacterium (isolated from Alaskan waters) and their
response measured by percent survival, degree of immune response, and amount of
histopathological changes.

At present, English sole between the ages of one and two years are being
used as test fish. However, since reports in the literature show that skin
tumors in flatfish are initiated prior to six months of age (Wellings et al.,
1976), it would be important to study flatfish less than six months old in 0il-
contaminated sediment studies. English sole were selected as test fish because
they are ubiquitous along the West Coast of North America. Rock sole and
starry flounder are equally ubiquitous, and are found in greater numbers in
Alaskan waters. Therefore, the effects of oil-contaminated sediments on these
species should also be tested.

So far, preliminary experiments employing sediment collected near Seattle
and mixed with crude o0il have enabled us to determine the experimental param-
eters, apparatus, and analyses necessary for this type of test. We are now
ready to use sediment collected in Alaska in our experiments. These sediments
will be collected from beaches representative of those which have a high
probability of being contaminated by crude 0il spills. In addition, higher
concentrations of crude oil in sediment (within the levels reported in sedi-
ments associated with oil spills) should be tested.

Because preliminary oil-sediment experiments reported in this annual report
showed that flatfish skin took up about three times more aromatic hydrocarbons

than did muscle, a greater interest in the role of skin exposed to petroleum
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hydrocarbons is warranted. Additional justification for this type of study
comes from the fact that the most prevalent tumors in flatfish are skin tumors
(epidermal papillomas) (Wellings et al., 1976). For the polynuclear aromatic
hydrocarbons that are taken up by flatfish skin to be carcinogenic, they must
presumably be metabolized by aryl hydrocarbon hydroxylases (AHH) into electro-
philic metabolites (Kouri, 1976). It is proposed that analyses will therefore
be conducted which will measure the types and concentrations of metabolites
found in flatfish skin exposed to crude oil-contaminated sediments. Also, this
oil-exposed skin will be analyzed for AHH activity. If it is determined that a
clear correlation between skin pathology, hydrocarbon levels, and AHH activity
exists in fish, this should provide another method for predicting effects of
petroleum on fish health. That is, by monitoring AHH levels in skin (and per-
haps other tissues) along with hydrocarbon levels (polynuclear aromatics and
metabolites) in skin, a quantitative assignment of degree of risk of skin tumors
and other pathology (leading to a disability or death) may be assigned for vari-

ous fish species and populations.
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X. SUMMARY OF FOURTH QUARTER OPERATIONS
SHIP OR LABORATORY ACTIVITIES
Ship or Field Trip Schedule

Specimens of marine organisms were collected for baseline study of xeno-
biotic enzymes. Specimens were collected between January 25 and February 10,
1977, during a NOAA cruise of the Miller Freeman. The specimens are expected
to remain aboard the ship until arrival at Seattle on June 16, 1977.

Pot fishing in Port Susan area of Puget Sound, WA, for ovigerous shrimp
(Pandalus platyceros and Pandalus danae) was carried out aboard the RrR.v. guest
(NOAA) between January 12 and February 18, 1977. The shrimp were for research
on behavioral responses to petroleum.

A11 other activities in the reported study were carried out at the NWAFC,
Seattle, and the Mukilteo facility of NWAFC.

Scientific Party

The scientific party consists of scientists and technical personnel in
five major study areas. The overall supervision of the research is carried out
by Dr. Donald C. Malins, P.I., Director of Environmental Conservation (EC)
Division, NWAFC, Seattle, WA. The scientific party also consists of the follow-
ing persons from the EC Division, NWAFC:

Behavior
Douglas D. Weber, M.S., Fishery Research Biologist; role of principal
investigator in charge of salmon homing studies with petroleum
and chemosensory studies.

Herbert R. Sanborn, M.S., Oceanographer; role of investigator of effects

of petroleum on feeding behavior of shrimp.

Fred Johnson, M.S., Fishery Research Biologist; part-time assistant to

Douglas Weber.
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Steve Miller, B.S., Fishery Research Biologist; part-time assistant to
Douglas Weber.
Morphology
Dr. Joyce W. Hawkes, Fishery Research Biologist; role of principal electron
microscopist and investigator in charge of morphological studies.
Carla Stehr, Biological Aide; part-time assistant to Dr. Joyce Hawkes.
Suzyann Gazarek, Biological Aide; part-time assistant to Dr. Joyce Hawkes.
Chemistry
Neva L. Karrick, M.S., Supervisory Research Chemist; Assistant Director,
EC Division.
Dr. Edward H. Gruger, Jr., Research Chemist; role of principal investigator
in charge of baseline data of enzymes mediating bioconversions of

petroleum hydrocarbons; coordinator of analytical chemistry between

study groups and NOAA National Analytical Facility (NNAF).

Dr. William T. Roubal, Research Chemist; role of investigator responsible
for work on biotransformations of petroleum hydrocarbons

Dr. William L. Reichert, Research Chemist; role of investigator responsible
for work on biochemical interactions of trace metal compounds in fish.

Dr. Usha Varanasi, Research Chemist; role of investigator responsible for
work on trace metal concentrations in fish skin and mucus.

Dr. William D. MaclLeod, Manager, HNAF; in charge of analytical services to
the study.

Donald Brown, Assistant Manager, NNAF; role of supervisor in charge of
analytical services to the study.

Victor Henry, Chemist; laboratory assistant in NNAF; isolation and recovery
of petroleum hydrocarbons for analyses.

Donald D. Dungan, Chemist; assistant to Dr. Edward Gruger; enzyme work.




John S. Finley, Physical Science Technician; analytical assistant to
principal investigators.
David A. Federighi, Chemist; assistant to Dr. William Reichert.
Dennis Gmur, Chemist; assistant to Dr. Usha Varanasi.
Daniel P. Lazuran, Chemist; assistant to Dr. William Roubal.
Physiology
Dr. Harold 0. Hodgins, Fishery Research Biologist; principal investic
in charge of physiological studies and pathology (below).
William D. Gronlund, Fishery Research Biologist; assistant to
Dr. Harold Hodgins for studies on effects of crude oil on
reproduction of salmonids.
Pathology
Dr. Bruce M. McCain, Microbiologist; part-time investigator in charge
work on petroleum in sediments and their effect on flatfish patho
co-investigator with Dr. Harold Hodgins.
Mark Myers, Fishery Research Biologist; part-time assistant to
Dr. Bruce McCain.
Kate King, Fishery Research Biologist; part-time assistant to Dr. Mci
Linda Rhodes, Biological Aide; part-time assistant to Dr. McCain.
Ellen Warinsky, Biological Aide; part-time assistant to Dr. Harold H
Methods
The research is conducted through laboratory studies and generally r
through field sampling. A1l methods with one exception have been definec
previous reports and results obtained this quarter are -included in the o\

research given in the present annual report. The methods not previously

reported are as follows:
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Behavior
Pot fishing of shrimp was carried out on Puget Sound.

Chemistry

Biotransformation of petroleum hydrocarbons. Studies are presently under-

way to determine the extent of incorporation of alkylated naphthalenes of crude
oil into salmon and flounder. These naphthalenes are retained in fish tissues
longer and/or are metabolized slower than other hydrocarbons such as benzene and
toluene. In addition, data on identification of metabolites of these compounds
and their quantitation in salmon and flounder are being sought. In this regard,
a six-week exposure study with coho salmon is nearing completion. The fish are
being exposed to 2.3 ppb of 1-methylnaphthalene under flow-through conditions.
Fish are collected weekly and analyzed for hydrocarbon incorporation into gills,
liver, and muscle.
Sample Localities and Ship Tracklines

The specimens of marine organisms for the baseline study of AHH activities
were taken in the area northeast of Kodiak, i.e., 57°30'-58°-30" N lat. x 149°-
152° W Tong. Collection was made aboard the Miller Freeman, during January 25

to February 10, 1977.

Samples of ovigerous shrimp were collected in Port Susan area of Puget

Sound, Washington, for use in laboratory tests of exposures to naphthalenes.
Data Collected and Analyzed
No samples were analyzed for studies related to baseline data. A1l studies
were in the laboratory.
Laboratory samples analyzed by NNAF for all activities were as follows:
Hydrocarbons in water, 8 samples
Hydrocarbons in sediments, 2 samples

Hydrocarbons in biological tissues, 60 samples




In addition, 20 samples of water were extracted and analyzed for hydro-
carbons as part of a cooperative activity with NNAF to establish acceptable
protocols for quantifying different classes of polycyclic aromatic hydro-
carbons in seawater, including study of composition of solvent for extraction,
volume ratio of seawater to solvent, and extraction time and frequency for
solvent-water mixing.

Milestone Chart and Data Submission Schedules

The complete chart of milestones and activities is presented in Section XI
of this report. Principal adjustments to the chart have been made, as follows:
Under part A, activity 9, the studies of coho salmon with petroleum hydrocarbons
in a water column at 10°C are completed; similar studies with starry flounder
began in March and should be completed in May 1977. Work at 10°C for both
species with ingestion studies began in February and should end in April. The
4°C work schedule is unchanged.

Under part A, activity 10, the ingestion studies are behind schedule,
because radiotracers required special syntheses and we are awaiting their
arrival from manufacturer. Progress, instead, was made in developing improved
capability with NNAF cooperation to separate and identify naphthalene metabo-
lites by high-performance 1iquid chromatography.

Under part C, activity 1, assay work is behind schedule, because of what
was an accidental change in temperature of a freezer in which collected samples
were stored during transit from Alaska to Seattle. A new series of samples
were obtained on a second NOAA cruise, which had to be from a different study
area. The latter replacement samples will still serve the scientific intent
and value for gathering initial baseline AHH activity data from different spe-

cies. The number of different species has been reduced to 9 with 115 samples.
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Under part C, activity 2, the initial dose-response studies on AHH in fish
(e.g., coho salmon) exposed to Prudhoe Bay o0il in feed is partly finished, but
other research precludes further work of this kind (cf., discussion on Problems
Encountered, below). This activity is redirected to involve single food expo-
sures of Prudhoe Bay crude o0il to different species to assess whether AHH, if
present, is induced, inhibited, or not affected by the oil. This change is
scientifically justified at this time. The Tatter work is added as activity 3
of part C in chart.

PROBLEMS ENCOUNTERED

During the past year there have been numerous bottlenecks in conducting
experiments with SWSF of crude o0il since only a single flow-through seawater
system with Timited capacity was available for use. Moreover, it has been
necessary to curtail the use of the system with crude 0il because of present
requirements for which model compounds of petroleum are being used. Presently,
a second flow-through system is under construction that should alleviate the
work congestion and allow the planned experiments to be completed within the
time allotted by the current contract.

Disease has particularly plagued studies of assessing the effect of petro-
leum hydrocarbons on morphology and development of larval spot shrimp. During
early months of the contract, over 90% mortality occurred at stages II and III,
and the marine bacterium, Vibrio parahaemolyticus, biotype alginolyticus, was
repeatedly identified. Further experiments are being conducted to determine
measures necessary to control the disease if it reappears in future experiments.

Base data concerning the concentrations of WSF as determined by gas chroma- .
tography have been reanalyzed. Consequently, there are some changes in the lev-

els of exposure in the behavioral studies upon comparison of the annual report

with previous quarterly reports. All changes in WSF concentrations are minor,




and do not significantly modify the results or conclusions of the experiments.
The study for baseline data on AHH activity for various phyla of the
Norton Sound/Chukchi Sea area has been redirected to phyla from an area north-
east of Kodiak, Alaska. The area for collection of samples was changed to
take advantage of an available NOAA cruise to Alaskan waters, so as to keep our
obligation to examine different phyla. In addition, our present understanding
of the high variability of AHH activities among individual cohorts precludes
the value of dose-response studies of various species; however, greater value
instead could derive from studies of AHH response for different species exposed
to a sing]é concentration of petroleum to learn whether the AHH is inhibited,
induced, or not affected at all. The above compromises are in the best
interests of OCS petroleum development plans and, by comparison to original
objectives, should Tead to information of equal importance to the purpose of
the study.
ESTIMATE OF FUNDS EXPENDED

Budget:
Total direct funds available $289.5K
NOAA overhead 68.7
DOC overhead 1.8

Total funds: $360.0K

Expenditure of Funds:

Total direct funds available $289.5K
Funds expended:a
Salaries 57.7
Supplies, travel, services,
equipment, etc. 33.3
Total expenditures: 91.0K
Funds Remaining: $198.5K

a Estimated funds spent between October 1, 1976
and March 31, 1977.
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XI. ACTIVITIES SCHEDULE AND MILESTONES

ACTIVITIES FY 1977
1 2 3 4
Oct. Jan. Apr. July

A. Exposure of salmon, flatfish, and shellfish
to petroleum and fractions:

1. Effects of Prudhoe Bay 0il ingestion on
maturation and reproduction of salmonids

2. Effects of crude o0il ingestion and WSF
exposure in cellular structure of internal
organs, mucus cells, skin of fish and
shellfish

3. Chemoreception: WSF effects on avoidance
(parastichopus), feeding and cleaning
(PandaTus)

4. WSF effects on homing of coho sa]mpn

5. WSF effects on salmon chemoreception
(electrophysiology)

€L

7. WSF effects on gamete viability, meta-
morphasis, and settling of Mytilus and
Protothaca

8. WSF and hatching success, molting, growth
of Pandalus platyceros with histological
examination and metabolism of larval
forms

|
1
P
r
L
l
L
r
-
L
f
6. Morphology of crustacean chemoreceptors }—*————~———~—1
-
|
[

9. Determine uptake, metabolism and release
of P H mixtures (labeled and unlabeled) by
coho salmon and starry flounder

1) 10°C: a) Ingestion; b) Water column P

2) 4°C: a) Ingestion; b) Water column F——

10. Determine uptake, depuration, accumulation,
metabolites, sites of entry and concentration
of tritium labeled naphthalene by larval
forms of Pandalus platyceros, Mytilus, and

Protothaca F——‘“—‘%

11. Uptake and discharge of petroleum hydro-
carbons in mucus and skin of coho salmon

and starry flounder at 10°C ————
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12. Histopathological effects on flatfish
exposed to oil-contaminated sediments

13. Effects of crude 0il and WSF on disease
resistance

14. Chemical analysis of coho salmon exposed
to Prudhoe Bay oil in the feed

B. Trace Metals:

1. Accumulation, metabolism, and discharge
of metals in coho salmon and starry
flounder exposed simultaneously to Cd/Pb

2. Accumulation, metabolism, and discharge
of metals in coho salmon (10°C) fed PB
and Cd dissolved in Prudhoe Bay oil

3. Determine effects of Pb/Cd on coho salmon
and flatfish at 4° and 10°C

1) Uptake and discharge in epidermal mucus
and skin ‘

2) Alterations in physical and chemical
properties of mucus and skin

C. Activities of detoxifying enzymes in biota
from Norton Sound and Chukchi Bay

1. AHH activities in different marine
phyla; assay work

2. Initial dose-response studies on effects
of 011 on AHH activities

3. AHH activities in different phyla
affected by petroleum 0il in feed

MILESTONES
Manuscripts
Presentations at meetings

Final report
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Academic Press, New York, In press (1977).
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p. 411-76. Academic Press, New York, In press (1977).
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Organisms (D.C. Malins, ed.), Vol. I, p. 91-223. Academic Press, New
York, In press (1977).
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(R7120818), November 1976.
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marine organisms. In: Effects of Petroleum on Arctic and Subarctic
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Academic Press, New York, In press (1977).

Hawkes, J.W. Morphological effects of hydrocarbon exposure. In: Proceedings
of Symposium on Fate and Effects of Petroleum Hydrocarbons in Marine
Ecosystems and Organisms (D. Wolfe, ed.). Pergamon Press, New York, In
press (1977).

Hawkes, J.W. The effects of petroleum hydrocarbons on the structure of fish
tissues. In: Proceedings of symposium on Fate and Effects of Petroleum
Hydrocarbons in Marine Ecosystems and Organisms (D. Wolfe, ed.). Pergamon
Press, New York, In press (1977).

Hodgins, H.0. and J.W. Hawkes. Pathology of arctic and subarctic marine
species and exposure to trace metals associated with petroleum. OCSEAP
Final Report RU 75 (R7120818), November 1976.

Hodgins, H.0., B.B. McCain, and J.W. Hawkes. Marine fish and invertebrate
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In: Effects of Petroleum on Arctic and Subarctic Marine Environments
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Johnson, F.G. Sublethal biological effects of petroleum hydrocarbon exposures:
Bacteria, algae, and invertebrates. In: Effects of Petroleum on Arctic
and Subarctic Marine Environments and Organisms (D.C. Malins, ed.), Vol. II,
p. 271-318. Academic Press, New York, In press (1977).

Karrick, N.L. Alterations in petroleum resulting from physico-chemical and
microbiological factors. In: Effects of Petroleum on Arctic and Subarctic
Marine Environments and Organisms (D.C. Malins, ed.), Vol. I, p. 225-99.
Academic Press, New York, In press (1977).

MacLeod, W.D., D.W. Brown, R.G. Jenkins, L.S. Ramos, and V.D. Henry. A pilot
study on the design of a petroleum hydrocarbon baseline investigation for
Northern Puget Sound and Strait of Juan de Fuca. NOAA Technical
Memorandum ERL MESA-8 Marine Ecosystems Analysis Program Office, Boulder,
Colorado, November 1976.

Malins, D.C. Biotransformations of petroleum hydrocarbons in marine organisms
indigenous to the arctic and subarctic. 1In: Proceedings of Symposium on
Fate and Effects of Petroleum Hydrocarbons in Marine Ecosystems and
Organisms (D. Wolfe, ed.). Pergamon Press, New York, In press (1977).

Malins, D.C. The fate of aromatic hydrocarbons in marine organisms. Proc.
N.Y. Acad. Sci., In press (1977).

McCain, B.B., S.R. Wellings, and R.S. Miller. Fin erosion disease of starry
flounder. J. Fish. Res. Board Can. 33:2571-86 (1976).

Patten, B.J. Sublethal biological effects of petroleum hydrocarbon exposures:
Fish. 1In: Effects of Petroleum on Arctic and Subarctic Marine Environ-
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Press, New York, In press (1977).

Reichert, W.R. Behavioral and physiological effects induced by sublethal
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Roubal, W.T., T.K. Collier, and D.C. Malins. Metabolism of aromatic hydro-
carbons in coho salmon. Fed. Proc. 35(7):1785 (1976).

Roubal, W.T., T.K. Collier, and D.C. Malins. Accumulation and metabolism of
carbon-14 labeled benzene, naphthalene, and anthracene by young coho
salmon. Arch. Environ. Contam. Toxicol., In press (1977).

Roubal, W.T., D. Bovee, T.K. Collier, and S.I. Stranahan. Flow-through system
for chronic exposure of aquatic organisms to seawater-soluble hydrocarbons
from crude oil: Construction and applications. 1In: Proceedings of 1977
0i1 Spill Conference (Prevention, Behavior, Control, Cleanup), p. 551-5.
American Petroleum Institute, Washington, D.C.

Sanborn, H.R. Effects of petroleum on ecosystems. In: Effects of Petroleum
cn Arctic and Subarctic Marine Environments and Organisms (D.C. Malins,
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Sanborn, H.R. and D.C. Malins. Toxicity and metabolism of naphthalene: A
study with marine larval invertebrates. Proc. Soc. Exper. Biol. Med.
154:151-5.

Varanasi, U. and D.C. Malins. Metabolism of trace metals: Bioaccumulation
and biotransformation in marine organisms. OCSEAP Final Report RU 75
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Arctic and Subarctic Marine Environments and Organisms (D.C. Malins, ed.),
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"1. Summary of objectives, conclusions and implications with respect to
0CS 0il1 and gas development
A complete ecosystem model is a highly desirable tool to determine the
possible effects of o0il exploration in relation to natural changes such as
seasonal énd secular cycles, or aperiodic changes such as environmental
anomalies, prolonged storms and extended ice cover. These evaluations can
be made through the use of a complete ecosystem model by posing proper
questions and introducing appropriate magnitudes of events. In addition,
the effects of o0il spills as well as subsequent advection of pollutants can
be introduced into the model and mortality factors or the effects of
avoidance of the contaminated area by mobile organisms can be estimated.
Furthermore, the effects of the mortality of specific organisms on the
remaining biomass can also be estimated.
IT. Introduction
There is an obvious need for multispecies analyses of living marine
resources. Such analyses require among other things, new modeling techniques
for ecosystem models, which have not been developed in the past and there-
fore must be designed, tested and evaluated concurrently with the model
design, programming and testing.
A. General nature and scope of study
The purpose of this RU is to investigate the nature, size, complex-
ity and feasibility of a multi-component, dynamic, numerical ecosystem model
for the eastern Bering SEa and to construct a functional model permitting
useful and reliable assessments of fluctuations in the eastern Bering Sea
biomass.
B. Specific objectives
The model is expected to demonstrate the interdependence of major

biological components and to assess the effects of physical-chemical factors
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that do or could alter the existing biological interdependencies.

C. Relevance to problems of petroleum development

Attainment of stated objectives will permit assessing cause and

effect changes on the biota as a result of favorable or unfavorable environ-
mental conditions, and man's fishing activities, in contrast to changes that
may be induced as a result of normal petroleum development or catastrophic
accidents,
ITII. Current state of knowledge

A report (Laevastu, T., F. Favorite and W. B. McAlister - A dynamic
numerical marine ecosystem model for evaluation of marine resources in
eastern Bering Sea. NWAFC Proc. Report, September, 1976, 66 pp + 36 pp
append.) containing the results and conclusions of the first year's work on
RU 77 was submitted by September 30, 1976. It was fully demonstrated with
an 8-component Dynamic Numerical Marine Ecosystem Model for the eastern
Bering Sea (DYNUMES) that a numerical ecosystem model could fulfill the
optimistic expectations, established at the start of the project, in that
such models can be used for quantitative evaluation of most of the possible
effects of offshore 0il developments on the marine ecosystem and its comp-
onents, as well as for condensed accumulation of quantitative knowledge of
marine ecosystems.

The FY 77 continuation of the RU 77 was not renewed until near the end
of 1976, and then only with half of the funds requested to program, operate
and document a considerably expanded and more complete (25 component) marine
ecosystem model for the eastern Bering Sea. During the period that renewal
of the project was uncertain, the model was adapted for urgently needed
quantitative evaluation of the dynamics of exploited marine resources.

This activity was funded by NMFS. Two reports that resulted from this

activity, and which were forwarded also to OCSEAP as part of the Quarterly
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Report ending December 31, 1976 are: (1) Laevastu, T., and F, Favorite -
Dynamics of pollock and herring biomasses in the eastern Bering Sea, NWAFC
Proc. Report, November 1976, 50 pp; (2) Laevastu, T., and F. Favorite -
Evaluation of standing stocks of marine resources in the eastern Bering
Sea, NWAFC Proc. Report, October 1976, 35 pp.
IV, Study area

The present study area encompasses the eastern Bering Sea from long.
180° to the west Alaska coast northward of the Alaska peninsula and
Aleutian Islands to approximately lat, 650N (Figure 1). Thus, it includes
the Bristol Bay, St. George and Navarin Basins, as well as Norton Sound,
The area can be enlarged to include the Chukchi Sea or reduced to encom-
pass only individual basins.
V. Source, methods and rationale of data collections

No field data are collected. Model input data are obtained from the
literature and from various unpublished sources.
VI. Results

For the first quarter of 1977 the DYNUMES model was reprogrammed and
extended to include 25 major components of the marine ecosystem. The
program is now of considerable size, so that locally available computers
(CDC 6400 and CYBER 73) are at times used to capacity. The model is
being quantitatively tuned (adjusted). No "production" runs have been
made within the complete model, therefore no detailed results can be
reported at this time. Preliminary results, however, show that most of
the qualitative and quantitative dynamics of the marine ecosystem (e.q.
the interactions between species, between species and environment, and
the effects of man's actions on the species and ecosystem as a total)

can now be studied and quantified.
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The 25 major components incorporated in the existing model are: (a)
Mammals: fur seal, sea lion, bearded seal, harbor seal, ring and ribbon
seals, walrus, baleen whales, toothed whales; (b) Birds: shearwater, murre,
and other marine birds; (c) Fish: yellowfin sole, other flatfish, other
demersal fish, pollock - 3 size groups, other gadids, herring, other
pelagic fish, squids; (d) Benthos; (e) Plankton: euphausids, copepods,
phytoplankton.

VII. Discussion

Most of the modeling approaches and techniques used in our dynamic
four-diminsional ecosystem model are new in biological modeling. The con-
ventionally used two-dimensional modeling, starting either with nutrients
and/or phytoplankton has not lead to any useful results in the past. Our
model starts from the opposite end of the food web, i.e. with mammals and
birds. The model uses the accumulated knowledge on marine ecology in
direct form, and interactions can be quite different from one group of
species and/or processes to another. It has become increasingly apparent
that although logical results are obtained, these are essentially new con-
cepts and there is a need for extended field studies to demonstrate the
validity of model results before one can expect a universal acceptance.
Furthermore, we must document the model, its flexibility and sensitivity
in greater detail in forthcoming technical reports.

VIII. Conclusions

Our DYNUMES model for the eastern Bering Sea has demonstrated its
utility in quantitative simulation of procésses in the totql marine
ecosystem and in assessment of the impacts of man's activity (e.g. off-
shore 01l development, fisheries, etc.) on the marine ecosystem and its

components,
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Among numerous tentative conclusions, the following, based on existing
data and techniques, demonstrate the eventual utility of model results:

1. The marine ecosystem has no real stability, but most of the com-
ponents fluctuate around specific local long-term means.

2. There are natural, quasi-cyclic changes in the ecosystem. For
example, the biomass of the pollock in the eastern Bering Sea has a ca 12
year period of fluctuation, whereby the quantitative relations between
Towest and highest biomasses during this period is ca 1:3. These quasi-
cyclic changes are caused by cannibalism found in older pollock,

3. Relatively intensive fishery on poliock removes larger, older (and
cannibalistic) fish and may be beneficial in keeping up higher standing
crop of pollock.

4., The consumption of fish by mammals in the eastern Bering Sea
appears higher than the total commercial catch,

5. The availability of food is a limiting factor on nearly all levels
in the ecosystem and starvation may be common.

6. Available, past quantitative data on the standing stocks of zoo-
plankton appears far too low; apparently present sampling methods do not
capture euphausids quantitatively.

7. Very little information is available on the bulk of the biomass
(<50%) of most fish species, the prefishery juveniles.

8. Ecosystem internal consumption appears nearly an order of magni-
tude higher than the total commercial catch.

IX. Needs for further study

Except for further sub-divisions (or expansion) of the benthos sub-
model, we anticipate that the model scheduled for completion this fall will
be adequate for evaluation of effects of increased or decreased fishing

effort or shifts in areas of exploitation of present fisheries. However,
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before we have an adequate ecosystem model that will account for environ-
mental changes (e.g. variability in the extent of ice cover and subsequent
shifts in the location of temperature regimes) on the displacement of
stocks and subsequent interactions (crowding or dispersal) it will be
necessary to incorporate a functional hydrodynamical-numerical (H-N) model
with the present predominantly biomass data. We have several options - we
can devise our own H-N model, incorporate one under development through
OCSEAP funding (Rand Corporation or Galt models), or develop an optimized
model incorporating the best attributes of all of the above. In order to
accomplish this, funding for RU-77 for 1978 must be restored to $100 K.
The attached report (Laevastu, T., and F. Favorite - Summary review of
Dynamical Numerical Marine Ecosystem Model, In: Proceedings of the KMFS/
0DS workshor on climate and fisheries, April 26-29, 1976, Washington, D.C.,
October 1976) indicates some of the techniques tc be incorporated.
X. Summary of fourth quarter activities
A. Ship or laboratory activities
1. Ship or field trip schedule
N/A
2. Laboratory studies
F. Favorite - N/C
T. Laevastu - design of model, reprogramming, tuning (part-time)
K. Larson - data processing (part-time)
3. Methods
N/A
4, Sample localities/ship or aircraft tracklines

N/A
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5. Data collected or analyzed
N/A
6. Milestone chart and data submission schedules

a. See Figure 2. All activitiés are on schedule up to this
period.

b. From this point on we will attempt to keep pace with the
milestone chart using NMFS support where possible. Any slippage will be
because the original milestone chart (approved NWAFC, May 28, 1976) was
based on $100 K funding and OCSEAP has up to this point allocated only
$50 K to this RU.

B. Problems encountered/recommended changes
None except in (b) above
C. Estimate of funds expended

$25 K
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Figure 2  Milestone chart
1976 1977
Menth 10 11 12 123456789

(A) 1. Flow diagrams, restrained
functions, synthesis and
quantification of input

data, display subroutines X e e X

(A) 2. Programming and debugging
of submodels ) e U T T X

(A) 3., Mammal submodel X

(A) 4. Bird submodel X

(A) 5. Fish submodel X

(A) 6. Plankton submodel X

(A) 7. Benthos submodel X

(M/S) 8. First test of total systems QD

mode]

(A) 9. Tuning, evaluation, alter-
ations. Documentation of
model X-X

(M/S) 10. Computation and display of

equilibrium ecosystem.
Narrative report. (:)
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SUMMARY REVIEW OF
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INTRODUCTION
Environmental Changes as Dynamic Forces in a Marine Ecosystem

Numcrous studies show that changes in the marine environment, such as year-
to-year anomalies or long-term changes of temperaturc in surface layers, have
profound effects on marine ecosystems in higher latitudes. These especially
affect the abundance and distribution of some exploited species (fish) which
occur in abundance necar their natural environmental boundaries (e.g., tempera-
ture boundaries). For a sound management of marine resources, it 1s necessary
to account for both the effect of man and the effects of environmental changes,
and to cvaluate qualitatively each effect and its interactive fcedback to the
othcr. Furthermore, it has been fully recognized that marine ecoSystems arc
not static, but highly dynamic. For cxample, a change in one component of the
system can cause a chain reaction and influence scveral other components; also
a niche in the system vacated by a decrcasc of population of one species can
be occupied by another species. The marine ecosystem is internally highly
competitive with respect to food resources and ''living space." Thus, to under-
stand and manage this system, it 1s necessary to design a system model complete
with all of its intricate intcractions.

To illustrate some of the introductory statements, especially with respect
to the effects of environment on various components of a marine ccosystem, we
cite the cxample of the slight warming of Greenland's coastal waters in the
1940's. The occurrence of greater quantitics of cod in these waters coincided
with this warming. Similarly, a decreasc of the cod abundance coincided with
the long-term cooling of Greenland water in the 1960's. This cxample has
been thoroughly studied and documented, particularly by the latc Danish fish-
eries biologist Wedell-Taning. Cod in Greenland waters occurs ncar its
natural cnvironmental distribution boundary, which is determined by tempera-
ture. Thus, any relatively small, long-term temperature change ncar such
distributional boundaries cen have pronounced effects on the occurrence and
abundance of cod or other similarly rcacting species. Another case of long--
term change of abundance of a species, which might have been caused by a com-
bination of intensive fishery intervention and the ceffect of unfavorable
environment during and after spawning, is the case of the California sardine.
These influences resulted in a succession of bad year classes, as cxplained
by Murphy and others. In this case, the niche vacated by sardine was occupiea
by anchovy--an ccologically similar specics.
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Figures 1 and 2 give cxamples of the effects of year-to-year local environ-
mental anomalies for cod and haddock. Optimum temperaturce for spawning of
Icclandic cod is 3 to 5°C (fig. 1). If there is a positive temperature
anomaly on the spawning grounds during the spawning scason, the spawning area
may be displaced into decper, cooler layers, which are found usually at the
continental slope. First, this displacement affects the fishery because the
fish might be aggregating too deep to be accessible to conventionally used
gear or the ground on the slope might be rough, hence unsuitable for trawling
operations. Sccond, the fish might spawn in a rclatively limited area
{(because of the limited area on the slope between optimum isotherms). The
result might be a poor year class because of excessive consumption of eggs by
predators or unfavorable drift of the hatched larvae into arcas where proper
food is unavailable. The latter aspect of larval drift from spawning grounds
displaced because of temperature anomalies is illustrated on figure 2 with
Georges Bank haddock. 1In this case, a poor ycar class results as a greater
portion of the larvae are carried away during a cold anomaly year by the
strong, warm Gulf Stream, which is characteristically low in food organisms
for these larvae.

Conditions in the eastern Bering Sea are, in several aspects, similar to
those depicted in figures 1 and 2, except instead of cod and haddock the main
commercially important gadid species is pollock. Furthermore, the eastern
Bering Sea has a wide continental shelf with a relatively steep contincntal
slope to the west. This slope is a productive area, partly because of inten-
sive mixing of the water by a narrow, strong northward current. Several fish
species have thelr spawning grounds at the southwestern part of the eastern
Bering Sea continental shelf, and eggs and larvae are carried along the slope
and over the shelf into productive waters during the summer.

Our main purpose is to present a brief description of the ecosystem model
of the eastern Bering Sea under development at Northwest Fisheries Center in
Seattle. Some specific components accounting for environmental effects in a
complete dynamic numerical marine ecosystem model are described later in this
paper. Some aspects of the local marine ecosystems and environment interac-
tions make the eastern Bering Sea area suitable for testing a complete
dynamic ecosystem model for studying variable environmental effects. First,
this area contains the northern environmental tolerance boundary of many com-
mercially exploited fish species. This '"boundary," which varies seasonally,
year to year, and over longer periods, affects the distribution and abundance
of species in this area. Furthermore, intensive fishing and planned offshore
oil exploration 'in the area might affect parts of the ecosystem. The abun-
dance of fish in the Bering Sea supports an abundance of marine mammals that
compete with man for the living marine resources. In fact, marine mammals
consume more fish in the Bering Sea than are currently caught commercially,
even though most commercial species scem to be already ncarly overfished.

An initial submodel of some species of marine mammals (fur seal and bearded
seal) and birds (shearwater and murres) and their principal food items
(pollock, herring, and macroplankton) is in advanced state of programming.
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Definition of a Dynamic Marine Ecosystem Model

A dynamic marine ccosystem model permits simulation of the statics and
dynamics of standing crops of various species and groups of species (i.c.,
abundance and distribution) in space and time as affected by interspecies
interactions, such as predation, environmental factors such as temperaturc
and currents, and the activities of man, such as fishing. Figures 3, A, B,
and C show schematically the concept and basic components of the model, which
consists of five basic groups of components. First, there arc the static
components--the grid net, depth of water, and type of bottom--which are pre-
scribed and do not change during computation. Second, there is a group of
components consisting of dynamic environmental factors, which are either ex-
tracted from other environmental analysis or forecasting models or computed
with special subroutines in an ecosystem model. Lxamples are mean temperature
for a given period and its anomalies, and currents caused by components such
as wind and thermohaline components. Third, therc is a group of a relatively
large number of various biological components, which are nearly all dynamic,
as is the case with living organisms in general. The model must be initialized
with the best available data on standing crops of essential components such
as benthos, macroplankton, and some fish by prescribing their spatial distri-
butions and temporal variaticns. The best available information on trophic
relationships (composition of food), feeding rates and other interspecies
interactions must be introduced into the model in a time and space variable
manner. Information on mobility of different components, such as seasonal
migrations, must also be given as initial conditions. And finally, the sensi-
‘tivity to environment or optimum environmental requirements for the various
components must be prescribed in numerical form. Fourth, there is a group of
components consisting of factors dependent on man, such as catch and fishing
mortality. And, fifth, one of the basic characteristics of dynamic ecosystenm
models is the existence of interconnected computational loops, or ''fcedback
channels," which allow searching for iterative solutions if, when, and where
changes of factors and interactions which affect the changes of other processes
and quantities are introduced.

OBJECTIVES OF NUMERICAL MODELING OF A MARINE ECOSYSTEM
AND THE PROSPECTIVE APPLICATIONS OF THIS MODEL

The main objectives of any numerical modeling scheme of the marine ecosystem
are connected with its prospective use in solving practical as well as scien-
tific problems (fig. 4). These objectives are: (1) Evaluation of the effects
of exploitation to achieve optimum management of marine resources; (2) evalu-
ation of the effects of environmental changes, such as climate changes, and
short and medium range anomalies, on the exploitable resources and on the
marine ecosystem at large, and quantitative comparison of man-made and cnviron-
ment-caused changes in this system; (3) reduction of all quantitative and
descriptive data into easily accessible and reviewable form; and (4) determina-
tion of additional research needs and priorities.
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SOME BASIC PRINCIPLES OF THE MODEL AND ITS INPUTS AND OUTPUTS

The initial formulation is essentially a time-dependent, two-dimensional
model; the third dimension, i.e., depth distribution of species, temperature,
and currents, etc., applies implicitly in some parts of the model. A basic,
two-dimensional grid for eastern Bering Sea model (fig. 5) is an equal-area
quadratic grid on a polar stereographic projecction. Conversion bectween geo-
graphic and grid coordinates and the map factor are provided with the program
in FORTRAN (appendix A).

The size of the basic grid is determined by the economy of the computer
core and time requirements or availability. However, it is often necessary
to look at the distributions and dynamics of a given species at a given loca-
tion (e.g., on spawning grounds) in much greater detail than the relatively
coarse basic grid allows. For this purpose, a zooming technique is provided
in the model, and detailed computations are carried out in fine grid inserts
by special instructions for which the boundary and initial values are obtained
from a large scale model and its subroutines. The fine mesh computation will
also use a shorter time step than the large scale model. Figure 6 shows a
hypothetical approach of a fine mesh (zoomed) computation principle and out-
puts of a time-dependent distribution of a species on the spawning ground as
affected by a near-bottom temperature anomaly. Zoomed approaches have scien-
tific and model-improving (tuning) as well as practical applications. They
permit modeling and consequent verification of rescarch planning of the small
and mesoscale effects of environmental changes, determining the consequences
of a displaced (and delayed) spawning, and formulating detailed prognostica-
tions of the location and timing of fish aggregations for use in management
decisions.

To obtain realistic results, any model requires an initial extensive input
of knowledge and data. This is well illustrated by Laplace, who stated, in
effect, '""Given the location and state of all particles in the universe and
given all the forces acting upon these particles, a super-intelligence can
compute all the past history and all the future of the universe.' The impli-
cation is that one can start a dynamic model from an initial state (of assumed
rest) and, applying the known forces, derive a dynamic state for any time
period. In fact this is done with some dynamic environmental models in ocean-
ography and meteorology. However, in an essentially biological model this
type of approach (initialization) is not possible. Certain model inputs must
be as accurate as possible, but other quantities and distributions can be
computed, derived quantities. There is no difficulty in obtaining static
input parameters for the model, such as depth; and the dynamic environmental
input parameters are obtained mainly from separate environmental analysis or
forccasting models. However, subroutines are provided in the ecosystem model
for input of some environmental data (e.g. in form of anomalies), obtained
either as observational data at a few points or as test and research modes to
study the response of the ecosystem to possible changes or anomalies. This
is usually accomplished with an analysis subroutine which, using first-guess
field, based, for cxample, on time-interpolated climatology, introduces the new
"obscrvations' at specified locations into the first-guess field with a vari-
able (determinable) smoothing coefficient. (See appendices B and C.)
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The input of biological information into the model is either in the form of
first-guess ficlds of distribution and abundance, computed from available,
often fragmented, descriptions, or as dynamic variables, such as migration
directions and speeds (migration routes), and aggrecgation and dispersal rates
which arc estimated from available descriptive data (e.g., from known scasonal
distribution changes). The latter information, although given initially as
direction and speed, is dccomposcd into u and v components. [Furthermore,
some preliminary (first-guess) decomposition is made by 'movement’ caused or
affected by currents, movements caused by environmental properties (c.g.,
sclection of optimum temperature by a species), and "active" movements asso-
ciated with either a scarch for food or a spawning migration. Much of the
other biological information input is given either as time-dependent variables
for a given speccies or group of species in the form of scasonal variation of
composition of food and changes of growth rate with time or age, or as prec-
determined coefficients, such as feeding rates or food requirements for main-
tenance, and growth and optimum temperature rcquirements.

Several of the initially prescribed input coefficients will not remain con-
stant during the computation, but will be made dependent variables in certain
conditions with the use of restrained functions (described later), such as
composition of food and feeding rates, which can become functions of food
(prey) density as well as predator density. The natural mortality cocfficients
will also be initially estimated and introduced into the model as time and
location dependent variables for a given year class, species, or group of
species, which will then be changed during the course of computation.

The fishing mortality used in the model as a time and space variable input
can be easily changed by the operator during thc vse of the model. When using
the model as a decision making tool, variations in fishing mortality will
determine the resultant abundance and distribution of the given species under
consideration and will affect, in most cases, the statics and dynamics of the
whole ecosystem.

The model outputs will be tailored to the principal use of the model, either
in a rescarch or in a decision making mode. Spatial distributions of abun-
dance of any species can be extracted and displayed at any desired weekly or
monthly time step. Furthermore, time scries outputs could be taken at any
given point, or the statics and dynamics of the entire stock could be summar-
ized over the entire arca of the computational grid. A simple (at this time),
somewhat hypothetical example of such output is shown in figure 7, which
depicts the effects of monthly fishing mortality changes on the biomass of a
fish species and the effects of this change on the growth of the biomass.

THE FORMULATION (DESIGN) OF THE MODEL
Conversion of Descriptive Data and the Restrained lunctions
Most biological data arc available in descriptive form. Illowever, these data
arc nceded in nurerical form for usc in a dynamic numerical quantitative model.

In most cascs, no great difficulties are encounterced in making the conversion,
but therc is somc concern about the validity of some of the quantitative
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estimates. Where and when great variability in quantitative data is cncoun-
tered, statistical methods will be used for deriving confidence limits or
intervals. Lxamples of the conversion of descriptive data have been given in
describing input data, such as migrations. In addition, dispersion of stand-
ing crops or species are handled with dispersion and diffusion cquations and
their finite difference solutions as used in numerical pollution transport
and dispersion programs, with the constraint that these solutions must be
conservative. The aggregation, however, must be handled with predescribed or
derived movement restrained to a particular time and area. The advection
equation solved and programmed by Brahm and Pedersen (fig. 8) is suitable for
this purpose.

Much use must be made of '"'restrained functions” in an ecosystem model, which
uses descriptive information converted into numerical form. These functions
are not new or revolutionary, but we will makec some e¢fforts to show, name,
and justify their usc in condensed descriptions of widely used '"programming
tricks" in semi-mathematical form. The IF statement in FORTRAN is a multipur-
pose, powerful tool for '"solving' the restrained functions, and has becen uscd
frequently by scientists and programmers in all kinds of models and programs.
Essentially, it allows the specific test of conditions and specifications for
different types of formulations or changing coefficients, if and when the
specified conditions are or are not fulfilled. Figure 8 gives an example of
the use of restrained function for presentation and computation of temperature
preference limits and effects. The general principle is that a check of tcm-
perature at the grid point at time t and t+1 is made and compared to the tem-
perature optimum curve. If the temperature falls within the "slopes'" of the
tolerance curve, the fish is moved towards the optimum temperature by changing
the u or v component of the migration field in the direction of the optimum
temperature in proportion to the deviation of the temperature from the pre-
scribed optimum.

Figure 9 shows the use of restrained function for simulation of known annual
vertical migrations of specified demersal species. The migration speed is
prescribed with a cosine function, the time of which is affccted by the phase
angle k, which can have different values at different latitudes and locations
and also can be made dependent on near-bottom temperature anomalies. The mid-
winter and midsummer parts of the '"migration speed" are restrained with a time
and sign dependent check in the program.

Figure 10 shows the various conceptual and numerical approaches used to pre-
sent the migrations of a given species of Pacific salmon. First, the disper-
sion is computed with the Monte Carlo method of Meier-Reimer. Then the migra-
tions are prescribed as known from seasonal distribution of differcnt age
groups. The known current systems are also utilized in accelerating or decel-
erating the migrations. Finally the "homeward" spawning migration is computed
using the same effects of currents, but prescribing also an active, time-
dependent migration field, by which the parts of the population found well to
the south in warmer water (earlier maturation) initiate the "homeward" migra-
tion. :
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Flow Diagrams

The complete flow diagram of a dynamic numerical ecosystem model will be
long and complex. Tigure 11 shows an cxample of a simplified annotated flow
diagram of a subroutine for computation of pollock biomass dynamics. This
figure indicates first the initialization of the distributions. The approxi-
mate monthly distribution of pollock in Bering Sea is derived partly from
catch statistics znd partly from cxperimental fishing results.

The annual variation of the composition of food consumed by pollock is
partly prescribed with input from stomach content analysis and partly
restrained at differnet grid points by knowledge of availability or abundance
of preferrcd food items. Growth rates arc from observations of weight and
age relations but are also slightly restrained in the computations by using
information on availability of principal food. Monthly mortality rates for
given age groups are estimated from available catch statistics.

Examples of Formulas Used

It is not possible to present many formulas nceded or to be used in the
complex model. Figures 12 and 13 show examples of some simple types of for-
mulas applied. The first formula (fig. 12) is an example of a modified popu-
lation dynamics formula for presentation of fishing mortality. The fishing
mortality coefficient is a different restrained function for each specics
and age group (or is time dependent when computations are made for different
year classes). In addition, a time-dependent natural mortality coefficient
can be computed and made a function of season and age group, if required.
Fishing mortality is usually a space and time dependcnt input coefficient.

The second example of formulas used in the model (and given in fig. 12) is
for reproduction of an annual zooplankton standing crop curve. A simplified
trophodynamics formula, where food requirements for maintenance and growth are
computed separately, is shown in figure 13A.  The food coefficient is usually
made a function of availability of food (food density), and the proportioning
of food items (fig. 13B) is also made a function of rclative availability of
these itcems at each grid point and time step. The iterative balancing of food
requirements and availability might lead to computation of cannibalism which
occurs in many fish species. Examples of formulas used for presentation
(computation) of migrations have been briefly described earlier.

The computational time step is variable throughout the model, as it is in
some formulas dependent on satisfying the stability criteria (i.e. grid size
and '"speed" dependent), but the basic computational step can be selected with
time step from a week to a month.

RELATIONS BETWEEN ECOSYSTEM MODEL, THE ENVIRONMENTAL
MODEL, AND OTHER MODLLS

A schematic abbreviated listing of the relations between an ecosystcm model
and environmental and descriptive (conceptual) models is shown in figure 4.
The environmental models provide various inputs to the ecosystem model. No
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fecedback is provided here, as the ecosystenm doecs not influence the statics or
dynamics of the environment (except in few cascs of little consequence, such
as increase of turbidity due to high phytoplankion standing crop or regencra-
tion of nutricnts). The '"chemo-dynamic" approach (i.e., using nutrient
availability, 7rcgeneration, etc.) is not used in the initial state of our
model, because many recent attempts in this field have not led to any uscful
models.

Various descriptive or conceptual models havc been used to design our model
and have been converted to numerical form. TFuture descriptive models, which
provide new and more accurate knowlcdge, can be used to improve the model.

The conventional population dynamics models are used in modified form as
parts of various subroutines. Some concepts of "energy flow' models have
also been used, but in different form, i.e., in the form of the '"flow" bio-
mass. The numerous types of "water quality medels' have been reviewed, but
found to be too simplistic for our purpose.

Finally it should be pointed out that several possible modeling approaches
might be added to the complex model and several present approaches might be
modified in the course of the final designing, programming, and testing of
the complete model.
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II.

Figurce 3

"Open end" food web components

(inputs)
Zooplankton

1. Annual production, monthly mean standing crop, consumption
(copepods» euphzusids, decapods, etc.).

2. Proportion consumed by pollock (monthly variation, density,
(availability) dependent).

Ichthyoplankton

As 1 and 2 in zooplankton, except 1 is dependent on spawning
seasons, hatching, growth.

Small pelagic fish
1. Preliminary estimates of annual distribution of abundance.

2. Availability to mammals and birds.

Main food web components
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Growth (by age groups)
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Fishing mortality
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Food composition (by preference, age and availability)
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Monthly distribution and abundance
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Growth
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Food consumed -
Effect of availlability of food on mortulity
C.--Principal components of mammals, birds, and pollock submodel.
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II.
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Determination of further research needs and priorities

Figure 4.--Principal objectives of the marine
ecosystem model and its use.
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Figurc 5.--Computation {(model) grid
for eastern Bering Sea.
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Figure 11.--Generalized flow diagram of pollock subroutine.
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1. Example of a convenbionel population dy:n:

s formulao used in
the model for computuvion of fishing mortality.

=1 .—K
Bt,m,n Bt—l,m,n eTtt,m,n

K, -+ f (fishing effort season, iocation age)
i m.n < bl b (&)
S Rl ]
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Figurc 12.--LExamples of formulas used in the dynamic eccosystem model.
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J. Food consumption
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M M —
food for food for
' growth maintenance
Fmt - monthly food consumption of z given biomass (Bt> of & given age grourp.

g, =~ food coefficient for growth (e.g. 1:3).

P ~ food coefficient for maintenance
k - growth coefficient, function of age and availability of food: e.g.
K=y (k) Zmax * Prax)
Lt + Pt

kb ~basic growth coefficient. k_ -proportionality factor, Z
Pray €tc-annual maximarm stanging crop of principal food
items at the given location; Zy; Py -standing crops of food
items at time t. dn -food density dependent coefficient,
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max?
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Zcons> Peons® Qcons ~ - . " "
zooplankton, pelagic fish, "other food'").

th - monthly food consumption of a given biomass.
At’Bt’ct -proportions of different food items in the diet at time t.
AO,BO etc -annual mecan of a given food item in the diet.

Av’Bv etc -awmnual ranwge of change of o given food itewms in the diet.
a - 306

t - time

}(Af“h - phase angle

Figure 13 A § B.--Examplc of (1) a trophodynamics formula for food consump-
tion and (II) annual food composition change computation.
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APPENDIX A

The map factor and conversion between grid points and longitude/latitude.

1.

Map factor (MF)
Vap facltor is used to correct distances (and areas) in the polar stereo-
graphic projection (true 6C°N) for any grid, using the sin @ (sin of

latitude) (sce sin P computation below).

. : l+sin 60° 1.86603

> 5O. P = Lol e = X T

sin § > 5% MF l+sin ¢ 1l+sin ¢
sin § < 5°; MF = 1.86603

Computation of I and J for arbitrary MxN rectangular grid if latitude and
longitude are given.
(a) Using the cquations for the Polar Stercographic Projection,

Re cos §
I = _Lp + —(_‘i“' 1—-*—_—-—3-:{}175 cos (3)0 - A)

Re cos @
J=J 4+ —— — sin (350 - 1)
P d 1+ sin P

= longitude

A
@ = latitude
(1 , ) = coordinates of north pole

= distance from pole to equator in mesh lengthis

(b) Inverse procedure computes the longitude and latitude if I and J arc givewu:

-1 J~J
Iong = A = k - tan E“M__ Q)
(1 -1)
2 2 2
. -1 R - (I -1 - - J
Lat =9 = sin ‘e ( P), ( P)
2 2 2
R - - J.
E T -1 4 (3 -3p)
where, k = constant dependent upon quadrant
Ip = 1 pole
J = J pole
P
Re = distarce from pole to eguator in mesh lengths (5..e. 31.205

on 63x63 pgrid)
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APPENDLX B

Interpolation of date fields - Method and Theory

1. If the point lies within the border zone of the MxN rectangular grid,

perform a linear interpolation.

f ={(1 - 1l - s -
o ( s) | ( r)fo + rfl + s (1 r)f2 + rf3

2. If the point lies within the interior zone of the grid, perform a double

interpoletion using Bessel's central difference formula, with third differences.

2 42
1 J+L
p! r P b 4
b
J
-1 0 1 2
J-1
-1
i-1 i i+l i+2

a. Verticel interpolation is performed on columns i-1, i, 1+1, and i-2

using the formula:

_ 1 s(s - 1 2
fI,s_ qu,l + (S~2) AfI +

,1 !
2 b4 z
s(5-1) (5-%) 3
e e S |
3! 1,5
1=-1,0,1,2
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where,

s = the fractional portion of the given J.

+
vt = f;, 1 fI, 0
I, %_ 5
AT =f -t
I’ l_ N I,I I, 0
2
T - f + f ~f
T ="1,2 1,1 I,-1 1,0
I,1 2
3 2
AT = (r -f ) -2(f -t )+ (f - f )
I,%_ 1,2 I,1 I,1 I,0 1,0 I,-1

b. Horizontzl interpclstion is then performed on the interpolated row computed

in &., using the formula:

= I‘( ‘..,:__‘.)_ 2
fp = pfl’s + {r - Q)Aﬁi,s S HA f%’
x 5 %
1
rir - 1) (r - ) 3
+ 3! AT

where,

r = the fractional portion of the given I.

f +
e =115 " fo0
L5 2
2
Af = f -7
1l,s 1,s 0,s
z
2 f - f + f -f
wdh £ = 2,58 1,8 =-1,s 0,s
L,e 2
2
ar = (f ~-f ) -2 (s -f )+ (r - f )
1l,s 2,8 ,S s 8 S 0,s -1,s
2
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APPENDIX C
Basic Flow and Bquations Used in Scalar Analysis Program
1. Pre-Analysis Section: (ANAL 1)
a. Round i1 and j of observations and locate data at nearest grid points.
Mark these points.
b. Determine boundary: Two methods
(1) If data located at least at every other grid point in every other

row and column, compute boundary values from data:

a) b)
b o o o o 9 o x o x o
X o] X o x o] o] o] o o o
A A
3 L
o 0 0 o o X o X o X o
Ay A Ao
J=0 X O o/ G S O O O O < ©
A A A
o 1 2
I=0
+
Al = Ao A2 A =
) o]
A = t Ay
2
= A
Bo = Ay
(2) 1If data random, set boundary values = a specified constant.
c. Get V2A. _
(1) If random distribution, take first guess V2A = 0.
(2) If uniform distribution, get "double mesh" VoA
A
3
x 2 1 )
' +A HA A ~UA
. VAN (332 (Al A2 Ayt =l O)
=L (A +A_+A +A ) - A
A A A y 12 3k ©
3 0 1
X @] >[ j X
d
o
Ah
X
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d. Smooth V2A field for vorticity term:

A A A

b2 5

(s) S AL A A

v3a "3 ES V2Ak =B 3 01
© k=0

A A, A

e. Analyze, using extrapolated Liebmann method of relaxation to

solve Poisson equation: V3A =B

Note: If data distribution
but holding observed values fixed. random, B =0 for
first pass.

(1) 1Iterative step:

v+l v v .
A~ =A +R_, where the residual R, can be expressed
l)J lﬁJ l)vj l,J
as:
1 2
R, = (vea - B)
iy B i,J

R. . = T (VEA. . - B) where A = 1.28
1,J 1,J
(2) Thus:
A+l \Y 2
AT =A +.32 (VA  -B)
1,J k,J i,

(3) Continue relaxing until at (v+l)st scan,

R < € (Here € = 1 x 27?2, but actual € used should
max be data dependent.)
f. Compute new V2A
VA, vA A+ A +A - kA,
1,5 i+l,J i,J+1 i-1,J i -1 i,

g. Return to step d for 5 passes and exit after step e.

2. Main Anelysis Section: (ANAL 2)

a. Compute V%\of guess Tield A2
o .
VOA, VA, AL A +A Iy
SIS U R W0 5 R T I RS T S R B A A &
3 o 1
A
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b. Smooth V2A for vorticity term.

2
—— (s) VA
B = VoA, | 2
1,
1 2 2 2 2 2 V2A3 V2Ao V2Al
- V<A +Veh CHVEAL VAL HVEAL .
5'( i, i+1,] i,j+1 i-1,J 1,3—1)
’ 2
VA
h
¢. Smooth the guess field
A
6
. (s) )
A = A + KV A
A o ° ©
2
. 2 2 2 2
K (3 Al 9 A2 3 A3 ] Ah
A A A A A + + + + )
T 3 o 105 2 2 2 2 2
91 33 91 3]
A
b where .
2
A 9 A +
A - 2A
8 L v Ao 5 1
512
2
dA
2 N AO + A6 - 2A2
33°
2
3 A
N A+ A - 2A
23 I
oi
2
9°A
1 -
4 v Ao + A8 2Ah
23°
2 _ - 24
v AO N (Al + A3 2AO) + (A2 + Ah 2h )
= A+ Nyt Ayt Ap - hAg
1
and K =0

(1) This is a light '"fixed-point" smoother which removes small irrcgularitices

hit does not radicallv alter the grid point values.
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d. Adjust the guess field with original observations:
(1) From guess, interpolate for guess value at observed i and J,

using Bessel's central difference formule for & double quadratic

interpolation.
A
igte
idan
pi
A
Ali-1,s  Adlj Alia,) Ali+2,)
Al

(a) Four horizontal interpolations are performed first, on rows j-1,

Js J*1, 3+2 vhere (i,J) is lower left grid point, using the formula:

A. .+ A, .
peag,y Al (3 -2 (A 5= Ay y)

A

+ 81 (83-1) [ (Ait2,g = Aie1 )" (hio1,y ~ B g)
2! 2

. i (Ai- - A,
Ay g * b1 (Agy g - Ap g) + plbid) [ Aoy = A A Ay )

2 2

, Ai-1 '
Ai,,j + Al{ (Ai+1,J_Ai,j) + T“E (Ai+2.k)+(Ai~l,j_Ai,J) ] g

n

(Likewise for A, : A & A

ivAi,g-1 C fd4aige t ieai,ge2)
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b. One vertical interpolaticn is then performed on the column i + Al:

~AL + A - A, ..
Bivnt,geng ™ Maear,s T Ui s Ay

+ (83 - 1)

(A - A )+ (
L i+ai,J+2 i+A1,3+1

(A -A )
i+pai,J-1 i+Ai, )

e/

(2) Coupute A - A .
(observed) (interpolated)

(3) Compute weights for correcting each of the four surrounding grid points.
A A
L

*
%7

1 - 4)
A:&\\\\\,////

I\

Aj
Al 1-A1 A2
2
- l-r
wl T 3 where
2
Z (l" rx ) I‘12 = Ai2 + A,j2
x=1
r22 = (1 - 8i)2 + 432
_ 2
w2 - 1 r, ) )
L r32 = (1 - 81)° + (1-43)
- 2
Z (1-r2)
x= > rh2 = 4i2 + (1-43)°
1-r.°
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(4) Compute weigbied difference to te zdded &5 correction to each
of the four prid pointe surrounding the observation:

W D=w (A - A, )
X ble obse int

{5) Wren wéighte have been compuited for w1l olzervations, add as correction
to cach grid point the "mean" of the weighied correcticns resulting
from each relevent observation., (A grid rpoint is thus corrected

from observations in the four surrounding grid squares.)

aladd) = 5o o+ T
o o — =

where K = nbr. observations affecting this grid point.
e, Analyze, holding o1l zdjusted valucs fixed, using extrapolated Liebmann
. a . . . L 2.
mnethod of relaxaticn for solution cf Poisson eguetion VTA = B. See
(¢) under part I. Lere € = .5 but, again, should be data dependent.
f. Return for 3 internzl passes to steps ¢ thrcugh €.

g. Return for 2 external puasses to steps a through 7.

h. ixit.
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An important task of scientists associated with the Alaskan Outer
Continental Shelf Environmental Assessment Program is to conduct research
and analyze all known data to determine the structure and behavior of the
Bering Sea ecosystem. This research is essential if we are to understand the
impact on the environment of man's activities on the outer continental shelf.

We now know very little about the dynamic behavior of this ecosystem, but we

do have some information which helps to shed some light on the subject. Most

of our information exists as individual population assessments, oceanographic
analyses, and the results of food chain studies which have been undertaken by
several research agencies. BAll of these independent studies should be integrated
into a single unified concept describing interrelationships among marine organ-
isms in the ecosystem.

For years, marine mammals have been hunted and populations reduced or
eliminated to control assumed predation on commercial stocks of fish and shellfish.
Yet actual mechanisms of the cause and effect relationship between pinnipeds and
fish abundance remain largely unknown. Some information is available on direct
relationships such as feeding, but the nature and extent of indirect relationships
remain obscure. Many of the marine mammal species that occur in Alaskan waters
are seasonal entrants whose range includes thousands of miles of coastal and
pelagic waters of other nations. The commercial fishery off Alaska is both U.S.
and foreign. Consequently, the status of marine mammals there is of concern and
potential value to other nations. The Marine Mammal Protection Act of 1972
established a moratorium on the taking of marine mammals by all U.S. citizens
except for certain Alaskan natives who may harvest certain species for subsistenc

and for others who may take animals for display and scientific collection. The
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northern fur seal, a species regulated by international treaty with Canada,
Japan, and the USSR, is harvested on land by the United States. 2all activities
which will affect either marine mammals or their environment must be consistent
with provisions of the Marine Mammal Protection Act, particularly with the
requirements to maintain a healthy ecosystem. Major changes in mammal or fishery
stocks will affect the several components of the ecosystem, but the magnitude.
extent, and even direction of the effects of a particular management action are
difficult to predict in a complex ecosystem. In addition, impacts caused by
environmental changes must be considered.

In order to improve our understanding of how fisheries and mammals interact
in the Bering Sea, the Northwest Fisheries Center of the National Marine Fisheries
Service has been examining some of the relationships between marine mammals and
fisheries. Some of this research is being conducted as part of a study on the
northern fur seal to fulfill obligations under the Interim Convention on the
Conservation of North Pacific Fur Seals. 1In addition, research is being conducted
on aspects of the ecosystem under the Alaskan Outer Continental Shelf Environ-
mental Assessment Program. A detailed analysis of all eastern Bering Sea and
eastern North Pacific pelagic data collected during research carried out on
northern fur seals since 1958 on distribution, reproductive rates, and feeding has
been started. Information on other marine mammals, fisheries stocks, and oceano-
graphic data are also being combined with an analysis of fur seal data to
determine the dynamics of the Bering Sea ecosystem.

Studies reported on in this paper represent the results of research proposed
within Research Unit 77 of the OCSEAP to integrate and synthesize these data into
a conceptual submodel of the ecosystem describing trophodynamic relationships in

the eastern Bering Sea including interactions among northern fur seals, other
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marine mammals, marine birds, and several species of fish. The amount of food
consumed by fur seals and other pinnipeds has been estimated and compared with

the amount of fish caught by commercial fisheries in the same waters.

The Bering Sea Ecosystem

In terms of fishery exploitation and the distribution of marine mammals it
is convenient to consider the Bering Sea as divided into two subunits: the
eastern Bering Sea shelf and the Aleutian area (Figure 1). Pinniped stocks in the
Bering Sea are large, including northern fur seals for which extensive research
and population data are available, and provide a basis for estimating biological
parameters for other pinnipeds where direct observations are not available. The
area is one of high overall productivity and of heavy commercial utilization with
a good historic fisheries data base. Although ﬂot adequate to the degree one
would like, data exist for estimating productivity at the upper trophic levels,
and by inference at least, throughout the food web.

The food web is enormously complex in the ocean and the eastern Bering Sea
is no exception. Although much pf the primary productivity of phytoplankton
takes place in the water column, blooms of algae in and beneath the sea ice in
late winter, and eelgrass and epibenthic phytoplankton growing on mud flats in
summer all contribute to the total primary production of the area (McRoy et al.,
1972). Progress has been made in understanding the amount of primary production
in the water column which can be used as a basis to estimate overall productivity,
however, the interrelationships between pelagic, in-ice, and epibenthic production
remain to be properly identified. Sanger (1974) has reviewed the available data
(Table 1), and obtained a value of 415 mg C/mz/day as an estimate of primary
production in' the Bering Sea. Estimated production in the Aleutian area is lower,

‘ 2
averaging near 100 mg C/m /day.
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Table 1. --Recent estimates of primary production in the water column for
oceanic waters contiguous to Alaska (Carbon- 14 nicthod).l

Daily Iz{atc
Region (mg C/M"/day) Datcs Source

Bering Sca
" Bering Strait 4,100 June 1969 McRoy et al (1972)
Fastern Bering Sea 21 February 1970 McRoy et al (1972)

Aleutian Arca

Unimak Fass Area 243 June 1968 &1970 McRoy et al (1972)
85 February 1967 McAlister et al (1970)
Amchitka Island Area 38-45 February 1968 McAlister et al (1968)
Adak Island Coast 686 June-July 1967 Larrance (1971)
581 August 1967 Liarrance (1971)
404 September 1966 Larrance(1971)
Adak Bay 350-460 March 1966 I.arrance (1971)
840-2,400 late spring- Larrance (1971)
summer

Central Subarctic Domain

Subarctic waters s0uih

to Adak Island 133 February Larrance (1971)
(Fig. 5, p. 604)

325 March Larrance (1971)

280 May Liarrance (1971)

327 June Larrance (1971)

250 July Larrance (1971)

207 Aupust Larrance (1971)

240 September Larrance (1971)

1/ Adapted from Sanger, 1974,
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Figure 2 shows a schematic food chain for the eastern Bering Sea shelf
area in summer (defined as June through November). Examples of representative
species are given to show the kinds of organisms which would be expected to
occur at the various trophic levels in the fur seal food chain. Karohji (1972),
Hiroshi Kajimura {(pers. comm.), and Donald S. Day (pers. comm.) provided suggest-
ions for some of the representative animals used in Figure 2. Calculations of
productivity at each trophic level are shown for average daily production rates
of 415 mg C/m2/day and of 100 mg C/mz/day. The overall productivity rate needs
to be revised upwards to account for ice edge/under ice, epibenthic, intertidal
and eelgrass productivity.

Because primary productivity is measured and expressed in terms of organic
carbon production, estimates of organic carbon at the herbivore level were
converted to biomass to relate production to stocks of organisms at higher trophic
levels. Sanger (1974) has reviewed the literature and discussed possible energy
transfer coefficients between trophic levels and conversion factors of organic
carbon to biomass for zooplankton. Figure 2 shows calculations for values of 6%
and 12% as the carbon content of zooplankton biomass to represent the possible
overall range of values. The values of energy transfer coefficients (percent of
the production at trophic level n produced at trophic level n+l ) used to
calculate productivity at the next higher level are also shown in Figure 2;
however, it should be stressed that many uncertainties exist concerning conversion

factors between trophic levels in the fur seal food web, and that the calculations

shown in Figure 2 should be considered as rough estimates only.

Food Consumption by Pinnipeds

In order to calculate the amount of food consumed by pinnipeds, it is
necessary to know the size of the population, the biomass of each pinniped species

in the ecosystem, and consumption per pound of biomass. Table 2 lists the current
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Table 2, Population and biomass estimates for pinnipeds in Alaska

Population Size in the: 1/
Total Alaska Kastern Bering Sca Average
‘ Population Alcutians Shelf Animal
Species Size (x107) Summer Winter Summer Winter Weight, K~
2/ 3/ 4/
Northern 1,300 — 37,000 97,300 55,000~ 96, 650 50,3~
Fur Seal
5/ 6/
Northern 225 41, 000 62, 000="100, 000 50,000 400 —
Sea Lion
6/
Harbor Scal 270 85,000 85,000 65, 000 65,000 140 —
Richardi .
6/
Harbor Seal 250 - - 125,000 250,000 140~
largha
o o s S . . 6/
Ringed Seal Ay - - 125,000 N0, 000 bh s
. 6/
Ribbon Seal 100 - - 50,000 100, 000 80 —
: 7/
Bearded Seal 300 -

150, 000 300,000 240 —

1/ Population sizc for pinnipeds, except northern fur scal, bascd on status of
stock reports in ITG, 1975, - ADFG, 1975,

/ Northern fur seal numbers rounded to nearest 100, 000 animals,

/  Estimated summer distribution of northern fur scals based on pelagic ob-
servations by MMD, 1967-1973 and total population of 1, 300, 000 animals,

4/ Based on the following average weipghts: Pup=l0Kg; males age 3 and older =
225Kg; all others (females age 1 and older; males age 1 and 2)=48Kg,

/ ADFG, 1973 (b),

/  Average weight based on ADFG (1973a), Nishiwaki (1972), and NMEFS (1973).

/  Adult bearded scals weigh up to 340Kg in winter,
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data on standing stocks of pinnipeds and their average weight. Data for fur
seals were obtained from pelagic observations by the Marine Mammal Division,
NWFC, NMFS. Data on other pinnipeds are from reports by the Alaska Department
of Fish and Game, except that the summer/winter distributions are estimates based
upon observed seasonal migration patterns and given population sizes.

Many fishes and pinnipeds feed on either pelagic and benthic forms, or both.
They also feed in migratory patterns, which makes it difficult to ascertain their
actual impact on a given species in a particular area. A simple multiplication of
estimated population numbers and average size gives only a very rough approximation
of biomass. The accuracy of these estimates has been improved by taking into
account the variable summer/winter distribution. Additional future improvements
will consider size of different age classes and amount of time spent at sea,
although estimates for fur seals in this paper do include the amount of time spent
at sea.

Estimates of food consumption were made by multiplying biomass by number of
days (based on a 6 month season) by a daily consumption rate as percent of total
body weight. The data collected by the Marine Mammal Division are extensive
enough to provide reasonable data for fur seals.

Estimates of food consumption for northern fur seals are shown in Table 3.
Annual consumptions derived for these seals assume a daily consumption rate of
7.5%.of theybody weight. Most consumption rates have been calculated for animals
held in captivity; they have ranged from 6% to 8% for fur seals (Scheffer, 1950)
and harp seals (Geraci, 1972; Sergeant, 1973). Where direct data were not
available for other pinnipeds rates determined for fur seals were used as a first
approximation. Therefore, a daily consumption rate of 7.5% of the body weight
was also used for these other species. However, future data will lead to improved

»

estimates of rates for the species.
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Table 3. -- Estimates of total annual or seasonal food
consumption by northern fur seals from the
Pribilof Islands.

Estimated herd Area Season Food consumption
size (thousands) (thousands of metric
tons)
s 1/
1,530 North Pacific Annual 689 =~
1,300 §.E; Alaska, Annual 318-340 2/
éring Sea
37 Aleutians June-Nov. 25.5
97 Aleutians Dec.-May 67.0
550 Eastern Bering Sea June-Nov. 379.7
97 Eastern Bering Sea Dec.-May 67.0
66 3/ Gulf of Alaska Annual 91.1
849ﬂ/ South of Alaska Dec.-May 448.6
1,300 North Pacific Annual 1078.9

1/ Scheffer (1950)

2/ Ancel Johnson (pers. comm.)
3/ Average of summer and winter months

4/ Assumes age and weight composition of 25% yearlings at 10 kg,
and 75% "other" at 48 kg.
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Estimates of the total annual or seasonal food consumption by northern
fur seals in the North Pacific Ocean and waters off Alaska are given in Table 3.
The average amount of food consumed annually by fur seals in the North Pacific
Ocean is estimated to be nearly 1.1 million metric tons, based on a present
population estimate of 1.3 million animals. This value is much larger than that
of 689 thousand metric tons estimated by Scheffer (1950) when the population was
larger. A.M. Johnson (pers. comm.) recently estimated that fur seals in the
eastern Bering Sea annually consume 318-340 thousand metric tons. Using a
consumption rate of 7.5% of the body weight, an average annual value of 442
thousand metric tons has been obtained for the eastern Bering Sea (Table 3).
Sanger (1974), using a consumption rate of 6.1% of the body weight, obtained an
estimate of 357 thousand metric tons which is similar to the value obtained by
A.M. Johnson.

The Marine Mammal Division, NMFS, has also collected extensive data on the
amount and type of food found during examination of fur seal stomach contents.
The proportionate weight by food type, based on data from pelagic research
during the summers of 1968 and 1973 (NMFS, 1970; 1974), is shown in Tables 4 and 5.
Finfish comprise nearly 90% of fur seal diets in the eastern Bering Sea (Table 4)
and 70% of fur seal diets in the Aleutian area (Tabel 5). In both areas, walleye
pollock represents over half of the finfish portion of the fur seal diet.

The length distribution of walleye pollock, unidentified fish also belonging
to the family Gadidae (which were probably pollock too, as pollock were the only
other gadids identified) and Greenland turbot found during examination of fur
seal stomachs collected for pelagic research in the eastern Bering Sea in 1973
is shown in Figure 3, together with prerecruit limits for these fish. The

minimum recruit size for fish entering the commercial fishery is 20 cm for walleye

pollock and 22 cm for turbot (Bakkala, pers. comm.). It should be emphasized

that fish eaten by fur seals are generally of prerecruit size, as evident in
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Table 4. --Estimated amount of food consumed by northern fur scals
in the eastern Bering Sea, by food type, based on relative
{food consumption observed during July-September 1973.

Pruportiondate weight of food
consumed (in thousands of

A

Percent metric tons)
Food type of total L/ Summer Winter Annual
Walleye pollock 67 , 254. 4 44.9 299.3
~ Unidentified gadid 15 56, 9  10.0 66.9
Gonatid squid 11 41.8 7.4 49. 2
Bat.hylagid s;nf)_elt 4 15.2 2.1 17.9
Greenland turbot 2 7.6 : 1.3 8.9
Al otheré 1 3.8 0.7 4.5
Tota;ls 379.7 67.0 446.7 "

1/ NMFS, 1974.
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“Table 5. --Estimated amount of food con