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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.

II. 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
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water temperature was +70 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 +10 C

until used.

Naphthalene Uptake. Two specimens of Megalocottus weighing 27 g each

were used in two separate naphthalene uptake experiments. The experiments

involved solubilizing 1 µc of Naphthalene-1-C14 (specific activity 39.8 µCi/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 in the eastern Bering Sea. The fish were caught with a
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100 foot otter trawl which was towed for 30 minutes at a depth of 50 m near

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

ted by an 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

+40C. Of the 40 specimens shipped all survived the air shipment. After a

week in the aquarium at +70 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 +70 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 mµ 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
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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 mµ. At the beginning of the naphthalene exposure experiment, 5 speci-

mens of the warm acclimated sculpin were also transferred to +0.5 0 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 Coming 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 hel.d in the
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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 02 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 µCi of L-leucine-C14(U) (specific activity: 320 mCi/mmol) and the incor-

poration into secreted plasma protein determined. Forty µCi 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/l) 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 pl

samples of blood were withdrawn from the caudal vein and immediately centrifuged

before clotting occurred. A 100 pi 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 pi aliquot of the blood plasma sample

was added to 100 µl of 10% TCA, shaken and centrifuged after having been

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

counted in 10 ml of Aquasol.
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When it was apparent that the secretion 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 MgC12 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 µl 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 eosin. They

were examined by light microscopy.

III. 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
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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-l,2-

dihydroxynaphthalene which are excreted via the bile (4). In rats some of

the naphthalene is metabolized to 1,2-dihydro-l-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 0 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 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 0.060 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 antifreezes.

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 100 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

any 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 radioactivity in various tissues and fluids of

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

water containing 1 µCi (0.025 ppm) naphthalene C-14.
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Table 2. Physicochemical properties of blood plasma of two groups of Myoxocephalus verrucosus cold

acclimated at +0.5°C. One of the groups was exposed to Ippm naphthalene during the course of cold

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



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.



Table 4. Recoveries of radioactivity in the form of plasma and liver

protein and TCA soluble radioactivity after injection of 40µCi leucine

C-14 into specimens of Myoxocephalus verrucosus.
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Figure 1. Uptake of naphthalene by a 37 g Megalocottus platycephalus laticeps

The fish was introduced into 11. of seawater which contained 1 µCi of

naphthalene-l-C14. The concentration was 0.025 mg per liter and the decline

in radioactivity of one ml samples followed as a function of time.
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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 µCi of leucine C-14 was injected into the cauda vein. The control values

are given by ([triangle]) and ([circle]) while the values for the specimens exposed to 1ppm

naphthalene are indicated by ([triangle]) and ([circle]). 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 bioassay 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 oil 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 little 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

oil on newly extruded eggs of crabs.

4. Determine the uptake and depuration of oil components for previously untested

species.

5. Determine the effect of temperature on oil component uptake and depuration.

6. Determine the effect of oil on metabolic rate of fish and invertebrates.

7. Determine the effect of oil on scallop growth and behavior.

8. Determine the effect of oil on crab autotomy response.

9. Determine histopathology effects of oil 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

(lethal 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 Cook 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 larvae,

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.

Replicate 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 (1976).

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 14C 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 oil 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 40 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).
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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.

All scallops were placed in a 10'sq by 5-foot high net lined enclosure with no

bottom or top. Mortality and predation was noted periodically 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 oil 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 oil 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 oil 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 Oil on Field Mortality of Limpets

An experiment to determine the effects of sublethal oil exposure on the

survival of limpets in the field was completed. Seven hundred-twenty-five limpets

at a site on north Douglas Island 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 bioassays 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.
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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 Oil 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 oil 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.
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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 oil 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 oil 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

34



11

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 limpets 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 oil toxicity without the second variable of

declining toxicant concentration. We will also be able to directly compare the

toxicity of oil 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 oil 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. Our 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 oil toxicity.

This progression from descriptive studies to determining mechanisms of oil toxicity

will allow us to better predict the impact of oil pollution on marine biota. For

example, the understanding of how important oil components interact in toxicity

will lead to predictive capabilities for given oil 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

assays. The previous observations of high resistance in static 96-hour tests may

be in error. Modification of standard procedures has been implemented.

2. While 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
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crude oil, 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 oil, indicating

an increase in metabolism. This indicates 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 oil 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 oil 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 oil solutions

based on chemical analyses of the solution and toxicity information on each oil

component (in progress).

2. Continuous flow assays are needed to assess the relative sensitivity of

invertebrates to oil, 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 low-level tests are needed to assess the lowest concentration of oil

toxicant that will cause significant effects on marine organisms. Chronic effects

of oil 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 oil 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 our ability to generate stable water soluble

fractions of individual compounds. We have three systems in operation, 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 longer 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 flow-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 oil 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 flow-through 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

tests (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: All 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 oil 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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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
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Jeffrey W. Short, and Stanley D. Rice

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

P.O. Box 155, Auke Bay, AK 99821

Abstract

A Cook Inlet crude oil water-soluble fraction, incubated at 5°, 8°,

and 120C, was analyzed by gas chromatography during a 96-h period to

determine the effect of temperature on 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

Oil 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

evaporation 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 oil to juvenile coho and sockeye salmon at 3°C than

at 8° and 130C. 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. Korn,

Moles and Rice (In prep) have found increased toxicity for pink salmon

exposed to crude oil and toluene at lower temperatures.
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Several factors contribute to the loss of petroleum hydrocarbons

from seawater, but evaporation (Gordon, Keizer, and Prouse 1973, p.

1614) and biodegradation (Kinney, 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 of 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 lower temperature (Karinen

et al. 1967; Atlas and Bartha 1971).

46



4

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

evaporation 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.

47



5

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 oil water-soluble fraction (WSF) incubated at 5°, 80, 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

condition 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.
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Preparation of Experiment

The water-soluble fraction (WSF) of Cook Inlet crude oil 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

clean 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 50, 8°, and 12°C water baths which were maintained at ±10C 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 qualitative determinations were made of

bacteria 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-mi 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 0C, outlet at 3000C, and detector at 350°C.

The column was at 500C during injection of samples, after which it was

raised to a final temperature of 275
0C by using an average temperature

program rate of 6°C/min.

The extract was analyzed for benzene, toluene, xylenes, and three

three-carbon substituted benzenes. The extract was then concentrated to

500 µl 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.
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The WSF chromatographic peaks occurring in the samples were previously

identified by comparing absolute retention times of Cook Inlet crude oil

WSF chromatographic peaks to the absolute retention times of pure aromatic

hydrocarbons and by doing a GC-MS characterization study. Benzene,

toluene, and naphthalene were used as external 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 comparison of aerated and nonaerated solutions shows that aeration

reduced benzene and toluene concentrations more than it reduced naphthalene

and l-methylnaphthalene concentrations. At 80C after 96 h, the aerated

poisoned solution contained 16% of initial 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

naphthalene and l-methylnaphthalene respectively. Similar results were

observed for these solutions at 50 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 solution 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 aromatics 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 poisoned and nonpoisoned solutions

shows that most poisoned solutions had a greater increase in the persistence

of naphthalene and l-methylnaphthalene than of benzene and toluene. At

8°C after 96 h, the difference in naphthalene concentrations between the

nonaerated poisoned and the nonaerated nonpoisoned solutions was 61%,

while this difference for benzene was 5%, for toluene 3%, and for

1-methylnaphthalene there was no difference. Similar trends were observed

at 50 and 12°C except that 1-methylnaphthalene also showed greater

persistence increases in poisoned solutions at these temperatures than

did benzene and toluene (Figure la and Ib).

Trends similar to those observed for individual aromatics were also

observed for total amounts of either mononuclear or dinuclear aromatics

that were measured. At 80C after 96 h, the difference in total mononuclear

aromatics remaining between the nonaerated poisoned and the nonaerated

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

dinuclear aromatics was 39%. Similar trends were observed at 50 and

120C.

54



12

Effects of Temperature

Lower temperature increased the persistence of benzene, toluene,

naphthalene, and Imethylnaphthalene 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 1-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°,

80, 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°, 80, and 5°C solutions respectively.
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Interpretation and Significance of Experimental Results

Aeration caused significant losses of mononuclear aromatics compared

to dinuclear aromatics 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-D138). 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 0C is so small for dinuclear aromatics, the increased persistence

of dinuclear aromatics at lower temperature is probably not due 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 00 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 c 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 the nonpoisoned nonaerated condition

compared to the poisoned nonaerated condition. This, in addition to the

increased number of bacterial colonies enumerated at 96 h in the 8°C

nonpoisoned condition (compared to no colonies in the poisoned condition

at 96 h), suggests there were bacteria present capable of utilizing

mononuclear aromatics. Although we did not attempt to establish the

ability of bacterial isolates to grow in the presence of any mononuclear

aromatics, Gibson (1968, p. 1093) documented the bacterial degradation

of benzene and toluene. Cundell and Traxler (1973, p. 126) documented

the ability of a bacterial isolate collected near a natural oil seep to

utilize hexyl benzene 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 experimental 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

8°C. This clearly indicates that lower temperature increases the

persistence of both mononuclear and dinuclear aromatics in seawater

because of reduced biodegradation of these compounds. Atlas and Bartha

(1972, p. 1852) have documented the low temperature inhibition of crude

oil 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 aromatics 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 is 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 biodegraded after 96 h at 80C with no aeration. Although similar

amounts of mononuclear and dinuclear aromatics were biodegraded, we

should point out that evaporation removed much 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 50 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.

61



19

In essence, the results of this investigation show that volatilization

and biodegradation of aromatic hydrocarbons are both significant vectors

for the loss of these compounds from seawater. Mononuclear 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 from 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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ABSTRACT

We conducted toxicity tests at different temperatures 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 (WSF) of Cook Inlet crude

oil at 4°, 80, and 12°C. Median tolerance limits (96-h TLm) were

computed by probit statistics. Oil 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 toxicant. 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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INTRODUCTION

Marine life 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. Oil-

water solutions are probably toxic for longer periods of time at lower

temperatures because of increased persistence of oil 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 lower temperatures.

At reduced temperatures, Alaskan marine animals may have less tolerance

to oil because metabolism and excretion of oil hydrocarbons may occur at

slower rates than similar species from warmer waters. In contrast,

relatively higher 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 oil, but oil concentrations were not measured analytically.

Rice et al. (1976) compared oil 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 made direct comparisons of these

studies inappropriate. Rice et al.' hypothesized that the increased

sensitivities to oil observed with the Alaskan species was caused by

increased persistence of oil 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 fraction (WSF) of Cook Inlet

crude oil. We 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. 1976).
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MATERIALS AND METHODS

Animal Collection and Acclimation

The two species 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,

Alaska. When the fry reached the development stage approximating that

of emergence under normal conditions i.e., when 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 Oil Company in sealed 55 gallon drums.

Mixing Procedures

For toluene and crude oil, stock solutions were prepared by mixing

1% oil (or toluene) into water and stirring slowly for 20 h at ambient

seawater temperatures (80C ± 20C). 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 before 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.

Bioassay Procedures

Bioassays were standard 95-h static tests. Animals were sorted 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

before 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

40, 80, and 12°C. Dilutions were made in 18-liter glass jars with water

of desired temperature. The test solutions were then analyzed to confirm

the concentration and 10-15 pink salmon or shrimp were added to each

jar. The number of dead animals was noted daily.

The jars for naphtahlene and crude oil 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 were measured periodically

and never dropped below 80% saturation.

Temperature was maintained at 40, 80, and 12°C by water baths

surrounding the exposure jars.
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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 solutions

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 benzene;

toluene; o-, m-, and p-xylenes; naphthalene; 1 and 2-methylnaphthalenes;

and dimethylnaphthalenes. These concentrations were summed to calculate

the total aromatic concentration of the stock solution (Table 1). In

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 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 Results

The median tolerance level (TLm) is defined as the concentration

of toxicant where 50% 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 evaporation 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 95 h at

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

levels 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

limits) to toluene and naphthalene 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. We 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 WSF (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).
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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 toxicity 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 increases in sensitivity of aquatic animals have

been noted with many toxicants (Cairns et al. 1975 p. 137-138) 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.
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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 oil 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. All of these

processes are affected by temperature, but not necessarily at equal rates.

Furthermore, each species has different individual temperature tolerances

to low and high temperatures. Organisms can be expected to be more sensitive

to any toxicant when stressed by temperature extremes.
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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 oil is a changing variable also. Tests

with continuous and stable exposure concentrations at different temperatures

are required to measure changes in animal sensitivity.
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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 and temperature, 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 normally encounters.
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Table 1.--Concentrations of individual aromatic hydrocarbons determined
by gas chromatography for WSF's of Cook Inlet crude oil (undiluted solutions)
that were used in temperature assays with shrimp, Eualus spp; and pink salmon,
Oncorhynchus gorbuscha.
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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 limits given in parentheses.
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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 96 h
at three temperatures. Concentrations are reported in ppm with 95%
fiducial limits given in parentheses.
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Table 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.
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ABSTRACT

Continuous monitoring of heart rates during exposure to toxicants

was found to be a sensitive indicator of 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, followed by return to normal as the

crude oil or aromatic concentrations in the seawater declined.

In one of the experiments with crude oil, respiration was also

monitored; it closely paralleled the changes in heart rate. In another,

using periodically replenished crude oil water-soluble fractions, the

heart rate remained depressed until the oil concentration was allowed to

drop.

Benzene produced more severe and longer-lasting heart rate depressions

than did naphthalene or crude oil; the response to benzene also occurred

much sooner after initial exposure. The long-lasting sublethal effect

of benzene was evident even though the benzene degraded more rapidly in

the water than either crude oil or naphthalene.

All of the experiments substantiated a strong relationship between

oil or aromatic fraction degradation and heart rate recovery.
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EFFECTS OF COOK INLET CRUDE OIL, BENZENE, AND NAPHTHALENE
ON HEART RATES OF THE ALASKAN KING CRAB

(PARALITHODES CAMTSCHATICA)

T. Anthony Mecklenburg and Stanley D. Rice

Northwest Fisheries Center Auke Bay Fisheries Laboratory
National Marine Fisheries Service, NOAA

P.O. Box 155, Auke Bay, AK 99821

INTRODUCTION

Respiratory responses of marine fish and invertebrates exposed to

stressful pollutants, including oil, have been measured 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 common

to any particular species, or to compare sensitivity between species.

At least part of the problem lies in methodology. Monitoring

of physiological responses has not typically included continuous measurements,
Also,

so that the patterns of response are incompletely recorded. Also ,When 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 a given physiological response occurs will not be

known.
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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 depressions were notable only during

exposures to lethal concentrations of the pollutants. Wilson (1976, 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.
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Electrocardiograms are easy to obtain and provide a continuous

record of heart rate responses. In this research, heart rates were

monitored by EKG's simultaneously with periodic measurements of toxicant

concentrations in the exposure water. In this way the timing and magnitude

of the heart rate responses were recorded and could be correlated with

oil 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 frequent 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. The specific purposes were to

determine, for king crabs, (1) if the heart rate is a sensitive indicator

of oil toxicity; (2) the pattern of heart rate response; (3) if heart

rate responses during exposure parallel respiratory responses; (4) if

repeated exposures to oil 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, benzene, and naphthalene exposures. Anderson

et al. (1974, p. 293) and Anderson (1975, p. 23) believed the naphthalenes

to be the most significant toxic compounds in some oils. Rossi et al.'s

(1976, p. 13) work contains suggestive evidence 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

replenished 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 (two-year olds) weighing between

40 and 70 grams were caught by divers in Auke Bay, then held in flowing

seawater aquaria. 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 exposed 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 0 C). Control crabs were

put in a smaller aquarium submerged in the same temperature bath.

The WSF dilutions were chilled in a 600-liter reservoir to 6.5 0 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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Heart Rates

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. EKG 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 aquarium 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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Oxgen Uptake

In one exposure to Cook Inlet crude oil, oxygen uptake and heart

rates were monitored simultaneously. Oxygen uptake was measured by

placing crabs in separate flow-through respirometers. 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 graduated cylinder. Oxygen consumption

(V0[subscript]2) was derived from the differences between inflowing and outflowing

oxygen tensions (AP02), the flow rates (f), and the solubility of oxygen

in seawater (O02) at 6.50 C and 29.1‰ salinity, where VO2 = f (APO 2 )

02. Values for oxygen uptake are expressed as ml/min/kg wet weight of

crabs.
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Preparation of Toxicant Solutions

For Cook Inlet crude oil water-soluble fractions, one percent oil

in seawater (1 liter oil/100 liters seawater) was mixed slowly and

gently for 20 hours at ambient water temperature (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 diluted 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 UVOD. 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

mixed 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 (1976).
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RESULTS

Responses to Cook Inlet Crude Oil

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

oil 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 maintain 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 experiments monitoring heart rate alone. 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. lb, 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 were dose-related.

Heart rates in crabs exposed to the lowest concentration of 0.078 UVOD

were very similar to the rates in control crabs; All of the higher

doses resulted in bradycardia, the severity nd 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 causing death

was the 0.213 UVOD WSF. In this experiment (Fig. lb) four crabs died by

23 hours but heart rates in the other four crabs, although severely

depressed, improved with time and return to non-contaminated seawater.

However, another relatively strong crude oil WSF of 0.202 UVOD (Fig. 2)

did not result in any deaths and the bradycardia was not nearly as

severe or prolonged. This is explained by the rore rapid degradation of

the WSF due to greater aeration in this experiment, as described above.

The contrast in the results of these two experiments suggests that the

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 concentration 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. lb) had the highest concentrations of

light aromatics, particularly benzene, of any of the three WSF's that

were measured by GC (Table 1). However, it did not have the highest

concentrations of naphthalene and alkyl naphthalenes. Their highest

concentrations were in the 0.134 UVOD WSF, yet 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

heart rate depression occurred much sooner than during either crude oil

or naphthalene exposures. The major declines in heart rate occurred

during the first 30 minutes in the benzene exposure, as opposed to three

to seven hours for crude oil and two hours for naphthalene. Further,

the naphthalene did not cause as great a decline in heart rates as did

either benzene or sublethal doses of crude oil. During exposure to the

naphthalene solution the maximum heart rate depression was 20% from

control rates, as compared to a 50% maximum 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 water, provided a

sensitive, 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 oil

and aromatic solutions and their decrease in toxicity, apparently due to

volatilization and bacterial degradation (Cheatham 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 bioassay system which reduces the

changes in oil fraction concentrations with time.
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In contrast to our conclusion that the metabolic depression-recovery

cycle of the king crab was dependent on magnitude and duration of dose,

Anderson et al. (1975, p. 49) believed the respiratory depression they

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 WSF, 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 et al. (1976

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

uptake and retention of hydrocarbons in this species. Tne 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 unequal distributions of the various aromatics in oil 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 oil 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

for 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

need not necessarily indicate that dinuclear aromatics are the most

toxic components in oils. Mononuclear aromatics are known to be toxic.

They can be taken up readily and eliminated readily (Roubal 1974, p.

372), although they may inflict tissue damage before depuration. Rossi

et al.'s (1976, p. 16) toxicity studies on polychaetes 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 importance of mononuclear

and dinuclear aromatics.
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Table 1. Concentrations, as determined by gas chromatography, of various
aromatic compounds in three test solutions used in heart rate experiments

with king crabs. The test water contained the water-soluble fraction of
Cook Inlet crude oil. UVOD = ultraviolet optical density at 221 nm; a
measure of concentrations of WSF.
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FIGURE LEGENDS

Figure l.--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

tine. (b) Heart rate responses over time. Each data point represents mean

from 5-11 crabs. Arrow indicates beginning of exposures.

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

(V02) 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 Cook Inlet crude oil water-soluble

fraction dilutions over an 80-h period. Control crabs, n = 2; 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 l.--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 time. Each data point represents mean

from 5-11 crabs. Arrow indicates beginning of exposures..
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Figure 1b.



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

(VO 2) responses monitored simultaneously with aromatic concentrations 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 mn.

Arrows indicate dosing.
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Figure 3.--Paralithodes camtschatica. Heart rate responses and aromatic

concentrations during repetitive dosing with Cook Inlet crude oil water-soluble

fraction dilutions over an 80-h period. Control crabs, n = 2; exposed

crabs, n = 11. UVOD: The aromatic concentrations expressed as the ultraviolet

optical density at 221 nm. Arrows indicate dosing.

121



Figure 3.



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

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



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

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

oil and a model hydrocarbon mixture on salmon homing behavior; (2) effects of

long-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 oil 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 oil, 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 lead 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 OCS 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

substantially deleterious effects.

138



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 oil 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 oil exposure. Nevertheless, there

was remarkably little 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.
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II. 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

levels, 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 (40 vs. 10°C) and mode of exposure to hydrocarbons

(i.e., ingestion vs. water-soluble components of oil in water column) with

coho salmon and starry flounder.

Biochemical Interactions of Trace Metal Compounds 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 (o. 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 oil relationships to response of AHH systems in different

phyla.

Physiology

Effect of Ingestion of Crude Oil 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).
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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 Oil-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 oil

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 oil and oil 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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III. 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 Oil 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

billion (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 believed 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
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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.

PHYSIOLOGY

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 salmonid 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

148



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 area.

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 oil 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
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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 oil on larval invertebrates is

limited. Studies on molting and survival of crustacean larvae exposed to

SWSF of Cook Inlet oil 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 larvae 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 LD5 0 levels of metal. The likelihood of these levels being

reached in the marine environment are remote. Recent literature suggests that

much lower 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 limb regeneration in the fiddler crab (uca

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 oil was fed for 68 days (Gruger et al., 1977).

IV. STUDY AREA

All experiments 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 (o. 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-liter 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. Oil 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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FIG. 1. Map of area of release and recovery locations for adult chinook 
salmon

homing study. Puget Sound is directly to the west and Lake Washington

to the east.

FIG. 2. Map of area and release and recovery locations for adult coho salmon

homing study.
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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.

Handling 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. Oil

introduced into the home stream water consisted of the major water-soluble
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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 oil. (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.)

All 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(a)

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 ladder, 11 liters 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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FIG. 3. Map of area to which adult chinook salmon were returning in the
avoidance study with expanded diagram of details of the fish
ladder and weir.
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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-ml aliquots of water were extracted

three times with a total of 15 ml of CS2 ; the CS2 was evaporated to 0.5 ml,

internal standard was added, and 3 µl 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 oil. 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 pm and 1 pm polypropylene filter bags into a

1,000 liter-fiberglass head box which supplied the test chambers and the
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continuous oil 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 oil 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 ml/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

lowered 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 legs 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
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MORPHOLOGY

Effects of Petroleum Exposure on Structure of Fish

Methods of tissue preparation for light 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% CaC12·H 2 0, 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 µ, 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 lid. 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 ml. 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 µl of a solution containing 800 µg

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 0C, and detector temperature of 300 0C. The column temperature was pro-

grammed at 150/min from 400 to 215 0C.

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 naphthalene-1- 14C or of naphthalene-l- 14C

complexed with bovine serum albumin (BSA). The spot shrimp and Dungeness

crab were hatched in the laboratory 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 naphthalene-l- 14C 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 1 4 C was determined by liquid

scintillation spectrometry. Total metabolites of naphthalene-l- 1 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-naphthalene. 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 oil 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,

naphthalene-l- 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 µCi (average of 62.8 µg) 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 µCi of the individual radio-labeled hydro-

carbons incorporated into OMP. Sampling began 24 hr after the initial

feeding. Additional 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 naphthalene-l- 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 naphthalene-1- 14C incorporated into key

organs of coho salmon and on metabolite formation. The experiments were

conducted at 40 and 100C. Naphthalene-l- 14C (5.55 µCi), dissolved in salmon

oil, 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,
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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 ml of 4 N NaOH in 40 ml glass centrifuge tubes sealed with tight-
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fitting, Teflon-lined 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 liver from 10 fish.

Biochemical Interactions of Trace Metal Compounds in Fish

Coho 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 40 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 Pb 2 10 (N03 ) 2 or Cdl 0 9 C12 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.
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The gills, kidney, and liver were excised and homogenized with three

volumes of isotonic KC1. 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

lead (Pb2 10 ) and cadmium (Cd[superscript]1 0 9 ) at 4° and 100 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 radioactively-labeled lead nitrate (31 µg

lead per fish) or cadmium nitrate (32 µg 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 µCi) 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 Miller 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 0 -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 o/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. All

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 Oil 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
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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 oil: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 ml) of Prudhoe

Bay crude oil were mixed with 148 ml of FREON(R) 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 oil 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. All 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 70 to 90C. 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 300C 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 µg/ml to 10.0 µg/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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All solvents used were either Burdick and Jackson "distilled-in-glass"

grade or Mallinckrodt "nanograde." All glassware used in the preparation of

samples for spectrofluorometric analyses was given special cleaning by

immersion in boiling concentrated HNO 3 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 10-5 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 oil 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 Oil-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 µg/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 liters of sediment were combined with 100 ml

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 sedimenta

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. Diagram 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

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-Grünwald-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 leucocyte 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. LD5 0 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
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(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 100C.

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 10-3 through 10-8 were tested.

In a second experiment, the effect of the SWSF of Prudhoe Bay crude oil

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 100C 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 LD50 values obtained in

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 significant 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 low return can be

attributed in part to the unusual meteorological conditions 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 homing 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



TABLE 6. Recovery of coho salmon at Beaver Creek (home stream) and other areas (stray) following

26 to 45 hour exposure to synthetic oil



Tables 5 and 6 also list the amount of crude oil 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 oil 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

FIG. 6. 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
16-hour periods during which model mixture was introduced into the
NWAFC fish ladder.

183



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 oil 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. 7. Antennular click/min of spot shrimp.

FIG. 8. Antennular cleaning/min of spot shrimp.
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FIG. 9. Line-crossed/min of spot shrimp.

FIG. 10. Searching bouts/min of spot shrimp.
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FIG. 11. Feeding response (%) of spot shrimp.

unless squid extract is present, and at 287 ppb SWSF concentrations this activity

disappears.

(5) Feeding response: Figure 11 shows the percentage of shrimp 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 ppb SWSF.

The above results represent a composite of observations taken over a 6-day

exposure period 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 ppb) approximately
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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 developed 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 exoosed 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 experimental

and control coho salmon a gill ecto-parasite was observed, a monogenetic

trematode (Gyrodactylus sp.). 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 oil: 10 ml crude oil in 1 liter 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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LIST OF FIGURES

FIG. 12 SEM of gill from an untreated coho salmon. X 370.

FIG. 13 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.

FIG. 14 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.

FIG. 15 The trematode, Gyrodactylus sp. on the gill of coho salmon with
SEM. X 320.

FIG. 16 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 100

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 repeat

experiment, skin samples were taken from three different body locations during

a 2-hr to 5-day time study. Results were inconclusive because of great 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 oil 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 reproduction study described in the section on PHYSIOLOGY.

Each fish received about 11 mg of crude oil per day and the average weight of

the trout was about 90 g. Two fish were sampled from each of four reolicates

from the experimental and control groups. After 2 weeks of feeding, with no

mortality, there were dramatic differences in the levels of glycogen deposits

in the liver: the hepatocytes of control fish were full of glycogen, whereas

those of the experimental fish had virtually none. These changes were evident

in 0.5µ 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 µ sections to differentiate alycogen deposits

in the cells (Figs. 19,20). The sections for TEM analysis showed the same
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FIG. 17 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.

FIG. 18 English sole, five days after exposure to a 13% solution of SWSF.
The mucous glands are numerous and conspicuously open. X 3,500.

FIG. 19 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.

FIG. 20 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.

193



194



195



disparity (Figs. 21,22). Proliferation of the endoplasmic reticulum was evident

(Fig. 22), and cochlear ribosomes, a common feature of cells raoidly synthesiz-

ing proteins (i.e., in embryos), were apparent (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 experiment, the control fish had

gained an average of 95.5% in body weight; the oil-fed fish 70.5%. The glycogen

in the liver of test fish showed the same striking differences as in the above

experiment. The small amounts of glycogen present were evident by electron

microscopy (Fig. 24), however, the glycogen stores were so minute that only a

rare cell showed differential staining with the polychrome method for light

microscopy. In addition, lipid reserves were reduced in the oil-fed fish.

Rainbow trout used to study maturation and reproduction (Hodgins et al.,

1977; and see PHYSIOLOGY) were sampled for microscopy at the time of spawnina.

An abnormal amount of collagen around the liver sinusoids was noted using both

conventional electron microscopy and light 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 generally

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

Eye Lens

The same trout that developed liver abnormalities after exposure to crude

oil in the diet also had enlarged eye lenses (Table 8) which were abnormally

soft. Relatively mild pressure permanently compressed the lenses of exposed

fish into an amorphous mass, whereas the control lenses returned to their normal

geometry after aoplication of equal pressure.

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

sphere. The filaments have simple projections on their broad surfaces which plug
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FIG. 21 TEM of thin sections of untreated rainbow trout liver. The
hepatocytes are rich in glycogen (G) and lipid (L). X 6,400.

FIG. 22 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.

FIG. 23 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.

FIG. 24 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

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 regular as in untreated fish

(Fig. 26). The fibers looked shriveled, as if the fixative was hyperosmotic,

suggesting that the increase in size 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 termination of the experiment at 45 hr.

CHEMISTRY

Biotransformations of Petroleum Hydrocarbons

Invertebrates

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

thalene-l- 14C and naphthalene-l- 14C 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-

1-14C in Stace V spot shrimp was nearly four times greater than in shrimp larvae

exposed to the naphthalene-l- 14C-BSA complex (820 ppb versus 220 ppb). These
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FIG. 25 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 interdigitations are quite regular.

X 3,100.

FIG. 26 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 exposure level. Meta-

bolic products (calculated as l-naphthol) of naphthalene-1-4 C reached a

maximum value of 9%, but were 21% when the naphthalene was complexed with BSA.

Naphthalene-l-14C 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 naphthalene and 20 ppb

of metabolites (as l-naphthol) in 1 hr. The naphthalene concentration in the

shrimp reached 650 ppb in 3 hr. During the exposure period, the naphthalene con-

centration declined from a high of 740 ppb at 12 hr to 46 ppb 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 sliohtly during the

remainder of the exposure period. During depuration studies, the nanhthalene

concentration decreased from 198 npb after 144 hr exoosure to 35 opb in 6 hr,

but metabolite concentrations only changed from 50 to 35 onb in this period. No

mortalities were recorded during the exposure and depuration phases of the

experiment.

The data on accumulation of water-soluble hydrocarbons in one-year-old

spot shrimp (P. platyceros) show that detectable levels of low molecular weight

aromatic hydrocarbons are readily accumulated in thoracic segments (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 represent hydro-

carbon accumulations in experimental 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(a)

Marine Fish

Uptake and metabolism of model compounds. The incorporation of 14C-labeled

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 in the gallbladder 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



A detailed quantitative examination of the individual aromatic metabolites

was undertaken with coho salmon which received naphthalene-l-14C 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 l-naphthol, l-naphthyl mercapturic acid, and

TABLE 11. Distribution of naphthalene metabolites in coho salmon 24 hours after
injection of 125.6 µg naphthalene

l-naphthyl-ß-glucuronic acid were found in substantial amounts in brain, liver,

and gallbladder, together with lesser amounts of other naphthalene metabolites such

as 1,2-dihydro-l,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 µCi 14C-naphthalene.

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

1-14C incorporated into key organs of coho salmon provided the data are presented in

Table 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 pg/mg

at 10°C. In the liver there were 2,300 pg/mg at 4°C and 400 pg/mg at 10°C.

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

of marine organisms to the SWSF of crude oil was described in the April 1976

annual RU 74. Hydrocarbon composition from a single analysis of a diluted SWSF

is presented in Table 14. The levels given are for the aquaria 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 representative of the SWSF in fish tissues. Data

are presented 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 ppm of hydrocarbons in flow-

through seawater. After 1 week of exposure, no hydrocarbons representative 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)



TABLE 13. Content of naphthalene in organs of coho salmon as determined radiographically, 8 and 16 hours
after force feeding of naphthalene-1- 14C at 4° and 10°C



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

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 bioconcentration

factors (concentration in tissue [divided by] concentration in water) for SWSF hydrocarbons

in muscle for C3- substituted benzenes, naphthalene, combined 1- and 2-methyl-

naphthalene, C2-substituted naphthalene, and C3-substituted naphthalene were 50,

80, 160, 85, and 136, respectively. The C4- and C5-substituted benzene fraction

of SWSF was the most prominent fraction in muscle throughout the exposures. Af-

ter 5 weeks of exposure, the latter amounted to 5.5 ppm, or a bioconcentration of

550 for C4 - and C5-substituted 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.
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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(a)



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)



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

factors for C3-substituted benzenes, C4- and C5-substituted benzenes, naphtha-

lenes, combined 1- and 2-methylnaphthalene, C2-substituted naphthalene, and C3-

substituted naphthalenes were 500, 9,300, 700, 2,400, 240, and 2,400, respec-

tively. 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-substituted 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 limits 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.



Very little cadmium-109 accumulates 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 100C to

150 ppb of the metal in seawater. In each species, the greatest proportion

of metal accumulated 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

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. Subcellular 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



TABLE 20. Subcellular distribution of cadmium in coho salmon (Oncorhynchus kisutch) organs after Cd
exposure to 150 ppb at 10°C



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



TABLE 22. Uptake 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



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(a)



TABLE 24. Subcellular distribution of lead -210 in starry flounder (Platichthys stellatus) after
exposure to 5 ppb of lead at 10°C in seawater a



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 lead 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-labeled 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, the concentrations 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 liver 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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FIG. 27. Elution profile of cadmium exposed coho salmon liver cytosol separated on a sephadex G-75 column.



TABLE 25. Distribution of Cd1 0 9 in coho salmon liver cytosol(a)

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-

adapted coho salmon exposed to the waterborne metals was very rapid (Fig. 28),

often reaching near maximum levels 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).

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 ([approximately equals]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. Bioconcentration factors for lead and cadmium in saltwater adapted coho salmon (0. kisutch)
exposed to waterborne metals



however, at the end of the 6 weeks of depuration only 6% of the metal was remain-

ing (Fig. 29). Cadmium was discharged at a relatively faster rate; concentrations

of cadmium dropped to less 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 µg

of radioactive lead or 32 µg 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

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. Uptake 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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FIG 32. Time-dependent distribution of cadmium in scales amd mucus of coho
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 ppb 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 lead 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 lead and cadmium continued to

232



FIG. 34. Uptake and discharge of lead in mucus and skin of starry flounder
exposed to 150 ppb of cadmium in water at 10°C.

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, respectively

(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
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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 lead (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 1.8pg of lead and 2.1

µg 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 µg (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 separated 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

Experiment

Control coho salmon were found to respond differently than exposed salmon,

which were fed three concentrations of Prudhoe Bay oil. 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,

i.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 benzo[a]pyrene hydroxylase, for coho salmon
in relation to dose of dietary petroleum oil
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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 oil

exhibited lower 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 0.53 ppm oil in feed; how-

ever, no significant difference in activity 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 oil exhibited a significant (P<0.05) increase in AHH activi-

ties between 8 and 15 days of the exposures. All other comparisons of AHH activi-

ties did not demonstrate statistically significant differences. All test fish

exhibited lower mean values of hepatic AHH activities than the controls.

PHYSIOLOGY

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

Mortality

Totals of 12 control (not fed petroleum) 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. None 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.

Reproductive Success

No significant difference (nA=14, nB=1 4 , 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 lowered 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

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=10, 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 oil; this maximum was not observed for any
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TABLE 29. Survival of eggs from petroleum-exposed and non-petroleum-
exposed female rainbow trout through hatching

of the samples from fish fed the control diet (Fig. 36). The ratios of the average

relative intensities at an excitation wavelength of 262 nm and an emission wave-

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 eggs

from control fish were performed. The background of fluorescing compounds was

sufficiently high for the control 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

(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 olfactory 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 subsequent response to 1 ppm L-serine,

L-methionine, or L-alanine.
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FIG. 36. Spectrophotofluorometric curves of Prudhoe Bay crude oil and extracts of

trout eggs.
No. 1 - Prudhoe Bay crude oil

No. 2 - Oil-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-

methylnaphthalene 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-soluble 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 lost 3.9% and 3.1%, respectively, of their body weight during this

period. The difference 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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FIG. 37. A. EEG response of coho salmon to 10[superscript]-5 M (1 ppm) L-serine for 25 seconds followed by rinse
(top trace). Middle trace is EKG, and event marks at bottom indicate initiation of
stimulus and rinse. Time scale, 1 second divisions. B. Continuation of part A. Exposure
to 1.5 ppm naphthalene for 25 seconds followed by 1 ppm L-serine.



FIG. 38. EEG response of coho salmon to water-soluble extract of Prudhoe Bay crude oil.
(Initial oil-water concentration of 1.8 ppm). Time scale, 1 second divisions.



also significantly different (P=0.04). The test and control blood had 16.8

(±2.0) and 11.2 (±0.7) mg of hemoglobin per decaliter (dl), respectively. The

total number of red blood cells for the test group was larger (2.65±0.39 x 10[superscript]6

cells/mm3), although not significantly (P=0.2), than that of the control group

(2.20±0.32 x 10[superscript]6 cells/mm³).

Tissue specimens collected after 11 and 27 days exposure to the sediments

are being examined by light 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
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Effects of Petroleum on Disease Resistance in Coho Salmon

Initial results were that neither oral exposure to whole crude oil in

fresh water'nor exposure to SWSF in seawater drastically altered resistance

to disease from bacterial injections in coho salmon. The LD5 0 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; LD5 0 '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 oils and the controls. In

this second experiment, however, the calculated LD5 0 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 less

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 salmon to petroleum

hydrocarbons at levels 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-released fish.

Effect of Petroleum on Feeding Behavior of Shrimp

During exposure of spot shrimp to the SWSF of Prudhoe 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

oil 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 epithelium 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 liver cells of trout after

dietary exposure to Prudhoe Bay crude oil 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 heteroclitus

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 and lipid 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 lens 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

previous 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 naphthalene-l- 14C was force-fed to

coho salmon at 40 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 10C 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 C5-substituted

benzene fraction of the crude oil was the most prominent fraction in both
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coho salmon and starry flounder. Yet, 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
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periods raises questions about possible interference with osmoregulation and

oxygen consumption (Thurberg et al., 1973).

There was little accumulation of lead in coho salmon brain, whereas

significant lead 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, aoJitional 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 lead 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 levels 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 least 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 lead 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 Sr8 5 and Ca4 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 Ca4 5 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, 1957). 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.
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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 oil 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 oil than among those that did not receive oil 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
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present data strongly suggest that we cannot describe the relationship of the

amount 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 supplies; 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.

Of 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 oil 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 literature has stressed that one adverse effect of petroleum

pollution may 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 introduction 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 oil-

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 hydrocarbons found in

muscle and skin. The levels in skin were approximately three times higher

than muscle, suggesting that skin is one of the most likely tissues to

develop long-term pathological changes as a result of exposure to oil.

Effect of Petroleum on Disease Resistance 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 LD5 0 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

oil would not markedly affect salmon homing migration. These conclusions

are tentative, and require replication for confirmation, because of abnormal

meteorological conditions during the study.

Effects of Petroleum on Feeding Behavior of Shrimp

In laboratory 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 levels of

crude oil used in these experiments 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:
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(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 liver. Fibrosis, which was frequently observed, is an

alteration that indicates a severe degree of liver damage. Depletion of

liver glycogen was also found, which indicates lowered 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-

leum operations.

Exposures of salmon and starry flounder to <-1.0 ppm of SWSF of Prudhoe

Bay crude oil 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 100 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 lead and cadmium. The importance of this route in relation to other

excretory tissues (e.g., kidney) remains to be assessed. Exposure to sub-

lethal levels (150 ppb) of lead and cadmium for periods of up to two weeks

resulted in increased production (~40% 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 Oil Components
on Reproductive Success of Salmonid Fish

Conclusions from studies on trout reproduction were that long-term

dietary exposure of maturing male and female trout to large amounts of Prudhoe

Bay crude oil 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 oil 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-

leum 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-

ioral 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 oil drilling, oil transportation, and refining could result in chronic low-

level oil 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-

lism 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., lipid 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
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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 50C compared to the activities associated with fish

acclimated at 180C (Dewaide, 1970). In addition, present knowledge leads 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 OCS area.

PATHOLOGY

Experiments currently being conducted concerning pathological effects of

long-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
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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 oil-

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 oil 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 oil 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 R.V. Quest

(NOAA) between January 12 and February 18, 1977. The shrimp were for research

on behavioral responses to petroleum.

All 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. MacLeod, Manager, NNAF; 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.
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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. Mc

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. All 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 l-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., 57o30'-58°-30" N lat. x 1490-

152° W long. 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. All 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
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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 100 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 liquid 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 oil 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 oil 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 latter 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 oil since only a single flow-through seawater

system with limited capacity was available for use. Moreover, it has been

necessary to curtail the use of the system with crude oil 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,
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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 single 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 lead 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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I. Summary of objectives, conclusions and implications with respect to
OCS oil and gas development

A complete ecosystem model is a highly desirable tool to determine the

possible effects of oil exploration in relation to natural changes such as

seasonal and 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 oil 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.

II, 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.

III. 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 oil 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.

1800 to the west Alaska coast northward of the Alaska peninsula and

Aleutian Islands to approximately lat. 65°N (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.g.

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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Figure 1.--Model grid (16 X 16).



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 processes in the total marine

ecosystem and in assessment of the impacts of man's activity (e.g. off-

shore oil 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

lowest 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 pollock 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 NMFS/

ODS workshop on climate and fisheries, April 26-29, 1976, Washington, D.C.,

October 1976) indicates some of the techniques to 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 activities 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
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SUMMARY REVIEW OF

DYNAMICAL NUMERICAL MARINE ECOSYSTEM MODEL

(DYNUMES)

Taivo Laevastu and Felix Favorite
Northwest Fisheries Center (NOAA)

Seattle, Washington

INTRODUCTION

Environmental Changes as Dynamic Forces in a Marine Ecosystem

Numerous studies show that changes in the marine environment, such as year-
to-year anomalies or long-term changes of temperature 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 near their natural environmental boundaries (e.g., tempera-
ture boundaries). For a sound management of marine resources, it is necessary

to account for both the effect of man and the effects of environmental changes,
and to evaluate qualitatively each effect and its interactive feedback to the
other. Furthermore, it has been fully recognized that marine ecosystems are
not static, but highly dynamic. For example, a change in one component of the
system can cause a chain reaction and influence several other components; also
a niche in the system vacated by a decrease 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 is necessary to design a system model complete
with all of its intricate interactions.

To illustrate some of the introductory statements, especially with respect

to the effects of environment on various components of a marine ecosystem, we
cite the example of the slight warming of Greenland's coastal waters in the
1940's. The occurrence of greater quantities of cod in these waters coincided
with this wanning. Similarly, a decrease of the cod abundance coincided with

the long-term cooling of Greenland water in the 1960's. This example has
been thoroughly studied and documented, particularly by the late Danish fish-
eries biologist Wedell-Taning. Cod in Greenland waters occurs near its
natural environmental distribution boundary, which is determined by tempera-
ture. Thus, any relatively small, long-term temperature change near such
distributional boundaries can have pronounced effects on the occurrence and

abundance of cod or other similarly reacting 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 effect 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 explained
by Murphy and others. In this case, the niche vacated by sardine was occupied
by anchovy---an ecologically similar species.
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Figures 1 and 2 give examples of the effects of year-to-year local environ-
mental anomalies for cod and haddock. Optimum temperature for spawning of
Icelandic cod is 3 to 5°C (fig. 1). If there is a positive temperature
anomaly on the spawning grounds during the spawning season, the spawning area
may be displaced into deeper, 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. Second, the fish might spawn in a relatively 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 areas 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. In this case, a poor year 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 continental
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 their 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 seem to be already nearly 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 ecosystem model permits simulation of the statics and
dynamics of standing crops of various species and groups of species (i.e.,
abundance and distribution) in space and time as affected by interspecies
interactions, such as predation, environmental factors such as temperature
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 are 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. Examples are mean temperature
for a given period and its anomalies, and currents caused by components such
as wind and thermohaline components. Third, there 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 variations. 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 ecosystem
models is the existence of interconnected computational loops, or "feedback
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 environ-
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 Boring Sea model (fig. 5) is an equal-area
quadratic grid on a polar stereographic projection. Conversion between 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 research 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
forecasting 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 example, on time-interpolated climatology, introduces the new
"observations" 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 fields of distribution and abundance, computed from available,
often fragmented, descriptions, or as dynamic variables, such as migration
directions and speeds (migration routes), and aggregation and dispersal rates
which are estimated from available descriptive data (e.g., from known seasonal
distribution changes). The latter information, although given initially as
direction and speed, is decomposed 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 (e.g.,
selection of optimum temperature by a species), and "active" movements asso-
ciated with either a search for food or a spawning migration. Much of the
other biological information input is given either as time-dependent variables
for a given species or group of species in the form of seasonal variation of
composition of food and changes of growth rate with time or age, or as pre-
determined coefficients, such as feeding rates or food requirements for main-
tenance, and growth and optimun temperature requirements.

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 coefficients
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 the use 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 research 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 series outputs could be taken at any
given point, or the statics and dynamics of the entire stock could be summar-
ized over the entire area 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.

TIE FORMULATION (DESIGN) OF THE MODEL

Conversion of Descriptive Data and the Restrained Functions

Most biological data are available in descriptive form. However, these data
are needed in numerical form for use in a dynamic numerical quantitative model.
In most cases, no great difficulties are encountered in making the conversion,
but there is some concern about the validity of some of the quantitative
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estimates. Where and when great variability in quantitative data is encoun-
tered, statistical methods will be used for deriving confidence limits or
intervals. Examples 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 equations 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 predescribcd 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 make some efforts to show, name,
and justify their use 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 been used
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 tem-
perature at the grid point at time t and t+l 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 affected 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 different 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. Figure 11 shows an example of a simplified annotated flow
diagran of a subroutine for computation of pollock biomass dynamics. This
figure indicates first the initialization of the distributions. The approxi-
mate monthly distribution of polloc: in Bering Sea is derived partly from
catch statistics and partly from experimental 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 preferred food items. Growth rates are 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 needed 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 species
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 dependent 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 relative availability of
these items 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 MODELS

A schematic abbreviated listing of the relations between an ecosystem model
and environmental and descriptive (conceptual) models is shown in figure 14.
The environmental models provide various inputs to the ecosystem model. No
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feedback is provided here, as the ecosystem does not influence the statics or
dynamics of the environment (except in few cases of little consequence, such
as increase of turbidity due to high phytoplankton standing crop or regenera-
tion of nutrients). The "chemo-dynamic" approach (i.e., using nutrient
availability, regeneration, etc.) is not used in the initial state of our
model, because many recent attempts in this field have not led to any useful
models.

Various descriptive or conceptual models have been used to design our model
and have been converted to numerical form. Future descriptive models, which
provide new and more accurate knowledge, 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 models" 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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Figure 1.--Schematic example of the effect of positive temperature
anomaly on cod spawning and fishing.
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Figure 2.--Schematic example of the effect of negative temperature
anomaly on haddock spawning.
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Figure 3A.--Generalized scheme of the principles of dynamic marine
ecosystem model--Major Components.

321



Figure 3B.--Principal processes.
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I. "Open end" food web components
(inputs)

A. Zooplankton

1. Annual production, monthly mean standing crop, consumption

(copepods, euphausids, decapods, etc.).

2. Proportion consumed by pollock (monthly variation, density,
(availability) dependent).

B. Ichthyoplankton

As 1 and 2 in zooplankton, except 1 is dependent on spawning
seasons, hatching, growth.

C. Small pelagic fish

1. Preliminary estimates of annual distribution of abundance.

2. Availability to mammals and birds.

II. Main food web components

D. Pollock

Year class composition (in terms of biomass)
Growth (by age groups)
Natural mortality (by age groups)
Fishing mortality
Food requirements for (a) maintenance, (b) growth
Food composition (by preference, age and availability)
Consumption by mammals and birds

E. Mammals (fur seal and bearded seal)

Monthly distribution and abundance
Food requirements
Composition of food
Growth
Food consumed
Kills

F. Birds (shearwaters, murres)

Monthly distribution and abundance
Food requirements
Food consumed
Effect of availability of food on mortality

Figure 3C.--Principal components of mammals, birds, and pollock submodel.
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I. Evaluation of the effects of exploitation

II. Evaluation of the effects of environment

III. Reduction of data and knowledge into accessible/reviewable form

IV. Determination of further research needs and priorities

Figure 4.--Principal objectives of the marine
ecosystem model and its use.

Figure 5.--Computation (model) grid
for eastern Bering Sea.
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Figure 6.--Example of an inserted small-mesh (window or
zoomed) model for computation of distribution and
abundance on a spawning ground.

Figure 7.--Schematic diagram of a model output showing monthly biomass
change of a given age group of a species at a grid point (annotated).
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Figure 8.--Example of a restrained function accounting
for temperature preference.
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Figure 9.--Example of numerical presentation of vertical (depth)
migrations of a species.
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Figure 10.--Schematic diagram of computation of migrations (incl. dispersal and aggregation)
of a species and indications of methods used for the solution of the migration process
(exemplified by a species of Pacific salmon).



Figure 11.--Generalize flow diagram of pollock subroutine.
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Figure 12.--Examples of formulas used in the dynamic ecosystem model.
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Figure 13 A & B.--Example of (I) a trophodynamics formula for food consump-
tion and (II) annual food composition change computation.
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Figure 14.--Some relations between dynamic marine ecosystem model
and conceptual (descriptive) steps in research.
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APPENDIX A

The map factor and conversion between grid points and longitude/latitude.

1. Map factor (MF)

Map factor is used to correct distances (and areas) in the polar stereo-

graphic projection (true 60°N) for any grid, using the sin ø ( sin of

latitude) (see sin ø computation below).

2. Computation of I and J for arbitrary MxN rectangular grid if latitude and

longitude are given.

(a) Using the equations for the Polar Stereographic Projection,

(b) Inverse procedure computes the longitude and latitude if I and J are given:
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APPENDIX B

Interpolation of data fields - Method and Theory

1. If the point lies within the border zone of the MxN rectangular grid,

perform a linear interpolation.

2. If the point lies within the interior zone of the grid, perform a double

interpolation using Bessel's central difference formula, with third differences.

a. Vertical interpolation is performed on columns i-1, i, 1+1, and i-2

using the formula:
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b. Horizontal interpolation is then performed on the interpolated row computed

in a., using the formula:
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APPENDIX C

Basic Flow and Equations Used in Scalar Analysis Program

1. Pre-Analysis Section: (ANAL 1)

a. Round i 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:

(2) If 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" V2A:
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d. Smooth V2 A field for vorticity term:

e. Analyze, using extrapolated Liebmann method of relaxation to

solve Poisson equation: V3 A = B

but holding observed values fixed.

f. Compute new V2 A

g. Return to step d for 5 passes and exit after step e.

2. Main Analysis Section: (ANAL 2)

a. Compute V²A of guess field
a. Compute V² A of guess field
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b. Smooth V²A for vorticity term.

c. Smooth the guess field

(1) This is a light "fixed-point" smoother which removes small irregularities

but does not radically 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 formula for a double quadratic

interpolation.

(a) Four horizontal interpolations are performed first, on rows j-l,
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b. One vertical interpolation is then performed on the column i + [delta]i:

(2) Compute A - A
(observed) (interpolated)

(3) Compute weights for correcting each of the four surrounding grid points.
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(4) Compute weighted difference to be added as correction to each

of the four grid points surrounding the observation:

(5) When weights have been computed for all observations, add as correction

to each grid point the "mean" of the weighted corrections resulting

from each relevant observation. (A grid point is thus corrected

from observations in the four surrounding grid squares.)

where K = nbr. observations affecting this grid point.

e. Analyze, holding all adjusted values fixed, using extrapolated Liebmann

method of relaxation for solution of Poisson equation V²A = B. See

(e) under part I. Here E = .5 but, again, should be data dependent.

f. Return for 3 internal passes to steps c through e.

g. Return for 2 external passes to steps a through f.

h. Exit.
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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. All 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 subsistence

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. All 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. In 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 not 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 of 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/m /day as an estimate of primary

production in the Bering Sea. Estimated production in the Aleutian area is lower,

averaging near 100 mg C/m2/day.
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Figure 1. -- Oceanic arcas adjacent to Alaska, based on the schematic Domains of Dodimead et al
(1963).



Table 1. -- Recent estimates of primary production in the water column for
oceanic waters contiguous to Alaska (Carbon-14 method).-
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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/m2/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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Figure 2. Schematic. simplified summer (June-November) food chain,

applicable to the eastern Bering Sea.



Table 2. Population and biomass estimates for pinnipeds in Alaska
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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 the body 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.
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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 seals

in the eastern Bering Sea, by food type, based on relative

food consumption observed during July-September 1973.
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Table 5. -- Estimated amount of food consumed by northern fur seals
in the Aleutian area of Alaska, by food type, based on
relative food composition observed between Kodiak Island
and Unimak Pass, May-August, 1968
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Figure 3. Approximate length distribution of pollock (Theragra chalcogramma), unidentified fish belonging
to the family Gadidae, and Greenland turbot (Reinhardtius hippoglossoides) in fur seal stomachs
from the eastern Bering Sea, July-September 1973. The minimum sizes the fish enter their respec-
tive fisheries are also noted ("turbot" here represents the minimum recruit size for the turbot
fishery which includes arrowtooth flounder in addition to Greenland turbot; Bakkala, pers. comm.)
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Figures 3 and 4. It should be noted that the data used to construct Figures

3 and 4 represent the total amount of fur seal stomachs in a season containing

fish of measurable size. The contents of a large number of fur seal stomachs

were in a state of digestion that did not permit identification of the partly consumed

fish. Also, the areas in which fur seal stomachs were collected varied through-

out the season in each of two years.

Similar methods have been used to estimate food consumption by other

pinnipeds. We have made a best estimate for each species of that percentage of

total consumption which is finfish. Where data have been lacking or inconclusive,

we have used rates observed for fur seals as a first approximation; yet recognizing

that the food consumed by other seals will often be species different from

those selected by fur seals. Some species, for example, ringed seals, appear to

avoid squid completely, while squid form a major component of fur seal diets.

Tables 6 and 7 show consumption figures and data sources for northern fur seals,

northern sea lions, harbor seals, ringed seals, ribbon seals, and bearded seals

in the eastern Bering Sea. Total food consumption by pinnipeds in this area is

estimated to be 4,223 thousand metric tons per year, of which fur seals account

for approximately 447 thousand metric tons, or about 18% of the total finfish

consumed. Northern sea lions account for over one-third of the total finfish

consumption (Table 7).

Tables 8 and 9 show similar calculations for the Aleutian area of Alaska.

Concumption in the Aleutian area is about one-third of eastern Bering Sea shelf

values, with northern sea lions again being the largest single consumer of fish.
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Figure 4. Length frequency distribution of walleye pollock, Theragra chalcogramma,

in fur seal stomachs from the eastern Bering Sea, July-September 1974.



Table 6. -- Food consumption by pinnipeds in the eastern

Bering Sea shelf (thousands of metric tons).
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Table 7. -- Annual food consumption of finfish by pinnipeds

in the eastern Bering Sea (thousands of metric

tons).
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Table 8. -- Food consumption by pinnipeds in the Aleutian
area (thousands of metric tons).
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Table 9. --Food consumption of finfish by pinnipeds in the Aleutian

area (thousands of metric tons).
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Comparisons with Fisheries Catch Statistics

The eastern Bering Sea is the source of a major commercial fishery

harvested principally by Japan, the USSR, and South Korea. Japan resumed

fishing operations in the Bering Sea in 1954 after an interruption during

World War II. A harvest of yellowfin sole, herring, and pollock, primarily

by Japanese and Russian fishing fleets, exceeded 2.3 million metric tons in

1972. These totals were expected to decrease to slightly over 1.7 million

metric tons in 1975. The total sustainable fishery harvest of groundfish in the

Bering Sea and Aleutians in 1975 has been estimated to be between 1.4 and 1.7

million metric tons, under present harvesting and environmental conditions

(Table 10).

An analysis of catch and effort statistics and biological data indicate

that the present high harvest levels of pollock in the eastern Bering Sea are

exceeding sustainable levels (Alverson, 1975), as shown in Table 10. From an

examination of all available information, U.S. fisheries scientists have

indicated that the pollock fishery for the eastern Bering Sea shelf should be

limited to a harvest of about 1.0 million metric tons.

Values derived for food consumption by pinnipeds have been compared with

the commercial harvest and standing stocks in Table 11. Because the best

available statistical data on the commercial fisheries combined both the Bering

Sea and the Aleutian areas, we have included both areas in the values for pinnipeds

for comparison purposes. It can be seen that consumption of finfish by pinnipeds

is of the same magnitude as the commercial fishery, which is presently in a state

of overfishing. Total consumption of finfish by pinnipeds in the eastern Bering

Sea is estimated to be between 2 and 3 million metric tons, which is approximately

equivalent to or slightly larger than the present commercial fishery. It should

be noted, however, that pinnipeds eat different kinds of fish, and ice seals
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Table 10. -- Expected fisheries catch in the eastern Bering Sea and Aleutians in 1975

(thousands of metric tons).



Table 11. -- Consumption of fish in the eastern Bering Sea
and Aleutian areas
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may not eat commercial species such as pollock as a fish of preference.

Consumption values in Table 11 were calculated under the following assump-

tions: (1) fur seals and man are direct competitors for the same species of fish,

(2) a direct correlation may exist between the size of the fur seal herd and the

amount of fish consumed as food and (3) the ecosystem is presently in equilibrium

(which is probably not the case).

These values show that fur seals account for approximately

3% of all fish taken annually in the eastern Bering Sea, an amount equivalent to

approximately 25% of the amount taken by the fisheries.

The effects which fur seals and other pinnipeds may presently have on the

commercial fishery are still not yet clear. As stated above, fur seals as well

as other marine organisms may impact on the potential catch as competitors with

man, but they may also affect the potential growth of the fish populations. As

mentioned earlier, the data from 1973 and 1974 in Figures 3 and 4 show that fur

seals generally consume juvenilles of walleye pollock and Greenland turbot.

However, pollock conusmed by fur seals in 1974, as shown in Figure 4, were in a

size range approximately equal to that of fish being recruited into the commercial

fishery. Therefore, fur seals may not only compete with man directly in consuming

fish of catchable size, but may also affect the potential population growth of

the fish themselves because of their predation of juvenille fish. There inter-

actions between fur seals and their fish prey need to be determined.

It should be emphasized, however, that pinnipeds also eat noncommercial species

of fish, and there is no direct equivalence between the commercial fish catch and

pinniped assumption of finfish. Johnson et al, (1966), for example, has shown

that ringed seals and bearded seals (when the latter species eat fish at all; it

primarily feeds upon benthic invertebrates) eat mostly sculpins, saffron cod and

Arctic cod. It is also important to consider geographic differences between the
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distribution of pinnipeds and fish and their different feeding niches. For

example, Phocids may have a lesser interaction with commercial fish species,

as compared to that by Otariids.

Conclusions

Although this report is preliminary and the first step in a detailed

process of analyzing all known data on the feeding relationships of pinnipeds,

it does appear to provide a good estimate of the range of finfish consumption

by fur seals and other pinnipeds. Pinnipeds do consume a quantity of food

consisting of both noncommercial and commercial fish stocks, especially pollock,

which is nearly as great as that of the commercial fishery; although, the impact

of fur seals is apparently not as great as that of other pinnipeds such as the

northern sea lion. Also, the fact that finfish consumed by fur seals are

generally of prerecruit size means that the potential size that the adult fish

population can reach is affected. What effects present exploitations have on

the fishery is not yet clear, but with overfishing by man at present and preda-

tion of juvenile fish populations by pinnipeds, fish, and other marine organisms,

it may be difficult to achieve a maximum sustained yield in the fishery.

It must be emphasized that finfish are not the only food of pinnipeds.

Squid actually form a higher percentage of fur seal diets than

finfish by occurrence. Because organisms change their diet from one

species to another in their food web as a given species becomes increasingly

difficult to find, it might be true that fur seals will consume a greater amount

of squid as the standing stocks of fish decrease. How other species might react to

specific food species reduction is uncertain. The impact of pinnipeds on the

fishery is a complex interaction, and further analyses of data on the ecosystem

and trophodynamic relationships of pinnipeds and finfish are required before the

system can be understood.
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ABSTRACT

The authors spent about 65 person-days preparing a report on the birds

of the eastern Bering Sea under a subcontract to OCSEAP RU-77 (Ecosystem
Dynamics-Birds and Mammals). The pertinent literature was reviewed on ten

species of marine birds which are important in that area either because of

their large biomass, or as representatives of the diversity of the pelagic
bird community. Dramatic seasonal changes occur in the abundance of birds

in the eastern Bering Sea. Peak abundance occurs in early spring with the
influx of Sooty and Short-tailed Shearwaters from their breeding grounds in

the southern hemisphere, and with the staging of Alaskan breeding species

prior to nesting.

During the Alaskan birds' breeding season, the distribution of all

species except the shearwaters is strongly oriented toward colonies. Little

is known about the diets of the birds, but the abundant shearwaters and

murres appear to consume large quantities of euphausiids, and schooling

pelagic and demersal fishes. Prey items range in size from copepods of

7 mm or less (eaten by Least Auklets) to fish of at least 25 cm (eaten by

murres). Glaucous-winged Gulls, Black-legged Kittiwakes, and Northern

Fulmars probably benefit greatly from offal produced by Walleye Pollock

fisheries. The fisheries have possibly created an imbalance in the ecosystem

which has benefitted planktivorous birds.

Recommendations to further refine ecosystem data on marine birds

include: 1. More intensive studies on population sizes and the diets of the

shearwaters; 2. Better estimates of colony population sizes, and the

relationships between numbers of birds on the colonies and numbers at sea;
3. Many more food samples collected systematically throughout the year;

4. Included in the model of the ecosystem should be meroplankton (including

ichthyoplankton); copepods; euphausiids; small pelagic fishes; epibenthic
macroplankton; and fisheries offal.
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PREFACE

Research Unit 77 of the BLM/NOAA Outer Continental Shelf Energy

Assessment Program, entitled "Ecosystem Dynamics - Birds and Mammals"

was originally designed to provide a conceptual ecosystem model for

marine bird and mammal populations in the eastern Bering Sea. The

principal investigators and their parent agency, the National Marine

Fisheries Service (NMFS), had no expertise on marine birds. They

subcontracted to the U.S. Fish and Wildlife Service, Office of Biological

Services - Coastal Ecosystems, Anchorage, AK, to provide a basic literature

review of marine birds in the eastern Bering Sea. The literature

review was to emphasize marine bird feeding studies and other ornithological

information.

Correspondence between G. A. Sanger, and F. Favorite and T. Laevastu

of the NMFS summarizing pertinent published and unpublished data on

shearwaters and murres provided the initial marine bird data input to

the model. This was followed by a 13-page preliminary report (Sanger

1976) which provided additional data on murres and shearwaters in the

Bering Sea. The data emphasized feeding habits, pelagic populations,

and breeding chronology. This final report provides similar data on

eight more species, integrates essential information from the preliminary

report, and attempts to present a general background picture of marine

birds in the eastern Bering Sea and factors pertinent to their feeding

ecology.

There is a glaring dearth of published information on marine birds

in the eastern Bering Sea. A few years hence, when the present wealth

of data beginning to accumulate from OCSEAP studies is analyzed, a much

clearer picture of the ecology of marine birds in the eastern Bering Sea

will be available. Meanwhile, we believe this report is reasonably

complete in reviewing and integrating information pertinent to the role

of marine birds in the ecosystem of the eastern Bering Sea.

INTRODUCTION

At least 130 species of "marine oriented" birds occur in the

eastern Bering Sea or in its adjacent estuarine and intertidal habitats

(Sanger and King in press). Since the initial ecosystem modeling attempts

for the eastern Bering Sea (Laevastu and Favorite 1976) include only

pelagic faunal communities, this report considers only pelagic species

of birds. For an initial attempt at modeling a marine bird community,

however, areas away from land are a good place to start; there are fewer

variables affecting bird distribution and abundance here than in areas

closer to shore (Sanger 1972a).

This report summarizes information and biological concepts important

to a basic understanding of the role of birds in the ecosystem of the

eastern Bering Sea. It is not an exhaustive review of the literature,

but rather sets a basic ornithological and environmental background.

It focuses on specific ecological factors on some ten species of marine

birds which should be useful for portraying much of the marine bird

community of the eastern Bering Sea in an ecosystem model. It is assumed

the reader has little or no background in ornithology.
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The specific objectives of the report are:

1. To give a general ornithological background for the eastern

Bering Sea.

2. To give enough general environmental background of particular

importance to birds so that they may be better understood

as integral components of the ecosystem.

3. To give "best available" estimates of the seasonal distribution

and abundance of a few key species of marine birds.

4. To provide lists of the prey species of ten species of marine

birds.

5. Provide recommendations for further field and laboratory
studies which would further our ecological understanding of
marine birds in the eastern Bering Sea and enable further
refinement of ecosystem models.

6. To provide recommendations for expanding the present list of

components of an ecosystem model which will more accurately

reflect the birds' feeding ecology.

GENERAL BIOLOGICAL BACKGROUND

The Distribution and Abundance of Prey and Predators

Any model of the eastern Bering Sea ecosystem must include data on

the abundance of both prey and predator species during the breeding and
non-breeding seasons, because seasonally different regulating factors
may be operating on each of them (Fretwell 1972). Moreover, summer
population sizes of consumers may be determined by winter food availability
(Pulliam 1975). For seabirds, density-dependant winter mortality may
occur in some species, and this usually affects young birds greatest
since they are inferior competitors for food with adults (Ashmole 1971).
In the eastern Bering Sea, only Shuntov (1972) has published information
on winter populations of marine birds. The absolute abundance of prey
is an important factor to consider in food web analyses; the prey may be
locally abundant, but not high enough in overall abundance to be consistently
located by consumers.

Similarly, distribution data on both prey and predators needs to be
considered in ecosystem modeling. Many authors have noted close associations
between predators and their prey (e.g.; Ashmole 1971, Royama 1970). In
high latitudes with short, well defined seasons of biological productivity
such as the eastern Bering Sea, similar influences no doubt act on prey
availability (e.g.; Bedard 1969a). As noted below, this factor probably
has influenced the locations of breeding colonies in the eastern Bering
Sea.
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Prey-Predator Relationships

Royama (1970) regards "percentage predation" (i.e., percent composition

of all food comprised by a prey species) as an important variable to

consider in studying food webs. This factor apparently varies in a

curvilinear fashion with prey abundance. The very real possibility of

preferential prey selectivity by a predator (Holling 1968, Ivlev 1961)

needs to be known, but there apparently is little or no such data in the

eastern Bering Sea.

Feeding rates depend on many factors other than availability of

prey to the consumer. Royama (1970) believes that "What is important

from a predator's viewpoint is not density of prey, but rather the

actual amount of prey that a predator can collect for a given time in a

given hunting situation." Feeding rates may also depend on absolute

densities as stated above, or on behavioral interactions among the

predators in feeding associations. In inter- and intra-specific situations,

competition from other predators may affect feeding rates, so an ecosystem

model must consider all consumers. Feeding rates can sometimes decrease

when consumer density increases; this effect is apparently a mechanism

for maintaining ecosystem stability (DeAngelis et al 1975). DeAngelis

et al (1975) suggest that feeding rates should be examined as a function

of relative densities of prey and consumers.

The maximum consumption rate upon a prey species by a predator must

be differentiated from natural fluctuations in prey population (i.e.,

those caused by other predator species, physical environmental affects,

etc.). Finally, an analyses of prey partitioning among all of its'

predator species needs to be examined (Schoener 1974). However, for

beginning attempts at modeling the relationships between marine birds

and their prey, it would seem expedient to assume simple Lotka-Volterra

relationships (predators and their prey are in equilibrium and their

populations fluctuate roughly in inverse proportions) (Lotka 1925,

Volterra 1926) until shown otherwise by hard data.

What is a Trophic Level?

Webster's Seventh New Collegiate Dictionary defines the word trophic

as: "Of or relating to nutrition", and the word nutrition as: "The act

or process of nourishing or being nourished." "Trophic" thus expands to

"Of or relating to the act or process of nourishing or being nourished."

In the context of a simple food chain, each link in the chain represents

a level of nutrition, and thus represents a trophic level. In an ecosystem

involving food webs, however, the existence of trophic levels is more a

concept than a reality. In an exceedingly complex environment such as

the eastern Bering Sea shelf, organisms exist in an infinite number of

sizes ranging from the smallest detrital particles and phytoplankton up

to the largest baleen whales. In a sense, there is also an infinite

number of trophic levels. Also, as most planktonic and nektonic animals

grow, they ascend to higher and higher trophic levels until fully grown.

However, knowledge of the actual food web pathways and dynamics is

imprecise. Thus, the assumption of distinct trophic levels is a useful

tool to begin to portray an ecosystem in a model (Schaefer and Alverson

1968; Sanger 1972b).
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Work by Parsons and LeBrasseur (1970) and LeBrasseur and Kennedy
(1972) in coastal British Columbia and at Ocean Station Papa in the
North Pacific Ocean has shown that food chains in coastal areas tend to
be shorter than in oceanic areas. This is due to much of the oceanic
primary production occurring from nannoplankton (phytoplankton less than
20 microns in size) which is not abundant in coastal areas. Thus,
microzooplankton such as radiolarians are the herbivores in the oceanic
areas, while the dominant phytoplankton along the coast are relatively
large diatoms, which are preyed upon directly by the euphausiid, Euphausia
pacificus. Offshore, E. pacificus prey upon the radiolarians, so the
same species is thus two trophic levels apart in the two areas. In
reality, what is termed a trophic level actually contains a range of
sizes of organisms; their average sizes differ, but there can be considerable
overlap in sizes from one level to the next.

Gallopin (1972) states that, to define a trophic level, the proportion
of common prey species to total prey species of all predators must be
examined as well as the magnitude of flow of biomass and energy. This
flow depends in part on the relative abundance of prey and predators.
The relative allocation of biomass flow from all species to each predator
should also be known. Consumers are at the same trophic level if the
proportions of the flow from the same prey are the same for the consumers
being compared (Gallopin 1972). He thus suggests obtaining an index of
similarity weighted by the proportion of biomass or energy flow to
define trophic levels. However, Gallopin's (1972) scheme would seem
more realistic if size classes of prey would be included.

ORNITHOLOGICAL BACKGROUND

General Aspects

Although marine birds are usually seen flying above the sea or
floating on the water, they are very much a part of the nekton com-
munity. Most species are able to swim under water agilely, propelling
themselves with their wings, or feet, or both. Many species in the
eastern Bering Sea regularly and normally feed on or near the bottom, at
depths ranging down to 75 meters (Ainley and Sanger in press). Even the
surface feeders usually feed with at least their bills or heads beneath
the surface. Depending on species, they may feed at or just beneath the
surface (most gulls), in the upper few meters (shearwaters), at mid-
depths (puffins, some other alcids), or from mid-depths to the bottom
(murres, cormorants, sea ducks).

Two natural factors overwhelmingly influence the distribution of
marine birds in the eastern Bering Sea: the distribution of sea ice in
winter, and the locations of breeding colonies in spring and summer.
The affect of the ice edge on the distribution and ecology of marine
birds will only be mentioned in passing here; it is the subject of an
ongoing OCSEAP Research Unit (RU #330, "The distribution, abundance and
feeding ecology of birds associated with the Bering and Beaufort Seas
Pack Ice"), and information from that study will be useful in modeling
aspects of the marine bird community in winter.
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The locations of the colonies and the chronology of breeding activities

have a dramatic affect on bird distribution in the eastern Bering Sea.

For all species except shearwaters, their populations are strongly
concentrated in the general vicinity of the colonies from late spring
through at least mid-summer. Definitive data on the distances birds

range seaward to feed from the colonies is just beginning to accumulate.
It appears that most species range only to within 20 to 50 miles seaward;

one or two species may range regularly out to 80 miles, and still another
probably regularly ranges to distances greater than 100 miles from the

colonies during the breeding season. Specifics will be discussed below
under the accounts of species. Regardless, it seems probable that for

colonies to persist over the years, a persistent food supply nearby is
essential. In strong contrast to the breeding birds, the shearwaters
appear to be distributed quite patchily. They may or may not be abundant
where breeding birds are abundant.

Another factor which has a tremendous, although unmeasured, influence

on the distribution of marine birds in the eastern Bering Sea is the
presence of the foreign fishing fleets. Scavenger species (gulls,
kittiwakes, and fulmars) congregate around the fishing vessels, and
particularly the motherships, in swarms of thousands or tens of thousands.
This phenomenon and its possible implications will be discussed below.

Avifauna of the Eastern Bering Sea

Generally, about 132 species of marine or marine-oriented birds in

28 families or ducks subfamilies occur in the eastern Bering Sea or its
adjacent estuarine and intertidal habitats (Sanger and King in press).
Ecologically, because of their large numbers and/or biomass, three bird

families are of overwhelming importance in pelagic areas of the eastern

Bering Sea: the Procellariidae (fulmars and shearwaters); the Laridae
(gulls and terns); and the Alcidae (murres, puffins, and auklets).

We have chosen 10 species to discuss in some detail in this report.
The two shearwaters and the two murres are the most important species in
terms of biomass, and probably numbers as well. Northern Fulmars,
Glaucous-winged Gulls, and Black-legged Kittiwakes are also important in

biomass and numbers, so should be considered. The auklets occur in
large numbers, especially the Least Auklet, but because of their small
size their biomass is relatively small. Their overall impact on the
ecosystem is correspondingly small. However, we have also included data
on three of the auklets, the Least, Crested, and Parakeet, because
outstanding data is available for them (Bedard 1969a), and their inclusion

provides a broader perspective for the entire bird community. Recommendations

for the inclusion of additional species in future ecosystem modeling
attempts will be made below.

Northern Fulmar: Fulmars are present in the eastern Bering Sea

from late winter through late fall (Figure 1); most of the population is
in the North Pacific proper in midwinter, ranging as far south as Baja
California. There is very little information on sizes of fulmar colonies
in the eastern Bering Sea, although their locations are known (Table 1,
Figure 2). The largest colony apparently occurs on St. Matthew Island
with the Pribilof colonies being large also. Large colonies exist in
the Commander Island, and colonies of unknown size occur in the eastern

Aleutians. Any of these could contribute birds to pelagic populations of
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Figure 1. The seasonal abundance of marine birds over the shelf and slope of
the eastern Bering Sea. Adapted from Sanger and King (in press).
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Table 1. Estimated sizes* of colonies of Northern Fulmars, Glaucous-winged

Gulls, Black-legged Kittiwakes, and Least, Parakeet and Crested

Auklets in the eastern Bering Sea. X = present in undetermined

numbers.
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Figure 2. The locations of Northern Fulmar colonies in the

eastern Bering Sea.
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the eastern Bering Sea. The largest colony in the North Pacific proper,
ca. 500,000 birds, is in the Semidi Islands in the Gulf of Alaska
(Hatch, personal communication).

Fulmars arrive at the Pribilof colonies in early May and leave in
early September (Table 2, Figure 3). Numbers at sea remain fairly
stable in spring and summer (Table 3), but are particularly hard to
correlate with colony of origin. Fulmars range widely at sea, and
breeding birds may have incubation shifts of two weeks (Hatch, personal
communication). This means that while one parent is incubating the egg
or chick, its mate is at sea. Thus, breeding birds could easily range
several hundred kilometers or more from their colony. Presumably the
birds at sea within a few to several kilometers of a given colony are
from that colony, but it is possible that birds from other colonies are
also mixed in.

Using Shuntov's (1972) at-sea density figure, we have estimated the

pelagic population of fulmars in the eastern Bering Sea in summer at
about 2.8 million (Table 3). By assuming that pre-beeeding birds comprise
10% of the total population and that they all occur at sea, and by
assuming that breeding birds occur equally at sea and on the colonies,
we have calulated that the total population of fulmars in the eastern

Bering Sea is about 5.1 million birds. Our gut feeling is that this
figure is probably conservative, but it seems unlikely that it could be
low by as much as an order of magnitude.

Fulmars obtain their food at or very near the surface (Table 4),
and eat a variety of prey (Table 5). Their bills are fairly large, so

they feed relatively high in the food web. As attested by the huge
flocks of fulmars seen feeding on offal from fishing and factory ships
in the eastern Bering Sea (unpublished data, USFWS) they readily take
advantage of chance occurrences. The ecological implication of feeding
on large, and dependable supplies of offal will be disucssed below.

Shearwaters: Two congeneric species of shearwaters occur in the
eastern Bering Sea; the Sooty Shearwater (Puffinus griseus) and the
Short-tailed Shearwater (P. tenuirostris). Both species breed in the
southern hemisphere during the boreal winter, migrate to the northern
hemisphere in the spring, forage heavily in summer throughout much of
the Subarctic Pacific Region, and migrate to the southern hemisphere
again in the boreal autumn (Sanger and King in press; Shuntov 1972). A

small proportion of the Sooty Shearwater population occurs in the
Atlantic, but the entire world population of Short-tails occurs in the
Pacific Ocean.

The Short-tailed Shearwater population occurs much farther north
than the Sooty population, and is the dominant of the two species in the
Bering Sea. There is apparently a zone of overlap in their distribution
in the southern Bering Sea (Shuntov 1972), but most of the Sooty popula-
tion occurs in the North Pacific proper. Like the two murres, these two
shearwaters are very difficult to distinguish in the field.

Shearwaters are completely absent from the Bering Sea in winter,
yet they are the most abundant form of marine bird at sea in summer,
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Table 2. General breeding chronology of northern fulmars, glaucous-winged gulls, black-legged kittiwakes, and

crested, least, and parakeet auklets in the eastern Bering Sea.



Figure 3. The breeding chronology of Northern Fulmars, Glaucous-winged Gulls,

Black-legged Kittiwakes, and Crested, Least and Parakeet Auklets

in the eastern Bering Sea.



Table 3. Seasonal changes in estimated numbers at sea and their biomass for northern fulmars, glaucous-
winged gulls, black-legged kittiwakes and alcids other than murres in the eastern Bering Sea.
Adapted from Shuntov 1972, and Sanger and King in press. Population sizes assume the eastern
Bering Sea shelf is one million km².



Table 4. Summary of feeding behavior of Northern Fulmars, Glaucous-
winged Gulls, Black-legged Kittiwakes, and Parakeet, Least,
and Crested Auklets.
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Table 5. Frequency of occurence of prey items in northern fulmars, glaucous-
winged gulls and black-legged kittiwakes. Figures are in percent
occurrence.
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outnumbering even the murres. The migration of shearwaters into the

Bering Sea is dramatic. During May 1976, an OCSEAP Fish and Wildlife

Service observer stationed at Unimak Pass during a two-week period

observed that shearwaters migrating northward through the pass increased

from none to an average of 5,000 per hour. This explosive influx of

shearwaters into the Bering Sea is reflected also by the data of Shuntov

(1972), Table 6. When the more comprehensive data on the pelagic

distribution and abundance of shearwaters recently obtained by Juan

Guzman (OCSEAP RU# 239), and the U.S. Fish and Wildlife Service in

OCSEAP studies has been completely analyzed, the picture of shearwater

numbers in the eastern Bering Sea will be far more complete. Table 6

also suggests that the fall exodus of shearwaters from the Bering Sea is

more leisurely, and a few birds (probably immatures) linger as late as

November. The important point bearing on modeling efforts is that very

little is known about what governs shearwater distribution within the

Bering Sea once they get there. They may concentrate over the shelf

break, but large concentrations have also been noted over the shelf

itself (Shuntov 1961). They also have a decidedly patchy distribution,

unrelated to distance from shore (Figure 4).

Using Shuntov's (1972) at-sea density figure for Short-tailed

Shearwaters, we have estimated their population for the eastern Bering

in summer at about 7 million birds. It does not seen unreasonable to

assume that Sooty Shearwaters, even though they range only in the

southern part of the Bering Sea, could number 3 million there. Thus, we

estimate the total shearwater populations in the eastern Bering Sea at

10 million birds.

Shearwaters dive and readily swim under water in pursuit of their

food, but they apparently stay within the upper 5 meters or so (Table

7). Data on their feeding habits in the Bering Sea is very sparse

(Table 8), but they suggest that Short-tailed Shearwaters feed heavily

on euphausiids. Judging from preliminary data from the Gulf of Alaska

(unpublished data, USFWS), Sooty Shearwaters feed more heavily on fish,

whose sizes are considerably larger than euphausiids. Stomach sample

material for Sooty Shearwaters from the eastern Bering Sea are needed.

There is no published information on feeding rates of shearwaters,

but inferential evidence from USFWS OCSEAP marine bird feeding studies

suggests that shearwaters could consume as much as 20% of their body

weight per day. Analyses of shearwater stomach samples are incomplete,

but the maximum weights of the contents from partly full stomachs has

ranged up to 125 grams. For a 700-gram bird, this is 18% of the body

weight. It is probable that a shearwater could easily hold 150 grams of

food, and it is not unreasonable to assume that they fill up with food

on an average of once per day. Thus, a food consumption rate of 20% per

day for shearwaters seems possible. Further, without exception, shearwaters

examined thus far which were collected in summer have had very heavy fat

deposits, suggesting that their food has been plentiful regardless of

their stomach contents at the time of collection.

Gulls: Although Glaucous-winged Gulls and Black-legged Kittiwakes

are both in the family Laridae (gulls), they are dissimilar in many

ways. The Glaucous-winged Gull is about 2.5 times larger than the Black-
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Table 6. Seasonal changes in estimated numbers at sea and their biomass for short-tailed shearwaters

and murres in the eastern Bering Sea. Adapted from Shuntov (1972) and Sanger and King (in

press). Population sizes assume the eastern Bering Sea shelf is one million km².



Figure 4. Relative densities of murres and Short-tailed Shearwaters in relation to distance
offshore from the Cape Newenham murre colony, northern Bristol Bay, 15 July 1973.
Unpublished data, U.S. Fish and Wildlife Service, Anchorage, Alaska.



Table 7. Summary of feeding behavior and methods by murres and shearwaters.



Table 8. Feeding habits of murres (Uria spp.) and short-tailed shearwaters
in the eastern Bering Sea (adapted from Ogi and Tsujita 1973).
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legged Kittiwake (Table 3), and other ecological differences are noted
below. They should be considered separately in ecosystem modeling
attempts.

Figure 5 notes the distribution of Black-legged Kittiwake colonies
in the eastern Bering Sea, and Table 1 lists their estimated sizes. The
largest known colony in the eastern Bering Sea, about 200 thousand
birds, is at Cape Peirce; a similar or greater number may occur at
nearby Cape Newenham; more work is needed in this area. About 100
thousand nest on St. George Island in the Pribilofs.

Populations of Glaucous-winged Gulls are much harder to estimate
because they generally do not nest in dense colonies. The largest known
colony in the eastern Bering Sea, about 12.4 thousand birds, exists on
several small islands in Nelson Lagoon on the Alaska Peninsula (Table
1). Other large colonies exist on the Seal Islands (6 thousand birds),
also on the Alaska Peninsula, and at Cape Peirce (5.6 thousand birds),
but the species is generally ubiquitous in much smaller numbers in its
nesting habits.

Seasonal fluctuations in densities of both gulls at sea are presented
in Figure 6. The pattern shown for Glaucous-winged Gulls appears to be
correlated with their breeding chronology (Table 2). Their highest
densities occur at sea in winter (1.7 birds/km2 ). The species ranges
pelagically as far south as southern California in winter (Sanger 1972b),
so the high density in winter in the Bering Sea is somewhat puzzling.
Apparently birds breeding there overwinter there as well. There is
possibly even an influx of birds from the North Pacific into the Bering
Sea in winter. The decrease in densities in spring (Figure 6) probably
reflects the birds' beginning to orient toward their breeding colonies.
In summer, the species is very strongly oriented to land; only 0.2
birds/km2 occur at sea. These are likely immatures. The implication
here is that the large majority of the population feeds on land or very
close to it. The increased density in fall reflects the return of the
population to pelagic areas. Pelagic observations within 35 km of the
Pribilofs in 1974 (Sanger, unpublished data) showed no Glaucous-wings
Gulls in early August, they began appearing at sea by the third week,
and were seen commonly by the first week in September.

Black-legged Kittiwakes exhibit very low densities in winter,
particularly when compared to the Glaucous-winged Gulls. Most of the
population migrates to the North Pacific proper, where they are highly
pelagic as far south as southern California (Sanger and King in press).
The sharp increase in densities in spring reflects the species' return
to the Bering Sea prior to breeding, but they tend to remain in pelagic
areas. They are apparently strongly oriented to their colonies in
summer, regardless of age. The mean summer density of 0.5 birds/km2 may
reflect a population of immatures, or possibly a certain number of
adults who forage from the colonies out to the pelagic areas. Shuntov
(1972) does not distinguish the age composition of his data on Black-
legged Kittiwakes. The high density in fall again reflects their return
to pelagic areas, prior to their migration into the North Pacific.

By extrapolating the highest observed densities in Figure 6 for the
entire eastern Bering Sea shelf (estimated at one million km2 ), the
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Figure 5. The locations of Black-legged Kittiwake colonies in the
eastern Bering Sea.
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Figure 6. The seasonal abundance of Glaucous-winged Gulls and Black-legged

Kittiwakes over the shelf and slope of the eastern Bering Sea.

Adapted from Shuntov (1972).
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winter population of Glaucous-winged Gulls is estimated at 170 thousand
birds. Intuitively, this seems too low for a total eastern Bering Sea
population, but there is no hard data to refute it. The spring kittiwake
density extrapolates to a population of 120 thousand birds; at least 339
thousand breed in the eastern Bering Sea (Table 1). This figure again
seems low for a total eastern Bering Sea population. One may assume
that an equal number of kittiwakes breeding in the eastern Aleutians
"use" the eastern Bering Sea. The total number of kittiwakes interacting

with the ecosystem of the eastern Bering Sea thus may crudely be guesstimated

at about 750 thousand birds.

Table 4 summarizes the feeding behavior of these two gulls. The

important points bearing on ecosystem modeling are: 1. Both species
feed at or near the surface; 2. Both species are scavengers to some
extent; 3. Black-legged Kittiwakes tend to feed relatively farther
offshore in summer than the Glaucous-winged Gulls, therefore making them

more likely to interact with the foreign fishing fleets then; 4. The

same holds true for the Glaucous-wings in winter; and 5. Both species

are likely to interact as scavengers with the fleets in the fall.

Murres: Two circumpolar species of murres are present in the
Bering Sea, the Common Murre (Uria aalge) and the Thick-billed Murre (U.

lomvia). With body weights of nearly a kilogram, they are the largest
members of the marine bird family Alcidae in the Bering Sea. In the
eastern Bering Sea, they are highly sympatric on many breeding colonies.

Their ranges at sea also overlap, although the Thick-billed generally

occurs farther offshore than the Common Murre, particularly in winter.

The two species are difficult to distinguish at sea, even by trained

observers. Hence, pelagic population data for the two species is usually

lumped.

Table 9 lists the names and best available size information for the

known colonies of Common and Thick-billed Murres in the eastern Bering

Sea. Figure 7 locates these colonies geographically. This information

is the best available, but the size estimates need considerable refinement.

Work on some intensively studied colonies has shown that murres have

marked occupancy cycles on the colonies, and if a particular survey of a

colony happened to coincide with when most of the birds were at sea, the

colony size would be underestimated. Current intensive studies on a few

selected colonies (Pribilofs, Cape Peirce) will help delineate this

phenomenon much better, but more work is needed.

The timing of events associated with breeding of murres, i.e.,
foraging, is linked closely with their presence or absence on their

breeding colonies, and therefore with their distribution and density at
sea. Table 10 outlines a generalized breeding chronology for murres in

the southern Bering Sea, based on the observations of Matthew Dick
(personal communication) at the Cape Peirce Common Murre colony in
1973. In general, the timing of arrival on the colonies is closely

associated with the breakup of sea ice, so breeding occurs progressively
later with increasing latitude. It seems probable that the more north-

ern populations follow the ice edge as it retreats northward, and "drop

behind" as the latitude of their particular colony is reached by the

retreating ice pack.
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Table 9. Estimated sizes* of colonies of murres in the eastern Bering
Sea. X = species present as a breeder; P = species present
but not breeding.
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Figure 7. The locations of murre colonies in the eastern Bering Sea.
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Table 10. Generalized breeding chronology for murres in the south-

eastern Bering Sea. Breeding is pregressively later with

increasing latitude, occurring 3-4 weeks later near Nome.
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Figure 4 demonstrates the pronounced orientation of murres to
breeding colonies at the height of the breeding season, and also demonstrates
how unrelated to land and how patchy that shearwater distribution can
be. However, as far as ecosystem studies are concerned, the mere presence
of birds in an area does not necessarily coincide with their feeding
there.

Two factors overwhelmingly influence murre distribution in the
eastern Bering sea: the location of breeding colonies in spring and
summer, and the location of seasonal pack ice in winter. Table 6 represents
average pelagic densities, and the only data reflecting either factor in
these data is the decrease in bird density from spring to summer. With
most of the population engaged in breeding, one would expect murre
densities at sea to decrease.

Information on pelagic population sizes is scanty, a fact which is
complicated by the lack of reliable information on relative proportions
of the populations occurring at sea and on the breeding colonies during
the breeding season. Immatures probably do not return to land until at
least their second year. Shuntov's (1972) pelagic density value for
spring (4.5 birds/km2; Table 6), extrapolates to a pelagic population of
4.5 million birds for the eastern Bering Sea, Tuck (1960) pelagic
estimated total North Pacific populations of murres at 20 million.
If this is accurate, 4.5 to 5 million seems a not unreasonable figure
for total populations in the eastern Bering Sea. Some breeders from the
eastern Aleutians likely forage on the western part of the eastern
Bering Sea shelf.

Table 7 summarizes the feeding behavior and methods of murres. The
important points concerning ecosystem studies is that murres are capable
of exploiting the entire water column over much of the eastern Bering
Sea shelf. Murres likely get much of their food from mid-depths to the
bottom.

Data on feeding habits of murres in the eastern Bering Sea are very
scanty (Table 8), but they suggest that murres feed heavily on fish.
This view should be regarded as quite preliminary, and probably is not
the case universally throughout the eastern Bering Sea. Anatomical,
morphological, and behavioral studies on captive Common and Thick-billed
Murres by Spring (1971) suggest that the Common Murre is a fish specialist,
but the Thick-billed Murre is better adapted to feed on a wider variety
of prey. Wiens and Scott (1976) showed that Common Murres feed mostly
on fish off the Oregon coast, but euphausiids and other planktonic
crustaceans sometimes account for as much as 27% of their diet. Pre-
liminary data from U.S. Fish and Wildlife Service OCSEAP studies bear
out Spring's (1971) theory that Thick-billed Murres can eat a wider
variety of prey than Common Murres; squid, shrimp, and other crustaceans
have frequently occurred in Thick-billed Murre stomachs, as well as
fish. Because this preliminary information reflects a large diversity
of prey, we suggest that the list of model components (Laevastu and
Favorite 1976) will have to be expanded if it is to realistically
reflect the feeding habits of the marine bird community in the eastern
Bering Sea.
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Auklets: The auklets are the smallest members of the seabird
family Alcidae. Two species, the Least Auklet (Aethia pusilla) and the

Crested Auklet (A. cristatella) are abundant in the eastern Bering Sea.
A third, the Parakeet Auklet (Cyclorhynchus psittacula) is a ubiquitous
nester, but apparently less abundant than the prior two species. Due to

their small size (e.g., at about 90 g., the Least Auklet is less than a
tenth the size of a murre), they probably have little direct affect on

the ecosystem. Including them as components in a model of the ecosystem
would give a more accurate view of the ecosystem, however, and provide a
more comprehensive portrayal of the marine bird community. The excellent

studies of Bedard (1969 a & b) and Sealy and Bedard (1973) have provided
very useful data on the feeding ecology and breeding biology of these
species. Through these studies we have a much better idea of their

roles in the ecosystem than the larger species, which have a more
direct, if not more important influence on the ecosystem.

Locations of the breeding colonies of these auklets are noted in
Figures 8, 9, and 10. The Crested and Least Auklets breed only in the
Pribilofs, and on St. Matthew, St. Lawrence, and King Islands, while the
Parakeet Auklet is a ubiquitous nester, occurring in many small colonies

(Bedard 1969a). Estimated colony sizes of these species are shown in
Table 1, and their breeding chronology is summarized in Table 2.

Little is known about the distribution of these auklets at sea. At
St. Lawrence Island, all three species forage to at least 25 km offshore
(Bedard 1969a). In the Aleutians, Murie (1959) noted Crested Auklets
foraging to at least 16 km offshore. During pelagic observations within
8 and 35 km of the Pribilofs in 1974 (Sanger, unpublished), no Least
Auklets or Parakeet Auklets were seen at sea, and only scattered Crested
Auklets were seen between mid-August and early September. Mark Phillips
(Unpublished USFWS observations) saw fair numbers of Least Auklets near
the edge of the ice in the southern Bering Sea in April 1976.

Little is known about the total populations of these species.
Bedard (1969b) estimated nearly a million Least Auklets on St. Lawrence.
Recent population data of this species on the Pribilofs is still being
analyzed, but there apparently are at least 200 to 400 thousand there
(Hickey 1976). Considering birds from the eastern Aleutians (Murie
1959), one may guess that the total populations of Least Auklets in the
eastern Bering Sea could be as high as 2 million birds.

Crested Auklets apparently are not as abundant as the former species
in the Bering Sea. There are an estimated 600 thousand at St. Lawrence
(Bedard 1969b). Considering those from the Pribilofs and the eastern
Aleutians, there could be as many as 1 to 1.5 million in the eastern
Bering Sea. Parakeet Auklets do not occur in the dense concentrations
of the other species but they breed in many more locations (Figure 8).
It seems reasonable to guess that there could be as many as 500 thousand
in the eastern Bering Sea.

The feeding behavior of the three auklets is summarized in Table 4.
All feed by subsurface pursuit diving (Ashmole 1971). Bedard (196 9a)
collected his birds in water depths ranging down to 50 meters. At least
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Figure 8. The locations of Parakeet Auklet colonies in the eastern
Bering Sea.
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Figure 9. The locations of Crested Auklet colonies in the eastern
Bering Sea.
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Figure 10. The locations of Least Auklet colonies in the eastern
Bering Sea.
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the Parakeet Auklet likely dives all the way to the bottom for their

food, which includes epibenthic fauna. All three species are planktivores

and eat a variety of prey species (Table 11).

Least Auklets tend to eat relatively more Calanus copepods than any

other species, particularly after their eggs have hatched. Most of

their prey are less than 7 mm in length. In contrast, Crested Auklets

tend to eat relatively more Thysanoessa euphausiids. Most of their prey

was in the 7-15 mm size category before egg hatching, but after hatching

they tend to be less specialized in prey size, consuming prey from less

than 7 mm to over 15 mm (Figure 11).

Parakeet Auklets have the most diverse diet of the three species

(Figure 11, Table 11). The large hyperiid amphipod Parathemisto

libellula is important in their diet. The presence of mysids and

gammarid amphipods suggests that they forage near the bottom at least

part of the time. Figure 12 depicts schematically the complex food web

of the Parakeet Auklet, and points out the danger of making an ecosystem

model too simple if it is to reflect real conditions.

It is important to stress the changes in feeding habits the auklets

undergo as the breeding season progresses, as noted by Bedard (1969a).

He believes, for example, that the feeding of Least Auklets on Calanus

copepods coincides with the crustaceans sudden occurrence at depths

shallow enough for the birds to reach (Ostvedt 1955). He further

theorizes that the sudden availability of a particular food item may

trigger egg laying by the birds. He generalizes the sequence of feeding

by the two Aethia as follows: "early summer dependence on benthic prey

items; mid-summer dependence on many types of semibenthic and pelagic

organisms such as caridean (shrimp) larvae, small hyperiids, mysids, and

macrocopepods; and, during the chick-rearing period, reversal to near-

monophagy (copepods and euphausids)."

GENERAL DISCUSSION AND RECOMMENDATIONS FOR FURTHER WORK

Field and Laboratory Studies

The most pressing need in field studies is for more seasonal food

samples from all species of marine birds, from key areas of the eastern

Bering Sea. As noted above, we know enough about the dynamics of the

birds in the ecosystem to know that future collections of the major

species will have to be much more comprehensive than past ones. It

needs to be stressed that a mere knowledge of which prey species that

birds are taking will not be sufficient. An ecological and trophic

characterization of the prey is needed. Moreover, we need to know which

organisms the birds are not eating, and hence the need for integrated

nekton/zooplankton/bird feeding studies.

Real-time studies during the breeding season are needed over a long
enough time period to bracket the timing and duration (i.e., the cycles)
of bird movements between the colonies and the foraging areas. They
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Table 11. Frequency of occurrence of prey items in parakeet, least and
crested auklets, Figures are in percent occurrence; those
with parenthesis from the chick stage and those without are
before hatching.
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Figure 11. Prey length classes of Crested, Parakeet and Least

Auklets during the pre-hatching and chick stages

of the breeding cycle on St. Lawrence Island.

Adapted from Bedard (1969a).
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Figure 12. Schematic food web of the Parakeet Auklet in the eastern

Bering Sea. Arrow size indicates relative importance of

prey. From Ainley and Sanger (in press).
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should be designed to locate foraging and non-feeding areas within the

expected range seaward from the colonies. They should collect food

samples from the birds by several means, and simultaneously sample the

nekton and zooplankton. They should include the following:

1. Research from a vessel large enough to keep working in rough

weather. There is a cost benefit ratio between vessel size

and its operating expense, but a deep-draft vessel of at least

100' would be preferable to a smaller one. Higher operating

costs of a larger vessel could be offset by integrating various

other studies as outlined in this section.

2. Quantitative, real-time observations for birds along track lines

radiating out to some minimum distance from the colony, probably

at least 60-80 miles.

3. Birds collected for food samples by shotgun, gillnets, floating

mist nets, as appropriate for night-time or daylight hours,

concentrating on but not being limited to feeding flocks.

4. Simultaneous real-time observations and collections on the

colonies, including seawatches, photographing, and otherwise

counting birds on the cliffs. The effectiveness of this would

be maximized by maintaining radio contact between the shipboard

and the shore phases of the study.

5. With the close coordination of biological oceanographers,
real-time collections of the nekton, zooplankton, and if

feasible, the benthic epifauna. This phase would be most

intensive at night, and would most profitably be done in the
immediate vicinity of the floating mistnets and gillnets
sampling the birds. Weather permitting, the real-time aspect

of the mistnet and gillnet collections (for both fish and
birds) would be accomplished by patroling the nets with a skiff

at intervals during the night and removing any animals caught.
The real-time aspect of the zooplankton collections would be
accomplished by hauling a Tucker net (or other feasible opening-
closing net) at similar intervals, at selected depth in the

water column.

6. The whole operation would last long enough to determinethe
timing and duration of bird movements to and from the
colony for all major species. A minimum of 10 days to two
weeks would probably be needed for working near a given colony,
repeated at all stages of the breeding cycle (pre-laying,
incubation, chick stage, post fledging).

Ideally, these studies should be conducted at and near all major
tolonies. When "major bird colonies in the eastern Bering Sea" is mentioned,
the Pribilof Islands usually come to the mind. However, the importance
of the Pribilofs must be related to other major colonies, both in terms
of total numbers of birds and the amount of work done there already.
The Pribilofs probably have the greatest concentration of birds in the
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area (2 to 3 million), but other colonies in the southeastern Bering Sea
harbor numbers of birds which approach those in the Pribilofs, and which

collectively exceed those of the Pribilofs. Chief of these is the Cape
Newenham-Cape Peirce-Hagemeister Island area at the northwest corner of

Bristol Bay. Geographically, this area is only slightly larger than the
Pribilofs, and the best conservative estimates number the bird populations

at over two million.

Another important area is the eastern Aleutians between Umak Island

and Unimak Pass, at the southern end of the Golden Triangle. We conservatively

guesstimate populations in this broad area at 1 to 1.5 million birds.
Finally, St. Matthew and Nunivak Islands have large colonies which are

just barely known. Nunivak is believed, for example, to have the largest

colony of Horned Puffins known (ca. 60 thousand). The point is, there
are areas in the southern Bering Sea besides the Pribilofs that need

attention, particularly since the Pribilofs have already had recent
intensive study.

A major data gap is the virtual lack of knowledge about feeding

rates of marine birds, and nutritional values of their various prey.
Bedard's (1969a) study briefly touched on this subject. He conducted
feeding experiments wherein he provided captive young auklets a super-

abundant supply of live gammarid amphipods. Despite the fact that the
birds readily fed on the amphipods, they consistently lost weight and
died within a few days. Gammarids have a high ash content, which
apparently was inhibiting the assimilation of the protein and fat by the
birds. The point is, it is misleading to simply lump all prey as "biomass"
and assume they are nutritionally equal. Feeding experiments could be
conducted on captive birds to test the nutritional value of various prey
species, and to get an idea of feeding rates of the birds.

We still need to know much more about shearwaters in the southern
Bering Sea, particularly the relative proportions of the two species and

their comparative feeding habits. Knowing these things is critical to
any ecosystem process study, because shearwaters are collectively the
most abundant form of marine bird and have the greatest biomass of all
marine birds in the Bering Sea. Preliminary indications are that Sooty

Shearwaters feed at least one trophic level higher than Short-tails, and
that the former specializes on fish and the latter on nektonic crustaceans.

It would be ecologically quite misleading to lump them. The study
outlined here would also be able to monitor the densities, movements,
and feeding habits of shearwaters. This information would also be important

in determining if the presence of the shearwaters in the area influences
the breeding birds in any way; if there is enough overlap in feeding
niches of the shearwaters and the colony birds, the presence of shearwaters
within the normal foraging areas could conceivably adversely affect
productivity on the cliffs.

Similarly, we need to know much more about the ecological differences

between the two murre species. Particularly since preliminary indications
are that they feed on different prey, we need to know how to more precisely
fit each species into an ecosystem model.
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The Tufted Puffin is of fairly large size (ca. 800 g) and occurs in

large numbers in the eastern Bering Sea, particularly the southern part.
This species should also be included in future ecosystem modeling attempts.

Ecosystem Modeling

Marine birds are as ecologically diverse a fauna as exists in the
Bering Sea. They occur and forage in a wide variety of habitats,
ranging from the littoral out to the pelagic, and from the surface down
through the water column to the epibenic. They consume a diverse array
of prey species, of different sizes, from copepods of a few millimeters
to fishes of at least 20 centimeters. As discussed below, a few species
have probably benefited greatly from the offal and "ecological imbalanc-
ing" created by the recent intensive pollock (Therogra chalcogramma).

The pollock fishery has probably had two major influences on the
marine bird community:

1. The catch of enormous numbers of pollock over the last several
years has made available a large forage resource that otherwise would
have been eaten by the pollock. Studies on adult pollock in the
eastern Bering Sea (Donald S. Day, personal communications) showed that
pollock prey heavily on Thysanoessa euphausiids and the large hyperiid
amphipod Parathemisto libellula. One may presume that juvenile pollock
prey heavily on Calanus copepods. As noted in the above sections, all
these species are more or less important. in the diets of marine birds.
Thus, many species of marine birds in the eastern Bering Sea would seem
to have benefited by the increased availability of prey provided by the
decrease in the pollock stocks from the fishery.

2. The scavenging species, Northern Fulmars, Glaucous-winged Gulls
and Black-legged Kittiwakes, would seem to have benefited greatly by the
large quantities of offal produced by the fisheries motherships. The
fulmars and kittiwakes in particular, which remain fairly pelagic during
their breeding season, would benefit by the offal if the motherships
happened to be operating near the colonies.

The strong implication is that if an ecosystem model is to portray
marine birds with greater accuracy than a present attempt (Laevastu &
Favorite 1976), an expanded list of modeling components is necessary.
Generally, it appears that more complexity (i.e., trophic levels) is
needed at lower trophic levels in the food web. We suggest that the
following changes or additions be made:

Meroplankton. At present, ichthyoplankton is considered as an
integral part of a zooplankton component. Due to the sharp seasonal
nature of all meroplankton (including ichthyoplankton), it should be
considered as a separate component. Meroplankton such as shrimp larvae
have been shown to be important to some birds (Bedard 1969a).

Copepods. The life histories, general ecology, and trophic levels
of copepods are sufficiently different from euphausiids that they should
be separate. There is no direct evidence from the Bering Sea, but it is
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highly probable that adult euphausiids prey heavily on smaller copepods.
Thus, they would be a trophic level apart. As noted in preceding sections

of this report, different species of bird preferentially eat copepods or
euphausiids (Ogi and Tsujita 1973; Bedard 1969a).

Euphausiids. For the reasons noted in the preceding two paragraphs,

euphausiids should be considered as a separate component of the model.
Although the component as presently conceived includes all euphausiid

species, it should be considered to include the large (up to at least 5-
6 cm) amphipod Parathemisto libellula, which is an important prey of
several bird species, and pollock.

Small Pelagic Fish. It is assumed that herring is just an example
of this group, but it should be kept in mind that the group includes
capelin (Mallotus villosus) and sand lance (Ammodytes). These species

have sh wn preliminary indication of being more important to marine
birds than herring.

Epibenthic Macroplankton. The present component listed simply as
"benthos" needs refinement. Particularly since much of the secondary
production of the eastern Bering Sea appears to depend on the benthic
community, that part of the ecosystem should be portrayed as accurately

as possible. Since many species of marine birds consume benthic forms
such as clams, gammarid amphipods, mysids and juvenile shrimp, it is a
distinct enough component to consider separately.

Fisheries Offal. Offal seems important enough to birds that it

should be included in future ecosystem modeling attempts. Any offal
which sinks to the sea bottom would likely be consumed by gammarid
amphipods, which are important in the diet of baleen whales (Rice and
Wolman 1971).

Finally, it seems to us worthwhile to at least begin thinking about

plugging primary productivity into the ecosystem model. Considering the
base of the food web may give insight to the timing of events at higher
trophic levels. The timing, intensity, and duration of under- and in-
ice productivity, water column productivity and "lagoon productivity"
should be considered. The latter includes epibenthic algae, eel grass,
and of possible great importance to the offshore parts of the system,
the contribution of eel grass detritus.
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Frontispiece

Sympatric Gulls from Dry Bay, mouth of the Alsek River

17, 18, 23: yellow-eyed black-primaried Herring Gulls

20, 21, 22: dark-eyed gulls with varying amounts of melanin in primaries

24, 27, 28: dark-eyed gulls with black primaries

29, 31: dark-eyed light-primaried Glaucous-winged Gulls

33, 40: yellow-eyed black-primaried Herring Gulls

32, 42: yellow-eyed light-primaried Glaucous-winged Gulls
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I. SUMMARY OF OBJECTIVES, CONCLUSIONS AND IMPLICATIONS WITH

RESPECT TO OCS OIL AND GAS DEVELOPMENT IN THE NORTHERN

GULF OF ALASKA:

This annual report of Research Unit 96 - 77 is addressed to the
following task:

An analysis of the effects of petroleum exposure on hatching success
and chick survival of Alaskan Glaucous-winged Gulls (Larus glaucescens)
on Egg Island, Copper River Delta.

This investigation provides information on the effects of both North Slope

Crude Oil and mineral oil on the hatching success and incubation behavior

of a key seabird species nesting on the Copper River Delta barrier islands.

Oil spill danger in the Copper River Delta barrier islands is high due to

proximity to Valdez. tanker lanes, offshore oil leases, counter-clockwise

onshore currents, strong tidal interchange, shallow slope of the islands,

and huge concentrations of birds including the largest gull colonies in

the northeast Gulf of Alaska.

Colonial nesting and synchronization of the breeding cycle leave such

marine bird populations as gulls open to catastrophic events such as major

oil spills which could eliminate the prdductivity of the breeding season.

In addition, bird species may be susceptible to chronic low-level oil

pollution since recent evidence indicates high toxicity to eggs with very

low levels of oil exposure.

Initial efforts in this study have been concentrated at one colony and with

one marine bird species, since all species are likely to react similarly

in the shell to oil. Research has been focused on Egg Island, where a control

group and reproductive data are available from previous years.

We report egg oiling experiments had decided effects: North Slope Crude

led to nearly complete mortality of all samples, approaching LD10 0.
We also report high mortality with mineral oil applied to gull

eggs: hatching.success was 14.6% compared to the normal range of 69-77%

in the adjacent control colony.

Oil application to egg surfaces causes not only high egg mortality, but

behavior of the adult birds is altered and they do not renest during the

season due to extended periods of incubation.

The combination of high egg mortality and alteration of adult behavior

virtually eliminates gull reproduction in experimentally oiled areas.
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II. INTRODUCTION

The Larinae (gulls) have a world-wide distribution with 42 species.

Sixteen species of gulls are found in the North Pacific. Birds of this family

are both inshore feeders and essentially marine species. Gulls are highly

social birds; the forage and nest together. Gulls are suitable for population

analysis, especially productivity, because of their colonial breeding tendency.

An important reason for studying gulls is their use as indicators

of the health of the environment. Chemical pollution of the environment

poses an increasing and immediate threat to all organisms, including man.

A recent survey of chemical residues in marine avifauna showed gulls to

be among the most contaminated birds examined. Since gulls nest in colonies,

changes in breeding populations can be monitored and related to environmental

conditions, among which are industrial development and the concurrent

changes in food supply.

The Glaucous-winged Gull (Larus glaucescens), which breeds along the

coast from Washington State to the Aleutians, is an intrusive commensal

species currently increasing in numbers due to availability of artificial

food such as refuse and fish scraps. These gulls, nesting on island meadows,

are excellent subjects for a study of reproductive success because eggs

and young are readily accessible.

This report presents initial results of a study of the effects of

petroleum exposure on meadow-nesting gulls in the northeast Gulf of Alaska.

The study site has been selected for research because of the incipient

development of offshore oil resources in the vicinity and the proximity

to Valdez tanker lanes.
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III. CURRENT STATE OF KNOWLEDGE

The devastating effects of massive oil spills on seabird survival

are widely reported, but little is known of the effects of oil on avian

reproduction (Grau et al, 1977). Although the effects of external

applications of oil to eggs of marine birds are not well known, previous

studies suggest that hatchability can be markedly reduced (Gross, 1950;

Birkhead et al, 1973). Rittinghaus (1956) reported Cabot's Terns

Thalasseus sandvicensis) and other shorebirds became contaminated by oil

washed up on shore. Eggs subsequently oiled by the plumage of incubating

females did not hatch even after 50 days of incubation. Erickson (1962)

reviewed the extent of the serious hazard of oil pollution to waterfowl.

Hartung (1963) demonstrated experimentally that oiled ducks will injest

significant quantities of oil in preening. Hartung (1964) found the

average amount of polluting oil on the plumage of ducks was 7 grams,

and noted that incubating birds turn eggs regularly, with oiling of eggs

by breast feathers a thorough and continuous process until the termination

of incubation. Hartung (1965) also found that mallards (Anas platyrhynchos)

stopped laying for two weeks after injesting 2 gm/kg of "relatively non-

toxic" lubricating oil, and that very small quantities of mineral oil

applied to mallard eggs reduced hatchability to 21% compared to 80% in

normal controls of unoiled eggs. Experimentally oiled mallards continued

to incubate clutches, but eggs did not hatch even though females continued

incubation for longer than normal periods. The incubating hens were oiled

with 4-5 ml of mineral oil on breasts and abdomens, and when released

resumed incubation immediately. The mallard eggs did not hatch after 30

days of incubation, after which the eggs were opened for examination. Most

were badly decomposed and no living embryos were found.
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Abbott, Craig and Keith (1964) reported that coating of eggs with

oil by spraying reduced hatching, presumably by interfering with normal

respiratory exchange through the shell. Szaro and Albers (1976) found

hatchability of common eider (Somateria mollissima) eggs was significantly

reduced by external applications of 20 microliters of an API oil; hatch-

ability of mallard eggs treated with 5 microliters of oil after eight

days of incubation was also significantly reduced. Eggs were particularly

sensitive to small amounts of oil applied during early stages of development.

Levels of oil used in these laboratory experiments may be well below levels

encountered in the environment (Szaro and Albers, 1976); Hartung (1963)

estimated that 3.5 gms was an average lethal level of oiling for lesser

scaup (Aythya affinis) under natural conditions.

Grau et al (1977) reported that yolk structure, egg production and

hatchability are affected by single doses of bunker C oil to laboratory

Japanese quail (Coturnix coturnix); bunker C oil had additional effects on

yolk of chickens (Gallus g. domesticus) and Canada geese (Branta canadensis)

but effects on hatchability were not tested in these species. Grau et al

(1977) reported quail egg production was halted for 6 to 8 days by injestion

of a 500 mg. dose of No. 2 fuel oil; 500 mg. of bunker C oil halted egg

production for the duration of the two week trial. A dose of 200 mg.

bunker C oil caused a reduction in quail egg production, but 100 mg had no

apparent effect on egg production. Grau et al (1977) used mineral oil

as a control for the above experiments; mineral oil injestion (500 mg.)

did not reduce egg production. Kuwait and Louisiana crude oils, bunker C

and No. 2 fuel oil all affected bird yolk structure. In addition, oil

injestion was often followed by formation of thin eggshells which cracked.
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The physiological mechanisms by which oil after injestion has its

effects upon the avian reproductive system are unknown. Grau et al (1977)

speculated that toxic components of oils are absorbed from the intestinal

tract and transported in the plasma to the liver and ovary, where they

are deposited in the yolk. Their literature review also indicated that

petroleum products inhibit sodium and water absorption by the intestinal

mucosa of ducklings and that disturbances in sodium and potassium metabolism

might influence yolk formation and embryo survival. The birds most at

risk from oil pollution, namely seabirds and waterfowl, have features in

common with the quail studied by Grau et al (loc. cit.), but direct studies

of oil upon wild seabird reproduction are few.

We have found several instances where oiling has been used to control

gull populations. Attempts have been made to control the New England

Herring Gull population with a mixture of formaldehyde and oil (Gross, 1950).

An egg destruction program was planned to inhibit the growth of the gull

population. During the first years of the gull control program, Gross

(F&WS) punctured eggs. However, the eggs so treated then rotted, burst, and

the gulls again laid complete clutches in the usual pattern. Gross then

shifted to spraying eggs with formaldehyde and oil. The adult birds continued

to incubate the unhatched eggs for long periods and did not re-nest during

the season. Gross (1950) found 95% mortality of gull eggs so treated, and

reported the numbers of gulls nesting on treated (oiled) islands decreased

more rapidly than could be attributed to adult mortality, indicating a net

emigration of adults from these colonies.

Egg oiling has been used as a wildlife management technique to

control gulls on several western waterfowl refuges. Eggs of Ring-billed

Gulls (Larus delwarensis) and California Gulls (Larus californicus) were

oiled to limit the gull population in order to reduce predation on duck
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eggs. Refuges involved were the Ogden Bay Wildlife Management Area,

Utah, and Bear River Migratory Bird Refuge, Utah (R. King, pers. comm.).

In summary, literature on the effects of oil exposure on the reproduction

of marine birds is virtually nil. What few studies that do exist suggest

high toxicity of petroleum to hatchability of eggs, and marked effects upon

the reproductive productivity of females. Complete knowledge of the effects

of petroleum exposure in various forms is needed to evaluate the full impact

of oil pollution in marine bird populations.
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IV. THE STUDY AREA

The largest and probably most important gull colonies in the

northeast Gulf of Alaska are located on sandbar islands off the Copper

River Delta. The Copper River flows into the Gulf of Alaska south of

Cordova, Alaska. The Copper River Delta has been one of the most productive

and important breeding and migration routes for waterfowl in North America.

Millions of birds pass through on migration and tens of thousands remain

to breed (Fig. 1).

A few kilometers offshore from the mouth of the Copper River a series

of low sandbar-dune islands has been formed by deposition from the Copper

River. Recent earthquake activity (2 m uplift in '64) and subsequent plant

succession is providing increasing nesting space for gulls. Discarded

salmon and crab gurry in Cordova provides a major food source to increasing

numbers of gulls around the canneries and fish-packing houses (Fig. 2).

The trans-Alaska pipeline is nearing completion from Prudhoe Bay

on the North Slope to Valdez on Prince William Sound, less than 150 km

north of the study area. Tanker traffic will pass just offshore from

the barrier islands through the entrance to Prince William Sound. A consort-

ium of oil companies is presently involved in exploratory research

offshore. The first leasing of offshore gas and oil sites took place

on 13 April 1976 and included an area near Middleton Island and a large group

of tracts between Kayak Island and Icy Bay. Banding returns and sightings

of color-marked gulls indicate this lease area is repeatedly traversed by

gulls under current investigation

Our study site is located on Egg Island, the largest gull colony in

the NEGOA, 10 km SE of Point Whitshed and 20 km south of Cordova (Fig. 1,2,3)

(600 23' N, 1450 46' W). Egg Island is vulnerable to contamination from

oil tankers passing through Hinchenbrook Entrance, oil lease sites around
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Figure 1. Map of the Copper River Delta region and
Prince William Sound, showing location of Cordova, the Copper River,
Egg Island (arrow), Copper Sands, and Strawberry Reef.
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Figure 2.



Figure 3. National Ocean Survey aerial photograph of E end of

Egg Island, Off Copper River Delta, 9 July 1971, at low tide. Study Area

(arrow) is located near the Light Tower. New ridges of sand dunes have

formed after the 1964 earthquake, joining the series of islets together.

Scale 1:30,000.
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Middleton Island, and those between Cape Suckling and Icy Bay.

V. MATERIALS AND METHODS

Colony Selection and Investigation Dates

We selected Egg Island as a principal location for the initial aspects

of this study because of the large meadow-nesting gull population and

availability of control areas with previous (RU #96) data. We began our

1976 field work on 18 May and continued through 24 August, choosing our

experimental and control areas southwest of Egg Island Light to coincide

with our established study site (Figs. 4, 5). There were 75 nests in the

experimental area, compared to 186 in the adjacent control colony.

The experimental and control areas are located on the ocean slope of stabilized

meadow-covered dunes at the east end of Egg Island near the Coast Guard Light

(Figs. 3, 4). Kenton Wohl of the BLM has suggested a series of additional

colonies which are under consideration for further studies (Wohl, pers. comm.)

Reproductive Cycle

We used a method devised in previous gull studies to mark the nests

we inspected. We marked nests with flagged wire stakes at the beginning

of the field season. Since growth of vegetation tends to obscure the stakes,

each was marked with an additional numbered florescent streamer.

North Slope Crude Oil provided to us in May 1976 by NMFS Auke Bay

Laboratory under sponsorship of Dr. J. Quast was used to test toxic effects

on eggs. Commercially available mineral oil (non-toxic) was used to test

neutral blocking effects on respiration (gas exchange) of eggs. The first

season of tests was to determine if there is, indeed, a problem.

Oil was delivered to completed clutches of three eggs about the tenth

day of incubation. Fifty clutches (150 eggs) received Icc/egg surface

application of North Slope Crude Oil, and 25 clutches (75 eggs) received the
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Figure 4. Study area southwest of Egg Island
Light, showing gulls on territories and nest survey markers,

June 1975.
This area served as the control colony of 186 nests.

Figure 5. Survey Area, Egg Island, West View,
June 1975.

This area became the experimental oiling
site for 75 nests.
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Figure 6. Oil was delivered to completed clutches
of three eggs in each of 75 nests immediately after
clutch completion and before any egg loss occurred.

Synchrony of the breeding cycle makes marine bird
populations such as gulls vulnerable to catastrophic
events such as major oil spills.
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identical amount of mineral oil. Both treatments were delivered by

drops from calibrated syringes. Delivery date was 11 June

The initial oil dosage was selected to be well below the average lethal

level of oiling for adult waterfowl (7.0 - 3.5 gms) reported by Hartung (1963).

North Slope Crude was more viscous than mineral oil and covered

approximately 25% of the egg surface. Mineral oil at this dose covered

about 50% of the egg surface. Air temperature at the time of the application

was 600F, winds were variable from NW to SW, with bright sunshine.

Clutches in the experimental area were inspected the next day. Most evidence

of oil exposure had disappeared except for slight petroleum odor.

Clutches were then inspected at weekly intervals to keep disturbance to a

minimum. Each time we visited a nest site we recorded the number of

eggs or chicks. Egg loss was calculated at the end of the incubation

period from the number of eggs remaining from the initially observed clutch.

Incubation in the experimental area was prolonged 100%, at which time we

terminated the experiment.

We continued our RU#96-76 investigation of the adjacent control colony

using methods identical to 1975 but with an attempt to lower disturbance in

the study area. On other parts of Egg Island we banded 2500 chicks and

color-dyed 15 adult birds to determine local and migratory movements.

Data Analysis

As part of each sequential visit through the gull colonies we recorded

numbers of eggs and chicks from each nest site inspected. The numbers

are included in NODC Formal 035 in File Type 'F' - Flat Colony Survey,

and used to compute clutch size, hatching success, egg loss and fledging success.

Results have been compared to the control colony and to North Marble Island

south of the current study area in Glacier Bay (see RU#96 - 76).
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VI. RESULTS

Surface application of test oils to shell surfaces led to

3.3% of eggs treated with North Slope Crude and 5.3% of eggs treated

with mineral oil noticeably cracking within nine days of application.

The cracked eggs subsequently dessicated. We observed an additional

2% of eggs exposed to NS Crude outside nest perimeters within 15 days.

The untended and presumably discarded eggs were opened for inspection,

revealing dead embryos approximately a week old. The stage of embryonic

development indicated mortality soon after NS Crude was applied to

the egg surfaces.

Observed clutch size in the oiling experimental area initially (Fig. 7)

declined at a rate compatible with normal predation from other gulls,

but in July egg loss accelerated due to adult birds abandoning unhatched

clutches. A month after hatching began in the adjacent control colony, on

15 July, 33% of eggs oiled with North Slope Crude and 24.4% of eggs to

which mineral oil had been applied remained in the nests. This can be

compared to 2% of eggs in the adjacent control area remaining in

nests at the end of incubation (Figs. 8, 9).

Hatching success in eggs exposed to North Slope Crude was .67% (Fig. 10)

Mineral oil applied in equivalent amounts to gull eggs led to a hatching

rate of 14.6%. Hatching success in the adjacent control colony was

77%; normal range for these gulls in Alaska is 67% - 77%. Adults continued

to brood almost all unhatched clutches at least 20 days longer than normal.

Eggs opened at the close of the experiment were highly decomposed, and

no living embryos were found. Adult gulls nesting in the oiling area

produced no more replacement clutches than the neighboring control colony

(4% vs. 4.8%). The combination of high egg mortality and alteration of

adult behavior virtually eliminated gull reproduction in the experimentally

oiled area (Figs. 11, 12, 13).
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Figure 7. Observed clutch size in the oiling experimental
area initially declined at a rate compatible with normal
predation from other gulls.
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Figure 8. Percentage eggs remaining in

nests at close of incubation or experimental

period, experimental and control colonies,

Egg Island, 1975-76.
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Figure 9. A month after hatching began in

the adjacent control colony, 33% of eggs oiled

with North Slope Crude and 24.4% of eggs to which

mineral oil had been applied remained in the nests.
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Figure 10.

HATCHING SUCCESS

Figure 11.

KNOWN EGG LOSS
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Figure 12.

MEDIAN INCUBATION PERIODS,
EXPERIMENTAL AND CONTROL COLONIES

Figure 13.

PERCENTAGE REPLACEMENT CLUTCHES,
EXPERIMENTAL AND CONTROL COLONIES
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VII. DISCUSSION AND CONCLUSIONS

Oil applied to gull eggs has apparently both physical (smothering)

and chemical (toxic) consequences to developing embryos under field

conditions. North Slope Crude Oil used in this experiment caused 22 times

more egg mortality than an equivalent amount of mineral oil. The high

mortality of eggs treated with North Slope Crude suggests active toxic

compounds. Eggshell and outer membranes do not prevent penetration of

North Slope Crude, since both become stained on inner surfaces. The

effect of mineral oil is most likely a function of egg surface covered,

pores sealed, and respiration inhibited.

Dosage in further experiments should be reduced. The 14.6% hatching

rate of eggs treated with mineral oil (1.0cc) suggests an LD50 of .25 cc

for further investigation. The .67% hatching success of eggs contaminated

with 1.0 cc North Slope Crude indicates dosage should be reduced approximately

100-fold. LD50 under field conditions could be .01 cc North Slope Crude Oil.

Since dose-reponse curves may not be linear with oil exposure, research

should continue with various small amounts applied.to egg surfaces.

These results suggest high egg mortality under field conditions with

very low levels of oil exposure, well below those necessary to cause adult

mortality.

The literature on effects of petroleum exposure to marine bird

reproduction is scanty, and the field is open for continued experimentation.

For instance, resistance to toxicity may vary with the age of the embryo,

and certain petroleum compounds may be volatile than others; thus

continued exposure to the atmosphere (weathering) may reduce toxic activity.
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VIII. NEEDS FOR FURTHER STUDY

The first season of experiments has indicated that surface

application of North Slope Crude Oil causes high mortality to gull

eggs. Equivalent amounts of mineral oil also reduce hatching success,

suggesting both physical and chemical activity. Continued experiments

are necessary, using very small amounts of petroleum, to ascertain LD 5 0.

Effects of petroleum exposure hinge on transfer to egg surfaces

by adults at egg-laying or during incubation. A key feature in additional

research will be capture of incubating adult birds and subsequent oiling

of breast feathers, feet or food in artificial oil slicks to test transfer

to eggs and chicks. We are planning experiments to test all likely

pathways of oil exposure, including possible transport by wind or debris

from oiled beaches.

We emphasize that behavior pathologies resulting from oil exposure

are equally as important as toxic effects in depressing marine bird

reproduction. Namely, incubating oiled clutches 100% longer than normal

causes subsequent failure to re-nest during the season. Such behavior

plays equally as important a function in effects of petroleum exposure

as direct studies of toxicity, and such behavior studies can be only

completed in the field. Such studies may require additional field seasons,

since behavior may vary from species to species.

Oil will be administered to adult and young gulls during the 1977

field season. Effects on chicks may include external thermoregulatory

disturbance, internal metabolic disturbance due to injestion or inhalation,

or disruption of the visual patterns by which adults recognize young.

Culls have an increased chance of transferring oil to eggs, since

both male and female incubate the clutch, whereas in ducks only tile

female covers tile eggs.
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The recent NEGOA synthesis meeting revealed oil spill trajectories,

impingement areas, and "key" seabird species for further exploration

(Wohl - BLM, pers. comm.). Key seabird species designation has been given

to Glaucous-winged Gulls, Black-legged Kittiwakes, Tufted Puffins,

Common Murres and Sooty Shearwaters. Where key seabird colonies coii.cide

with impingement areas, such as around Hinchenbrook Entrance, Cape St. Elias,

Pt. Riou in Icy Bay, Middleton Island, and Yakutat Bay Islands, a pro-

spective tanker terminal site, the significance for further research

becomes apparent.

We point out the inherent difficulty of working on cliff-nesting

species such as kittiwakes, murres and puffins; shearwaters nest in the

South Pacific. Meadow-nesting Glaucous-winged Gulls clearly provide

the best subjects for initial oiling experiments. Logistically, Yakutat

Bay Islands, Pt. Riou and Middleton Island are most accessible and

contain key seabird species except shearwaters. Middleton Island seems

most promising as a further research site because nests of key cliff-

nesting species and gulls are more accessible there than anywhere else.

Szaro and Albers (1976) have suggested that eggs of certain bird species

may be more resistant than others to oil exposure. Studies should be

expanded in further field seasons to include additional species

where access is possible and logistics feasible.
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SUMMARY OF OBJECTIVES, CONCLUSIONS AND IMPLICATIONS WITH RESPECT TO
OCS OIL AND GAS DEVELOPMENT IN THE NORTHERN GULF OF ALASKA:

This final report of Research Unit # 96 - 76 is addressed to the
following tasks:

TASK A-4 -- Summarize and evaluate existing literature and unpublished data
on the distribution, abundance, behavior, and food dependencies of
marine birds.

TASK A-5 -- Determine the seasonal density, distribution, critical habitats,
migratory routes, and breeding locales for the principal marine bird species
in the study area. Identify critical species particularly in regard to
possible effects of oil and gas development.

TASK A-6 - Describe dynamics and trophic relationships of selected species
at offshore and coastal study sites.

TASK A-28 - Determine by field and laboratory studies the incidence of
diseases presently existing in fish, shellfish, birds, and mammals for use
in evaluating future impacts of petroleum-related activity.

This report provides information on the evolution, breeding ecology and

disease aspects of the Gulf of Alaska Herring Gull group (Larus argentatus x

Larus glaucescens).

There are six known large gull colonies along the northeast Gulf of Alaska

between Cordova and Juneau, in an area soon to be impacted by the development
of oil resources. These colonies are located at Egg Island, Copper Sands,
Strawberry Reef, Haenke Island, Dry Bay and North Marble Island. There is

little information known about these colonies prior to this investigation.

The goal of this study has been to assess the reproductive health of these

gull populations. Reproductive indices are now available for two of these

colonies, Egg Island and North Marble Island. (Egg Island: 1.08 chicks produced

per nest per year; North Marble Island: 1.77 chicks produced per nest per year.)

This information indicates these populations have the potential for rapid
increase with access to human garbage, sewage and refuse associated with

increase oil operations, but their colonies are sensitive to disturbance

during the breeding season. Gulls are associated with canneries, fish-

packing houses, garbage dumps, sewer outfalls and municipal water supplies

along the coast of Alaska, and are clearly implicated with human bacterial

and parasitic diseases in Alaska.

As the availability of human generated refuse increases with the development

of oil resources in the Gulf of Alaska, populations of gulls previously more

isolated may come into closer contact with one another. The gene flow

between gull populations in the Gulf of Alaska may be further increased in

coming years as a secondary influence of human activities, which may lead

to a new adaptive peak in this commensal bird species, with consequences for

municipal health and sanitation.
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INTRODUCTION

The Larinae (gulls) have a world-wide distribution with 42 species.

Gulls as a group may have evolved in the North Pacific and North Atlantic

(Fisher & Lockley, 1954). Sixteen species of gulls are found in the

North Pacific (Vermeer, 1970). Birds of this family have been considered

chiefly inshore feeders, and most coasts support a smaller scavenging species

and a larger more piratical type (Cody, 1973). Recent evidence indicates

that large white-headed gulls can behave as essentially marine species,

feeding far out at sea and coming to land only occasionally or to breed

(Sanger, 1973; Isleib & Kessel, 1973; Harrington, 1975; Lensink, pers. comm.).

Most gulls live in flocks; they forage together in characteristic patterns

the year around and nest in colonies during the breeding season (Tinbergen,

1960). These gregarious birds nest in a wide variety of habitats ranging

from vertical cliffs to open marshes (Smith, 1966a). Gulls lend themselves

to population analysis, especially productivity, because of their colonial

breeding tendency (Kadlec & Drury, 1968).

An important reason for studying gulls is their use as indicators of

the health of the environment (Vermeer, 1970). Chemical pollution of the

environment poses an increasing and immediate threat to all organisms,

including man. A recent survey conducted by the U.S. Fish & Wildlife Service

of chemical residues in marine avifauna showed gulls to be among the most

contaminated birds examined, probably due to their feeding habits

(Ohlendorf, pers. comm.). Since gulls nest in colonies, changes in breeding

populations can be monitored and related to environmental conditions, among

which are industrial development and the concurrent changes in food supply.

An additional reason for studying gulls is that the age structure,

mortality rate, life expectancy and survival rates of gull populations aid

in the general understanding of population mechanisms. The mere knowledge
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of the size of a-population from year to year indicates little about

population problems without such data (Paynter, 1949).

The size, age structure, growth or decline of a population are a result

of fluctuations in time and space of natality and mortality, in addition to

movement into or out of a population of a species. Breeding adults form

the base of the population structure structure, because only by successful

production of young can a population grow or maintain itself (Kadlec &

Drury, 1968).

Reproductive rate has an important effect on age structure and growth

of the population. The average number of young which a breeding pair can

raise to fledging is a good measure of gull reproductive success. Meadow-

nesting gulls are excellent subjects for a study of reproductive success

because eggs and young are readily accessible. Information is available on

breeding biology and dynamics of gulls near large urban centers or in recent

post-glacial environments, but comparative base-line data on gulls along the

southern coastline of Alaska prior to the development of oil resources is

completely lacking.

This report presents results of a study of meadow-nesting gulls in

widely-spaced colonies in the northeast Gulf of Alaska. These sites have been

selected for research because of the incipient development of oil resources

in the vicinity and the necessity to provide base-line information on marine

birds along this relatively wild stretch of Alaskan coastline.

The overall objective of this study has been an investigation of the

reproductive biology of the "brown rat with wings" to answer the key question

of reproductive rate and the factors which influence it prior to the development

of oil resources. Reproductive rate in gulls can be measured in chicks

produced per nest per year. We have studied colony sites, behavior of adults

and young, and feeding areas. We gathered supporting information on

distribution and pathologies which will become increasingly important and
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compared the data to our knowledge of other Alaskan gull populations.

We banded a large number of gulls, and color-marked, collected and removed

blood samples from others. We carried out a concentrated investigation of

the breeding biology of Larus glaucescens on Egg Island near the mouth of

the Copper River, in Chugach National Forest, near Cordova, Alaska, and

surveyed other gull colonies on barrier islands off the Copper River Delta.

We examined a mixed colony of Larus argentatus and Larus glaucescens at Dry Bay,

mouth of the Alsek River, in Tongass National Forest near Yakutat, Alaska.

Included in this report is information previously gathered on a L. glaucescens

colony on Haenke Island at Disenchantment Bay (near Yakutat) and data from

North Marble Island in Glacier Bay National Monument (Fig. 1).

The Glaucous-winged Gull (L. glaucescens), which breeds along the coast from

Washington State to the Aleutians, is quite closely related to the Herring Gull

(L. argentatus), a common and widely distributed species. Herring Gulls

make up a low proportion of the breeding gulls in the northeast Gulf of Alaska,

but occur more commonly in winter and offshore. The Herring Gull replaces

the Glaucous-winged Gull in interior Alaska, British Columbia, and the Yukon.

The Glaucous-winged Gull is morphologically similar to the Herring Gull

except that the black pigment on the tips of the primaries is replaced by

a light grey usually matching the rest of the mantle. Conversely, the eye of the

Glaucous-winged Gull is darker than that of the Herring Gull. These two

gulls are considered separate species in the A.O.U. Checklist of North American

Birds (1957), but the taxonomic and ecological relationships between the two

have not been clearly defined. In some areas hybrids are common (Fig. 2a,b).

We gathered information on other species of plants and animals inhabiting

coastal areas of the northeast Gulf of Alaska to support the main objectives

of our study. This final report presents the results and analysis of data

collected in 1975 and 1976 in addition to material from previous years of research.
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Figure 1. Map of the northeast Gulf of Alaska, showing
known large gull colonies of the Larus argentatus - Larus glaucescens
species group. (Inset: map of Alaska and northwest Canada showing
Gulf of Alaska.)

Oil lease areas are located offshore from
colony (1) and between colonies (2) and (3). Tanker traffic will
pass all gull colonies.
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Figure 2. The overall objective of this study has been an investigation of gull breeding biology
to answer the key question of reproductive rate prior to the development of oil resources
in the northeast Gulf of Alaska. Study animals have been Herring and Glaucous-winged Gulls.
Among the factors which influences reproductive rate is genetic composition of parents.

(a). Herring Gull paired with Glaucous-winged Gull, Southeast Colony, North Marble Island, 1973.
(b). Herring Gull paired with Glaucous-winged Gull, West Colony, North Marble Island, 1972.



SCOPE AND SIGNIFICANCE OF THE STUDY

The nature of this study has been to examine reproductive biology

in colonies of Herring and Glaucous-winged Gulls in the northeast Gulf of

Alaska. This report covers information from 1976 and earlier field seasons.

We have studied several aspects of gull breeding biology for comparative

purposes. Such information is available in the literature for gull populations

outside of Alaska and from Glacier Bay to the southeast of the current study

area (see Lit. Cited section). The comparison serves as a basis from which

to draw conclusions.

An important aspect of this report is the data on fledging success.

As can be seen from the literature review, fledging success can serve as

an index to the dynamics of an avian population. If fledging success is poor

over a number of seasons, a population will decline through adult mortality

and low recruitment of breeding adults. If fledging success is high, one can

expect a stable or expanding population. We present here 1975 and 1976

fledging success from the largest gull colony in the northeast Gulf of Alaska.

We offer supporting data from other colonies in the NEGOA.

Results from this study provide the National Oceanic and Atmospheric

Administration and the Bureau of Land Management with specific information

concerning the status of a marine-oriented animal population during two

successive breeding seasons prior to the development of oil resources.

More broadly, this report indicates additional areas to be investigated

for a better understanding of an Alaskan marine bird species under

environmental conditions certain to change with increasing human activity.
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Task A - 4

CURRENT STATE OF KNOWLEDGE

The breeding biology of gulls, especially the Herring Gull, has been

studied in detail by Goethe (1937), Paludan (1951), Tinbergen (1960),

Harris (1964) and Ludwig (1966). Their results consistently indicate that

Herring Gulls raise an average of one young per pair per year to fledging.

Extremes of variation are shown to be 0.5 by Paludan (1951) and 1.5 by

Ludwig (1966) (in Kadlec and Drury, 1968). The population dynamics of the

Herring Gull in eastern United States and Canada have been reasonably well

investigated by Kadlec and Drury (1968). Kadlec and Drury (loc. cit.)

found the usual productivity is apparently 0.8 to 1.4 young per nest in the

New England Herring Gull, averaging about 50 percent fledging success.

They showed this to be a major factor in the structure of the New England

Herring Gull population, which has been rapidly increasing since the turn

of the. century. In a later paper (Kadlec et al., 1969) they examined the

critical period between hatching and fledging for mortality factors.

Their results indicate the average clutch size in the Herring Gull

is nearly always three, and variations are small (Keith, 1966; Brown, 1967b;

Paynter, 1949; Kadlec and Drury, 1968). Hatching success is usually 60 to

80 percent. Keith (1966) has discussed in detail the problems of accurately

measuring success, which are due to predation or cannibalism of eggs and

chicks before they can be counted. Critical factors affecting hatching and

fledging rate are chick and egg loss through cannibalism, chick mortality

due to aggressive behavior of adults, and weather conditions during the

breeding season (Paynter, 1949; Paludan, 1951; Tinbergen, 1960; Brown, 1967b).

In contrast to the intensive investigations of Herring Gulls in Europe

and eastern North America, few workers have studied gulls along the Pacific

Coast of North America. Breeding biology of the Western Gull (Larus occid-

entalis) has been studied by Coulter (1969), Schreiber (1970), Harpur (1971)

and Coulter, et. al. (1971). Aspects of the breeding biology are similar
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to those of the closely related Herring Gull, but nesting habitat selection

and nest materials differ because of the drier conditions on California

islands. Recently Hunt and Hunt (1973) and Hunt and McLoon (1975) have

investigated supernormal clutches, aberrant pairing, and chick mortality

in Western Gulls.

Vermeer (1963) published a major work on the breeding biology of

the Glaucous-winged Gull, although Schultz (1951) reported on growth

in this species. In most aspects the Glaucous-winged Gull is similar

to the Herring Gull, including plumage sequences (Schultz, ms).

Other important papers on gulls are those of Coulson and White

(1956, 1958, 1959, 1960) on the Kittiwake (Rissa tridactyla), in which

they attempt to refute Darling's (1938) contention that egg-laying synchrony

in the Herring Gull and the Lesser Black-backed Gull was related to social

facilitation. Darling's (1938) hypothesis of social stimulation suggests

that stimulation received from other birds in a colony produced greater

synchrony of egg-laying within the colony. This in turn resulted in earlier

egg-dates and a shorter spread of egg-laying in large colonies. Coulson

and White (1956), however, showed that the difference in breeding times

between colonies of the Kittiwake was not significant and that the spread

of egg-dates increased with the size of the colony. Coulson and White (1960)

observed that the greater part of the differences in time of breeding were

correlated with density. They found that the spread of breeding was greatest

in dense colonies of Kittiwakes, which does not support Darling's contention.

Moreover, breeding occurred earlier in the more dense colonies. Hunt and

Hunt (1975) have found in the Western Gull, which tends to nest on level

ground, that territory size expands and agonistic interactions increase

with the hatching of chicks.
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Cullen (1957) reported on adaptations of the Kittiwake to cliff-

nesting, which was followed by N.G. Smith's (1966a) work on adaptation to

cliff-nesting in arctic gulls (Larus), and his more extensive study (1966b)

on evolution in arctic gulls. Smith found four sympatric species on Baffin

Island to be reproductively isolated due to such mechanisms as species

recognition and nesting habitat selection. Ingolfsson (1970) noted rapid

evolution in Icelandic gulls (Larus argentatus and Larus hyperboreus)since

1925, probably due to a secondary contact between these species associated

with the development of large-scale Atlantic fisheries and the concurrent

spread of the Herring Gull to Iceland.

In summary, one finds that the Herring Gull and relatives in North

America lay a clutch of three from which they normally fledge one young

per nest per year. Predation and attacks by members of the same species

are the primary factors responsible for egg and chick loss. Gulls have

increased rapidly in Europe and eastern North America within the last

seventy years. The increase in gull population is associated with

environmental deterioration, due to increases in refuse, fish scraps, and

similar garbage (Fig. 6).
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Task A - 5

THE STUDY AREA

The largest and probably most important gull colonies in the northeast

Gulf of Alaska are located on sandbar islands off the Copper River Delta.

For millenia the Copper River has flowed from interior Alaska through the

Chugach Mountains (2000-3000 m) to the Pacific Ocean. The river carries' a

naturally heavy load of silt, sand and gravel from montaine erosion and the

severe and current glaciation of the higher peaks. This massive river system

flows into the Gulf of Alaska south of Cordova, Alaska, and carries mud, clay

and Gletschermilch of the Scott, Sheridan and Sherman glaciers as well as other

ice complexes (USFS, 1975) (Figure3 ).

The Copper River and the confluent Martin River have deposited their

sands and mud where they meet the sea. The suspended inorganic matter

precipitates out with the increasing salinity gradient, forming a 50 km wide

delta. The rivers move across the delta,. crossing tidal mudflats and passing

through brackish sloughs and creating shallow ponds in sedgy or grassy marshes.

Summers in the Copper Delta region tend to be cool and rainy, while winters

bring extremely strong storms, intense cold and interior winds which blow

with incredible velocity.

The Copper River Delta has been one of the most productive and important

breeding and migration grounds for waterfowl on the North American continent

(USFS, 1975). Millions of birds pass through the area in spring and fall,

and tens of thousands of ducks, geese and swans remain to breed (Isleib & Kessel,

1973). Brown bear and moose roam the delta, while black bear, lynx, wolf,

coyote, black-tailed deer and wolverine are found in forested areas of the delta

nearer the mountains. Another indicator of the importance and productivity of

the Copper River Delta is the sizable fishery on the "Copper Flats" for

king, sockeye and silver salmon. The king and sockeye salmon migrate up
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Figure 3. Map of the Copper River Delta region and
Prince William Sound, showing location of Cordova, the Copper River,
Egg Island (arrow), Copper Sands, and Strawberry Reef.
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the Copper River into the interior to spawn, while the silver salmon breed in

the tributaries of the delta. A herring fishery is important and increasing

in nearby Prince William Sound. Eulachon run up small streams of the delta.

It is in evitable that this concentration of food resources should attract

fish-eating birds.

A few kilometers offshore from the mouth of the Copper River a series

of low sandbar-dune islands forms a partial barrier to ocean storms. These

islands have been formed by the deposition of sand and mud from the Copper River,

and have been shaped by the counter-clockwise onshore currents of the Pacific

Ocean.

Constant change is a characteristic of the interface between land and

sea, especially where rivers enter the ocean. Sandy islands are built up and

eroded away in a relatively uninterrupted process. However, the Copper River

Delta and surrounding area has been marked by sudden geological changes that

have been extremely important in affecting local biota. Janson (1975) wrote

of major earthquakes in the Copper Delta occurring at the end of the last

century. The most severe earthquake recorded on the North American continent

during modern times occurred in this area of Alaska in March 1964. The whole

Copper River Delta including offshore islands was uplifted an average of two

meters in a series of severe shock waves (USFS, 1975). The abrupt uplift

disrupted the complex delta ecosystem and altered the balance between fresh

and salt water. Nutrient input from salt water to the delta appreciably

diminished; several species of intertidal invertebrates declined in numbers,

and nesting populations of ducks changed much for the worse. Willows and

alders began to replace grassy and sedgy marshes in areas of the delta.

Certain tidal sloughs dried out (Scheierl & Meyer, 1976).
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The sandbar barrier islands at the mouth of the Copper River

underwent the same sharp geological forces as the delta itself, but due to

the nature of the islands and the marine bird species using them, the resulting

changes were quite different. Shallow salt-water channels between islets

were eliminated, and new ridges of sand dunes formed, joining islets together.

The actual land area of the barrier islands increased due to the uplift.

The small breeding populations of waterfowl on the sandbar islands were not

affected to the degree as those nesting on the delta itself because fresh

water was limited on the islands even before the earthquake.

The gulls, which compose the largest breeding bird population on the

outer islands, were influenced in the following manner. The long lines of

dunes increased in height and area due to earthquake uplift and wind action.

Plant succession began on newly formed dunes, with Elymus, the beach rye,

forming scattered tufts on the sandy surface. The beach rye spread from the

older high dunes covered with grassy meadows, in which Elymus was the

dominant plant species. More and more dunes become covered with meadows as

succession continues.

Large colonies of gulls nest on these meadow-covered dunes. The actual

area upon which gulls can nest is increasing. However, a few young alder,

willows and cottonwood are growing on the higher dunes on Egg Island; Strawberry

Reef has scattered clumps of spruces. If this trend towards woody vegetation

continues, with time the result could be displacement of nesting gull populations.

However, at the moment there are large areas of unoccupied meadows capable of

supporting nesting gulls.

Five important seafood packing canneries and fish-processing houses (Fig. 4)

in Cordova provide a major food source to gulls in the form of discarded

salmon and crab gurry in addition to the open municipal dump at the edge of

the harbor. The potential for discarded human food and industrial waste
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Figure 4.
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increases daily. Isleib (pers. comm.) sees an increasing gull population

in the Cordova area to date. Additional factors of unknown consequence

enter the picture. The trans-Alaska pipeline is nearing completion from

Prudhoe Bay on the North Slope to Valdez on Prince William Sound on the south.

Valdez is less than 150 km northwest of the Copper River. Tanker traffic

will pass just offshore from the barrier islands through the entrance to

Prince William Sound. The Copper River Delta itself is rich in both

mineral and fossil resources and has seen previous spurts of industrial

activity (Janson, 1975). The first oil well in Alaska was developed just

south of the delta at Katalla in 1901 (USFS, 1975). A consortium of oil

companies is presently involved in exploratory research offshore. The first

offshore oil leasing took place on 13 April 1976 and included an area near

Middleton Island, and a large group of tracts offshore between Kayak Island

and Icy Bay (Figure 1). These lease sale areas are bracketed by large gull

colonies at Egg Island, Strawberry Reef, Haenke Island and Dry Bay.

Banding returns and sightings of color-marked gulls from this study indicate

the lease sale area is repeatedly traversed by gulls under current investigation

(see below). With the development of offshore oil resources, gull-associated

problems of human waste and garbage disposal are not likely to decrease.

The following final report should be understood as an analysis and

prediction of some of the forces acting to change gull populations in the

northeast Gulf of Alaska, and an exploration of some of the consequences of

those changes.
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MATERIALS AND METHODS

Colony Selection and Investigation Dates

We selected Egg Island as a principal location for this study because

it has the largest meadow-nesting gull population in the Gulf of Alaska.

Kenton Wohl of the BLM, Dr. Pete Michelson, then of the Forest Service,

and Pete Isleib of Cordova all emphasized the importance of this colony to

our study. Egg Island, one of a dozen in Alaska, lies off the south coast

10 km SE of Point Whitshed and 20 km south of Cordova, at 600 23' N, 1450 46'W.

Egg Island, a local name probably due to abundance of gull eggs, was first

reported by G.C. Martin of the USGS in 1906 (Orth, 1967).

We began our 1975 field season on 16 June immediately after project

approval, and continued through 23 August. In 1976 we began field work on

18 May, and remained until 24 August. We chose a survey area southwest of

Egg Island Light at the suggestion of Dr. Michelson. We spent considerable

time examining the rest of the island colony, which stretches for 10 km

on dunes roughly.along an E - W axis, and contains perhaps 8000-10,000 pairs

of nesting gulls. There were 153 nests in the study area proper in 1975, and

186 in the same area in 1976. This study area, fairly representative of

conditions on the island, is located on the ocean slope of stabilized,

meadow-covered, high dunes at the east end of the island near the Coast Guard

Light Tower. Egg Island Light can be readily identified on nautical charts,

and can be seen from some distance (Fig. 3 , 5 ). It should be noted that

Egg Island Light has changed position several times in recent years due to

radical alterations of shoreline from beach erosion (Thorne, pers. comm.;

Hayes and Boothroyd, 1975 ; see also Fig. 22).

We initially hoped for a survey area of about 100 nests in this facet

of the study. We measured 150 m x 150 m square with a fiberglass tape, flagged.the
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Figure 5. The southeast end of Egg Island, bearing

the brunt of North Pacific Storms, was radically altered by

ten to thirteen meters of erosion in nine months (Sept 75 - May 76).

Figure 6. With the development of offshore oil resources,

gull-associated problems of human waste and garbage disposal are

not likely to decrease. Gulls in the Cordova dump, May 1976.
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corners with survey markers, and counted all nests in a sequence of slow

sweeps. Our final nest count considerably exceeded our original estimation,

a fact to be remembered in future surveys.

Kadlec and Drury (1968) observed that a high level of disturbance will

cause Herring Gulls to abandon efforts to breed. Coulter et al. (1971)

found reproductive success in a colony of Western Gulls to be inversely

proportional to the amount of disturbance. Therefore we did not enter the

colonies except when absolutely necessary.

Table 1

SCHEDULE OF VISITS

Reproductive Cycle

We used a method devised in previous gull studies to mark the nests

we inspected. We marked all nests with flagged wire stakes at the beginning

of each field season. Since growth of vegetation tends to obscure the stakes,

each was marked with an additional numbered florescent streamer. Using the

measure of territory defined by Harpur (1971) we used a fiberglass tape to

473



19

find the direct distance from every nest to the center of the nearest

neighboring nest; one half this distance was assumed to be the radius of

the territory. There are practical difficulties with this definition

(Drury, pers. comm.; Hunt, pers. comm.). Nevertheless we have elected to

continue this use because the measure is standardized and can be used for

comparative purposes.

Each time we visited a nest site we recorded the number of eggs or chicks.

The highest number of eggs per nest was assumed to be the clutch size.

Due to the short notice under which the investigation was begun, completed

clutch size figures are lacking for 1975. Egg loss was calculated at the

end of the incubation period from the numbers of eggs remaining from the

initially observed clutch. We counted young chicks in the nest. We assumed

older chicks in the study area to come from the nearest nest; such older chicks

were marked with 657 series tall tarsal bands. At the end of the survey

period-each August, we made fledging counts of banded chicks for the entire

study area. The results from Egg Island and Dry Bay have been compared to

North Marble Island and to other gull studies.

Data Analysis

As part of each sequential visit through the gull colonies we recorded

numbers of eggs and chicks from each nest site inspected. The numbers were

included in NODC Format 035, principally in File Type 'F'- Flat Colony Survey,

and used to compute clutch size, egg loss, hatching success, and fledging success.

We are indebted to Mr. Jim Audet and Mr. Bob Stein of NODC for various data

products.

Specimens

During this study we collected 112 gull specimens for taxonomic verification,

food habits and serology from Egg Island, Copper Sands, Strawberry Reef, Haenke

Island, Dry Bay, and North Marble Island. Specimens are maintained in the University

of Washington, U.S. National Museum and the American Museum of Natural History.
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RESULTS

General Timing of the Reproductive Cycle

Color-marked gulls from Egg Island leave the Cordova area in October

and return in March. Isleib (pers. comm.) reports seeing gulls at Egg

Island on their snow-covered nesting areas in April. Arrival dates may vary

from year to year by several weeks due to weather conditions. Interior

Herring Gulls and other hybrid gulls are present in the Cordova area

through the winter, but breeding populations of Glaucous-winged Gulls

do not commence nest construction until snow melts, usually in late April

(Isleib, pers. comm.). Streveler (pers. comm.) reports similar observations

from Glacier Bay (Figure 7).

Egg-laying began May 20th in 1976 and around that date in 1975.

The first chicks hatched in the middle of June both years, and most

chicks hatched during the last week of June. The peak time of fledging

on Egg Island both years'was the beginning of August. The general timing

of the reproductive cycle at Dry Bay in 1975 was two weeks delayed from

that of Egg Island, since the first eggs there at the mouth of the Alsek

River were pipping at the end of June. Brogle (pers. comm.) reported

heavy snowfall and a late spring for the Yakutat area in 1975, accounting

for the gulls nesting late. With an incubation period of 24-26 days

(Patten, 1974), most egg laying thus took place in the last week of May

1975 at Egg Island; gulls at Dry Bay laid most of their eggs in the first week

of June. At North Marble Island in Glacier Bay egg-laying began in mid-May

1973 and early June 1972. For comparison, Vermeer (1963) reported Glaucous-

winged Gulls on Mandarte Island in British Columbia, lay most of their eggs

in the last week of May and the first week of June, quite similar to further

north.
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Figure 7. Glacier Bay National Monument (58° 10' - 59° 15' N. Latitude,

135° 10' - 138° 10' W. Longitude), immediately southeast of

the current study area along the projected oil tanker route

from Valdez, contains gull populations investigated 1971-74

under National Park Service contract, and to which portions

of this study are compared.
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Territory Size

The definition of territory, as Hinde (1956) states, is "any defended

area". This definition does not necessarily imply the defended area is

sharply delimited, but in practice many workers on territory (references in

Hinde, 1956) imply the existence of such borders by measuring territory size.

Using the measure of territory defined by Harpur (1971) we calculated

the area of each nesting territory as a circle with a radius half the distance

to the nearest active nest. In reality, gulls do not defend neat circles.

Actual territory size depends upon the stage of the reproductive cycle,

expanding with hatching of chicks, and declining as chicks grow older

(Hunt & Hunt, 1975). Nevertheless we have elected to continue this measure

because it is standardized and can be compared to other studies.

Mean territory size on Egg Island in 1975 was 28.9m 2 (distance to nearest

neighbor 6.0C6m). Territory size remained practically identical.in 1976,

with 20% more nests in the study area (30.2m2 ; dist.n.n.= 6.2m). This suggests

gull pairs distribute themselves due to a form of social attraction at this

density but clearly do not use all available space (weighted mean for'75-76

equals 29.6m2 ). At Dry Bay in 1975 mean territory size was 29.8m2 , also suggesting

room for more breeding pairs. (Substrates see Table 2.) Distance to nearest

neighbor at Dry Bay was 6.16m. Patten (1974) previously reported a mean

territory size of 18m 2 for the colony at North Marble, but territory size

varied from sub-colony to sub-colony and from year to year. In comparison,

Vermeer (1963) found glaucescens on Mandarte Island have a mean territory size

2
of 15.7m . Harpur (1971) studying Western Gulls off southern California,

reported a small colony had a mean 22.0m 2 territory size.

Patten (1974) reported an inverse relationship between colony size and

territory size at North Marble in Glacier Bay (Fig. 8 ). The inverse

relationship could be due to several kinds of predation pressure on gulls.

Larger colonies of gulls, with smaller territories, have the
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Figure 8. North Marble Island lies in the middle of Glacier Bay and contains
large marine bird nesting areas. North and South Marble Islands,
2 km apart, are surrounded by cold, highly oxygenated waters and
strong tidal currents.
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advantage of behavioral mechanisms such as flight response to alarm calls

and mass attack on predators (Kruuk, 1964), but large colonies may suffer

more internal cannibalization of eggs and chicks or more territorial defense

killings (Hunt, pers. comm.). Smaller gull colonies with larger territories

have weaker defenses, more predation, less cannibalism, and less territorial

defense killings (Darling, 1938; Brown, 1967b). Selection may operate for a

range of territory values around the optimum, and against very large or very

small territories, although there are presumably more advantages to nesting

together. This means that one could expect gulls with very large territories

or very small territories to produce fewer young over a long period of time

(Hunt & Hunt, 1976).

Substrate plays a role in gull territory size (Haycock & Threlfall, 1975);

these authors reported Herring Gull nests in Newfoundland were closer together

on rock surfaces than on grass. We find southern Alaskan argentatus-group

gulls nest on a variety of substrates ranging from cliff ledges in fjords

in Glacier Bay to flat gravel bars at Dry Bay to grassy meadows at Egg Island

and North Marble. We report large differences in mean territory size for

glaucescens nesting on grassy meadows on Egg Island and North Marble (Table 2).

Gulls nesting on gravel bars at Dry Bay and on meadow-covered dunes at Egg

Island had similar territory sizes. Notable is the large territory size at

both Egg Island and Dry Bay. Portions of the meadows are not even colonized

on Egg Island probably due to recent ('64) earthquake uplift which has

doubled the island in size. This suggests quite strongly that argentatus-group gull

populations are not limited by available nesting space on their NEGOA breeding

sites. With an increasing food supply due to man's activities, it is not

unreasonable to expect increasing gull populations.
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Table 2

CLUTCH SIZE, NUMBER OF FLEDGLINGS, & TERRITORY SIZE IN ALASKAN GULLS

The mechanism for establishing territory size is defensive behavior,

according to Patterson (1956). The way in which this mechanism could produce

dispersion of individuals or pairs has been discussed by Tinbergen (1957).

He emphasizes that both attack and avoidance are involved in the maintenance

of the territorial system. Both motivations are present in the threat

displays of the territory owner and conspecific intruders almost always

respond to these displays and to actual attack by fleeing. Degree of

spacing between nests and territorial individuals will then depend upon

the balance of attack and and escape motivations in the established residents

and intruding birds.

Two possible functions of the territorial system are: assistance to

survival of adults, or insurance of their maximum reproductive success, or

a compromise between the two functions. Our data on mortality agents suggests

that egg and chick predation was by far the most important cause of reproductive

failure (Table 9 ).
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Figure 9. North Marble Island is about 600 m long and 300 m wide.
Substrate is Willoughby limestone covered with scrubby
Sitka Spruce and Hordeum meadows.



Figure 10. Dry Bay from a small aircraft at 200 m

elevation showing gull colony (center) on low gravel bars

with sparse vegetation.

Figure 11. Egg Island from a small aircraft at 50 m,
showing hundreds of gulls flying over meadow-covered dunes

with scattered old drift logs providing partial cover for nests.
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The most serious predation was gulls consuming eggs and chicks of their

own species (see below); secondary in importance was crows, ravens, jaegers,

and eagles taking gull eggs and/or chicks. Darling (1938) suggested that

the much larger territory sizes of the Lesser Black-backed Gull (Larus fuscus)

allow a higher overall reproductive rate than the Herring Gull. Large territories

permit chicks to wander over a larger area before they stray into another

parent's nesting region and are attacked. Darling (1938) also observed,

however, that the young in large colonies had better survival than those in

smaller colonies. He presumed this to be due to the greater degree of synchron-

ization in large colonies leading to a smaller percentage of chicks or eggs

taken by predators in any one period. However, Coulson & White (1958)

challenged this conclusion by reporting the spread of Kittiwake breeding

was greatest in larger colonies, with older birds laying sooner than young

adults. Our evidence from Egg Island, a large colony, indicates a wider

spread of egg dates and a lower fledging success than North Marble Island,

a much smaller colony under post-glacial conditions. It should be remembered,

however that Egg Island is relatively more disturbed than North Marble, with

subsistance egging by fishermen continuing. North Marble is quite rigidly

protected.

Another function of territory may be the spacing apart of nests.

Tinbergen (1956) has stressed the importance of dispersion in cryptic prey

in order to minimize the formation of search images in their predators.

It would seem advantageous to have gull eggs and young spaced apart to

some degree since they are cryptically colored. The arguments of spacing

out as one of the main functions of territory have been summarized in

the review by Hinde (1956) and by Tinbergen (1957). However, the upper limit

of territory size would be influence by the need for colonial nesting
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discussed above, and the lower limit influenced by the possibility of

increasing intraspecific predation (see below). In addition, the spacing

apart of nests in a gull colony is adaptive mainly against predatory birds,

normally the most important for gulls, which tend to nest on islands or

cliffs (Patterson, 1965).

The most obvious factor in dense breeding populations of meadow-nesting

gulls is that smaller territories increase the chances that wandering chicks

will be attacked (see Ashmole, 1963 for a similar argument concerning terns).

Hunt and McLoon (1975) have recently argued that decline in food availability

will lessen the ability of adult gulls to provide-their chicks with food.

When the begging chicks fail to receive food, their increased activity

(wandering) will increase their chances of being killed by territorial

neighboring adults. This in turn suggests food as the ultimate limiting

factor. Since Egg Island gulls are at least partially dependent upon

gurry from the Cordova fish-processing plants, a strike by commerical

fishermen could depress the reproductive rate of local gull populations.

Indeed we have observed increased foraging in the local dump and on Egg

Island beaches when the canneries are not producing fish waste. If the

above sort of chick mortality is combined with Darling's hypothetical effect

of breeding synchrony, then there would be an optimum density for gull

breeding. Whether gulls have reached this density in the northeast Gulf

of Alaska is not yet clear. Our evidence indicates sufficient room for

larger breeding populations on nesting islands if sufficient food becomes available.

Nesting Activities

Thousands of gulls at Egg Island nest on stabilized meadow-covered

dunes, usually in proximity to old drift logs or Sambucus bushes (Fig. 11, 14, 15).

Slope of the dunes is shallow, averaging slightly over 1%. The highest dunes

are only ten meters above sea level. Egg Island can be compared to North
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Figure 12. View from Egg Island, June 1975,
showing Elymus meadows, Egg Island Channel, part of the
Copper River Delta, and the Chugach Mountains.

Figure 13. Campsite on Egg Island, June 1975
with Egg Island Channel and the Chugach Range in the background.
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Figure 14. Study area southwest of Egg Island

Light, showing gulls on territories and nest survey markers,

June 1975.

Figure 15. Survey Area, Egg Island, West View,

June 1975.
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Marble, where highest densities of nesting gulls are found on completely

open meadows. Some sites on North Marble are precipitious, approaching

50% slope. Gulls both places tend to select breeding habitat where approaching

predators can be easily detected. Few gulls nested in brush fringes on

North Marble, but not uncommonly gulls nest directly beneath bushes on

Egg Island. Brush-nesting glaucescens have been previously reported by

Vermeer (1963) on Mandarte Island, B.C., and by Manuwal (pers. comm.) in the

San Jaan Islands, Washington State. Tinbergen (1960) noted nesting Herring

Gulls react positively to bushes, the only instinct in which adult gulls

are definitely attracted to vertical elements. Haycock and Threlfall (1975)

observed Herring Gulls in Newfoundland nesting in proximity to some prominence

such as a boulder, tree, or stump. This form of nest site selection may represent

previous affinity for cliff-nesting. Glaucous-winged and Herring Gulls are

known to nest sympatrically on cliffs in Alaska (Patten & Weisbrod, 1974).

The southeast end of Egg Island, bearing the brunt of North Pacific

storms, was radically altered by ten to thirteen meters of erosion in

nine months (Sept 75 - May 76). The Coast Guard Light Tower collapsed onto

the beach and was replaced (Figure 5). Erosion three meters into the

SE edge of the gull survey colony certainly influenced colony structure, perhaps

displacement accounting for the increased number of nests in 1976. Deposition

of sand, according to the 'drumstick theory', is now occurring at the thin

western end of Egg Island, downstream of the longshore drift, slowly closing

Strawberry Channel (Hayes & Boothroyd, 1975). These authors report

"phenomenal changes" of Egg Island since the '64 earthquake--it fact, it

has almost doubled in size. These sand deposits and uplifted areas will

undergo successional changes and become suitable for gull nesting (Fig. 4, 22).
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Copper Sands, one of a series of barrier islands at the mouth of the

Copper River, lies SE of Egg Island (Fig. 3, 4) 600 18' N, 1450 31' W ; (Fig. 23)

Copper Sands has risen in elevation since the '64 earthquake, shows much

less vegetation and successional changes, and consists of a series of

unstabilized dunes extending from SE to NW. The gull colony of 800 pairs is

on the only 3 dunes covered with Elymus at the SE tip of Copper Sands.

Other barrier islands between Copper Sands and Strawberry Reef contain

few nesting gulls due to lack of suitable vegetation, a result of intense

wind-sand scour down the Copper River Valley from winter high pressure

weather systems (Michelson, pers. comm.). Gulls use unvegetated islands

as resting areas. One small, unnamed island off the mouth of the Eyak

River, which did not exist before 1964, now contains several Elymus-covered

dunes and an estimated 150 pairs of glaucescens (Fig. 4).

Strawberry Reef, the easternmost barrier island at the mouth of the

Copper River, contains the second largest glaucescens colony off the Copper

River Delta (Fig. 3, 4) 60° 13' N, 144° 51' W ; (see also Fig. 24).

Strawberry Reef is separated from the mainland by shallow tidal channels

and is undergoing successional changes on post-'64 uplifted areas which

will become suitable to nesting gulls. Strawberry Reef is similar to Egg

Island in that it consists of wide ocean beaches, unstabilized dunes,

Elymus dunes colonized by gulls, and sand or mud flats, but differs from

Egg Island in spruce and alder patches, which may also spread with time.

About 2000 pairs of gulls nest on this island.

Oil spill danger in the Egg Island-Strawberry Reef-Copper Delta

barrier system is high due to proximity to Valdez, counter-clockwise

onshore currents, strong tidal interchange, shallow slope of the islands,

and huge concentrations of birds including the largest gull colonies in the NEGOA.
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Dry Bay, at the mouth of the Alsek River, south of Yakutat, provides

somewhat different conditions. About 500 pairs of gulls nest on flat gravel

bars at the river mouth (Fig. 10). The low alluvial islands are washed by

high waters during spring melt and following summer storms. Vegetation as

a consequence of untabilized substrate plus flooding is sparse and consists

mainly of Salix, Festuca, Achillea, Elymus, and Epilobium, indicating combined

maritime and fresh-water influence. The gull population, hybrids between Herring and

Glaucous-winged Gulls, reflects these mixed coastal and interior conditions.

Vegetation cover is important for nest site selection, since nests are clumped

near drift logs, willow bushes, and grass patches. Fewer nests are located on

exposed gravel. Nests are similar to those on Egg Island, although nest cups

are more shallow due to the complete lack of slope and scarcity of suitable

vegetation. Some nests are hardly more than a depression in the sand with

a few strands of Elymus around the edge.

Gravel beds where gulls do not nest divide parts of the island at Dry Bay

(Fig.16,17). When glacier melt-waters combine with heavy rainfall (as after

days of sunshine), the river rises and fills the gravel beds. Gulls on gravel

beds or too close to the periphery of the island find their nests washed away

under these conditions. Thus physical conditions subject to rapid changes

influence gull colonies both at Dry Bay and off the Copper Delta.

Glaucous-winged and Herring Gulls nest together at Dry Bay and hybrids

are common. These gulls are flexible in nesting habitat selection perhaps

due to the dynamic conditions in which they nest (Patten,1976; Patten &

Weisbrod, 1974). Western and Glaucous-winged Gulls also nest in a variety of

habitats (Vermeer, 1963; Coulter et al, 1971; Hoffman, 1976). Nesting habitat

selection does not serve as an isolating mechanism between these species

when sympatric.

The partially enclosed location of Dry Bay makes it less susceptible to

oil pollution although it is subject to disturbance and egging by fishermen.

489



Figure 16. Map of the Yakutat area, showing location of gull colonies
at Dry Bay, mouth of the Alsek River (lower arrow) and Haenke Island in
Disenchantment Bay (upper arrow).



Figure 17.
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Haenke Island, about 1 km wide and 1 km long, is located in Disenchantment

Bay near Yakutat (Fig 16, 18):, and has 200-500 pairs of nesting Glaucous-winged

Gulls. The east side of the island, facing the active Hubbard Glacier,

gradually slopes up to an elevation of 75-100 m and then drops precipitously

in a series of narrow terraces down a large west-ward facing cliff. Vegetation

on the terraces is Alnus, Sambucus and Ribes, with meadows of forbs, fireweed

and mosses. Gulls nest on the terrace meadows and disturb conditions enough

so that the resistant Hordeum becomes.dominant. Gull nests in 1974 were widely

spaced; we observed many 'false' nests. The gulls did not nest close to the

water perhaps due to wave action; the closest nest was 25 m above the high tide

line. The dominance of alders on this island may indicate recent deglaciation

which in turn would account for wide spacing of gull nests due to lack of

population pressure. We believe the location of this island and the placement

of the gull nests make this colony less susceptible to oil pollution and

disturbance than other gull colonies in the NEGOA.

Gulls in southern Alaskan colonies build nests of material available

in the immediate vicinity of the nest site, that is usually within the territory.

Colonies located on different vegetation substrates show the corresponding

structural material in the nests. Thus on Egg Island the predominant nest

material is Elymus and mosses (Fig.14 ); at Dry Bay Salix, Epilobium and

detritus; and on North Marble Hordeum, Epilobium, Festuca and Elymus and mosses,

depending on colony location (Patten, 1974). Similar use of vegetation close

to the nest site has been reported by Harpur (1971) and Strang (1973).

Nest dimensions resemble those of other large white-headed gulls (Patten, 1974;

Patten & Patten, 1975; Haycock & Threlfall, 1975).

Vermeer (1963) stated that either male or female Glaucous-winged Gulls

may initiate nest building. After the beginning of nest construction,

apparently both sexes share equally in building, in contrast to Herring Gulls,
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Figure 18. Haenke Island (center) is located
in Disenchantment Bay, off Yakutat Bay, near the active
front of the Hubbard Glacier at the foot of the St. Elias Range.

Figure 19. Campsite on Haenke Island, June 1974,
at the foot of the gull colony on the grassy cliff face
(not visible). Pack ice from the Hubbard Glacier in the
background. Gulls feed on seal placentae scavenged on the ice.
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where males collect more material than females (Tinbergen 1960; Goethe,

1937). Nests are maintained until chicks hatch, after which the nests

disintegrate and rarely survive winter storms, although some gulls may nest

again in the same place.

We observed the construction of 'false' or 'play'nests at Egg Island,

Haenke Island, Dry Bay, and North Marble, as did Goethe (1937), Paynter (1949)-

and Tinbergen (1960) elsewhere. Construction of 'false' nests may relate to

the amount of available vegetation, may prevent the formation of search images

in predators (Tinbergen, 1960) or may simply result from the release of the

nest-building drive, but the consequence can be the utilization of a large

amount of vegetation. A colony of 500 gull pairs on North Marble removes

about a metric ton of vegetation in one season. Added to the effects of

trampling, fertilization, and physical damage done to the meadows during

spring and summer, the total gull activity may act to retard herbaceous

succession in areas in which they nest. Tree reproduction, however,

around the edges of gull colony meadows, may eventually displace the gulls

(Figure 9 ). This is especially true on islands off the Copper

River Delta. For a discussion see Patten (1974),

Egg Laying

The gulls at both Egg Island and North Marble begin to lay eggs in

mid to late May. A remarkable degree of synchronization was apparent (Fig. 20)

comparing percentages of eggs found on sequential dates of observation through

the nesting period. Egg-laying on North Marble was very closely synchronized

in all colonies, although peak egg-laying was two weeks earlier in 1973 than 1972.

Darling (1938), Coulson and White (1956), Coulter et al, (1971) and Brown

(1966b) have reported synchronous egg-laying in gulls. There is considerable

debate, however, about the relation of colony size and density to egg-laying

synchrony (see above). At North Marble argentatus and glaucescens are clearly not

reproductively isolated by time of breeding.
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Figure 20. Percentages of eggs found on sequential dates of

observation through the nesting period demonstrate

synchronization of egg laying on North Marble Island

1972-73.

Synchronization of the breeding cycle leaves marine

bird populations open to catastrophic events such as

a major oil spill.
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The NEGOA gull study was not funded early enough in 1975 to provide

sufficient data on egg synchrony, but our 1976 data clearly suggests such

(Fig. 21 ). Our 1975 observations and those made in 1976 from certain

portions of Egg Island suggest a wider spread of egg dates than synchrony

in the study area indicates. The most likely explanation for the observed

spread of egg dates in portions of Egg Island is egging by fishermen.' Intensive

spring salmon fishery in the Egg Island area enables boatmen to collect gull

eggs during periods closed to commercial fishing. We observed shore parties

collecting bucketfuls of eggs during early June, just after gulls completed

their clutches. Predation by other gulls may also eliminate eggs, but easy

access from boat mooring usually meant egg collecting by humans, particularly

along Egg Island Channel where dunes are low and fishermen numerous. Smaller

colonies at Haenke Island may show less spread of egg dates, although evidence

is incomplete. We also report evidence of egging at Dry Bay in 1974. The

spread of egg dates on Egg Island is most likely due to gulls re-nesting

following clutch removal by foraging fishermen.

Both colonial nesting and synchronization of egg-laying have an anti-

predator function. The mechanisms through which these two phenomena reduce

predation on the population have been discussed by Darling (1938) and Kruuk

(1964). They suggest the concentration of gull reproduction into the shortest

possible time will reduce egg and chick losses since the numbers of predators

is limited by amount of food available during the rest of the year, and by

intra-specific aggression. Brown (1967b) suggest a possible for synchronous egg-

laying. He suggests that "social attraction" in gull colonies functions beyond

colonial defense, and that this function increases efficiency. Brown (1967b)

postulates that in gulls copulation may be the key factor in stimulating

ovulation, and that copulation by one pair stimulates others to do the same.
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Figure 21. Percentages of eggs found on sequential
dates of observation through the nesting period demonstrate
synchronization of egg laying in the Egg Island study area,
1976.

Day "0" is the beginning of the 1976 egg and chick cycle,
the date upon which the first eggs were found: 20 May.
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Figure 22. National Ocean Survey aerial photograph of E end of
Egg Island, Off Copper River Delta, 9 July 1971, at low tide. Study Area
(arrow) is located near the Light Tower. New ridges of sand dunes have
formed after the 1964 earthquake, joining the series of islets together.
Scale 1:30,000.

498



Figure 23. National Ocean Survey aerial photograph of SE end of
Copper Sands, off Copper River Delta, 9 July 1971, at low tide. Gull colonies
are located on three small Elymus-covered dunes (arrows). Scale 1;30,000.
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Figure 24. National Ocean Survey aerial photograph of the central
portion of Strawberry Reef, off E end of Copper River Delta, 20 July 1970,
at high tide. Gull colonies are located on Elymus-covered dunes (arrows).
Scale 1:30,000.
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Judging from Coulson and White's records on the effect of density on

breeding in the Kittiwake, the result would probably be a local synchrony,

rather than the colony-wide one suggested by Darling (1938); presumably the

birds in the denser areas would be the first to breed. Either way, their

breeding is likely to be more efficient than birds in less dense areas or

colonies (Brown, 1967b).

The evidence from North Marble (Patten, 1974) indicates not only a colony-

wide synchrony, but a synchronous egg-laying in four partially contingent

colonies (Fig.20 ). This in turn suggests gulls on North Marble are acting

as one large colony. It should be pointed out that North Marble contains

about 500 breeding pairs of gulls and is protected. Egg Island contains vastly

more gulls and is not protected.

Incubation in Alaskan glaucescens does not begin until after the

clutch of three is completed, usually about a week after the first egg is laid

(Patten, 1974). The onset of incubation at both North Marble and in the Egg Island

study area was quite synchronized, and began immediately after the peak egg-laying

weeks. This meant that gull eggs are subjected to ambient temperatures for

a week. Gull eggs, however, apparently tolerate temperature fluctuations

under natural conditions, even after incubation commences (Baerends, 1959;

Vermeer, 1963). Gull eggs were left uncovered during the time we examined the

survey area on Egg Island, about once every three days. Weather ranged from

cold drizzle to brilliant sunshine (Fig. 13 ). We found no adverse effect

on eggs hatching resulting from interrupted incubation due to our presence

in control and experimental areas on North Marble. Vermeer (1963) found gull

eggs to be resistant to noctural exposure in a series of experiments. He found

no adverse effect on hatching and fledging rates in an experiment involving

preventing gulls from incubating during the night.
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Clutch Size

Within the observation period of 16 June to 18 Aug 1975, we.found a total

of 339 eggs in the 153 study nests on Egg Island. In 1976 we found 447 eggs

in 186 study nests from 20 May to 15 Aug. At Dry Bay in 1975 we counted

237 eggs in 100 nests. In both colonies the modal number of eggs per clutch

was three. At Egg Island the mean was 2.2 eggs per clutch on 17 June 75,

and at Dry Bay the mean was 2.37 on 28 June 75. Both dates are late in the

incubation period and egg loss may have occurred. In 1976 at Egg Island the

mean was 2./ eggs per nest. These clutch size data are within the range of

other studies of glaucescens, argentatus and occidentalis in North America and

Europe (references in Patten, 1974). Patten (1974) previously reported a

mean clutch size of 2.9 for glaucescens in Glacier Bay, Alaska (Table 2).

This leads to the questions "Why do-Alaskan gulls lay this number of eggs rather

than fewer or more and what accounts for the difference between colonies?"

As Lack (1968) stated, the factor limiting clutch size is not the number of

eggs a bird is potentially capable of laying and incubating, but rather the

number of young a pair of birds is able to rear to fledging with success.

The upper and lower limits of clutch size have been determined by natural

selection which acts through several channels. The lower limit of clutch

size in gulls has been influenced by predation, and the upper limit presumably

through the inability to feed young in poor years, although gulls in the

argentatus group have only three brood patches. Harpur (1971) has previously

reported no gulls were successful in experiments involving the ability to

brood clutches larger than three. We examined a sample size of 750 nests

on Egg Island each season for evidence of egg pathologies prior to the

development of oil resources. We report two supernormal clutches each year

in different nests. At least one of these clutches hatched successfully in 1975,

producing 4 chicks of normal weight (Table 4). We found no clutches larger than
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three on North Marble Island with a sample size of 500 nests. Hunt and Hunt

(1973) have reported supernormal clutches in occidentalis (see below) and

are investigating the possibility that supernormal clutches are the result

of female-female pairs (fertilized by males otherwise paired). Tinbergen (1960)

repeatedly saw four-egg clutches but doubted whether the four eggs were from

one female. The optimum clutch in argentatus, glaucescens and occidentalis is

evidentally around three but as in other species there is variation in optimum

number from locality to locality and from year to year.

Among the factors influencing clutch size is the age at which birds breed

(Paynter, 1949). An expanding gull population on Copper Delta barrier islands

would account for a large number of young adults breeding for the first time

and producing smaller clutches. Gulls (probably young pairs) colonizing

a marginal site (Top Colony) at North Marble laid smaller clutches (1-2 eggs)

in 1972 but normal clutches the next year (Fig. 25, 26 ). Coulson and White

(1956) demonstrated in the Kittiwake (R. tridactyla) the female's age, breeding

experience and time of breeding all effect clutch size. There is colonial

and geographic variation in percentage full clutches, and this has direct

effect on population reproduction.

Another agent which has been suggested as modifying clutch size is

availability of food (Paynter, 1949; Ward, 1973). We suggest food availability

as a limiting factor for the gull population at Egg Island since breeding

space is unfilled (see above). As we have indicated we believe the gull

population in the Cordova area is partially dependent on artifical food

(gurry, garbage). Constriction of the food source (strike by commercial

fishermen) in the spring may produce smaller clutches in the gull colony.

Another factor enters into the discussion of clutch size. Harris (1964),

Keith (1966), Kadlec and Drury (1968) and Vermeer (1963) have independently

decided that with repeated egg counts over time, the closer the mean clutch
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Figure 25. Clutch size plotted against percentage of nests,

North Marble Island, 1972.
E = East Colony, W = West Colony, N = North Colony,
T = Top Colony.
Top colony is different in clutch size; East, West

and North are similar.

The most likely explanation for the difference

is young females laying for the first time

produce smaller clutches.
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Figure 26.- Clutch size plotted against percentage of nests,
North Marble Island, 1973.
E = East Colony, W = West Colony, N = North Colony,
T = Top Colony.
All colonies show similar tendencies.
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approaches three, in the sense that most single counts will show only 60 to

80 percent three-egg clutches. Egg loss is widespread, in some cases occurring

immediately after egg-laying. Egg-dates of females in the same colony may be

spread over several weeks. Thus there is no one day on which all nests have

the full number of eggs, and gulls do not lay again unless the completed

clutch is destroyed.

We examined 750 nests each season at Egg Island for evidence of egg

pathologies. Both years we found nests with eggs stikingly subnormal in

size and weight (Table 3; Fig. 27,28, 29). These nests contained one

"runt" egg each in addition to one or two other "normal" eggs. The "runt"

eggs were not viable and contained little tissue or fluids. Ohlendorf (pers.

comm.). informs us of "runt" eggs in museum collections. Haycock and Threlfall

(1975) found abnormally small eggs in an argentatus, colony in Newfoundland;

Goethe (1937) also reported such eggs in gull colonies and speculated that

the eggs were formed when albumen and membranes were deposited on traces of

yolk. Female gulls laying for the first time tend to produce smaller and fewer

eggs (see above). The most likely reason for "runt" eggs and smaller clutch

size in the Egg Island population is the greater proportion of young females.

Table 3

Egg Pathologies:
Weights and Measurements of "Runt"

Eggs Compared to Normal Range
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Figure 27. Abnormal egg size, example #1.

Figure 28. Abnormal egg size, example #2.
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Table 4

Egg Pathologies:

Supernormal Clutches, Egg Island

Egg Loss

Patten (1974) previously reported a mean clutch size of 2.9 for

glaucescens in Glacier Bay. Clutch size at Egg Island is lower, probably

due to greater proportion of young females in the population. For purposes

of discussion, we assume a clutch size of 2.4 at the beginning of the

1975 incubation period at Egg Island, similar to what we report for 1976.

Our figures at the end of the 1975 season indicated we had observed 339 eggs

in the study area of 153 nests. Of these 339 eggs, 254 hatched. Nine (9)

eggs were apparently infertile or pipped but failed to hatch (see below).

Total egg loss amounted to 114 eggs or nearly 31% in the study area (Table

This is on an island with 8000-10,000 pairs of gulls--all potential egg

predators. Results of our 1972-73 investigation on North Marble indicate

a 26-27% egg loss there, in a colony of 500 pairs. These figures suggest

a general 30% egg loss to predation in the northeast Gulf of Alaska,

principally due to other gulls, raven, crows and jaegers, but not neccessarily

including subsistance egging by fishermen or Natives, in which egg loss

can be quite high in certain areas (Fig. 31, 32, 33, 34).
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Figure 29. Abnormal Egg Size, Example # 3.

Figure 30. Supernormal Clutch, Example# 1.
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Hatching failure can be conveniently divided into three classes

(Paynter, 1949): eggs disappearing (lost) from the nests during incubation;

eggs which remained in the nests but did not hatch (dying); and eggs which

were pipped but the chick died before emerging. Loss of eggs through

predation (including other gulls) was the principal factor influencing

hatching rate on Egg Island (1975-76) and on North Marble (1972-73) (Table 5).

We observed gulls, ravens and crows on Egg Island and North Marble taking

gull eggs. At Dry Bay we noted Parasitic Jaegers foraging on gull eggs.

In all three colony locations the gulls appear to be the more serious

predators simply because of their overwhelming numbers (excluding human

predation). A major difference between human and gull predation is that

humans remove complete clutches, while gulls tend to take only one egg

at a time. Loss of the complete clutch will stimulate gull pairs to

re-nest if loss is early enough in the season. It is the large clutch

size and ability to re-nest following clutch loss that allows gull populations

to absorb considerable punishment in comparison to murres, for instance .

L. argentatus loses eggs most commonly through predation from conspecific

adults according to Paynter (1949) and Paludan (1951). Vermeer (1963)

reported the opposite for glaucescens on Mandarte; more eggs in his study

failed to hatch than were taken by predators. Keith (1966) found a population

of Lake Michigan argentatus, contaminated by DDT, in which the chief cause

of egg mortality was embryonic death. Gulls lack the ability to deal with

this sort of chemical mortality agent because the gulls will continue to

incubate dead eggs and not re-nest during the season (see Egg and Clutch

Replacement, below ). Hunt and Hunt (1973) located a colony of Western Gulls

(occidentalis) in which many clutches containing four or five eggs were found

(Santa Barbara Island, CA). It is particularly interesting that in these
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Figure 31. Eggs lost plotted against average territory
size, North Marble Island, 1972.
E = East Colony, W = West Colony, N = North Colony,
T = Top Colony.
Although Top Colony is significantly different
in average territory size, proportionate egg loss
is similar to the other colonies.
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Figure 32. Eggs lost plotted against average territory
size, North Marble Island, 1973.
E = East Colony, W = West Colony, N = North Colony,
T = Top Colony.
All colonies show similar trends in egg loss.
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large clutches not only was hatching success low but also eggshell thickness

was reduced. Hunt and Hunt originally suggested the eggs may have been

contaminated with pesticide residues but now offer an alternate explanation

(see above).

Table 5

Numbers of "Lost", "Infertile" and "Pipped"
Eggs Which Did Not Hatch in the Study Areas:
Egg Island (1975-76); North Marble (1972-73)

A low cause of non-productivity on Egg Island and North Marble was

failure to hatch. Incubation and other influences seemed normal from

gross field examination. Study of the few decayed eggs did not reveal

developed embryos or any specific reason for mortality (cf. Paynter, 1949).

We have tentatively concluded the eggs were infertile since the relative

percentage of unhatched eggs was very low, and eggshells showed no signs of

fragility or pesticide contamination. Ohlendorf (F&WS Patuxent) is examining

samples of gull eggs from Egg Island, Copper Sands and Strawberry Reef

for petroleum hydrocarbon residues prior to the development of offshore

oil resources. Paynter (1949) and Brown (1967) also reported low numbers

of "infertile" eggs in their gull studies.
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Figure 33. Observed egg mortality (all causes),

Egg Island, 1976. Day "0" is 20 May.

Note replacement clutches.
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Figure 34. Mean egg mortality per day (all causes),
Egg Island, 1976.
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The last cause of failure to hatch occurred when the chick pipped the

shell but failed to emerge and died. There was only one case of this

in the Egg Island study area in 1976; one case on Egg Island in 1975; and

three cases on North Marble (1972-73). These are insignificant figures.

Pigmentation of eggs on Egg Island was observed to be quite variable,

ranging from virtually none (pale blue with no spots) to dark olive, with

many spots. Variation in eggshell pigment has been widely reported and is

not directly involved with hatching or fledging success (Tinbergen, 1960),

although light-colored eggs in grassy meadows may be more susceptible to

predation (Kruuk, 1964).

Egg and Clutch Replacement

Replacement clutches seem to be important only when large disturbances

occur to colonies (Vermeer, 1963). Paludan (1951) recorded Herring Gulls laid

replacement clutches after a snowstorm. We encountered no such major disturbance

on North Marble but our figures show some egg-laying still continuing in

July each year on Egg Island. This may represent replacement clutches following

sequential egg predation by other gulls, but as we have indicated most likely

represents recovery from egging by fishermen. Loss of the entire clutch after

sufficient incubating to supress the fourth follicle results in a replacement

clutch in argentatus and fuscus in 11-12 days (Paludan, 1951) and in ridibundus

in a similar period (Weidmann, 1956 in Vermeer, 1963). Vermeer (loc. cit)

found replacement clutches in glaucescens took a slightly longer time, probably

due to his experimental procedure (trapping).

Sequential loss of eggs as they are laid enables production of four eggs,

as evidencedby argentatus and fuscus (Paludan, 1951) and ridibundus (Weidmann,

1956 in Vermeer, 1963). Vermeer (loc. cit) demonstrated the same for glaucescens

and that the interval between eggs was similar to undisturbed clutches. The

reason for egg less in Vermeer's (1963) study was crow predation resulting from
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human disturbance. Vermeer (loc. cit) found more eggs in both years of his

study failed to hatch than were taken by predators. Perhaps this represents

lack of predators close to Victoria, B.C. or some form of chemical pollution

resulting trom the Greater Vancouver area.

Attempts have been made to control the New England Herring Gull population

by treating eggs with a mixture of formaldehyde and oil (Gross, 1950).

An egg destruction program was planned to inhibit the growth of the gull population.

During the first years of the gull control program, Gross (F&WS) punctured

eggs. However, the eggs so treated then rotted, burst, and the gulls again

laid complete clutches in the usual pattern. Gross then shifted to spraying

eggs with formaldehyde and oil. Formaldehyde is of course cytotoxic, but

we wish to point out that oiling of the eggs also acted to inhibit the respiration

of the developing embryo by sealing the egg in addition to the toxic effects

of the oil itself. Indeed experiments carried out during our study indicate

that mineral oil (non-toxic) applied to the surface of gull eggs in sufficient

quantity leads to high embryonic mortality. If adult gulls resting on contaminated

water become oiled about the breast feathers, then oil could be transferred to

eggs during incubation, causing embryonic mortality through physical or chemical

activity. If the embryos died, and the oil prevented much bacterial action,

then adult birds would continue to incubate the eggs for long periods and not

re-nest during the season. Gross (1950) found 95% mortality of gull eggs

treated in the above manner, and reported the numbers of gulls nesting on

treated (oiled) islands decreased more rapidly than could be attributed to

adult mortality, indicating a net emigration of adults from these colonies.

We indicate the possibility of such occurrances in the NEGOA, with unfortunate

consequences for marine birds including gulls.
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Incubation Period

Patten (1974) has previously reported a range of onset of incubation

on North Marble Island from 29 May to 10 June, Beginning of incubation

in colonies at Egg Island, Haenke Island and Dry Bay apparently falls

within this time range, suggesting that gulls along this entire stretch

of coastline breed at about the same time. The beginning of incubation

was synchronized in all colonies on North Marble; most gulls began brooding

at about the same time, despite the somewhat larger spread of egg-dates

from colony to colony. The abrupt synchrony of chick hatching both years

of the North Marble study reflected the synchronized onset of incubation

(Fig. 35). The wider spread of chick ages on Egg Island reflects less

synchrony in onset of incubation as well as greater spread of egg-laying

following egg collecting by humans (Fig. 33,34,36).

Median dates from onset of incubation to hatching established an

incubation period of 24 to 27 days on North Marble. Modal hatching dates

indicate the usual eggs were incubated for a period of 26 days. On Egg

Island, 50% of eggs in the colony were laid by Day 10, and 50% of eggs

in the colony hatched by Day .35 (Fig. 21, 35), demonstrating a median

incubation period of 25 days. Similar incubation periods have been

reported by Tinbergen (1960), Vermeer (1963), Keith (1966), Schreiber (1970)

and Harpur (1971).

Eggs on North Marble lost about 18% of their weight during incubation,

beginning incubation at a mean 97.6 gms/egg. The eggs weighed 80.5 gms/egg

at the end of incubation. Calculations based upon egg weights at Dry Bay

in 1975 indicated an onset of incubation of 10 June and a mean hatching

date of 5 July.
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Chick Stage

A chick, as defined by Schreiber (1970) is a bird from time of hatching

until departure from the nesting island, after which it becomes a juvenile

gull in our terminology.

Chick hatching was quite synchronous both years of the North Marble

study. In 1972, 70 percent of gull chicks hatched between 4 and 9 July;

in 1973,87 percent of chicks hatched between 23 and 25 June. In general,

chick hatching was two weeksearlier in 1973 than in 1972; hatching was

also more synchronous. Synchronous hatching reflects both egg-laying and

incubation synchrony. Chick hatching was not especially synchronous on

Egg Island in 1975. We observed two peaks of hatching; the majority of chicks

hatched in late June, while a smaller group hatched in mid-July. The most

likely explanation for this spread of hatching is re-nesting by gull pairs

following subsistance egging by fishermen in early June. Presumably, synchrony

of egg and hatching dates provides better protection from natural predators

(eagles, ravens, crows) which can take only a certain percentage of eggs or

chicks at any one time (Darling, 1938) (Figures 20, 21, 35, 36).

Gulls are unusually quiet during incubation. When chicks hatch, adult

gulls give long (territorial ) calls much more frequently, and also become

more aggressive when chasing other gulls or corvids from their territories,

which may be expanded at hatching time (Hunt & Hunt, 1975, 1976; also Tinbergen,

1960; Vermeer, 1963). Adult gulls continue incubation during hatching, although

the intensity of the drive apparently decreases rapidly, correlated with the

development of homeothermy in the chicks. Adult birds remove eggshells up to

20m away from nests by picking up and dropping eggshells in flight. Presumably

there is a strong selective pressure for removal of eggshells in the nests

as an anti-predator device. Gulls are extremely wary with young in the nests,

and fly up at the slightest alarm. Defensive adult gulls defecate on observers

or strike them with lowered feet Adult gulls react to all newly hatched young

519



Figur 35. Chick hatching was quite synchronous both years

of the North Marble Island investigation, although

chick hatching occurred two weeks earlier in 1973.
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Figure 36. Chick hatching synchrony, Egg Island, 1976.
"Days" are read from the date of first eggs
observed.
Chick hatching on Egg Island was less synchronous
than North Marble Island.
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by directing parental behavior towards them (Tinbergen, 1960).

Gulls rapidly learn to know their own young, and hostile behavior towards

strange chicks develops within a week (Tinbergen, 1960). Gull parents

react to the call of their own chicks, even when they cannot see them (Goethe,

1956), while they do not react to strange chicks under similar circumstances.

Goethe (1956) thus concluded that voice is an important factor in adults

recognizing young.

The cryptic pattern of dark vs. light on the chick's head may in addition

be important for individual recognition by parents (Goethe, 1956; Tinbergen, 1960;

Lorenz, 1970). In this context we wish to emphasize the results of some of our

1975 color-dyeing experiments on Egg Island. We planned originally to color-dye

all 1975 chicks produced in our study area in order to trace their movements.

In accordance with the plan we completely dyed 21 chicks with nyansol, a purple-

black dye. We found immediately thereafter (in two days) seven of the 21 chicks

dead, a 33 percent mortality (Table 6 ). The parents may not have continued

to feed the young due to non-recognition, or the young birds may have died

from exposure resulting from evaporation of the isopropyl alcohol which is the

solvent for the dye. The color-dyeing of the complete plumage of young gulls

was immediately dropped due to the mortality rate. Outside of the study area

proper on Egg Island, we dyed 80 chicks with nyansol on the tail, rump, abdomen

and axillaries, in other words parts of the body that are probably not

important for individual recognition. Marking parts of young birds unrelated to

individual recognition led to no observed mortality. Tinbergen (1960) suggests

this is certainly an interesting field for experimental work (supported by

Goethe, 1956). With this background in mind, we wish to point out that if

young gulls are oiled for whatever reason about the head, individual recognition

of chicks by parents may be destroyed, leading to mortality of the young.

This topic will be covered in the 1977 field season (R.U.#96-77).
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Figure 37. Chicks hatching plotted against percentage of
nests, North Marble Island, 1972.
E = East Colony, W = West Colony, N = North Colony,
T = Top Colony.
East, West, and North Colonies are quite similar
in number of chicks hatching per nest. Top Colony,
due to smaller mean clutch size, produced fewer
chicks hatching in proportion.

523



Figure 38. Chicks hatching plotted against percentage of

nests, North Marble Island, 1973.

E = East Colony, W = West Colony, N = North Colony,

T = Top Colony.
All colonies show quite similar tendencies in

proportion of chicks hatching.
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Figure 39. Chicks hatching plotted against average
territory size, North Marble Island, 1972.
E = East Colony, W = West Colony, N = North Colony,
T = Top Colony.
East, West and North Colonies are quite similar
in number of chicks hatching in relation to
average territory size. Top Colony is significantly
different, with large territory size and fewer
chicks produced.
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Figure 40. Chicks hatching plotted against average
territory size, North Marble Island, 1973.
E = East Colony, W = West Colony, N = North Colony,
T = Top Colony.
Top and North Colonies, with similar territory
sizes this year, are closer to each other than
to the East and West Colonies in proportion of
chicks hatching. However, all colonies show
similar tendencies.
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Table 6

Analysis of Seven Mortalities
Associated with Color-Dyeing
With Nyansol (purple-black),
Egg Island, 1975.

We also point out that if chicks become oiled on other parts of the body,

development or maintenance of homeothermy may be prevented, leading to death from

exposure (McEwan & Koelink, 1973). Since chicks have little energy reserves,

and often expire during periods of bad weather (see below), impairment of

homeothermy through oiling must be regarded as a possibility.

The period of hatching, which in the northeast Gulf of Alaska is centered

around the last week of June, is a critical time in the gull reproductive cycle.

Adult gulls must shift their behavior from incubating to brooding, food-

gathering, and feeding young (Vermeer, 1963).
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Even under normal circumstances, some adult gulls do not complete this

shift in behavior patterns, or are inept at it. Paynter (1949), Paludan

(1951) and Harris (1964) agree that major chick mortality occurs within a few

days of hatching. It is during this period that gull colonies are most

vulnerable to human disturbance because chicks are weak and defenseless,

not mobile, and adults are changing behavior, giving at times inappropriate

responses to environmental stimuli.

Physical characteristics and boundaries of the territory are learned

by chicks as they develop. Chicks run to accustomed hiding places when adults

give alarm calls (Tinbergen, 1960). Fortunately this made the chicks easier

for the investigators to locate. For about two days after hatching, chicks

remained in or next to the nest and made no consistant attempts to hide

other than remaining quietly on the bottom of the nest. Then for several days

chicks hide behind grass tussocks near the nest and were more difficult to

locate. Goethe (1956) found attachment of young to territory is very strong;

in experiments young returned to home territory over distances ranging from

20m to 70m although long detours may take several days. Chicks begin to

swim on their own at about two weeks of age, and with increasing mobility

and coordination they attempt to move down and away from main colony sites

when disturbed. Chicks close to the edge of the island flee into the water.

Water apparently does not provide the proximate stimulus for this behavior

since chicks from high dunes at the center of Egg Island move out into

open sandy areas when disturbed. While swimming, chicks from the edge of

the island aggregate into small flocks. Small groups of chicks swim back

to the island and creep back up to nest sites following disturbance in

submissive posture, with heads down. If young birds must cross many territories

to have access to water, mortality is increased due to interaction with

defensive adult gulls. If aquatic borders of island colonies become heavily
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oiled during the times when chicks exhibit this behavior pattern (in July)

avoidance behavior (to terrestrial predators such as humans) by chicks would

lead them into oil slicks. The synergism between disturbance and oiling

would lead to high mortality.

Nearly fledged chicks wander extensively in and out of less defended

territories towards the end of the breeding season. A flightless chick

with a tall tarsal band, indicating origin in the Egg Island study area near

the Light, was found in late July 1975 1 km further west along the main dune

line. Banding activities early in the chick season may have created severe

disturbance in the study area. This may need to be taken into account

in reporting this baseline data. In order to reduce disturbance associated

with colony surveys and banding chicks, we concentrated our banding activities

late in the season in 1976 (see above). A certain amount of disturbance

is unavoidable where individual counts are necessary. Wandering chicks

at the close of the season form small flocks at the base of the dunes near

the water, or if no water was nearby, chicks grouped at the edge of open

sandy areas, where they were fed by parents. Southern (1968) noted response

to disturbance of L. delawarensis that were similar to other observations

of glaucescens young in Alaska (Patten, 1974);(see also Gillett, 1975; Robert, 1975).

Mortality Factors

Observed chick mortality was low (30 chicks) in the 1975 season in the

Egg Island study area. Most chicks (74) failing to fledge simply disappeared

(Table 7, 8). If we include the seven chick mortalities associated with

color-dyeing, then productivity in the study area on Egg Island was 157

individuals. Similarly in 1976 observed chick mortality was 27 individuals,

108 disappeared, and 208 fledged (Table 7, 8).
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As indicated in previous discussions above, one of the main factors

affecting chick mortality and fledging rate in this and other gull studies

was the habit of adults to attack strange chicks (Paynter, 1949; Tinbergen,

1960: Vermeer, 1963; Patten, 1974). It was not unusual to note adult gulls

attacking chicks that had wandered from their natal territories into neighboring

areas. We found most dead chicks on Egg Island about three weeks of age,

in contrast to North Marble, where most dead chicks were found during

the first week after hatching. Killing at North Marble does not seem

confined to any particular age group, but is greatest when chicks are

small, unable to retreat rapidly, or give appeasement displays. On

Egg Island chick mortality seems most related to the age at which chicks

begin to wander widely, at which time they,trespass into neighboring

territories (Fig. 41).

The dead chicks on Egg Island and North Marble were usually away

from any nest site, and typically exhibited head injuries. Small chicks

are easily swallowed by adult gulls (Brown, 1976b), perhaps accounting

for some 'chick disappearance. Vermeer (1963) noted that most chick mortality

on Mandarte Island, B.C., occurred in the first week after hatching where

gull territories were smaller (15.7m2 vs 29.6m 2). Paynter(1949) and Paludan

(1951) also ascribe most of the chick mortality in Herring Gulls to

aggressive behavior in adults.

There has been much speculation about the reasons for this killing

(Paynter, 1949). Tinbergen (1960) believes that it may be due to the

highly developed territorial defense of breeding adult gulls towards any

moving object. It may be that selection is operating so that chicks

remaining strictly on their natal territory will have a better chance of

survival.
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Harpur (1971) suggested that chick mortality may be more a function

of crowding than of absolute colony size. The rise in mortality in

crowded colonies could be due to the increase probability that small chicks

wander into nearby territories and are killed (see also Hunt & Hunt, 1975;

1976; Hunt and McLoon, 1975 ). The high average (about 85%) from the

larger colonies reported by Harris (1964) support this hypothesis. However,

Patterson (1965) and Vermeer (1963) could find no significant differences

in chick mortality related to various colony sizes.

Table 7
Chick Mortality, Egg Island, 1975-76
North Marble Island, 1972-73
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Total mean chick mortality on Egg Island was 38% (mean of both seasons).

Chick mortality was lower (7%) during Patten's Glacier Bay study, where

conditions are considerably different (Table 8). Coulter et al (1971)

reported a mean 11% chick mortality for Western Gulls on the Farallons, and

Harpur (1971) found chick mortality for Western Gulls in a colony in the

Channel Island off Los Angeles to be 37%. Harpur (1971) stated that except

for human disturbance, chick mortality might have been as low as 7%.

We believe the Egg Island situation represents disturbed conditions due

to easy access by boatmen, picnickers and dogs, all of which we have

observed, and which probably account for the larger numbers of chicks

which disappeared.

Table 8
Percent Chick Mortality, Egg Island 1975-76
North Marble Island 1972-73
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Figure 41. Wandering chicks and observed chick mortality,
Egg Island, 1976.
On Egg Island chick mortality seems most related
to the age at which chicks begin to wander widely,
at which time they tresspass into neighboring gull
territories.
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Table 9

Hatching Success, Mortality, Reproductive Success
Egg Island, 1975-76; North Marble Island, 1972-73

Avian predators other than gulls were not uncommon on Egg Island or

North Marble, although relative to gulls, their numbers were low. Terrestrial

mammals, namely coyote Canis latrans (skull USNM# 511958), vole Microtus

oeconomus (USNM# 511959) and a small mustelid (tracks) were found on Egg

Island, but none were observed on North Marble. Egg Island Channel freezes in

severe winters allowing predator access. Holliday of Chitina Air Service,

(pers. comm.) has observed as many as three coyotes on Egg Island during the

winter. It is unlikely they survive long, since we do not record tracks,

sign or other evidence of them during the summers. We report both coyote

and brown bear tracks on Strawberry Reef at the east end of the Copper Delta;

the channel separating island and mainland can be swum at low tide.

Michelson and Wohl (pers. comm.) confirm presence of brown bears on Strawberry

Reef. The potential effect of these large omnivores on the gull colony at

Strawberry Reef is unknown.

We have included a discussion of avian predators in our 1976 annual

report. We believe that on the large colony at Egg Island, in comparison with

other factors, their effect is minimal. This of course excludes other gulls.
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Weather was also a factor affecting chick mortality in this study.

Both June and July 1975 and 1976 were favorable months on Egg Island, with

periods of a day or two of rainfall and moderate winds followed by fair, calm

weather. Cover in the gull meadows was excellent due.to growth of vegetation,

and air temperatures were moderate. A week of quite poor weather occurred in

early August both years, with cooler temperatures, very strong winds, and heavy

rainfall. Vegetation in the meadows began to die down after the growing season.

The main group of chicks, hatched in late June, had fledged and was foraging

around the island beaches. However, a second group of chicks, probably the

result of second nesting following egging, was still in the meadows. There was

heavy mortality of the smaller chicks after the stretch of poor weather. The

mortality may have two reasons, although they are related. Partially fledged

chicks under scanty scanty cover may have died from exposure. We observed

much cannibalism, and found many chick bodies picked clean. The inclement

weather may have prevented both adults and recently fledged juveniles from

foraging efficiently, and the half-grown chicks suffered accordingly. Whether

the mortality of younger chicks was due directly to attacks from other hungry

gulls or was only indirectly related to other gulls scavenging on chicks dead

from exposure, is unclear. The effect was the same: chicks hatched later

than the main group apparently had much lower survival rates. Drury and Nisbet

(1972) found a similar relationship between hatching dates and survivorship

in argentatus in New England as did Parsons et al (1976) in Scotland. A selective

pressure for egg and chick synchrony may be due to weather, predation, cannibalism,

and lack of food acting in concert.

Michelson (pers. comm.) pointed out that for several years a severe storm

has occurred in the Cordova area in early August. Our observations of chick

mortality after August storms were made in meadows outside the study area.

The productivity figures for the study areas may not include weather-induced

mortality affecting other parts of Egg Island. By mid-August few gulls are left.
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We compared the results of our investigation of factors influencing

reproductive success on Egg Island and North Marble with data from other

colonies and from other species of gulls, since so little is otherwise

known of Glaucous-winged Gulls in Alaska. Natality, or hatching success,

was calculated to be 73% percent on Egg Island, and 68% on North Marble.

These figures can be compared to Western Gulls, in which hatching success

has been reported to be 55% by Schreiber (1970), 78% by Harpur (1971)

and 78% by Coulter et al, (1971).

The mean combined mortality from egg to fledging on Egg Island was

about 65%. This compares to 34% percent on North Marble and to 30%

combined egg and chick loss for Western Gulls on the Farallons (Coulter

et al, 1971). Egg loss was higher but chick loss was lower on North

Marble compared to Southeast Farallon. On Egg Island, egg loss-was

similar to North Marble but chick loss was higher (Table 9).

Total reproductive success was about 44% on Egg Island for the

study years.In comparison, North Marble had a total fledging success

of 61% under undisturbed post-glacial conditions. On North Marble,

hatching and fledging success were not significantly different from colony

to colony and from year to year, suggesting the gulls there may be acting

as one large colony and that the environmental conditions were relatively

static for the two study years. The exception was a small, newly colonized

area at the top of the island, which had significantly larger territory sizes,

smaller clutch size (Fig. 25, 26), lower hatching success (Fig. 37, 38, 39, 40),

and fledging'success, parameters which are remarkably similar to those at

Egg Island. The Top Colony at North Marble showed increased reproductive

rate the second year of the investigation there (Fig. 26, 38, 40) with

smaller territories, larger clutch size, and greater hatching success.

It is our conclusion that the Egg Island population will show increased
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reproductive rate in coming years, concurrent with decreased territory size,

larger clutch size, and increased hatching and fledging success, IF given

continued access to sufficient food supply and reasonably undisturbed

conditions.
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Fledging Success

We determined the median length of the nestling period to be 40-45

days on Egg Island, similar to that on North Marble. Other investigators

have repprted similar fledging periods for Herring Gulls in Michigan

(Keith, 1966), Western Gulls in California (Schreiber, 1970; Harpur, 1971),

and Glaucous-winged Gulls in British Columbia (Vermeer, 1963).

At the end of the fledging period on Egg Island, counts were made to

determine fledging success. Fledging success, while a difficult measurement

(Keith, 1966; Schreiber, viva voce) is crucial in understanding the

reproductive biology of birds. The fledging rate of 1.03-1.12 chicks per

nest on Egg Island is normal when compared to other gull species, but lower

when compared to a colony in post-glacial surroundings (Table 10), probably

due to the abundant natural food supply in the "unfilled niche" at Glacier Bay.

Paynter (1949) reported a production of 0.92 chicks per nest per year

sufficient to maintain a stable population of argentatus on Kent Island,

New Brunswick. Ludwig (1966) found a recruitment rate of 0.63 is sufficient

to maintain a stable population of delwarensis on the Great Lakes, and

argentatus populations increased between 1960 and 1965 at an annual rate of

13% with a mean fledging rate of 1.47. This population growth was due to the

unusual abundance of the alewife (Alosa pseudoharengus), a major food source

(in Harpur, 1971). At the same time, delawarensis populations were increasing

on the Great Lakes at 30% per year.with a mean fledging rate of 1.74, which

is practically identical to the gulls on North Marble. Glaucous-winged Gulls

studied by Vermeer (1963) on Mandarte Island, B.C., fledged 1.0 and 1.7

chicks per nest in his two-year investigation. Harpur (1971) published

fledging rates of 1.33 and 0.96 per nesting pair of Western Gulls. The highest

mean fledging success encountered in the literature has been the 2.00 chicks

per nest reported by Coulter et al,(1971).
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Other fledging successes, as summarized by Keith (1966) ranged from 0.3 to 1.17.

The gulls on Egg Island during this study, in comparison with the above studies,

fledged roughly in a "normal" pattern. This rate, if continued, would indicate

a population expanding at a 4% rate per year. For example, at this rate,

in five years the 20,000 gulls breeding at Egg Island would number 24,333.

This is nearly a 25% increase in five years. This is similar to conditions

replicated in the recent past in the eastern United States, and due to

a similar reason, that of an increasing food supply due to man's activities.

Table 10

Comparative Index of Gull Reproductive Success
In Chicks Per Nest (Productivity)
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Task A - 5

Banding Recoveries and Sightings of Color-marked Gulls

To answer questions of migration routes and wintering areas we banded

4457 Glaucous-winged Gulls during this project. Included in this total

are 1300 flightless chicks-of-the-year for 1975, and 2696 such chicks for 1976.

These young birds were ringed on their left tarsi with standard size 7A

F&WS 'short' bands of the 1047 and 1077 series. All 1300 of the 1975 young

were captured on Egg Island dunes outside the study area proper. In 1976,

we banded 2500 chicks at Egg Island, 95 chicks at Strawberry Reef at the

east end of the Copper Delta, and 101 young birds at Copper Sands, a barrier

island off the middle of the delta. Thus in 1976 we banded 2696 chicks

on Copper Delta barrier islands.

In addition at our survey colony (150m x 150m) southwest of Egg Island

Light we captured during 1975 every chick surviving to two weeks of age.

These 222 individuals had their left tarsi enclosed in aluminum 'tall' bands

of the F&WS USARP 657 series. We counted as fledged 150 of these 222 banded

chicks in early August. Due to disappearance of chicks banded early in 1975,

we did not band until chicks were nearly fledged in 1976. We then counted

as fledged those 208 chicks which we banded in an intensive effort in late July.

This methods change was done to reduce disturbance.

Four study area juveniles have been recovered to date. The first,

banded on 1 Aug 1975, was shot by a small boy at the end of Sunny Point,

8 km west of downtown Juneau, on 4 Oct 1975 (King, pers. comm.) In January

1976, a second juvenile from the Egg Island study area was found dead near

Vancouver, B.C. The third recovery, a year-old juvenile, was caught due to

injury at Valdez on 19 July 1976. The temporal sequence of these recoveries

suggests strongly migratory tendencies. Another 1-year-old study area juvenile

has been found dead at Valdez (Dayville) on 19 July 1976.
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All other band returns to date have been from young gulls originating

outside the study area proper on Egg Island. Several of these have wider

implications to be understood within the context that gull problems will increase.

At 0712 hrs on 21 Aug 1975, a Polar Airlines AC/68 Aero Commander hit two

juvenile gulls on runway 6 threshold landing at the Valdez airport. Both gulls

had been banded as flightless chicks just a month earlier on Egg Island.

Small numbers of gulls congregated around a shallow gravel pool at the west

end of the Valdez airport. The FAA informed all aircraft approaching or

leaving Valdez on 21 and 22 Aug 1975 of bird strike hazard (AIRAD)

(Peavyhouse FAA, pers. comm.).

Another recently fledged Egg Island gull was found dead on the road

at Valdez on 29 Aug 1975. On 30 Aug 1975, 45 days after it had been banded

at Egg Island, a young gull was found dead at Anchorage. Still another banded

juvenile was found on 1 Sept 1975 on the Copper Delta 17 km east of Cordova

being eaten by an eagle. During Oct 75, a further young bird from Egg Island

was found dead at Yakutat. On 20 January 1976, a large juvenile gull was

found on the beach at Ketchikan near where oil had been reported. Wood (ADF&G)

kept the partially incapacitated bird overnight and released it after noting

the band number (King, pers. comm.), which indicated Egg Island origin.

Bartonek (pers. comm.) has recently informed us of our first recovery of

a chick banded during the 1976 field season. On 31 Oct 1976 a juvenile gull

was caught due to entanglement at the Juneau boat harbor. The gull wore

both F&WS and a red plastic band provided to us by OBS-CE, which indicated

this year's age class and origin on the closest inshore Egg Island islet.

These recoveries support the emerging migratory pattern (Table 10).

We color-dyed over 100 fledgling gulls with nyansol, a purple-black

marker, at the close of the 1975 season on Egg Island (see Chick Stage above).

Isleib (pers. comm.) noted dark-pigmented young of the year in and near Cordova
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Table 11

Banding Recoveries of Juvenile Gulls

from Egg Island
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during Sept 1975. None were reported after the third week of September

and the highest number observed at one time was three at the Cordova dump

on 7 Sept 75. The nyansol marking was phased out after 1975 due to poor

visibility on juvenile plumage.

We marked 31 adult gulls and one third-year juvenile during this project.

These gulls were dyed bright yellow with picric acid, a collagen stain.

The yellow color gradually oxidizes to orange. We captured our first gull at

Cordova OceanDocks, took a blood sample, and dyed it on the head and upper breast.

Our subsequent observation indicated this bird remained in Cordova for the

summer of 1975, feeding on cannery effluent, and resting on Eyak Lake or at

the docks. When the canneries shut down due to strike by commercial fishermen,

this gull appeared at the Cordova dump. Isleib (pers. comm.) continued to

observe this gull at the Cordova waterfront until 9 Oct 1975. Most reports of

the bird were between Ocean Dock and Observation Island, that is, in front of

the canneries. The local movements of the color-dyed gull lead us to the

conclusion that it is part of a summering non-breeding population exploiting

concentrated food resources.

We color-dyed eight other gulls at Egg Island in 1975. These gulls

were colored yellow on lower breast feathers, belly, axillaries and tail.

Our initial observations indicated these birds, which were breeding adults

with eggs or chicks when captured, remained close to the colony in July.

In August we observed these gulls progressively further from Egg Island,

first at the mouth of the Eyak River a few km away, then in Cordova 20 km

away, and then as far away as Deep Bay, Hawkins Island, 40-50 km from Egg Island.

(Thorne, pers. comm.). In Sept. 75 "canary yellow" to "golden" gulls

were seen by various parties in the Juneau area (King, pers. comm.).

Between mid-October 1975 and early March 1976 no color-dyed gulls were

reported in the Cordova-Orca Inlet area. Isleib (pers. comm.) informed us of
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heavy movement of Larus into the Cordova area during the period of 7-10 March

1976. Snow cover was 1.-1.3 m at the time but weather conditions southeast

along the coast were good. Many migrant species and population shifts were

occurring in the same period. Isleib and Isleib (pers. comm.) report four

observations of orange gulls in the Cordova waterfront from 10 to 19 March 1976.

In June 1976 we observed a faded orange gull nesting within ten meters of where

it had been captured the year before at the east end of Egg Island (Table 11).

Our observations of 22 (1976) color-dyed gulls are similar to our previous

sightings. Our 1976 birds were marked on right side only to distinguish them

from other F&WS marking programs. Gulls cluster around the Cordova dump,

cannery effluent, or street sewer outfall. Senner (pers. comm.) reported a

a color-dyed adult feeding young on octopus at Hartney Bay in August. Lensink

(pers. comm.) saw an orange gull on the Cordova City Airport runway in August.

We captured a third-year juvenile at Egg Island in early July; the bird was

light enough in plumage so we dyed the right wing, belly and tail. Within the

month Frazer and Howe (F&WS) observed a color-dyed juvenile glaucescens on

Middleton Island 100 km away in the Gulf of Alaska (Howe, pers. comm.).

With observations reported to us by cooperating biologists we are able

to suggest local and then southeastern movements of adult gulls in post-

breeding dispersal. Egg Island adults apparently leave the Cordova area by

October and return in March. Recently fledged juveniles disperse explosively

to Anchorage and Valdez but then drift south. January recoveries are from

Ketchikan and Vancouver, B.C. A first year bird was found summering in Valdez;

a third year bird demonstrated lateral movement between the Copper Delta and

Middleton Island in July. We report more band recoveries (36%) from Valdez

than any other location. Whether this represents environmental disturbances

capitalized by gulls or simply concentration of human observers remains to be

determined.
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Table 12

Observations of Color-dyed Gulls
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We have reviewed recent literature on wintering areas and F&WS observations

of large gulls in the NEGOA, for which we grateful to Dr. Calvin Lensink (OBS-CE).

The review amplifies our banding and color-dyeing studies and we attempt to

generalize from the results.

Isleib and Kessel (1973) suggest part of the NEGOA glaucescens population

winters offshore on the continental shelf. Isleib (pers. comm.) reports

argentatus, glaucescens and hybrids are common during the winter in the Cordova area,

where argentatus and hybrids are quite uncommon during the summer. Hoffman

(pers. comm.) also finds glaucescens, argentatus and hybrids offshore between

Yakutat and Kodiak in November. These observations, with results of our color-

dyeing studies, which show Egg Island gulls departing the Cordova area in October

and returning in March, indicate major population shifts and/or migratory

movements southward in fall and winter.

Sanger (1973) and Harrington (1975) reported pelagic argentatus and glaucescens

80-640 km off southern California from January to April. Herring Gulls increased

until mid-February and then rapidly decreased from mid-March to mid-April.

Gulls collected in April had enlarged gonads in near breeding condition. Further north,

F&WS ship surveys in the NEGOA found marked shifts in relative abundances of gulls

which may indicate migration from more southern regions:

Table 13

Large Gulls Observed on Transects in
The Northeast Gulf of Alaska (Lensink, pers. comm.)
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We believe the sharp increase and then decline in May of argentatus

per km2 represents a migration from more southern regions (e.g. off California)

towards interior breeding localities in Alaska, B.C., and the Yukon (Table 12).

Herring Gulls appear on interior lakes across Alaska in late May just before

spring break-up. Non-breeding argentatus may summer at sea, since inland

lakes are not especially productive. Breeding pairs on inland lakes are

more scattered than colonial and clutch size is smaller than coastal gull

populations (Anderson, viva voce). Our observations indicate that post-

breeding adult gulls depart abruptly from interior lakes in late August.

Major rivers (Copper, Alsek, Taku, Stikine) provide migratory pathways to the sea.

The more gradual decline in glaucescens per km2 from Feb. to June

represents coastal breeders returning to colonies. From February to April

pelagic glaucescens decrease by 50%. Gulls from Mandarte Island, B.C., are

on site in February; gulls are present at North Marble in Glacier Bay in

March (Streveler, pers. comm.) and appear on territories at Egg Island in

April (Isleib, pers. comm.).

F&WS standing stock estimates of pelagic gulls exceed known breeding

pairs in the NEGOA (Lensink, pers. comm.). Non-breeders comprise a large

portion of the pelagic population as well as gulls originating from other

than coastal NEGOA colonies. Offshore gull populations utilize food resources

(including offal from foreign fisheries) which may reduce competition with

onshore breeding populations.

Development of Jfshore oil resources and increasing tanker traffic

in the Gulf of Alaska thus has the potential to affect not only onshore gull

breeding populations but also wintering and migratory populations from

interior Alaska, B.C., and the Yukon.
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The F&WS provided us with information which suggests gulls return

to the Cordova canneries year after year. Mssrs. Schilmoeller and Lettis

of the Forest Service observed an adult glaucescens at the St. Elias

Floating Cannery, Cordova Ocean Dock, on 11 July 1975. The gull wore a

band on the left tarsus and had the outer left web on the left foot cut

in a 'V' fashion as an additional marker. The bird was in a feeding flock

around the cannery effluent. Schilmoeller and Lettis read the band number,

and the F&WS subsequently informed us this gull was banded by personnel of

the Denver Wildlife Research Center (F&WS) on 19 July 1970 near Cordova

as part of research concerning gulls around the canneries. The gull was

at least one year old when banded.

We are hopeful of additional reports of gulls from our Copper River

Delta banding and marking program. Initial results indicate that gull banding

and color-dyeing are highly promising research aspects, and will pay most

returns over an extended period of time. We have provided the basis for an

intensive study of site tenacity of one of the most abundant, intrusive

avian species in the Gulf of Alaska, breeding in huge colonies in a highly

vulnerable delta ecosystem.

Task A - 6

Sympatry and Interbreeding of Herring and Glaucous-winged Gulls

The evolution and systematics of the Herring Gull group (Larus argentatus

and relatives) are complex. A circle of interbreeding races extends around

the Northern Hemisphere (Stresemann and Timofeef, 1947). Where the presumed

end-points on the circle overlap, the extreme varient races may act as good

species (Paludan, 1951; Goethe, 1955). These gulls provide a good example

of a dynamic evolutionary system in which animals may act as distinct species

in one region while hybridizing extensively in another (Ingolfsson, 1970).
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Hybridization results from breakdown or incomplete development of inter-

specific isolation in such factors as nest site selection, time of breeding

and morphological and behaviorial characters concerned with or influencing

mate selection (Smith, 1966b).

Early Pleistocene Herring Gull stock broke up into isolated populations

in refugia in Europe, Asia, and North America during glaciations (Macpherson,

1961; Rand, 1948). Populations resembling Herring Gulls may have been pushed

back by continental glacation to an interior refugium along the Yukon-Kusko-

kwim-Bering Sea land bridge. Other populations of gulls may have been

forced to retreat southward along the Pacific coastline to the Puget Sound

area where they evolved in proximity to glacier fronts (the lighter-colored

glaucescens resembles high-arctic species). While these gulls may have shared

a common gene pool at one time, enough evolution has occurred to account for

certain observed differences between Herring and Glaucous-winged Gulls, for

instance in the amount of melanin in primaries, or in iris and orbital ring

color. However, populations broken up by glaciation may have evolved incomplete

isolating mechanisms not sufficient to prevent hybridization upon post-glacial

range expansion.

The Pacific Coast Larus argentatus complex including hyperboreus,

and occidentalis as well, is not usually included with the rest of the

circumpolar Formenkreis but recent information indicates there is gene flow

between hyperboreus and glaucescens in northwestern Alaska (Strang, 1974);

between glaucescens and argentatus in southwestern and southern Alaska

(Williamson & Peyton, 1963 ; Patten & Weisbrod, 1974); and between glaucescens

and occidentalis in western Washington State (Scott, 1971; Hoffman, 1976).

549



95

There is thus good evidence that a chain of interbreeding groups extends

up and down the Pacific Coast and that members of this group are members of the

Holarctic Herring Gull Formenkreis. The Glaucous-winged Gull is apparently

the 'key' species in the Pacific Coast gull complex (Fig. 42).

As the availability of human-generated refuse increases with the develop-

ment of oil resources in Alaska, populations of gulls previously more isolated

may come into closer contact with one another. The refuse associated with

increased oil operations may result in genetic changes in the gull populations

(Hunt, pers. comm.).

Williamson and Peyton (1963) collected a series of specimens intermediate

between the Herring and Glaucous-winged Gulls from Cook Inlet, near Anchorage,

Alaska. They suggested that sympatry between breeding Herring and Glaucous-

winged Gulls occurs in southeastern Alaska. This section will document

briefly current knowledge of sympatry and interbreeding of Herring and

Glaucous-winged Gulls in southcentral and southeastern Alaska (Patten, 1976).

Glacier Bay, Alaska, just to the south of the current study area,

is quite recently deglaciated (less than 200 years). Gene flow between

previously isolated populations in this area must be as recent as the

deglaciation. Herring and Glaucous-winged Gulls have been found nesting

together in at least three colonies in Glacier Bay. The colonies are found

on (1) a near vertical cliff; (2) a flat low gravelly island; and (3) sloping

grassy hillsides. During the summer of 1971, suspected intermediates were

observed at a cliff colony. These gulls showed intergradation from one form

to the other in primary feather pigmentation. During the next two summers,

mixed, conspecific, as well as'intermediate' to Glaucous-winged Gull pairs

were observed on North Marble Island in Glacier Bay, which contains a colony

of 500 pairs. Relative numbers of Herring Gulls to Glaucous-
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Figure 42.

North American Large White-headed Gull Distribution
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winged Gulls were low. The mixed, apparent backcross and 'pure' pairs

successfully fledged young. Some individual birds proved impossible to

categorize. Primary feather pigmentation varied in both amount and pattern.

Iris color also varied apparently independently of primary feather pigmentation.

Dry Bay, mouth of the Alsek River, approximately 75 km south' of Yakutat,

that is, within the boundaries of the current study area, contains about

500 pairs of Herring and Glaucous-winged Gulls nesting sympatrically on

low gravel bars at the mouth of the River. Dry Bay has apparently never

been glaciated but may have been the location of catastrophic flooding

from glacially dammed lakes in the interior Yukon within the last 1000

years. The Alsek River is a known migration route connecting coastal

with interior populations of vertebrates through the St. Elias Range

(5000m - 6500m). Collections of specimens in June 1974 and June 1975

revealed both Herring Gull and Glaucous-winged Gull types as well as

a wide range of variation in primary feather pigmentation. Relative

proportions of Herring Gulls to Glaucous-winged Gulls are considerably

higher in Dry Bay than Glacier Bay, reflecting influence from interior Yukon.

Haenke Island lies off Yakutat in Disenchantment Bay and has about

200 pairs of Glaucous-winged Gulls nesting on a 100m grassy cliff.

The St. Elias Range and the Malaspina Glacier prevent the influence

of interior conditions in the area. The gull population here is currently

less variable in primary feather pigmentation than the population at

Dry Bay.

Apparently the largest Glaucous-winged Gull colony in the northeast

Gulf of Alaska is located on Egg Island near the mouth of the Copper

River near Cordova. Conditions on this island have been previously
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discussed in this report. Gull specimens collected in the summer of

'75 show a limited range of variability. The large number of glaucescens

may serve to "swamp" argentatus-type genes.

N.G. Smith (1966) suggests there are insufficient isolating mechanisms

between the Herring and Glaucous-winged Gulls. Field evidence from this

portion of the study indicates that the Larus argentatus - Larus glaucescens

species group is in an exceptionally fluid state evolutibnarily, with

populations at least partially isolated by glaciation and mountain ranges

now interbreeding where in contact, and producing a variety of morphological

types in a geologically rapidly changing environment. Superimposed upon

the geological forces will be the future explosive industrial development.

The gene flow between gull populations in the Gulf of Alaska may be further

increased in coming years as a secondary influence of human activities, which

may lead to a new adaptive peak in this commensal bird species, with consequences

for municipal health and sanitation.
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Task A - 4 & A - 6

Gull Food Habits

A central theme in this report is that gulls will increase in the northeast

Gulf of Alaska with continued access to food resulting from human activities.

This food supply is not likely to decrease with the development of oil

resources. We discuss in this section why gulls exploit artificial food due

to natural plasticity of food selection and dichtomy of foraging pathways.

NEGOA gull populations currently exhibit both food selection under natural

conditions and response to artificial food supply.

Alaskan gulls of the argentatus group show under natural conditions

two major foraging pathways: first, gulls scavenge the intertidal from lowermost

to uppermost regions, taking a wide variety of food items. This includes

larger cast-up fishes such as Gadidae, Scorpaenidae, Cottidae and Theragna

and invertebrates such as Mytilus, Thais, Balanus and Pagurus (Table 13)

Invertebrates are broken, dropped, pried open or swallowed whole. Secondly,

gulls dive from several meters above water to well beneath the surface in

areas of tidal disturbances, at river mouths, near surfacing whales (Jurasz,

pers. comm.; Divoky, 1976) or when opportunity presents, taking small fishes

such as Osmeridae, Clupea and small shrimp such as Pandalus. Other small

fishes, e.g. Pholidae are taken from rocky intertidal pools by stalking.

Alaskan gulls also exploit marine mammals under natural conditions

(c.f. Divoky, 1976; Tuck, 1960). In the NEGOA seals give birth on pack ice

at Haenke Island near Yakutat and in Muir Inlet in Glacier Bay. Gulls

(argentatus and glaucescens) scavenge seal feces, stillborne pups, other

carcasses, and placentae (Streveler & Paige, pers. comm.). Remains of

seal placentae and hair form the most common item in gull castings at Haenke

Island in June.

The affinity of gulls for human sewage is discussed below in this report.

This behavior may have originated from following marine mammals.
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The gull colony at Egg Island exhibits parameters of an expanding

population as discussed above in this report. The population is expanding

as a result of increase in nesting space as plant succession follows

earthquake uplift of island colonies, and availability of artificial food

in Cordova. In 1972 fish and crab processing plants in Cordova discharged

about 2.6 million pounds of seafood waste into Orca Inlet (USDI, BLM, 1976;

underlining mine). EPA regulations require dumping of waste where material

is not visible but in summers 1975-76 the gulls find the material highly

visible, attracting huge foraging flocks (10,000 individuals/hr), notably

during salmon-packing season (July-August). This is precisely when gulls

feed young on Egg Island 20-30 km away. Color-dyed breeding birds from Egg Island

join in these flocks as well as non-breeding adults and second and third

year juveniles. There is constant interchange of gulls from Eyak Lake, Eyak

River, Orca Inlet to the ocean and colonies on sandbar islands at the mouth

of the Copper River.(Fig. 4). The gulls feed in circling swarms on the effluent

which is hosed from the floors of the seafood processing plants, ground up and

dumped from pipes at the ends of the docks or wharf in front of the respective

institutions ("A", "B", "C", "D", "E").

Newly fledged juveniles appear at the docks and seafood plants in late

July and early August. Gulls also feed on detritus in the harbor and on

fishing boats. Many fewer gulls are found in the area when the canneries/

fish-processing houses are not packing, e.g. when ADF&G closes the season

or when commercial fishermen strike. The Cordova municipal dump provides

an alternate food source for gulls when canneries are not packing. The dump

has a more limited but also more constant food supply and is used by fewer

birds when effluent is available from seafood plants.

557



103

"Seagull nuisance" resulting from discharge of floating seafood

waste is a cause of community and State of Alaska concern in Cordova

(Bayliss, pers. comm.). Cannery "E" has been cited for violations of

dumping regulations and it is this cannery which also attracts greatest

concentration of gulls. Recommendations have been made for gull control

measures. It is our position that the gull concentration in Cordova is

symptomatic of food availability and not causal of the larger problem of

"seagull nuisance". The gulls are responding in a normal manner to an

underexploited food source. The dumping of salmon and crab gurry in

Cordova for years has led directly to the increase in gulls since they

feed young with it on Egg Island. When young gulls are disturbed on Egg

Island, regurgitated gurry samples are freely available for verification.

We support the State of Alaska Dept. HSS viewpoint as expressed in

the letter from Torgerson to Cavanaugh (Appendix II) that gull control

is only symptomatic treatment for the larger problem of industrial waste,

improper garbage disposal and inadequate sewage disposal. We see the gull

problem increasing in coming years with further explosive industrial develop-

ment and attendant social problems, among which is garbage and waste disposal.

Proper treatment of these problems will be expensive. For instance,

relocation, fencing, hauling and grading a new Cordova municipal dump would

cost an intial $250,000 and thereafter require a yearly expenditure of

$50,000, sums which are currently beyond the fiscal capacity of the town

(Cordova City Manager, viva voce). Federal aid will doubtless be requested.
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Task A - 28

The Role of Gulls (Larus argentatus & Larus glaucescens)

in the Transmission of Human Parasitic and Enteric Diseases

in Alaska; A Review

Part I. Human Parasitic Diseases and Gulls

The exposure of untreated or poorly treated sewage to gulls in Alaska

may lead to human health hazards from bacterial and helminth infections.

One of the traditional safety factors relied upon for prevention of dispersal

of pathogens which may be present in sewage has been the dilution of the effluent

with an abundance of river or sea-water (Silverman & Griffiths, 1956).

Overloading, however, or construction of new sewage plants with outfalls

into already heavily polluted waters e.g. Cordova dockfront (USDI, 1976),

reduces the dilution factor, and certain organisms such as gulls may actively

concentrate human pathogens through their foraging behavior. For instance,

in primary sewage treatment plants there is little evidence that continuous

aeration adversely affects helminth ova, nor is rapid sand filtration

an effective means of removing helminth ova from sewage effluent (Silverman &

Griffiths, 1956). Varying percentages of viable helminth eggs (Ascaris,

Trichurus, Enterobius, Diphyllobothrium and Taenia - all human pathogens)

have been found in sludge of primary sewage treatment (Silverman & Griffiths,

loc. cit.). Eggs may persist in a viable state in the sludge for years.

The role of birds in the dissemination of helminth ova is difficult to

evaluate, but is highly suggestive (Silverman & Griffiths, loc. cit.)

GBtzsche (1951) suggested that gulls might be responsible for dissemination

of tapeworm eggs from sewage outfalls. Gulls may come into contact with

sewage at every stage of treatment, and it is well known that gulls frequent

canneries, fish-packing houses and garbage dumps in Alaska in addition to

roosting on municipal water supplies, e.g. Ketchikan, Cordova (Wilson & Baade,

1959; USDI, 1976). Dumping of raw sewage from coastal towns in Alaska
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attracts gulls, which as natural scavengers forage on the fecal matter

e.g. at Valdez (Bayliss, pers. comm.) and Juneau (Williams, pers. comm.)

and Ketchikan (Wilson & Baade, 1959) (Fig. 43,44). Silverman and Griffiths

(1959) found gulls attracted to sewage outfalls especially in winter (see

Ketchikan epidemic below). These authors reported that feeding experiments

with Herring Gulls revealed that tapeworm eggs (Taenia spp.) can pass through

the digestive tract of gulls and still retain infectivity. The eggs appear

C

in the feces about an hour after injestion. Mature eggs may hatch in the

gut of the gull, and the activated hexacanth embryo may be found in the

droppings.

Sewage treatment and disposal problems in isolated areas are varied

and complex (Silverman & Griffiths, loc. cit.) Pollution from inadequate

disposal of human excreta is a potential source of health problems along the

Alaskan coast, and is complicated by the scavenging nature of abundant

Alaskan gull populations.

Part II. Naturally Occurring Human Helminth Infections Associated with
Gulls in Alaska

Eskimos in western Alaska depend upon several species of fish for

much of their food. These fishes are often eaten raw and thus transmit

certain species of Diphyllobothrium tapeworms for which the fish are

intermediate hosts (Rausch et al, 1967). Kuskokwim Eskimos eat raw or

partially frozen smelt (Osmerus), blackfish (Dallia), and sticklebacks

(Pungitus) which often contain larval tapeworms (Rausch et al, 1967).

Rate of tapeworm infection reached highest level in winter and early

spring, after greatest consumption of blackfish and sticklebacks (Rausch

et al, loc cit.). Uncooked fish comprises over a third of the diet of

these Eskimos (Heller & Scott, 1967). Levels of infection with Diphyllo-

bothrium tapeworms ranges from 16% to 30% (Rausch et al loc. cit.)

560



Figure 43. Dumping of raw sewage from coastal
towns in Alaska attracts gulls, which as natural scavengers
forage on the fecal matter. Gulls in the sewage outfall at
Valdez, May 1976. A surface slick extends some hundreds of
meters downwind.

Figure 44. Pollution from inadequate disposal of
human excreta is a potential source of health problems
along the Alaskan coast, and is complicated by the scavenging
nature of abundant Alaskan gull populations. Valdez, May 1976.
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One of the most frequently found tapeworms in this region was

identified by these authors as D. dalliae; the adult stage is in humans

and dogs. Early life stages inhabit the blackfish, Dallia pectoralis,

an abundant and economically important species in the Kuskokwim River region

(Rausch et al, loc. cit.). Rausch (1956) obtained infectious tapeworm

plerocercoid larvae from blackfish trapped on the lower Kuskokwim, and

raised adult tapeworms from these larvae at the Anchorage laboratory

in Glaucous-winged Gulls, which had been hatched in an incubator and

maintained parasite-free until the experimental infection. Rausch (1956)

stated that the occurrence of the tapeworm Diphyllobothrium dalliae

is to be expected in gulls in Alaska. Gulls are implicated in the

dissemination of this parasite, transporting eggs to various aquatic areas

where the eggs develop through several life stages to plerocercoid

larvae in fish infective for humans.

Another cestode commonly found in man in Alaska is a Diphyllobothrium

species undetermined. This type appears identical with a tapeworm reared

experimentally in humans, dogs, and Glaucous-winged Gulls from plerocercoids

(infectious larvae) encysted on the stomach of salmonid and coregonid

fishes (Rausch et al, loc. cit.). We report salmon gurry from the Cordova

canneries frequently contains large numbers of tapeworms and this gurry

is scavenged by gulls. Rausch et al found Glaucous-winged Gulls naturally

infected with the above Diphyllobothrium in Alaska. The presentation of

fish gurry harboring tapeworms to gulls provides ample opportunity for

parasite dissemination.

Rausch (1956) collected other adult cestodes morphologically resembling

D. dendriticum from various species of gulls in Alaska. Kuhlow (1953) *

established infections by feeding encysted tapeworm plerocercoids from the

* in Rausch, 1956
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stomach of Osmerus eperlanus, a smelt. Chizhova (in Rausch, 1956) observed

a tapeworm parasitizing Herring Gulls, humans, and dogs at Lake Baikal;

similar cross-parasitism is expected in Alaska. Rausch (1954) observed

specimens of still another Diphyllobothrium species in dogs, foxes, cats,

and gulls in Alaska after feeding plerocercoids from infected steelhead

(rainbow) trout. Rausch (1954) experimentally infected Glaucous-winged

Gulls with the tapeworm Diphyllobothrium ursi, a parasite of brown bears.

It is readily apparent that tapeworms associated with gulls infect a variety

of hosts including humans.

Thomas (1938) reported the life cycle of the tapeworm Diphyllobothrium

oblongatum involved Herring Gulls, herring (Leucichthys sp.), and copepods.

Tapeworm eggs were deposited in the feces of the gulls. Thomas (1938)

reported that freezing the tapeworm eggs solid in ice for a month did not

destroy their ability to hatch normal coracidia (early developmental stages).

This suggests tapeworm ova survive through the Alaskan winter to continue

their life cycle in the spring.

Although the pernicious-like anaemia associated with human Diphyllobothrium

tapeworm infection in Eurasia has not been observed in Alaska, the potential

for such disease has been examined by Rausch et al, (1967). These authors

reported that there was no evidence that infection of Alaska natives by

diphyllobothriid tapeworms contributed to the development of microcytic

anaemia. However, in view of the often poor nutritional level of these

people, the infection may be detrimental due to tapeworm absorption of

B-vitamins (Rausch et al, 1967). Caucasians, however, especially those

descended from northern European stock, may be genetically susceptible to

anaemia associated with Diphyllobothrium tapeworm infections (Totterman, 1947).

In addition to fish tapeworms, gulls have been demonstrated as part of

the marine cycle of trichinosis, a roundworm which typically infects Eskimos
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in arctic Alaska. Marine mammals may become infected through consumption

of encysted trichinae in the feces of carrion feeding birds such as gulls

(Schwabe, 1964). Eskimos become infected with trichinosis upon consuming

raw flesh of marine mammals, including polar bears, seals, walrus, and beluga

whales, all of which carry Trichinella spiralis (Rausch et al, 1956).

Summarizing Parts I & II: Alaskan gulls associated with cannery

effluent and sewage outfalls are implicated with the dissemination of

human cestode and nematode parasites.

Part III. Gulls and Enteric Disease in Alaska

Reports originating from all parts of Alaska of human gastroenteric

diseases associated with high fever, marked diarrhea, and dysentery have

been received by Alaska Department of Health and Social Services on occasion

(Williams, 1950). Outbreaks of intestinal diseases occur in Alaska where

water supplies are unprotected (anon.*, Alaska's Health, 1954). Alaska

Public Health Laboratories have conducted studies indicating improper sewage

disposal, Herring and Glaucous-winged Gulls, and public water supplies

in the spread of the pathogenic bacteria Salmonella manhatten. First, a

definition: salmonellosis is the term applied to infections caused by

any of a group of more than 1,100 microorganisms (Steele & Galton, 1969).

Salmonellosis usually occurs as an intestinal infection resulting in

enteriti s, or may terminate in septicemia and death (Steele & Galton, 1969).

Technically, the bacterial genus Salmonella is composed of gram-

negative, aerobic, non-spore-forming microorganisms that grow well on

artificial media and reduce nitrate to nitrite (Edwards & Galton, 1967).

All members of the genus are potentially pathogenic for man and animals.

Salmonellae inhabit most species of warm-blooded animals (Steele & Galton,

loc. cit.). Salmonella typhimurium has been recovered from gulls found

dead near a cannery (Nielson, 1960). S. paratyphi B has been discovered in
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Herring Gulls (Wilson & MacDonald, 1967) as well as S. derby (Faddoul &

Fellows, 1966). Gulls carry many other kinds of Salmonella (Steele & Galton,

1967). Enteritis in gulls may be the only sign of infection, increasing

the probability of disease transmission (Nielson, 1960).

Herring and Glaucous-winged Gulls became suspect in the

Salmonella epidemic at Ketchikan because of scavenger feeding habits

at the city sewer outfall (anon., Alaska's Health, 1954). Gulls leave

the Ketchikan waterfront with the advent of winter storms and fly

approximately four km to Ketchikan Lake, the municipal water supply

(Wilson & Baade, 1959). Epidemics of gastrointestinal disease have

occurred at this time of year. Subsequent epidemiological investigation

indicated a common vehicle (the community water supply) for the etiological

agent. Literally thousands of gulls roosted on the lake at the time of

the 1953 epidemic, and the water showed gross contamination not explainable

by any other source (Wilson & Baade, 1959).

Specimens from gulls collected at the lake proved positive for

Salmonella manhatten (Paratyphoid C group). Cultures from gulls as well

as patients hospitalized with gastroenteritis were verified by CDC,

Atlanta GA. Over 100 persons in Ketchikan were treated by physicians.

At the time of the outbreak, drinking water was not purified by any method.

Subsequent chlorination of the water supply drastically reduced the incidence

of this disease in Ketchikan, but the situation must be monitored to assure

constant levels of chlorination. Similarly, gulls roost on the lake forming

the Cordova water supply and the chlorination is monitored (Morley AEH, pers.

comm.).

The city of Valdez in Sept 76 was still dumping raw sewage below

waterline in that harbor (Bayliss, pers. comm.). Photographs (Fig. 43,44)

* Dr. F. Pauls, APHL, has recently informed us the author is

Ms. Edna Foster, ed., Alaska's Health.

** in Steele & Calton, 1969
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show gulls at Valdez foraging directly at the sewage outfall with

slick extending some hundred of meters downwind. Bayliss (pers. comm.)

informs us Valdez will soon complete sewage treatment facilities (Appendix I).

Pollution of reserviors by aquatic birds has been recorded from

Massachusetts, New York City, San Francisco, Los Angeles, Vancouver, B.C.,

and London, England (Wilson & Baade, loc. cit.). Typhoid bacillus has been

isolated from gull excreta collected in the vicinity of a town in Scotland

where typhoid epidemics had first occurred (Wilson & Baade, loc. cit.).

Salmonellae were recovered from 78% of gull droppings collected near sewage

disposal works at Hamburg, Germany. Samples taken from sewage-free areas

were consistantly negative (Muller, 1965).

According to Pauls (1953), providing safe and adequate water supply

and sewage disposal is intricately linked with prevention of enteric disease

outbreak. The role of gulls is an added phase to the study of both enteric

and parasitic diseases in Alaska. The Ketchikan Salmonella outbreak underlines

the need for proper, adequate sewage disposal systems preventing gull

contamination with disease organisms transportable to public-water or food

supplies. Sewage disposal in many smaller communities in Alaska is accomplished

by single premises or scavenger systems (underlining mine) (Pauls, in Alaska's

Health, 1954). Contaminated water supplies and improper sewage disposal

have historically (since 1807, the first reporting date) been major causes

of gastrointestinal disease outbreaks in Alaska (Pauls, 1953).

The influx of people to Alaska will increase health hazards since

carriers of typhoid and parasitic infections are undetected within this group

(Pauls, 1953). The present explosive immigration to Alaska and projected

rapid industrial growth of offshore oil operations may lead to conditions

where gulls act as vectors for rapidly spreading human diseases.
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Task A - 28

Influenza in Avian Populations - A Review

Interactions between human and gull populations will increase with

the development of coastal oil resources in Alaska. We include here

under Task A - 28 a discussion of another potential aspect of the increase

in gulls in Alaska as it relates to oil development.

Animals can be important as potential reserviors or contributors to

new pandemic strains of influenza virus (Kaplan and Beveridge, 1972).

Pandemics of type-A influenza are caused by "new" strains of virus appearing

suddenly in human populations. These new strains may arise by genetic

recombination with animal or avian influenza viruses. For instance, Hong

Kong virus (A/Hong Kong/1/68) probably arose as a genetic recombinant formed

as a result of a mixed infection of an animal or bird with an animal or bird

influenza virus and a human A/Asian (Asian flu) strain (Kaplan and Beveridge,

1972).

Individual influenza viruses contain two different virus-coded surface

antigens, known as the haemaglutinin and the neuraminidase. Webster and

Laver (1972) suggest that because the haemaglutinin of Hong Kong virus is

completely different from the preceding Asian strains, such a great difference

is not likely to have arisen by mutation. It seems more likely that the new

Hong Kong virus arose by recombination. An animal or avian virus could have

donated the haemaglutinin of A/Hong Kong/1/68 and the neuraminidase could

have come from the human A/Asian strain. This sort of genetic recombination

can be produced in live animals under experimental conditions. Since this

kind of recombination can occur in laboratory animals it could occur in nature.

Avian influenza is caused by type-A viruses and infects both wild and

domestic species around the world. Depending upon the virus strain, host

species, and age of bird infected, avian influenza produces symptoms ranging

from a drop in egg production to extraordinarily high mortality (Beard, 1970).
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The virus A/tern/South Africa/61 caused very severe disease in terns, with

mortality running into the millions (Becker, 1966). The epizootic in terns

was first noted because of the high mortality, but high mortality rates are

probably an exception. Becker (1966) suggested that wild birds might act

as inapparent carriers of avian influenza viruses. This has since been

demonstrated by Homme and Easterday (1970), who showed that exposed ducks

were infected for two weeks, long enough to carry the virus long distances

and transmit the infection to wild and domestic birds along the way.

Antibodies specific for type-A influenza viruses have been demonstrated

by serological surveys of wild birds in the U.S., Australia, and the USSR

(Slemons et al, 1974). At least 100 distinct types of avian influenza virus

have been isolated from various bird species with signs of respiratory illness

or from flocks showing mortalities of unknown origin. Influenza viruses in

birds not only affects the upper respiratory system, but also causes a drop

in egg production, fertility, and hatchability. Experiments have indicated

that strains of avian influenza have a marked effect upon the reproductive

systems of birds (Samadieh & Bankowski, 1970). Kleven et al (1970) reported

chalky-white, unpigmented, s oft-shelled eggs increased up to 30% when breeding

flocks are struck by influenza. The effect of influenza upon wild bird population

reproduction is' completedly unexplored (see above discussions of egg pathologies,

in Egg Loss section).

Environmental factors can play a very important role in infection and

disease, and it is here we relate influenza and offshore petroleum development.

Studies have revealed that more severe manifestations of influenza result

from interactions of virus and other factors, particularly cold stress.

For instance, apparently recovered birds stressed by chilling show further

infection as measured by virus isolations and rises in antibody titers (Homme

et al, 1970). There was a consistant correlation between cold stress and
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disease; birds subjected to low ambient temperatures developed much more

severe, chronic virus disease. Petroleum exposure is known to lead in

hypothermia in birds (McEwan & Koelink, 1973). Logically petroleum exposure

could lead to the onset of virus disease. We point out the complete lack

of information concerning the interactions between petroleum exposure,

hypothermia and disease, especially in seabird populations in northern seas.

(See above Chick Mortality section for a discussion of weather factors

on survivorship).

Avian influenza viruses can be dispersed by migrating birds. Becker

(1966) suggested that some species of seabirds carry virus in a latent state.

Under stress, such as stormy weather, or oil exposure, the viruses become

active, resulting in epizootics. During migrations, seabirds with active

virus infect susceptible species with which they come into contact.

Rosenberger et al (1974) isolated type-A influenza viruses from migratory

waterfowl. In this study, the cloaca appear-to be a better site than the

trachea for isolations of the virus. If the cloaca or feces are a prime site

of influenza isolations, this is an important implication for dissemination

of these viruses.

Sera collected from seabirds in the northern USSR, among which were

Herring Gulls, have shown antibody activity not only to avian influenza

virus but also to A/Hong Kong/1/68 (Zakstel'skaja et al, 1972). Webster

and Laver (1972) found sera from Australian pelagic birds specifically

inhibited the neuraminidase of Asian/57 strain of human influenza, in addition

to the neuraminidase of A/Hong Kong/1/68, indicating presence of specific

antibodies to these viruses. The antibodies to A/57 neuraminidase were found

in sera of Short-tailed Shearwaters (Puffinus tenuirostris) and several

other species. Webster and Laver (1972) suggest that these birds exchange

avian influenza virus from areas in the Northern Hemisphere with Australian
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coastal waters. The Short-tailed Shearwaters possessing antibody to A/57

neuraminidase are known to migrate around the Pacific from Australia to

the Bering Strait off Alaska (underlining mine), returning to Australia

(Webster & Laver, 1972).

Slemons et al (1974) showed that ducks in the California Flyway,

which includes Alaskan birds, are involved in the natural history of

type-A influenza viruses, and that the migration patterns and daily

foraging flights provide one mechanism by which the viruses can be transported

over long distances and be disseminated at each stopping place. Multiple

strains of virus circulating simultaneously in bird populations provide

excellent conditions for genetic recombination in nature. Thus wild birds

play an important role in the dissemination of type-A influenza viruses,

and may provide conditions for genetic interaction of type-A viruses of both

human and animal types, resulting in new hybrid strains.

Experimental Challenge of Gulls with Human Influenza

To test susceptibility of partially immune and non-immune gulls to

human influenza virus, Messrs. J. Klein, M.Sc., J. Markowitz, M. Sc., and

S. Patten, M.Sc., under the direction of I.L. Graves, DVM, innoculated two

species of gulls (Larus argentatus and Larus delawarensis) with the virus

Influenza A/Port Chalmers/1/73, (H3N2), a recent human strain. Both test

animals had been caught in the wild and maintained in captivity in Johns

Hopkins Animal Facilities. The Herring Gull showed a weak antibody titer

in serum (1:16) prior to laboratory challenge; the Ring-billed Gull showed

no such titer. The presence of antibodies specific to Port Chalmers influenza

in the Herring Gull serum was confirmed by Radial Diffusion (Ouchterlony)

test, and replicated three (3) times. The gull could have been exposed

previously to the influenza strain in the wild or in captivity.

Under experimental conditions, both gulls were innoculated intranasally
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and into the trachea with .2cc undiluted stock virus. Under normal

circumstances influenza is spread by droplet (respiratory) transmission.

Incubation period is one to three days. Characteristically an abrupt onset

of disease follows, indicated in humans by chills, fever, headache and myalgia.

Recovery of uncomplicated cases begins three to four days after onset of

symptoms. Immune-competent individuals should be able to mount a response

to an influenza infection within five days. Passage of the test virus used

in this experiment through embryonated chicken eggs showed the strain to be

very infectious to the 107 dilution.

Four days after the initial challenge with the virus, the non-immune gull

was found dead. The first day post-challenge, the gull showed a slight rise

in temperature. On the third day the gull still exhibited good reactions and

normal behavior. Gross pathology observed in autopsy was consolidation of the

lower left lung (evidence of a pneumonia-like infection). Heart, brain, kidneys,

lung and liver were cultured for bacteria with mostly negative results.

Only the brain evidenced presence of a slight bacterial growth,

likely a post-mortem occurrence.

Five days post-challenge with the virus, the partially immune Herring Gull

showed poor behavior, with nyctitating membrane fibrillation (CNS symptom),

loss of weight, cyanotic soft-parts (pneumonia-like symptoms), and died with

a very acute illness on the evening of the fifth day. Autopsy revealed no

lung consolidation, air sacks asymptomatic, no tracheal blockage or other

gross pathology other than infestation with mallophaga. Bacteria were cultured

on nutrient agarplates from several organs, indicating possible bacteremia.

Tissue specimens from trachea, pharynx and internal organs were cultured

for viruses and passed again through egg and tissue culture to determine which

organs were virus-postive. Virus recovery was confined to specimens from the

upper respiratory tract of both birds, suggesting a response similar to the

course of fulminating human influenza infections.
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Influenza Virus Antibody Assay (Task A - 28)

To answer the question of whether gull populations in the northeast

Gulf of Alaska have been exposed to Type-A influenza viruses, we performed

a series of tests on gull sera collected during the course of this investigation.

Methods involved the use of multiple-well Single Radial Diffusion Plates

supplied by WHO with the following antigens in gel medium: 1) Bel RNP (all

influenzas); 2) A/Chick"N" Ger RNP (all avian influenzas); and 3) A/Hong Kong/68

(a human influenza).

Results are as follows: 1) Adult gull sera (n=19) ran against Bel RNP

(all influenzas) showed 5% exposure to influenza virus of unspecified nature.

Positive serum was from an adult gull breeding at the Alsek River (Dry Bay)

in 1975. 2) Gull chick sera (n=56) collected from the large population at

Egg Island in 1976 and ran against A/Chick "N" Ger RNP (all avian influenzas)

gave positive antibody response in 7% of the cases and a weak response in 1.7%

of the cases. 3) In the initial run against the A/Hong Kong/68 antigen

(human influenza), 16% of the adult gull sera (n=19) showed positive antibody

response. These reactive sera were from adult gulls collected at Egg Island

and Dry Bay. However, on the second run against the HK antigen, the previous

positives did not react, giving equivocal results. On the third run, 9.5%

of sera collected from adult gulls breeding at Egg Island in 1975 (n=21)

indicated some response to the Hong Kong antigen, forming precipitin rings

around the wells in which the sera had been deposited. These precipitin rings

were not as strong as the positive control, suggesting either a weak antibody

response, exposure at some time in the past with subsequent decreasing antibody

titer, or cross-reactivity with another influenza antigen.

These results to date indicate avian influenza is present in the NEGOA

gull populations and some exposure to a Hong Kong or similar antigen.
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Newcastle Disease Virus Antibody Assay (Task A - 28)

Newcastle disease virus (NDV) is considered a pathogen for most avian

species (Hanson, 1972). Newcastle disease can be a mild illness with transient

respiratory signs or it can be fatal with severe respiratory and neurological

symptoms (Beard and Brugh. 1975). It can also cause hemorrhage and necrosis

of the intestinal tract (Beard and Brugh, loc. cit.). Bradshaw and Trainer

(1966) gave evidence of NDV infection in wild ducks and Canada geese by

demonstrating hemaglutination-inhibiting (HI) antibody in 14-17% of birds tested.

Palmer and Trainer (1970) reported 31% of Canada goose sera contained antibody

to NDV. Rosenberger et al. (1974) described isolation of NDV from several

species of migratory waterfowl. The cloaca or feces may be a prime site of

virus isolations in migratory waterfowl, with implications for dissemination

(Rosenberger et al., 1974).

We observed three dead or dying immature Black-legged Kittiwakes and

many Glaucous-winged Gull chicks in the meadows on Egg Island; the kittiwakes

and some gull chicks showed no external injury (see Chick Stage and Mortality

Factors, above.). The kittiwakes were totally unexpected in the meadows since

they are cliff-nesters and pelagic feeders. In the Hopkins laboratories we

are examining an adequate sample (250) of sera from Egg Island gull chicks

for evidence of common virus diseases, among which is NDV. We are using

the HI test, which is the most convenient, rapid and economical method for

evaluating antibody titer to NDV (Beard and Brugh, 1975).

o
Our procedures are as follows: all sera are heat-treated at 56 C for

30 minutes to remove non-specific inhibitors; positive control is NDV hyperimmune

chicken antisera; negative control is normal chicken serum (both controls heat-

o
treated 56 C, 30 min.). HI tests are performed on microtiter plates using 0.5

or 1.0% chicken red blood cells in buffered saline. In the initial screening

antibody activity has been detected in 8 of 125 sera(6.4%). We are continuing

our examination of these sera and suggest an NDV strain in this gull population.
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SUMMARY AND CONCLUSIONS

We carried out a concentrated investigation of several gull colonies

located in the northeast Gulf of Alaska during the summers of 1975 and

1976. We compared the results of our investigation to data gathered in

our previous Alaskan research and to other studies in the literature.

Egg Island lies a few kilometers offshore from the mouth of the Copper

River, near Cordova, Alaska, and contains the largest Glaucous-winged Gull

colony in the northeast Gulf of Alaska. Some 8000 - 10,000 pairs of gulls

nest on meadow-covered dunes on Egg Island. The gull population is not

limited by available nesting space due to uplift of the island and the

surrounding area in the '64 earthquake. Most egg-laying took place in late

May and early June; there was a wide spread of egg dates outside the study

area following egging by fishermen. Mean egg loss was 27% in the study area

due to human and gull predation. Hatching success was high other than those

eggs predated. We noted egg pathologies ("runt" eggs and supernormal clutches)

on Egg Island prior to the development of oil resources, most likely due to

the proportion of young females in the gull population. Considerable chick

mortality occurred when chicks began to wander at about three weeks of age;

the large territory size may slow the rate of earlier mortality. Death

of many wandering chicks was due to attacks from other adult gulls. Fledging

took about 40-45 days, and overall productivity was moderately high both years,

averaging about 1.08 chicks produced per nest. The Egg Island gull population

is partially dependent upon artificial food sources in Cordova. Other

gull colonies on Copper River Delta barrier islands are located at Copper

Sands and Strawberry Reef. Plant succession on earthquake-uplifted areas in

these colonies will provide increasing nesting space for gulls.

About 500 pairs of Herring and Glaucous-winged Gulls nest sympatrically

in a mixed colony on low gravel bars at Dry Bay, mouth of the Alsek River,
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south of Yakutat, Alaska. Hybrid gulls are common in the area. The repro-

ductive biology of this colony was examined in June 1974 and 1975. Territory

size was practically identical to that on Egg Island and also suggests room

for population expansion. The reproductive cycle at Dry Bay was two weeks

behind Egg Island, probably due to heavy snowfall and late spring in the

Yakutat area in 1975. The gravel bars at Dry Bay may be flooded on occasion

disturbing the gull reproductive cycle. The gull population at Dry Bay

indicates strong influence from interior Yukon Herring Gulls.

The North Marble Island gull population, which is technically outside

the borders of the current study area, but which forms part of the Gulf of

Alaska gull group, has been investigated in 1972-73 for the National Park

Service. This population shows quite a high reproductive rate under post-

glacial conditions, averaging 1.77 chicks fledged per nest.

Comparison of the Egg Island and North Marble Island gull population

reveals that in parameters such as territory size, clutch size, hatching

success and fledging success, the Egg Island population resembles a newly

colonized site inhabited by young adults. Investigation of the North Marble

Island population indicates that reproductive rate increases after the initial

season. The gull population reproduction on Egg Island will increase as the

proportion of experienced females increases, given continued access to

sufficient food sources.

This information indicates the gull populations in the Gulf of Alaska

have the potential for rapid increase with access to human garbage, sewage,

and refuse associated with increase oil operations. Gulls are associated with

canneries, fish-packing houses, garbage dumps, sewer outfalls and municipal

water supplies along the coast of Alaska, and are clearly implicated with

human bacterial and parasitic diseases in Alaska. As the availability of

human-generated refuse increases with the development of oil resources
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in the Gulf of Alaska, populations of gulls previously more isolated

may come into closer contact with one another. The gene flow between gull

populations will probably be increased in coming years as a secondary

consequence of human activities, which may lead to a new adaptive peak in

this commensal bird species, with implications for municipal health and

sanitation.

Banding returns and sightings of color-marked gulls indicate that

breeding birds depart from the Cordova area in October and return in March.

Juveniles disperse widely from Anchorage to Vancouver, B.C. We report more

band recoveries from Valdez than any other location. There is a southward

shift of this gull population in winter along the coast of the Gulf of Alaska,

with more northern and interior gulls replacing breeding birds.

We report antibodies to Newcastle disease virus, probably a lentogenic

strain, and avian influenza present in the Egg Island gull population.

We are suspicious of antibody activity to Hong Kong influenza in gull sera

although the work needs further investigation.

This report examines some of the factors influencing gull reproductive

biology in the northeast Gulf of Alaska during the 1975 and 1976 and previous

field seasons, and indicates a gull population reproducing at a good to normal

rate under relatively wild conditions. We suggest this gull population is

already responding to human influence in the area, notably around Cordova.

The moderately high reproductive rate of the large population breeding on Egg

Island could account for, if continued, an expanding number of gulls, due to

increasing availability of food resulting from human activity. The development

of oil resources could affect gull reproduction positively through access to

this food supply, or negatively through disturbance of colonies at certain

critical periods in the breeding cycle, detailed herein.
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Appendix I

STATE OF ALASKA 
JAY S. HAMMOND, GOVERNOR

DEPT. OF ENVIRONMENTAL CONSERVATION
PRINCE WILLIAM SOUND REGIONAL OFFCE POUCH E - VALDEZ 99636

October 4, 1976

Sam Patten, M. Sc.
Associate Investigator
Dept. Pathobiology
School of Hygiene & Public Health
The Hopkins University
615 N. Wolfe Street
Baltimore, MD 21205

Sam:

Attached are copies of letters to and from the Coast Guard regarding
solid waste pollution on Egg Island.

The Valdez City outfall continues to pour raw sewage onto intertidal
lands for the moment. We expect that the new force main and treatment
works will be operational soon, maybe this week. If so, the City will
be way ahead of their July 1, 1977 deadline for compliance with PL
92-500.

A minor uproar has occured at Cordova because of seagull "nuisance"
and discharge of floating seafood waste from processing plants. Some
correspondence is attached for your information. Health and Social
Services had issued a Nuisance Abatement Order to control the waste
discharge but decided not to back it up and turned it over to us for
"the need for their involvement in this matter." So long as they are
in compliance with their existing EPA permit (certified by the State),
any major additional requirement would require hearings or public no-
tice, with much red tape. With no major source of raw sanitary sewage
being around, I'm not convinced of the "nuisance" potential, as far as
environmental considerations are concerned. I'd appreciate your views
on this matter.

So far no yellow-orange gulls; have advised Perkins and local Coast Guard.

Keep in touch.

Randy Bayliss, P.E.
Regional Environmental Supervisor

cc: Coast Guard - Valdez 584
George Perkins



Appendix II

JAY S. HAMMOND, COYERNOR

/

DIVISION OF PUBLIC HEALTH POUCH H-OSF-JUNEAU 99811
ENVIRONMENTAL HEALTH SECTION

CERTIFIED MAIL

DEPT. OF ENV. CONSV.

September 20, 1976 SEP 23 1976

Mr. Robert E. Cavanaugh, R.S.
Quality Assurance Office
Ocean Beauty Seafood, Inc.
Pier 54
Seattle, Washington 98104

Re: Your August 25, 1976 Letter
St. Elias Ocean Products, Inc.
Cordova, Alaska
Attractive Nuisance to Seagulls

Dear Mr. Cavanaugh:

I have been asked to respond to your August 25, 1976 letter concerning matters
discussed in the August 4, 1976 and August 6, 1976 letters from this department
to your firm.

On August 4, 1976, Dr. Pauls determined legal or administrative action
was not appropriate for this instance of a public nuisance, in view
of attempted, although not fully successful, corrective action taken
by St. Elias Ocean Products, Inc. Now that the season of processing
aboard the vessel is over, the matter is "moot", unless the vessel will
again be used for processing at this location. Your firm apparently
does forsee the utilization of the processing vessel in 1977 prior to
finished construction of the proposed land based facility. A waste
disposal method which substantially eliminates floating organic materials
attractive to seagulls should be functional at that time; approval of
the system would be secured from Mr. Randy Bayliss, Regional Engineer,
Alaska Department of Environmental Conservation, Pouch E, Valdez, Alaska
99686.

I believe that Mr. Heidersdorf expresses the view of this department
in his August 6, 1976 letter. If Cordova garbage disposal and seafood
industry waste discharge were proper in all instances the seagulls would
reduce their own numbers by starvation or migration to "easier pickings".
As in rodent control, reduction of food availability is the prefered
control step over the attempted elimination of the problem animals.
However, as in rodent control, often, at least at first, both must be
followed, with continuing control of food accessability being the only
long term control necessary to maintain.
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Mr. Cavanaugh -2- September 20, 1976

If proper garbage dump and industry waste discharge operations were instituted,
this office would favorably support the elimination of excessive numbers of
seagulls, if their numbers did not decrease on their own. However, to reduce
the seagull numbers without reducing the food supply would simply allow the
problem to be recreated next season by a. new generation of young plus migrating
individuals from areas of less abundant food.

However, if it can be demonstrated that the city and the seafood industry either
will not or cannot adequately control their waste disposal, this office would,
regretfully, support seagull control by itself, for temporary nuisance reduction.

Again, as Mr. Heidersdorf stated, we are not able to provide direct nuisance
control; we would be willing to support an application by the seafood industry
and/or City of Cordova for a control permit. Investigation has determined
that it would not expedite nor assure issuance of a control permit, if our
department were to apply for the permit in the name of the city or seafood
industry.

A copy of the August 6, 1976 letter to you was transmitted to the Alaska
Department of Environmental Conservation. No other letter or request was
formulated, since the letter seemed to be self-explanatory for the purpose
of initiating interest by that department in assisting city and industry
waste disposal methods. Consequently, there were no copies of other letters
or materials to send to you. Since that department apparently has not, in turn,
contacted your firm or the city, we trust a copy of this letter will further
alert that department to the need for their involvement in this matter. We
will also be in telephone contact with Mr. Ron Hansen in Juneau. As was
mentioned earlier in this letter, a "recent" ADEC change created a Valdez,
Alaska based regional office; Mr. Randy Bayliss, not Mr. Kyle Cherry, now
has the responsibility for the Cordova area waste disposal systems approval.

We doubtlessly will have several further discussions concerning waste disposal
and other seafood sanitation matters during the winter and spring. As always,
your continuing interest and cooperation are appreciated.

Sincerely yours,

Kenneth L. Torgerson
Seafood Sanitation Coordinator

cc: James Poor, President, St. Elias Ocean Products, Inc., Cordova, Alaska
James C. Allen, Regional Sanitarian Supervising, SCRO - Anchorage
Everett Stone, Seafood Sanitarian, Kodiak
Ron Hansen, Chief, Water Quality, ADEC, Juneau
Randy Bayliss Regional Engineer ADEC Valdez
James Davis, Director, Investigations Branch, FDA, Seattle
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Appendix III

JAY S. HAMMOND, Governor

DEPT. OF HEALTH AND SOCIAL SERVICES

DIVISION OF PUBUC HALTH Environmental Health Section
Room 203, State Office Bldg.
415 Main Street
Ketchikan, Alaska 99901

June 4, 1976

Mr. Sam Patten
P.O. Box 280
Cordova, Alaska 99574

SUBJECT: Salmonella in Seagulls
Ketchikan, 1953/54

Dear Mr. Patten:

Regional Sanitarian Joseph Cladouhos has requested that I forward
you our file materials on an investigation of salmonella in seagulls
in the winter of 1953-54.

These documents are arranged in as near chronological order as
possible. At the time this study occurred, the City of Ketchikan
water supply was not chlorinated. Periodic outbreaks of gastro-
intestinal illness had been noted in the community since 1946.
Epidemiological investigation indicated a common vehicle for the
etiological agent, such as the community water supply. This study,
which documented the role of seagulls in contaminating the City
reservoir, played a significant role in efforts to have a chlorinator
installed in 1955.

Of the principals involved in the study, Dr. A. N. Wilson continues
as the City of Ketchikan Health Officer. Mrs. Baade and Mr. Baker
have since retired and have moved from Ketchikan. To the best
of my knowledge, the study was never written up for submission
to a professional journal. A copy of the the paper Dr. Wilson
presented to the Alaska Territorial Medical Society on February
28, 1955, is included in the attachments.

If you have any additional questions regarding this study, I would
be happy to forward them to the principals, or provide you with
their current addresses.

Sincerely,

Earl E. May, District Sani arian

EM:mb
Attach: 587
cc: Joseph Cladouhos



.Appendix IV

Ketchikan, Alaska.
December 3rd, 1953.

Regional Director
U.S. Fish & Wildlife Service,
Box 2021,
Juneau, Alaska.

Dear Sir:

For the past several years we have noticed sea gulls swim-
ming on the waters of Ketchikan Lake, especially at this time of
year. Perhaps it is only coincidental, but I have noticed that
shortly after the sea gulls appear on Ketchikan Lake there seens
to be an epidemic of gastro-intestinal disturbances among the res-
idents of Ketchikan. This fact has been.borne out by the records of
our local doctors and hospital patients. This lake is the major
source of drinking water for the city. There is no treatment, the
water'being delivered to the residences in an entirely natural state,.

It is our desire to conduct a survey and laboratory investigation
to determine what parasites, especially Endemeba Histolytica, and other
endo parasites, may be polluting the water from almantary tract dis-
charges of sea gulls.

We request your permission to shoot 25 sea gulls for laboratory
examinations I have talked with Fish & Wildlife representatives here
in Ketchikan and these men offer their cooperation in this research
project. Laboratory work will be done iii the Alaska Department of
Health laboratory here in Ketchikan, with possible verification of
results in other Public Health laboratories,

Because of the time factor, may we suggest that the necessary
communications regarding this permit be accomplished by telegraph.
The permit should be made to Alfred Baker, Senior Sanitarian. This
plan has been discussed and approved by the local Health Officer, Dr.
A. N. Wilson, who is also a member of the Alaska Board of Health.

Thauk you for your cooperatiou.

Sincerely yours,

Alfred Baker
AB:co Senior Sanitarian.

cc - Mr. Amos J. Alter.
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ADH-Adm.-Form 3 Appendix V
11-51-20M

MEMORANDUM

TO Mr. Alfred Baker, Senior Sanitarian DATE December 9, 1953

FROM Ralph B. Williams, Director. SUBJECT Study of Gulls for Pathogenic
Organisms

We have just been informed by Mr. A.J. Alter, Chief, Section of
Sanitation and Engineering, of your letter to the Regional Director
of the Fish and Wildlife Service with reference to the study planned
in connection with the possibility that gulls may play a role in the
mechanical if not the biological transfer of organisms pathogenic for
man through contamination of his water supplies.

There are a number of additional methods that may be used to detect the
presence of pathogenic organisms in the gull or other birds like the ducks
and shore birds which may have roles of varying degrees in this possible
epidemiological pattern. We would suggest that in addition to the sample of 25
gulls to be collected , that a plan to trap gulls be incorporated into the
study. The samples thus taken could be studied for Salmonella spp., by the
use of the Hardy Swab Technic, which is known to Mrs. Dixie M. Baade. The use
of this method would give you a greater sample and at the same time it would
be possible to mark the gulls with the official bands of the U.S. Public
Health Service. The latter technic could include color banding which in addi-
tion to the possible migration would make local spread of the gulls easy to
determine. A gull thus banded in a sewage contaminated marine situation
and observed later in the fresh water of Ketchikan Lake, would add weight to
the support of your observations and associations of gastro-intestinal upset
among the citizens of Ketchikan. These are merely suggestions which may aid
in drawing your final conclusions.

At the Juneau Laboratory we have examined the castings (pellets) of two
species of gull that feed in the marine situations about sewage outfalls
along the Juneau waterfront. Our study has been directed at the isolation
of the Salmonella spp., those that are most frequently associated with
human disease as well as those found in aquatic and other birds. Thus far
we have not isolated any suspicious organisms. Nor have we had any reported
cases of Salmonellosis among the human population that might contribute to
the presence of these organisms in the sewage. Evidence that the gulls feed
on sewage can be supported by the demonstration of sanitary tissue in the
pellets cast along the docks. Pellets formed by gulls feeding in the sewage
outfalls of the City of Ketchikan could be cast into the waters of Ketchikan
Lake. If it is practical to collect such samples, you may wish to make this
a part of your study technic.

If the 25 gulls are collected as suggested in your letter of December 3, 1953,
we would suggest that, after the bacteriological samples are collected, the
birds be examined for parasites. The intestinal parasites may be collected
by opening the intestine its full length and washing the contents into a
large petri dish, to be examined under the Quebec Colony Counter for the
helminths. Worms found in this manner may be removed to fresh water or
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or saline (nematodes) solution until relaxed. Once relaxed they should be
killed, using the following solution:

A.F.A.

Alcohol (85%) 80 parts
Formaldehyde 10 parts
Glacial acetic acid 5 parts
Glycerine 5 parts

The solution is carefully brought to a boil (do not use open flame) and
after the excess water is removed from the worms, the contents of the
petri dish are rapidly flooded with the solution.

Information as to the accession number of the gull, species, location,
organ of the body in which found, date, collector, etc., should be placed
on a small card which can be inserted into the vial containing the hel-
minths. If thorny-headed worms (Acanthocephala) are found attached to the
intestine they can sometime be teased from t he tissue or gently pulled free.
These worms should be left in tap or cool water until completely relaxed and
the head is extended before killing in AFA.

We are very much interested in the possibilities and the success of your
study. However, our experiences with these species would suggest that a
large sample might have to be taken to demonstrate the presence of any
organisms pathogenic to man. It is true that only . few gulls may be the
vehicle in the transmission, therefore the sample must be as large as
possible to detect their presence in the total gull population. If the
organisms are not found in the digestive tract or material from same it
is still a possibility that the birds could carry the organisms on their
bodies. The banding might give evidence to support such a theory. Chlori-
nation would be the means of reducing this hazard where it is not possible
to screen, net or wire the water supply to keep the birds out.

We will be interested in hearing of your progress with this study. We do
not know how much progress can be made with our study here, but if anything
comes to hand, you will be advised of our findings.

RBW:bb
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Appendix VI

The source of one outbreak of gastrointestinal disturbance has been traced

to seagulls on the Ketchikan Lake. Each winter the gulls gather on the lake

by the thousands and each winter we have an outbreak such as the one seen here

in November and December. Each winter the water from Ketchikan Lake shows gross

pollution which cannot be explained by runoff from the water shed, or from any

other source. Birds are known to be a common source of Salmonella infection,

In addition to containing organisms harmful to man in their intestinal tracts,

the gulls here have an additional chance to carry infection in their daily travel

between the sewer outfalls at low tide and the untreated water of the lake.

For these reasons a permit was obtained by Department of Health persoinnl

from the U. S. Fish and Wildlife Service to collect seagulls for study. Shooting

was done by Fish and Wilflife personnel and 14 seagulls were collected in

the first group. In addition to various worm parasites, the Alaska Department of

Health Laboratory found Salmonella (Paratyphoid) organisms in one of the gulls.

In November and December there were human cases with symptoms of Salmonella

(Paratyphoid) infection. These symptoms are vomiting, diarrhoea, abdominal cramps

and fever. The term most commonly used to refer to this set of symptoms is

"stomach flu". Symptoms vary from mild cases of only a day or two of illness to

severe cases requiring hospitalization.

Specimens were obtained from hospital cases during the above epidemic and

these were found to be Salmonella (Paratyphoid). Medical records indicate that

there were at least a hundred cases seen by physicians in December. The organisms

isolated from the gull and from the hospital patients were sent to the U. S. Public

Health Service Laboratory in Atlanta, Georgia, for typing. The cultures from the

gull and from the patients were all identified as Salmonella manhattan (an organism

of the Paratyphoid C group). Here we have a case of gulls carrying infection to

the people of a town through their water supply,

Seagulls are carriers of Salmonella (Paratyphoid) spread through our largest

source of drinking water. Chlorination can break this chain of infection.
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Appendix VII

GULLS IN WATER POLLUTION STUDIES

The city of Ketchikan was founded about 1900. Reason; for its

cliffside location was the existence of a salmon-spawning creek, for subse-

quently a saltery was built. Later a lumber mill was established and the homes

were placed conveniently near these two industries. Streets were not planned

and neither were public utilities. For some time the creek was used for

domestic water purposes. The creek was also a convenient means of garbage and

sewage disposal. As modern living developed it was deemed advisable to set up a

hydroelectric plant.

Ketchikan Creek flows from two mountain lakes measuring about three

miles long and one and a half miles wide. The elevation is about 600 feet, and

the distance from town is roughly two miles. In 1925 a rock-and-earth-fill dam

was constructed across one end of the lake nearer town thereby raising the

water level, and a penstock was installed to provide pressure for the hydro-

electric plant. This lake became the drinking water supply for the town. The

amount of water used from the first lake frequently necessitates the pumping of

water from the second lake to the first, there being difference in levels of

the two. The ear)y settlers considered these lakes to be remote from human

trespassers and therefore not in need of protection against water contamination.

No thought was given to the possibilities of disease being carried by mammals,

birds or humans. For at least ten years various persons have noted that gulls

have flown to the lakes during the cold and stormy weather. Just why this habit

is maintained by the gulls is a matter of conjecture. It was also the subject

of some discussion that the gulls walk and wade about on the sewage polluted

beaches and sometimes eat particles of human fecal material.

Three years ago tentative plans were made to carry on an investigation

as to the possibilities that these birds could carry disease-producing organisms

to the water supply. In December 1953 a permit was secured from the Fish and
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Wild Life Service to take 25 gulls for scientific study. The first lot

consisted of 14 specimens. Four were glaucous-winged gulls, Lanus glaucescens,

and 10 were herring gulls, Larus argentatus. The birds were shot on the lake

and brought to town where the body cavities were opened and viscera removed.

The entire alimentary tracts were opened by splitting lengthwise with scissors

and scalpels. The contents were scraped out and placed in clean paper cartons,

cultures were made and eliminated in the search for salmonellosis organisms.

All cultures were done by Mrs. Dixie M. Baade in the Ketchikan Laboratory.

Exact techniques used are entirely in the province of Mrs. Baade's research.

In one culture from a glaucous-winged gull, Larus glaucescens, salmonella man-

hattani was isolated. The material was sent to the U. S. Public Health Service

Communicable Disease Center laboratories in Atlanta, Georgia, for verification

by authorities.

It was planned to continue further studies of specimens secured on sea

water. Ten specimens were taken in Tongass Narrows, similarly examined and

cultured, with all results being negative. Because of popular demand newspaper

releases were made in an effort to secure water protection for the City of

Ketchikan. At the time these. specimens were taken, five patients were in the

Ketchikan General Hospital suffering from gastro enteric distress. The Ketchi-

kan Laboratory isolated salmonella manhattani from two of these patients,

Significant in this study is the fact that a leading publisher has made

a statement in print: "The Alaska Department of Health has never found a

disease-producing organism in the Ketchikan public water supply." This salmon-

ella organism came from the alimentary tract of a sea gull swimming in the water

of Ketchikan Lake. Future plans include the use of membrane filter. Gause

filters have been placed near the intake pipeline in an effort to secure patho-

genic organisms directly from the water. We note that small reservoirs have
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Page 3--GULLS IN WATER POLLUTION STUDIES

made use of wires stretched across them about a foot above the water surface to

prevent alighting and take-off of water birds. It is probably impossible to

protect a large lake in this manner.

We have the statement of a local doctor that he has seen children in

state of shock from ingestion of coliform organisms, presumably found in untreated

city water. For at least ten years laboratory tests taken at weekly intervals

have shown coliforms in water samples. This is especially true during periods of

heavy rainfall and run-off from mountainsides--likewise during thaw periods.

In our local health education efforts we have reiterated frequently thht the

presence of B. Coli indicates possibilities of other pathogens in drinking water.

Attention is being focused on the need for proper and adequate disposal

systems to prevent contamination of anirals, birds and insects with disease-

producing organisms which they can carry back to water and food supplies for

humans.

These facts point out that a good water supply, properly treated, can

further limit the possibilities of human illness being spread by a sewage-aniinal-

water-human being chain,
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Appendix VIII

Plant Species List, Egg Island, mouth of the Copper River,
20 km south of Cordova, Alaska. Collection made in summer 1975.

Lichen spp.

Mosses
Rhytidiadelphus triquetrus - used by gulls for nesting
Rhytidiadelphus squarrosus - used by gulls for nesting

Spruces
Picea .sitchensis - one tree on islet closest to mainland prob. pre-'64

Grasses
Poa eminens
Calamagrostris canadensis
Festuca rubra
Hordeum brachyantherum

1* Elymus arenarius subsp. mollis var. mollis - used by gulls for nesting
Carex macrocephala

Irises
Iris setosa

Deciduous Trees
Populus balsamifera subsp.trichocarpa - one tree on main dunes prob. post-'64
Salix spp.-dozens of post-'64 individuals in moist areas
Alnus crispa subsp. sinuata - same as Salix

Forbs
Urtica sp.
Stellaria humifusa
Rorippa sp.
Parnassia palustris
Fragaria chiloensis
Potentilla Egedii

3* Lathrus maritimus
Epilobium angustifolum
Epilobium adenocaulon
Ligusticum scotium
Angelica lucida
Heracleum lanatum - scattered bushes on grassy dunes
Rhinanthus minor
Sambucus racemosa - scattered bushes on grassy dunes
Anaphalis margaritacea

2* Achillea borealis
Senicio pseudo-Arnica

* dominants in descending order
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I. SUMMARY OF OBJECTIVES, CONCLUSIONS AND IMPLICATIONS WITH

RESPECT TO OCS OIL AND GAS DEVELOPMENT

The objective of this project was to evaluate the potential impact

of OCS oil development activities on a single species of Alaskan marine

fish, the Pacific herring (Clupea harengus pallasi). This species oc-

curs commonly in the Gulf of Alaska and Bering Sea, is of commercial im-

portance in Alaskan waters and is particularly vulnerable to surface.

spills during its embryonic development. Pacific herring spawn in the

intertidal and shallow subtidal at depths from 0-20m. Eggs are adhe-

sive and demersal. Typically, eggs are spawned onto seagrass blades or

kelp fronds, and remain in a fixed location for the duration of develop-

ment to hatching. Since they are in shallow water and cannot escape,

herring eggs will be adversely affected by hydrocarbon contamination

of Alaskan surface waters. This project sought to simulate conditions

of a crude oil spill to test the effects of low boiling point, water

soluble hydrocarbon components of Prudhoe Bay crude on developing her-

ring larvae. Initial hydrocarbon concentrations in the experimental con-

tainers were less than 1 ug/gm H20 (1 ppm). Exposure for as little as

48 hrs. led to a significantly higher incidence of gross morphological

abnormalities. Exposure for six days resulted in 100% mortality in the

fertilized embryos. Gross abnormalities usually consisted of flexures

in the body which reduced or prevented locomotion. Results of scanning

electron microscopy reveal other defects, such as improperly formed mouth,

which adversely affect biological fitness, yet are difficult to detect.

These results should be viewed in light of two important facts. First,
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natural mortality of herring embryos and larvae is very high. Any factor

in the environment which tends to increase this already high wastage will

have devastating results on herring populations. Second, the very toxic

water-soluble fractions of crude oil may remain in seawater for several

months following a spill. Since embryonic and larval development in

Alaskan waters may take several months, this means that oil spills over

a four month period in the vicinity of herring roe or larvae will have

dramatic results.

The findings of this study, if corroberated by other related studies,

should suggest a re-evaluation of water quality standards for Alaskan

marine waters. Clearly, herring roe cannot tolerate continued exposure

to ppm levels of hydrocarbon contaminations.

II. INTRODUCTION

A. General Nature and Scope of Study

This was an experimental study of limited scope. We examined the

effect of exposure to oil-equilibrated seawater on hatching success and

prevalence of morphological abnormalities in herring larvae.

B. Specific Objectives

1. We calculated hatching success of herring eggs maintained for

4, 8, 12, 24, 48 and 144 hours in crude oil-equilibrated seawater. These

success rates were compared statistically to those of the control groups

(no exposure).

2. We evaluated the frequency of gross morphological abnormalities

in experimental vs. control larvae.
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3. We sought to measure uptake of hydrocarbon components in larvae

and unhatched eggs.

C. Relevance to Problems of Petroleum Development

As discussed below, herring spawn in a habitat which is particularly

susceptible to the influence of crude oil. Many of the roe are deposited

in the intertidal, the larger usually being deposited highest on the beach.

Since the larger eggs normally produce the larvae with the greatest chance

of reaching adulthood, the presence of oil on the water and on the beach

will select against the highest quality of eggs in particular and will

cause an increased mortality in general. Spills or seepage during the

three to four week reproductive period could have significant impact on

egg and larval mortality. These mortality rates are already high in na-

ture. Therefore, development activities could have a major impact on

the herring fishery in Alaska.
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V. SOURCES, METHODS AND RATIONALE OF DATA COLLECTION

A. Source of Experimental Material

Leonard Weimer, IMS, Seward, made arrangements for us to pick up

freshly harvested kelp laden with herring roe, shortly after it was

spawned in Prince William Sound. Algal fronds were collected by Mr.

Weimer and other "kelpers" on April 21, 1976 at Ellamar Cove near the

village of Tatitlick. Fronds with roe were made available by the per-

sonnel of Seward Fisheries, Inc. We selected only fronds of sieve kelp,

Thalassiophyllum clathrus, with their attached burden of herring roe.

The fishermen and personnel at Alaska Department of Fish and Game, Seward,

stated the eggs had been spawned two to three days before we made our

collection. Experimental material was returned to the Seward Marine

Station by float plane in several 5 gal. plastic buckets with lids.

B. Experimental Design

Herring eggs were maintained in seawater at temperatures ranging

from 3.5°C to 6.0°C until the experiment actually began on April 24,

1976. Since embryonic development of herring is temperature regulated,

we chose this low temperature to insure that little development took

place before the initiation of exposure to oil-equilibrated seawater.

We chose to expose the embryos to oil-equilibrated seawater rather

than to seawater with globules of oil in it. Our rationale was to avoid

the complication of oil coating the eggs since uniformity of coating

would be impossible to achieve. Seawater equilibrated with oil contained

the water soluble low boiling point components of the Prudhoe Bay crude.
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These rather volatile components are known to be highly toxic to biological

systems and persist in seawater for several months after an oil spill

(Blumer et at., 1973).

The oil-equilibrated water was mixed in three clean 12 gal. glass

reservoirs which had been previously flushed with sea water. Each reser-

voir contained 42 1 of sea water upon which was poured 500 ml of the

crude oil to make a film about 1/4 in. thick. These solutions were mixed

with stainless steel stirring rods for 24 hrs. and allowed to stand an

additional 12 hr. for the oil droplets to rise to the surface. These

reservoirs remained tightly capped during the entire experimental period

to minimize evaporation.

Rather than attempting to vary the hydrocarbon levels to which we

exposed different experimental groups, we chose to vary exposure time.

Exposure times of 4 hr, 8 hr, 12 hr, 24 hr, 48 hr, and 6 day (144 hr) were

employed. Three wide mouth gallon glass jars were used for each exposure

period including three jars for the controls. Into each jar was placed a

small algal frond to which were attached approximately 200 eggs.

A semi-static sea water system was used to maintain the eggs. Using

the method of Blaxter (1968) the water was changed in all containers every

48 hours. Aeration was avoided due to the increased loss of hydrocarbons

from aeration. According to other research using aereated systems (Linden,

1975; Anderson, et.al., 1974a) approximately 90% of the aqueous hydro-

carbons are lost in a 24 hour period with alkanes disappearing more rapidly

than aromatics. Benzene has been found to decrease by between 70% and 75%

in that same time period (Struhsaker, et.al., 1974). Care was taken to

jostle the fronds and eggs as little as possible. Water bath temperature
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was maintained at 8-90 C after referring to other research (Rice, pers.

comm.) and determining that hatching time at this temperature would be

15-20 days. This provided a reasonable time scale within which to work.

Eggs were observed with a dissecting microscope each day and develop-

ment was noted. Total lengths of the individual larval herring were

determined upon hatching for the first six days, days 12-17. Measurements

were made while observing the larvae under the dissecting microscope.

Preparation and scanning microscopy was performed by Al Soeldner at

the Oregon State University Electron Microscopy Laboratory. The samples

were prepared by fixation in gluteraldehyde and storage in cacodolate

buffer for transport. The samples were then placed in a fluid displace-

ment series of 30, 50, 70, 80 and 100% acetone for approximately 10 minutes

each and then a trichloro-trifloro-ethane (TF) series of 30, 50, 70, 85,

and 100% for the same time periods. This procedure was followed by critical

point drying in an Omar SPC-900 dryer. Monochloro-trifloro-ethane was

used as the transition fluid. After drying the samples were mounted on

stubs and glued down with colloidal silver paint. Scanning microscopy was

performed on a MSM-2 Mini-SEM.

C. Analytical Procedures

Samples of hatched larvae and unhatched eggs were kept for hydrocarbon

analyses. So also were samples of uncontaminated seawater, oil-equilibrated

seawater at the initiation of the experiment and oil-equilibrated seawater

at the end of each exposure period. Procedures for sample extraction and

gas chromatographic analyses were the same as those reported by D. G. Shaw

(1976), except that no integrator was employed. Neither was any comparison
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with an internal or external standard. Sample extracts were not evapo-

rated to a constant volume and no evaluation of total hydrocarbon burden

was provided by the associate investigator, Dr. Pearson.
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III. CURRENT STATE OF KNOWLEDGE

Hydrocarbons in the world's oceans derive from a number of sources.

Ahearn (1974) lists the following sources and estimates the percentage of

the total hydrocarbon load contributed by each source:

Source % of total

decaying organisms 50
normal shipping operations 18
terrestrial runoff 17
atmospheric fallout 8
natural seepage 4
accidents in shipping and production 3

He estimates the total annual hydrocarbon input at 6-12 million metric

tons. Clearly, some of these inputs, such as decaying organisms and natu-

ral seepage, have acted over geologic history to affect the evolution and

distribution of marine organisms. Others, such as those associated with

normal shipping operations and with accidental spills, are not typical in

the environment and may dramatically affect marine organisms by accumulating

vast quantities of pollutants in relatively small areas. Particularly

sensitive areas include enclosed bays, especially those used for shipping

and drilling. Other coastal areas are also vulnerable, particularly the

intertidal region. The sea surface, where hydrocarbons accumulate, should

be a sensitive area worldwide.

Of all oil components the low boiling point, aromatic hydrocarbons

are generally the most toxic to marine organisms. This toxicity is a

result of the greater solubility of the aromatics, enabling organisms to

concentrate aromatics more readily than saturated hydrocarbons (Warner,

1976; Struhsaker et al., 1974; Moore and Dwyer, 1974; Kuhnhold, 1972). The

aromatics are also retained in mollusc, crustacean, and fish tissue for
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greater periods of time than the alkanes (Anderson, et al., 1974a). Lin-

den (1975), working with Baltic herring, found that aromatic hydrocarbons

interfere with and disrupt fatty membranes and can destroy the larval

primordial fin. In adults, aromatics stimulate copious secretion of thick

mucus. Long term toxicity is thought to be a result of higher boiling point

aromatic hydrocarbons; those above n-C2 2 (Blumer et al., 1973).

Benzene is among the most toxic of all the aromatic hydrocarbons. It

is relatively soluble and comprises about 20% of the total aromatics in

many crude oils (Struhsaker, et al., 1974). Benzene can contribute both

lethal and sublethal effects. The sublethal effects of benzene on yolk

absorption, growth, and respiration of Pacific herring and northern anchovy

have also been noted by the above authors. According to their study these

effects show that benzene influences metabolic rate and energy utilization,

a low concentration of benzene causes an acceleration of metabolic rate.

Thomas and Rice (1975) have also found an increased metabolic rate to be

a normal response of fish to pollutant stress. A long term effect of oil

pollution would be to create a higher energy requirement which could be

detremental to survival and reproductive potential (Thomas and Rice, 1975).

In comparing the effects of benzene on mortality of herring eggs and

larvae, Struhsaker et al., (1974) found that eggs were more resistant than

larvae. This is in agreement with other pollutant studies and points out

that teleost eggs are much more impermeable to most substances than are

larvae (Blaxter, 1969). Although eggs are more resistant on a short-term

basis, exposure may result in hatched larvae with abnormalities severe

enough to cause death eventually (Struhsaker, et al., 1974).

The survival of oil-contaminated marine organisms depends largely on
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how the oil is introduced into the system. Oil dispersions, such as have

resulted from the use of detergents to clean up oil spills, may have toxicity

levels 10-100X higher than the unemulsified oil (Kuhnhold, 1972). In adult

fishes both toxicity and the effect of tiny oil droplets on the gill appara-

tus appear to be important (Mironor, 1972). Coating and smothering effects

of an oil film are important only when considering a weathered oil from

which the soluble aromatic components have evaporated. If these aromatics

are still present, their toxic effects mask the coating effects (Moore and

Dwyer, 1974).

According to Blumer (1973) degradation of oil in the marine environ-

ment is accomplished by evaporation, dissolution, microbial action, and

chemical degradation. Evaporation and dissolution are primarily of concern

in the depletion of the lower boiling point, more soluble hydrocarbons. These,

as was mentioned previously, are generally he more toxic to marine life.

Microbial degradation occurs over a wider range of molecular weight. Hydro-

carbons in the same homologous series are generally attacked at the same

rate (Blumer, et al., 1973). This degradation proceeds most readily on

n-alkanes as is apparent from the decrease of these n-alkanes in the natural

environment in comparison to the decrease of compounds having similar boiling

point and similar solubility compounds (Blumer, et al., 1973). Chemical

degradation, according to Blumer, et al., (1973) is apparent at advanced

stages of the weathering process. These processes result in oxidation of

the medium and higher molecular weight aromatics leading to an increase of

high molecular weight polar compounds known as asphaltenes. Formation of

alcohols, alkyl- and araylethers, carbonyl-compounds and sulfoxides have

been noted by Kawahara (1969, as quoted in Blumer, et al., 1973) as addi-

tional reactions that affect chemical degradation.
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After studying three major sites of crude oil spills Blumer has deter-

mined the fates of these oils in the natural environment. Lower boiling

point components of the crude oils are lost within a few months after the

spill occurs. The oil that remains stabilizes and retains approximately

10% of the hydrocarbons with boiling points near n-heptadecane to n-octode-

cane and about 50% of those with boiling points in the range of n-nonade-

cane to n-heneicosane. Hydrocarbons above n-C2 2 were retained for the

length of the studies; up to 16 months.

IV. STUDY AREA

This was an experimental study conducted at Seward Marine Station,

Seward, Alaska. Herring roe were obtained from Ellamar Cove, near Tatit-

lick, in Prince William Sound, Alaska.
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VI. RESULTS

A. Hydrocarbon Analyses

This project was to include hydrocarbon analyses of seawater used

in the experiments, the oil-equilibrated seawater, samples of hatched

larvae and unhatched eggs from the various exposure periods. We were

to report findings on total hydrocarbon burden and, hopefully, on the

levels of specific contaminents incorporated into the experimental or-

ganisms. These chemical analytical procedures and the results we ex-

pected from them were the responsibility of the Associate Investigator,

Dr. John G. Pearson. In training the technician who actually performed

the GC analyses, Dr. Pearson apparently failed to instruct him in the

importance of including a reference standard in the samples and/or

evaporating the solvent extract to a constant volume. The actual GC

traces were not all run under the same conditions, i.e., different

gains were used on different runs. Therefore, it is impossible to com-

pare hydrocarbon levels from one sample to the next. Dr. Pearson did

not supply any quantitative information on hydrocarbon burden.

I arranged to have our control seawater and the oil-equilibrated

seawater analyzed by Dr. David Shaw's group. They supplied us with

the following data:

sample ug hydrocarbon/gm H2 0

control H2 0 0.013
experimental H2 0 0.679

Chromatographic analysis of the control water revealed virtually nothing.

(Fig. 1). The experimental water (oil-equilibrated) contained a number
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of contaminants (Fig. 2). Of the total hydrocarbon load in this sample,

the bulk consisted of napthalene, 16.82%, methyl napthalenes 13.00%,

and dimethyl napthalenes, 4.59%.

Chromatographic traces developed by Dr. Pearson's group, although

of no use quantitatively, do supply useful qualitative information. Six

components have been identified on these traces: branched C9 H2 0 , n-C9H2 0 ,

C3 benzenes, C4 benzenes, napthalene, and C5 benzenes. The first two

components occurred in every experimental group plus the controls. There-

fore, I assume that these components are either organic compounds natu-

rally occurring in herring eggs and larvae, are contaminants in the

solvents used to extract the samples, or were picked up in the natural

environment.

Both unhatched eggs and hatched larvae from the control tank were

examined with GC techniques. No other hydrocarbon components appeared

on the traces. The 4 hr. exposure, tank #1, yielded both hatched and

unhatched material for analysis. The unhatched eggs contained C4 benzenes,

napthalene, and C5 benzenes while the hatched larvae contained the C4

benezenes only. Traces of the hydrocarbons from 8 hr. exposure, tank

#1 show the same basic pattern for unhatched eggs and hatched larvae.

Both groups contained all four of the above mentioned hydrocarbon groups,

with the hatched group having slightly lower levels of C3 benzenes.

Two comparisons can be made in the 12 hr. experiments. The 12 hr.

tank #1 yielded eggs and larvae with the same contaminants (all four

groups) at roughly the same levels. The 12 hr. tank #3 comparisons

showed that no C5 benzenes were incorporated into the experimental

tissue. Further, no napthalene was in evidence in the hatched larvae.
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Three hatched groups were examined from the 48 hr. exposure period.

All these pooled samples of larvae contained significant levels of all

four hydrocarbon groups identified in this study.

Clearly, all experimental groups examined, whether consisting of

unhatched eggs or hatched, viable larvae contained hydrocarbon contam-

inants. In contrast, the control organisms did not contain any of the

three benzene groups or napthalene. This is evidence that herring eggs

exposed to the hydrocarbon levels used in this study, 0.679 ppm, incor-

porate hydrocarbon material into their tissues. This occurs even when

exposure time is limited to 4 hrs.

B. Hatching success

Table 1 contains the relevant data on hatching success. Included

are values for total numbers of eggs in each container, the number

hatched and the percent hatched for each container and experimental

regime. Statistical analysis of percent hatching values was performed

using a single factor analysis of variance in conjunction with Dunnett's

Test for testing a control against all other groups (Zar, 1974). The

only significant difference in hatching success was between control and

six day exposure groups (P<0.01).

Hatching began on day 12 of the experiment and proceeded through

day 24. There were no obvious differences between controls and experi-

mentals with regard to duration of the hatching period except for the

six day group in which no larvae hatched. Similar hatching patterns

were observed in all groups with modes of hatching frequency on day 14

and day 17 or 18 (Fig. ?).

610



Maintenance of individual experimental jars was ended two days

after the last viable larvae appeared. Inspection of unhatched eggs

in the container revealed that development was not progressing, indi-

cated by lack of movement and lack of heart beat. Several nonviable

larvae were collected in the last few days of the experiment. These

larvae were highly contorted, lacked the transparency of living larvae

and showed no signs of movement or heart beat (Fig. 4). We concluded

that these embryos were liberated from eggs which had disintegrated,

and counted them as unhatched.

C. Morphological abnormalities

Table 2 presents the information we gathered on the occurrence

of morphological abnormalities in the control and experimental regimes.

Statistical analyses show that the only experimental regime with a

significantly higher percentage of abnormal larvae than the control

group was the 48 hr. exposure period (P<0.01).

Most of the abnormalities detected were bent spines. These bends

lent an L, S or helical configuration to the larvae (Figs. 5, 6). The

affected larvae were unable to swim normally, if they could swim at all.

Conversely, normal larvae were capable of straight line locomotion and

easily traversed the confines of their containers (Fig. 7).

Another abnormality easily recognized when viewing the larvae under

a dissecting microscope was an enlarged pericardial cavity. Fig. 8

shows this abnormal condition in a larva from the 48 hr. exposure group.

Scanning electron microscopy revealed some additional abnormalities

although we cannot even estimate their frequency in the control and
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experimental populations. The pectoral fin is an example. Fig. 9

illustrates a normal fin from a control larva. It shows no evidence

of erosion. Fig. Inshows the eroded pectoral fin from the 48 hr. ex-

posure group. Fig.11 illustrates the lack of fin development seen in

some 48 hr. larvae.

The mouth is abnormally developed in a number of larvae examined.

Normal configuration can be seen in Fig. 12. A missfit lower jaw is

illustrated in Fig. 13, a very poorly differentiated jaw is seen in

Fig.14 , and a larva with missing premaxillary bone is seen in Fig.15

The branchiostegal region is another problem area. The normal

branchiostegal membranes, (Fig. 16) may be missing, as seen in Fig.17

D. Embryonic development

The eggs of both control and oil-exposed groups developed a coating

of microorganisms on the external surface (Fig.18 ). These micro-

organisms include bacteria (Fig.19 ) and diatoms (Fig. 20). No obser-

vations were made on the prevalence of bacteria on the egg surface with

respect to the length of exposure to oil-equilibrated seawater. We

began an experiment on tomcod, Microgadus proximus, in which fertilized

eggs were exposed to the same oil-equilibrated seawater. Although we

were unable to carry it through to hatching, we did observe that the

exposed embryos were much more heavily coated with bacteria and diatoms

than were the controls.

Microscopic comparison of embryos showed a retardation in embryonic

development in long exposure groups. Fig. 21 shows a control embryo

on the tenth day of the experiment. The head and eyes are large and
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well developed. The body is well differentiated, making two circuits

of the egg interior. An embryo from the 24 hr exposure group (Fig. 22)

has a smaller head and shorter body. Fig. 23 illustrates the very

retarded state of development seen on the tenth day of the experiment

in the six day exposure group. Cephalization has taken place but not

to the extent seen in the two previous figures. The body is very short

and very little of the tail has separated from the yolk sac. Further

evidence of retardation of metabolic processes can be seen in Table 3,

which lists the lengths of hatched larvae from each control and experi-

mental container. Statistical tests indicate that the control and 48 hr

groups are significantly different (P 0.01).

VII. DISCUSSION

The results of our hydrocarbon analyses are extremely limited in

usefulness. However, they suggest that experimental material, whether

hatched or unhatched, picked up hydrocarbon contaminants from the oil-

equilibrated seawater. This uptake occurred even for short exposure

periods of 4 hr. Total hydrocarbon levels in the oil-equilibrated sea-

water were less than 1 ppm.

Hatching success of herring eggs was significantly affected in this

experiment. It should be mentioned that in our experiment the control

groups suffered a notable incidence of unhatched eggs. Other experimental

studies had similar results. Herring eggs in the natural environment are

known to exhibit the same sort of prehatching mortality. Therefore, the

presence of hydrocarbon pollutants significantly aggrevates a natural
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tendency toward embryonic mortality.

In statistical comparisons, the control and 48 hr exposure group

were found to differ with respect to incidence of gross abnormalities

and mean total length of hatched larvae. Both these factors are very

strongly related to overall biological fitness. Abnormalities of body

configuration cause difficulty in swimming. Indeed, some abnormal larvae

could not swim at all. Typically, herring larvae are planktonic and may

initially require swimming to remain up in the water column. Swimming

is also undoubtedly essential for effective feeding since these larvae

begin feeding on zooplankton organisms early on. Since herring larvae are

small they are preyed upon by other zooplankters and also nectonic animals.

To the extent that oil reduces larval length it prolongs larval life and

prolongs the time period during which larvae are subject to predation. In

the natural environment, without the detrimental effects of oil, larval

herring wastage is estimated to be between 90% and 95%.

Insufficient material was examined with scanning electron microscope

techniques to evaluate the relative incidence of hard-to-find abnormalities.

I assume that the incidence of abnormal mouths, pectoral fins and bran-

chiostegal membranes increases with exposure to oil-equilibrated seawater

for periods of 48 hr or longer.

Clearly, these less obvious abnormalities can have a dramatic impact

on larval fitness. A well-formed mouth is probably critical for effective

feeding. Functional, well-formed fins are important for gross swimming

movements as well as for delicate adjustments of attitude and position.

All the above-mentioned irregularities in embryonic development have

important impacts on larval fitness. If the embryos are not killed outright,
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they may hatch into larvae which may die almost immediately or persist

and be more likely to fall prey to other organisms in the pelagic environment.

VIII. CONCLUSIONS

1. The herring reproductive cycle is vulnerable to oil pollution for at

least two months, possibly more.

2. Very low hydrocarbon levels ( Ippm) produced significant effects in

terms of hatching success, gross morphological abnormalities, total

larval length, and presence of hydrocarbons in hatched larvae and

unhatched embryos.

3. Deliterious effects produced by oil contamination reduce the fitness

of larvae which, at best, had little chance to survive to adulthood.

IX. NEEDS FOR FURTHER STUDY

Additional studies are needed to evaluate the effects of oil pollution

on herring larvae and on the eggs and larvae of other common Alaskan marine

organisms. Ancillary studies on the effects of siltation on herring hatching

success are needed in inshore areas likely to feel the impact of oil explor-

ation and development. Other studies are needed to examine the physiolog-

ical and biochemical effects of oil on adult marine organisms. Clearly,

reproduction is dramatically affected. What happens to growth, food assim-

ilation, and digestive processes?
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X. SUMMARY OF LAST QUARTER OPERATIONS

A. Laboratory Activities

1. Work done

Hydrocarbon analysis were performed on two samples collected

during our aquarium experiments. One sample was of control

seawater, the other was a sample of the oil-equilibrated sea-

water used in all the experimental jars at the initiation of

the experiment.

2. Scientific party

Ronald L. Smith, IMS Principal Investigator
Jane Anne Cameron, IMS Research Assistant
Barbara Baker, IMS Research Technician

3. Methods

The methods employed for the hydrocarbon analyses were those

employed by Dr. David Shaw, IMS. In fact, the analyses were

performed in Dr. Shaw's lab by his personnel.

4. Sample localities

Not applicable

B. Problems Encountered

All the possible problems in this project have already been

encountered in previous quarters.
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Table 1. Number and Percent Hatched in each experimental group.

The last column is the average percent hatched for each exposure regime.
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Table 2. Number and Percent Abnormalities in each experimental group.

Also presented is the overall percentage for each exposure regime.
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Table 3. Lengths of hatched larvae from the

control and experimental containers.
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Figure 1. Gas chromatographic trace of a sample of seawater from
Resurrection Bay. This was the control seawater and
shows virtually no hydrocarbon contaminants.
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Figure 2. Gas chromatographic trace of oil-equilibrated seawater used
in the experimental containers. Major peaks are identified
as napthalene, methyl napthalenes, and dimethyl napthalenes.
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Figure 3. Percent hatching per day of herring eggs exposed for
8 hr to oil-equilibrated sea water.
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Figure 4. Dead herring larva with opague body. Contrast the appearance
of this larva with living larva in Figs. 5, 6, and 7.
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Figure 5. Hatched larva from 48 hr exposure experiment. Note dramatic

bend in Spine and malformed mouth.

Figure 6. Hatched larva from 48 hr exposure experiment. Larva could not
straighten body.
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Figure 7. Composite photomicrograph of control larva approximately
8 mm in length.
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Figure 8. Larva from 48 hr exposure group exhibiting enlarged pericardial
cavity anterior to yolk sac. (About 100X).

Figure 9. Normal pectoral fin (lower left) on hatched larva from 4 hr
exposure group. Head of larva is to right in photo. (200X)
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Figure 10. Eroded larval pectoral fin from 48 hr exposure group. (200X)

Figure 11. Larva from 48 hr. exposure group showing lack of pectoral
fin development, enlarged pericardial cavity and poor eye
development. (100X)
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Figure 12. Head of larva exhibiting normal development (4 hr exposure
group, 200X).

Figure 13. Malformed mouth in 48 hr exposure group larva. (200X)
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Figure 14. Poorly differentiated head region and mouth (48 hr exposure
200X).

Figure 15. Upper jaw missing premaxillary bone (24 hr exposure 200X).
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Figure 16. Branchiostegal membranes are complete on this larva (12 hr
exposure, 200X)

Figure 17. Branchiostegal membranes are missing on this larva from the

control group (200X).
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Figure 18. Herring eggs covered with microorganisms (50X).

Figure 19. Surface of egg with associated bacteria (6 day exposure
group, 5000X).
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Figure 20. Diatom and bacteria on surface of control egg (5000X).

Figure 21. Unhatched control embryo on tenth day of experiment.
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Figure 22. Unhatched embryo from 24 hr exposure group, tenth day of
experiment.

Figure 23. Unhatched embryo from 6 day exposure group, tenth day of
experiment.
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I. SUMMARY OF OBJECTIVES, CONCLUSIONS AND IMPLICATIONS

WITH RESPECT TO OCS OIL AND GAS DEVELOPMENT

The problem of assessing the effect of hydrocarbon contaminants on

seagrass photosynthesis was approached by establishing the normal kin-

etic response of photosynthetic carbon uptake to its fundamental require-

ment of light. In order to establish the response experimentally, a

suitable technique of sample processing was developed. In addition to

establishing this conceptual basis and the necessary techniques for

experimentation on seagrass productivity, preliminary studies on the

effects of hydrocarbon exposure on productivity were made. Results from

laboratory experiments indicated productivity reduction in exposed plants

but field observations showed plants able to grow well when exposed to

chronic low levels of hydrocarbon contamination in their natural habitats.

Because of the importance of the seagrass ecosystem as a natural resource

and the very limited understanding of its most basic processes, those

involved in policy development are encouraged to seek a more extensive

data base for evaluating effects and consequences of oil and gas develop-

ment.

II. INTRODUCTION

General Nature and Scope of Study

This study examined sublethal effects of petroleum contamination on

seagrass photosynthesis. Kinetics of photosynthetic uptake of carbon were

the primary basis of examination. Field observations and experiments

supplemented uptake kinetics data since laboratory based experiments were

not intended to be the sole basis for the understanding of impact of

hydrocarbon contamination on natural systems.
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Specific Objectives

Modifications of the original work statement were required due to

the replacement of Dr. Pierson, as principal investigator, by Dr. McRoy.

The primary modification was a switch from chemical to ecological emphasis.

Research on the chemistry of contaminants was necessarily excluded. Exper-

imentation with respect to hydrocarbon fractions specified in the original

work statement (i.e. toluene, naphthalene, dodecane) was replaced by

experimentation with hydrocarbons available at the field sites (i.e.

toluene, kerosene).

Establishing uptake kinetics of seagrasses in their natural state

was considered fundamentally important before research could begin on the

effects of seagrasses exposed to contamination. Technical difficulties

intrinsic to measuring aquatic macrophyte productivity and the existing

limited knowledge of the normal kinetic response of seagrass carbon uptake

required an extensive period of experimental time. Therefore tasks in-

volving experimentation on the effects of additional independent variables

of carbon uptake such as salinity and temperature were precluded.

Specific tasks pursued were:

1. An evaluation of the effect of the contaminants on the kinetics

of photosynthetic carbon uptake in the limiting situations defined

in the literature (McRoy, 1974) and by the experiments using

irradiance as the independent variable of carbon uptake.

2. A preliminary evaluation of chronic exposure of seagrasses to

hydrocarbon pollution in nature.
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III. CURRENT STATE OF KNOWLEDGE

Seagrass ecosystems are dominant important features of all coastal

environments except the most polar ones. These ecosystems are biologically

very dynamic and perform vital functions in the environment (Wood et al.,

1969; McRoy and Helfferich, 1977). The high rate of primary production of

seagrasses and other associated producers such as benthic algae and epi-

flora furnish energy for grazer and complex detrital foodwebs. The sea-

grass beds of Izembek Lagoon, the main study site for this research, support

the entire population of Pacific black brant geese in spring and fall, and

various other waterfowl on about 3% to 5% of the total annual production of

166,000 metric tons of particulate carbon (McRoy, 1966). The production of

Izembek eelgrass beds also exports 180,462 MT of particulate and dissolved

carbon annually (Barsdate et al., 1974) to the Bering Sea. Additional

functions of seagrass ecosystems are providing substrate and shelter for

organisms (O'Gower and Wacasey, 1967), consolidating sediments by the

root and rhizome system and subsequent protection of the bottom from storm

damage (Ginsberg and Lowenstam, 1958), increasing organic material locally

through the baffling effect of seagrass leaves (Wood et al., 1969), and

regenerating nutrients (McRoy and Barsdate, 1970).

Disruption of functions in seagrass beds have serious deleterious

effects on the coastal environment. Effects of the massive disruption by

the wasting disease of eelgrass of the 1930's on the east coast persisted

for 30 years (Cottam and Munro, 1954; Rasmussen, 1977). Despite the high

productivity of the seagrasses, return to a normal state after disruption

is slow because it involves ecosystem development. The microbial aspects

of detrital processes must build up nutrient levels in the sediment enough

to support the grass bed and ecosystem.
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Seagrass photosynthetic processes are most likely the first physio-

logical function of the plants to be affected by hydrocarbon contamination.

Although there is little in the literature concerning seagrasses and hydro-

carbon contamination (Williams, 1977; Foster et al., 1971; Dalby, 1968),

both deleterious and growth-stimulating effects of petroleum exposure have

been noted in vascular plants in saltwater marshes (Baker, 1970, 1971;

Stebbings, 1970).

The current state of knowledge on seagrass productivity consists of

various estimates of rates, mostly on one major temperate (Zostera marina)

and one major tropical (Thalassia testudinum) species (McRoy and McMillan,

1977). Rates have been expressed predominately on an areal basis. Sparse

data exist on relating the response of seagrass productivity to its

dependence on parameters such as light, temperature, and salinity, for

example. Data such as this are necessary for predictive understanding.

McRoy (1974) established the effect of light on the productivity of Zostera.

Until recently (Williams, 1977) it was not known that the pattern for

Zostera adequately described the response of similar species such as

Ruppia maritima and Phyllospadix scouleri. These other species have more

limited distribution than Zostera in Alaska, but locally also perform the

numerous important functions of seagrass beds.

IV. STUDY AREA

The large Zostera beds of Izembek Lagoon (55°0'N, 163°W) were the

primary study areas (Fig. 1). Ruppia grew at certain times and places

in the lagoon depending on fluctuations of the physical environment.

Phyllospadix was collected from White Cliff Island (55°51'N, 133°30'W),

and from Crane Cove (56°50'N, 135°20'W) and Sitka Sound (57°10'N, 135°30'W)

on Baranof Island.
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Figure 1. ERTS-A photograph of the Izembek Lagoon region of the Alaska Peninsula.

This picture taken in the new IR band clearly shows the extent of the
eelgrass meadows.
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During July and August 1976, field and laboratory experiments were

performed in Izembek Lagoon. Laboratory experiments consisted of con-

trolled exposure of uprooted seagrasses to hydrocarbons and subsequent

14
measurement of their productivity as estimated from 1C uptake. Grass beds

received in situ exposure to hydrocarbons and results were followed for

2 weeks.

In August and September 1976 grass beds in southeast Alaska were

observed for effects of chronic low-level exposure, such as that occurring

in boat harbors chronically exposed to diesel and gasoline engine fuels.

V. METHODS

A major problem of research on seagrass productivity is the lack of

suitable standard methodology. A portion of funding went to adapting

techniques used in measuring freshwater aquatic vascular plants for

14
seagrass usage. The 1C method used in this research is most suitable

for kinetic studies of seagrass productivity. Its applicability extends

to short-term experiments and to root and rhizome productivity. Errors

caused by internal gas recycling in seagrass lacunae are not as severe

14
compared to other available methods. However, processing of 1C-labelled

vascular plants is difficult.

Incubation of Plants Exposed to Hydrocarbon: 14C Uptake

Intact intertidal plants were removed from the lagoon, cleaned of

epiphytes and sediment, and placed in beakers. Each beaker was filled

with an emulsion of a hydrocarbon and lagoon water; one beaker was a

control containing only seawater. Emulsions were made by vigorously
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shaking lagoon water and the hydrocarbon mixed by volume. Concentrations

used were 1:10 toluene:seawater, 1:100 kerosene:seawater, 1:10 kerosene:

seawater, 1:1 kerosene:seawater. Exposure to the hydrocarbon proceeded

for 5.5 hr at air temperature (80 C).

After exposure, one half of the plants from each beaker were rinsed

with seawater and incubated in triplicate stoppered glass bottles filled

with filtered seawater spiked with 1C. Each bottle contained up to 4

turions connected by a piece of rhizome. Incubation proceeded in full

sunlight at air temperature. The temperature, salinity and pH of the water

in the bottles was recorded and alkalinity was calculated subsequently

(Strickland and Parsons, 1968). After a 4 hr incubation the plants were

removed and rinsed with fresh water. Roots and rhizomes were separated

from the leaves and discarded. Leaves were dried at 90°C for 24 hr, foil

wrapped, and stored in a dessicator.

The other half of the plants were rinsed in seawater and replaced in

rinsed beakers containing new seawater. The plants were kept recovering

in plain seawater for 6 hr, changing water once. Incubation procedure was

then followed.

Combustion Techniques

Because of the toughness of seagrass tissue and of the quenching

problems resulting from solubilization a combustion technique is necessary.

As wet combustion is generally more difficult and messy, a dry technique

was developed.

Prior to combustion samples were fumed with HC1 to remove surface

carbonates. Samples were homogenized by crushing or freezing with liquid

N2 followed by grinding with mortar and pestle. Samples were weighed in

645



mg to 4 decimal places and wrapped in packets of cellulose acetate or

pelletized in pieces of ashless filter paper.

The following dry combustion technique modified from techniques for

terrestrial plants was tried initially. The technique required at least

20 min/sample, required extensive maintenance, posed difficult conditions

to keep constant, and was potentially dangerous. Each sample and a small

piece of black paper were held by a platinum wire basket inside a combus-

tion flask feeding 3 scintillation vials in series. The vials were filled

with 15 ml of cocktail (1 part phenethylamine, 1 part methanol, 2 parts

toluene and 1 packet Omniflour per liter). The combustion flask was

flushed with oxygen and was then closed off. An infrared lamp sparked com-

bustion. After burning ceased, N2 flushed'the flask, delivering labelled

CO2 to the vials. The radioactivity trapped by the third vial was 2 to

17% of that in the first two vials. A Bechman LS-100C counter with

external standards measured radioactivity.

The following dry combustion technique, using a bio-oxidizer instru-

ment, is the technique suggested for seagrass research. Standardization

is simple and mostly built into the machines. Processing time is reduced.

Dry combustion was done on a Packard Tri-Carb 305 or Harvey Biological

Material Oxidizer. Ethanolamine trapped the radioactive CO2. A scintilla-

tion cocktail of 15 g PPO, 1 g bis-MSB, and 1 l toluene was used with a

methanol solvent. The radiocarbon memory of the oxidizer was reduced by

running samples in order of increasing radioactivity and by burning a

sufficient number of blanks between samples. Samples were run through a

Bechman LS 150 scintillation counter (gain=860, wide window 1C setting)

along with external standards.
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Combustion efficiencies were established by combusting a labelled

amino acid of known activity and comparing its activity to the same

amount added to scintillation cocktail.

Counts were corrected for combustion efficiency, counter efficiency,

quench, and background. Corrected counts were converted to productivities

using the formula:

Injection of Hydrocarbon into the Sediments of an Eelgrass Bed

Ten plots were staked in a 20 m x 5 m area of an intertidal bed of

Zostera marina. Care was exerted to minimize trampling of the area. In

each sample plot a 10 x 10 cm quadrat was marked and the leaves of Z.

marina were clipped to a reference line that allowed a photosynthetic

area to remain (approximately 5 cm of leaf). On the following day 50 ml

of a kerosene:seawater emulsion (1:1 by volume) was injected into five

of the quadrats using a syringe with a long needle. The maximum depth

of injection was 8.5 cm and 15 points were injected in each quadrat. The

remaining five plots were designated as control areas. Clipping and in-

jection were done during low tide.
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A separate plot was marked and injected with 20 ml toluene. Plots

were observed for the effect of the injections and regrowth of the leaves

was allowed for 2 weeks. The resultant regrowth on leaves were clipped to

the reference line. A subsample of 15 leaves from each quadrat was

measured. The total regrowth was dried at 90°C for 24 hr, weighed and

converted to g(dry)m-²day-1

A sediment core was taken on the day of injection in the general

sample area. Interstitial water was extracted from sections 0-5 cm and

5-10 cm from the surface and collected in vacutainers for analysis of

ambient hydrocarbon concentrations.

Samples of the kerosene and toluene used for injection were saved

in polybottles.

Electron Microscopy

14
Eelgrass was exposed to kerosene in the manner used for 1C uptake

experiments. Specimens were fixed for electron microscopy with 10% forma-

lin in seawater, refixed in 2% glutaraldehyde and 0.1 M cacodylate, rinsed

with 0.1 M cacodylate and 3% sucrose, and received a postfixation treat-

ment of 1% Os04, 0.1 M cacodylate and 3% sucrose. The specimens of leaf

and epidermal tissue were embedded in plastic for subsequent electron micro-

scopy. Magnifications of 7800x and 8 850x were necessary to show results.

VI. RESULTS

Kinetics of Carbon Uptake: Seagrasses in their Normal State, Unexposed

to Hydrocarbons

Light is the fundamental independent variable affecting the rate of

carbon uptake. The establishment of light-dependent uptake provides a
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conceptual basis for experiments manipulating secondary independent

variables, such as temperature, salinity, and hydrocarbon contamination,

affecting uptake kinetics.

Carbon uptake of Zostera (McRoy, 1974), Ruppia, and Phyllospadix

showed essentially identical responses to light (Fig. 2). These responses

are considered the normal case for seagrass productivity. Important char-

acteristics of the responses are the saturation irradiance (25% of the

surface irradiance), the irradiance yielding half the maximum uptake (13

to 21% SI), and the maximum productivity of about 1.0 mg C·g(dry)-¹ hr-

A deviation from any of these characteristics is considered to be a .response

to disturbance of the seagrass photosynthetic apparatus. Using these

established saturation irradiances and half-saturation irradiances, an in-

direct effect caused by light reduction from a hydrocarbon surface film in

the water column may be predicted. A hydrocarbon-induced reduction of 25%

of the surface irradiance will depress maximum productivity, and one of 50%

or more may cause the plants to be light-limited. This effect will be par-

ticularly important on cloudy days, during high tide, and in conditions of

increased water turbidity such as a phytoplankton bloom or spring melt.

Photoperiod appears to have little effect on the kinetics of carbon

uptake. The curve for Zostera represents mean data from late June to

mid-August, and is essentially the same as that of Phyllospadix data

from August and Ruppia data from mid-October. Plants apparently can

adapt their photosynthesis to the changing photoperiod. Photoperiod is

probably an insignificant parameter to measure in contamination research.

The similarities of the response curves suggest experimentation in

carbon kinetics of one seagrass may be extrapolated to the other species.
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Figure 2. Carbon uptake and half saturation constants (K[subscript]Lt) as a function of irradiance in
seagrasses (Phyllospadix scouleri, Ruppia maritima, and Zostera marina) and kelp
(from Williams and McRoy, in prep).



Injection of Hydrocarbon into the Sediment of a Grassbed

The mean productivity of the untreated plants was higher

(0.96 + 0.61 g (dry).m².day-¹) than the mean productivity of the treated

plants (0.75 + s.d. 0.27). The mean growth of the plants exposed to kero-

sene was only 79% of the untreated plants, although the range in produc-

tivity of the treated plants fell into the range of the untreated plants.

While the biomass grown in two weeks differed, the length of leaf regrown

was the same for both exposed and unexposed plants. If a difference in

lengths of exposed and unexposed plants has not been obscured by large

sample variation, the reduction in biomass of exposed plants may result

from inhibition of meristem elongation in the sediment.

The plants exposed to toluene in the sediment showed no visible effects.

Incubation after Exposure to Hydrocarbon in Beakers

Plants treated with toluene were dark brown at the end of 5.5 hr and

their productivity was reduced 7.4 times when compared to control plants

(Fig. 3).

In every case but one (0.01 part kerosene) the mean productivity of

kerosene-treated was lower than the untreated plants. Plants exposed to

1:1 kerosene:seawater exhibited the lowest mean productivity (Table I;

Fig. 3), reduced 1.1 to 2.2 times the control. Although the mean for

plants exposed to 0.01 and 0.1 parts kerosene were lower than the mean of

the controls, the difference does not appear significant.

The effect of the contamination may be partially reversible if plants

receive adequate flushing after exposure. Plants exposed for the length

of a tidal cycle, then held in clean seawater for the same time, had uptake

rates that were lowered only 1.1 to 1.6 times the controls (Fig. 4).
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Figure 3. Carbon uptake in Zostera marina

after exposure to hydrocarbons for

6 hr.
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TABLE I

CARBON UPTAKE IN ZOSTERA MARINA AFTER EXPOSURE TO HYDROCARBONS



Figure 4. Carbon uptake in Zostera marina after

exposure to hydrocarbons for 6 hr and

recovery for 6 hr.
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Plants Exposed to Hydrocarbons in their Natural Habitat

Plants exposed to hydrocarbons in their natural habitats showed much

less drastic results than those exposed in bottles, which indicated that

laboratory manipulations should not be the sole basis of the extrapolation

of impact on natural systems. Considerations such as tidal flushing and

time of contamination relative to low tide have an unquantified control-

ling influence on the magnitude of the effect of contamination. While

a major spill at low tide in Izembek Lagoon may have a drastic effect,

seagrass exposed to low level continuous contamination is able to survive

and grow well. This was demonstrated in small boat harbors in southeast

Alaska where oil slicks of boat fuels were seen on the water over flour-

ishing eelgrass beds, and on low tides the plants were directly exposed

to the slicks (Figs. 5, 6, 7). However, it should be emphasized that

although the plants survive, other components of the ecosystem, such as

the fauna, can be seriously affected.

Electron Microscopy (work by M. A. Smith)

Epidermal cells

In the natural condition of untreated epidermal cells (Figs. 8, 9)

vacuoles (v) and mitochondria (m) appeared throughout the cells. Chloro-

plasts (c) were mostly oval-shaped. The basal plasma membrane was either

smooth or invaginated.

Exposure to hydrocarbon caused changes in the appearance of the cells.

The changes became more dramatic at higher concentrations of kerosene.

Vacuoles, mitochondria, chloroplasts and the plasma membrane changed shape

and tended to concentrate in the basal area away from the site of contact

with the pollutant. Mitochondria and chloroplasts are extremely necessary
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FIGURE 5 Sitka Fuel Dock



FIGURE 6 Seaward of Sitka Fuel Dock
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FIGURE 7 Shore above Sitka Fuel Dock



Figure 8. Eelgrass epidermis control 7800X.
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Figure 9. Eelgrass epidermis control 7800X.

660



for cell metabolism and were affected at the lowest concentration of hydro-

carbon (100 seawater:l kerosene).

Results of electron Figures 10, 11, 12 document the successive changes

when compared to the untreated plants (Figs. 8, 9).

Figure 10. 100 seawater:l kerosene

a. Vacuoles distributed throughout.

b. Mitochondria seem concentrated at basal edge.

c. Chloroplasts slightly more swollen.

d. Basal plasma membrane perhaps not as invaginated.

Figure 11. 10 seawater:l kerosene

a. Vacuoles fewer, larger, of stranger shapes and located in apical

half of cell.

b. Mitochondria concentrated in basal half.

c. Chloroplasts definitely swollen; stroma lamellae not in straight

lines.

d. Basal plasma membrane invaginated. Apical plasma membrane

followed shapes of vacuoles and caused indentations in the shape

of the cell.

Figure 12. 1 seawater:l kerosene

a. Vacuoles smaller, fewer than control, located in apical half.

b. Mitochondria concentrated in basal half.

c. Chloroplasts large, swollen; some were almost round. Perhaps

showing more nucleoid area.

d. Basal plasma membrane possibly more invaginated. Apical plasma

membrane also invaginated in some places.
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Figure 10. Eelgrass epidermis kerosene 1:1 7800X.
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Figure 11. Eelgrass epidermis kerosene 1:10 7800X.
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Figure 12. Eelgrass epidermis kerosene 1:100 8850X.
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Leaf cells (Figs. 13, 14)

Leaf cells exposed to 1:1 seawater:kerosene (Fig. 14) have more

vacuoles and have shrunk away from cell walls more than untreated leaf

cells (Fig. 13).

For simplified explanation of electron microscopy, see Figure 15.

VII. CONCLUSIONS

Summary of Research Results

14
1. The most appropriate technique for processing 1C-labelled seagrass

tissues is a dry combustion in a bioxidizer machine.

2. The fundamental kinetic response of seagrass photosynthesis to light,

14
as estimated by 1C uptake, was similar for three Alaskan species:

Zostera, Ruppia, and Phyllospadix. Characteristic details (saturation

irradiance, half-saturation irradiance, maximum productivity) des-

cribing the response may be used as indices of disturbance to the

seagrass photosynthetic apparatus.

3. Laboratory experiments of seagrass (Zostera) exposed to hydrocarbons

exhibited productivity, as estimated by carbon uptake, reduced up to

2.2 times that of the unexposed plants. Plants treated with tolu-

ene were visibly affected at the end of a 5.5 hr exposure. The

reduction of productivity of plants allowed a recovery period in

clean seawater after exposure was not as severe.

4. When exposed to hydrocarbons in natural situations such as in boat

harbors or in situ experiments, plants showed no serious effects. In

fact seagrasses are able to flourish in chronic low-level exposure.

This result strongly discourages the use of laboratory experiments as

the sole basis of extrapolation to management considerations.
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Figure 13. Eelgrass control 7800X.
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Figure 14. Eelgrass kerosene 1:1 7800X.
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FIGURE 15
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Management Recommendations

The seagrass ecosystem is an extremely important coastal environmental

resource. If seriously disrupted its recovery occurs very slowly.

Despite the importance of seagrasses, extensive research on them is

very new. For example, understanding of productivity only recently has

developed beyond estimates of yields. Understanding of fundamental plant

processes, let along the effect of disturbance on processes, is too rudi-

mentary to allow intelligent resource development policy at the present.

Extrapolation of sublethal effects from laboratory manipulations

is discouraged unless natural experiments and observations are also included.

Laboratory experimentation duplicates contamination conditions poorly

since it does not allow for favorable modification that dynamic physical

conditions of the natural seagrass habitat can make on exposure to hydro-

carbons or for adaptation of the plants over a longer time period to

conditions of exposure.

670



VIII. NEED FOR FURTHER RESEARCH

Prediction of effects of hydrocarbon exposure on the basic response

of seagrass productivity to light may now be made. This response may be

the conceptual basis for research on secondarily important parameters of

seagrass growth, such as salinity and especially temperature. The effect

of these parameters on normal seagrass growth is largely unknown and must

be established concurrently with effects of hydrocarbons. Hypothetically

seagrasses grow well only within a definite range of environmental con-

ditions. Knowing the limits of these ranges will define the situations

where hydrocarbon contamination will be detrimental to seagrass growth.

Studies of the effect of hydrocarbon contamination should be expanded to

include the effects on the ecosystem.
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T of A'T'" CT OF' 1 G' , 11,1 ,en' 0v 1 S I[1 !

fracti on (''Se) or crude oil inta soat.ter for iacite or c('ir c x •o i
of ;.i i'. orL', ! Is h-'. bco i .ev lopi ,. i es; ; .. t ,-, r;' i iincA i vc

lot-: conientsratin 0s of te ';.SF-MA ii the water aind in tissues have: boe;t

T.ni-tih l c96-r, LC-50 o xperj.;:n nts - re co nuctci o0: littlenS-c clans

iM'aximumn 3ccu;ulatioin levels were ascertainjeci for 'Sil*--:-lM co;ponent'; and
Cpotential pararters for .C1asr;tt--at in lont:i-teI- Cxo'surcs iTn fooA: cht asn

The offectr of low conccnhtratnjo-s (in h th ater-- ) of tshe• '.^S h'! on adult
starry flounders durin" Cag ratuiration 0prior to spa5;2ni1: u'wre studied,
witih eor mortality observed in gonals o0 exnosed females.

Proliminary experirezints on oi, yt.p)1nkon (Punal i10 a sal ina) \ere
done and aniass cultures of tuhree sCIes oif rit on have bcfIln
establisheod.

IA 96-1hr, IC-0 iLC-50say on a cro -.: ( CeCran..cl on fratnci coru') is

now in progress.
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I .f 'i'Vh , ).tAiC IV;;S:

The water-tsol e rractio()n of ct id oil c 1onLai'ns cao--'o ts that arc
1.h :l to ic t.o mar ine or'anis-Is. The 1 FIt an ! e ffects of chronic con-
c nt r:'tio or this fra ction in marine fo:d c hains are ioorly uniderstood
and , l be inv Les I . tit in t tis t s'k. let' rinatio ' .:ill be :.-iade; o

the rIat s of un)take' of the watcr-.solule fraictlion ot- cr'ie oi.l fronm ;ater,
fooe., 'ind wnater and food- by phyt:opl'n ton , clais, shri-;- andl st.rr'
flounder, as well aPs the physiolo "ical and! behavioral ef'ects o the
fraction. Also to be determined are the tolerance cv1ls of each so :cics
of test org.anism exposed continuoutsl to thie c'ater-solu']• fract.io;s !inder
flow--th.roui•"h (open-cycle) conditions. This initial ork on tolerance
levels must be perfoEn-ed in order to delineate eLfeccts npropriate for
neasureiment in lon;-teri, chronic tests and to deteriine ::.ai<].uii accu:u-
lation levels in each species. The higher tro'phc levels of the food
chains ill be fed organisms at a maximiumn accumul ation level in long-term
chronic tests. Finally, since adults dunrina gonadal maturation prior to
spawning nay be the most sensitive to the ".'SF, this staýe w;ill also be
tested for each organism studied.

III. RESEARC! ACTIVITIES:

A. Field Activities:

Field activities vere limited to the collection of specimens for
laboratory experiments. Details of collection are given in the '.!T'n!ODS
for different experiments. Consider :ble assistance has been provided by
the California Department of Fish 1, 2;an'e, Mr. Robert Tasto, in the collec-
tion of flounder.

B. Laboratory Activities:

1. Stmnnary of Research: Activities and Personnel

a. Formulation of research approach, experinental designs
Sunervision of exneriments

Dr. Jeannette ,!hipple (Strihsaker) - Physiology
Investigations, Chief; Principal Investigator

Thomas Yocom - Task Leader

b. Solubilizer Develonment, W'SF Dosing Aoparatus

Pete Benville, Jr. - Research C'hemist
Thomas Yocon - Fisheries Biologist
Jeffrey O'Neiil - Biological Technician

c. Chemistry and Anailtical Techniques

Pete Benville
Pepsi Nunes -'!S. student, 11. of Pacific, Volunteer
Meryl Cohen- '3iological Aid
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(l. Sc-a;aýt.c'r Systei. A,ýdaitat i onn Mainn c e, ;; ir

Jeffrey O':;eill

e. Acclirimation and Mainteonnce oF ;jioo;,i.ca! Oranisms

M!artha Ture - ;iological Aid

f. Laboratory Testing: S'stemn - Exp. 1A

Ross Smart - ;iologicta TechnicLan
Thomas Yocom
Jeffrey O'Neill

g. JuveniTie Starry Floi:nder Experiments - Exo. 1l

Roýs Smart
Thomas Yoc,,
Meryl Cohen

1. Ad,.t Starry Flounuer Expc;iments - Exp. IC

Jeoiinette i',' r): 1e

Martha Ture
Pete Benvi le
Meryl Cohen

i. Clam Experincen-s - .x. ID

Pepsi Nunes
Pete ;Denvill e
Jeannette ;hi'L: le

j. Phytoplinkton IExperaents - Exe. 1E

Pcosi Nunes
Pete Benviile
Jack Scholl - tiological Technician, Striped Bass Progran

k. Shrimp, Crb Experi-ei'ts - 1Exp. 1F

Ross Sm-art

2. Schedule - Ieasons for delays

The excerim;nts outline:d in tne October 20, 117 Task Develon-

ent Plan are behind schedul 2 by about 2 nonths. A crude oil supply
oru-miscd by ERI - Boulder to arrive in October 1976 (later revised to

Nove m,;ber and Decem'ber) still hbd rot arrived when this report was draftcd

(as we hiad been instrLucted by E1R, tu w;ait fur that sh-i e.nt, ,'e wouid not

lhave cu::omplted any of our pruposedC research w'ithout considerabhe effort
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on our part to locate a private source of Coo-: Inlet crude oil. Approval
to hire project personnel was delayed until late December 1976 such that
full-scale project activities did not begin until January 1977.

We allotted three months for data analysis and write-up prior to
submitting our fiscal year end report. We plan to reduce this analysis
time and reduce the required time to complete scheduled experiments in
order to meet our originally proposed deadlines.

3. Reliability and Precision of Data:

We have nut completed our analysis of data collected to date
with regard to sampling and chemical-analytical variability. We do know
that the variability is inversely related to the size of the sample and
the concentration of the component(s) in question; water samples were
less variable than tissue samples and total nonocyclic aromatic concen-
trations were less variable than individual component concontrations.

Data presented in this report have not received the rigorous verifi--
cation and statistical analyses that they will prior to submittal for
publication. In addition, chemical analyses are not complete as tissue
and water samples are being sent out for gas chromatography - nass
spectrometric analyses. We have placed confidence intervals (standard
deviation or coefficient of variation) on as much of our data as possible
in this renort.

4. Description of Report Format:

Rather than separate methods fron results for all experiments,
we have organized the report into separate activities or experiments,
each including 1) objectives, 2) methods, 3) results, and in many cases,
4) conclusions and/or summaries. In Section V. there is a preliminary
interpretation of the results of all experinents.

IV. SPECIFIC OBJECTIVES, METHODS, RESULTS:

A. Solubilizer: Development of WSF dosing apparatus:

1. Objective: To develop a simple system for exposing organisms
to an emulsion-free water-soluble fraction of Cook Inlet Crude oil, with
capability of maintaining low level, stable concentrations and constant
proportions of components for long periods in an open-flow system.

In lieu of a report, a first draft nanuscript describing methods
and results of this work follows:
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Draft

Not for Citation

SIMPLE, CONTINUOUS-FLOW SYSTEMS FOR DISSOLVING THE

WATER-SOLUBLE COMPONENTS OF CRUDE OIL INTO SEAWATER

FOR ACUTE OR CHRONIC EXPOSURE OF MARINE ORGANISMS

by

Pete E. Benville, Jr.

Thomas G. Yocom

Pepsi Nunes

Jeffrey M. O'Neill
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A continuous flow apparatus was constructed to dissolve the water-soluble
fraction of crude oil into water For short and long term bioassays. The
basic system consists o an oil reservoir, oil pump, modified glass

bottle and oil waste reservoir. This system dissolves all of the water-
soluble components of crude oil without the loss of the more volatile

compounds and without the formation of emulsions or oil droplets. Equi-
librium is reached within 24 hours of oneration without causing the level

of dissolved oxygen to drop below critical limits. The stability,
reproducibility and reliability of the system was demonstrated in several
experiments. While low in cost and requiring minimal space and maintenance,
it is also suitable for testing a wide range of aquatic organisms. With

only slight modifications of the basic concept, a wide range of desired
concentrations (.01-3.4 ppm total monoaromatics) of the water-soluble
fraction of crude oil can be achieved. Further modification of the system
by recirculating the water supply produced concentrations of 6.7-11 ppm
monoaronatics.

The need to investigate the effects of chemical pollutants on aquatic
organisms and to maintain a specific concentration of these chemicals in
water over an extended period of time has posed many problems, especially
when dissolving relatively insoluble chemicals that are less than 1%
soluble in water (Gunther, er al. 1968). Several methods and modifications
of these methods have been used to dissolve the relatively insoluble
chemicals into water (La Rocne, et al. 1970; Brungs, 1973; Mount and
Brungs, 1967; American Public Health Association, 1971; Benoit and Puglisi,
1973; Lichatowich, et al. 1973; Benville, Jr. and Korn, 1974; Vanderhorst,
1975; Hyland, 1977; and Roubal et al., 1977).

Crude oil is a complex mixture of many chemicals varyin in solubility
from 0.004 to 1780 ppn (Klevens, 1950; Gerarde, 1960; Peake and Hodgson,
1967; McAutiffe, 1969; and Benville, Jr. and Korn, 1977). In addition to
differences in solubility tnere are many other physical and chemical
variations which make it difficult to produce anu maintain a consistent
concentration ot the water-soluble fraction (Craddock, 1977). After

cunsidering a number of existing designs for soluhilizing relatively
insoluble compounds we tried an apparatus that had been used successfully
to solubilize components of jet fuel into water (Krugel et al., unpublished
manuscript) . This apparatus was duplicated at our laboratory in an
attempt to dissolve crude oil. However, we coul not produce an adequate
flow without creating numerous oil droplets in the seawater effluent.
This paper describes a major modification of this apparatus which naintai.ns
a relatively consistent concentration of the measured components in the
water-soluble fraction (WSF) of crude oil in static and continuous flow

systems.
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Materials and ietho.'s

Sc'lubili er Sv>te:;i

The basic system (refer to Fig. 1) fur dissolving t.ine CS2 from cruue
oil consists of a 5-g,, Pyrex bottle !:C15"-) w; i.h a 4 im. T'leflon stoocock
#C7281; a fluid :eterin pu;ip witn scavu;nger slot ('.ode] PiPIG 50/csc,
Fluid MLtering, Inc.); Tygon tubing special for:iul atio; F.i).910; Kimax 1/2
inch tee #45020; 2-ring stctnds wiLh 20-inch ron size; three 3--prong clamps
and cla;np holders; and 2.5 gal Pyrex bottle .C1ý5. !nudified by C(ne-ral
Classhlowing Co., 1107 Ohio Av :., Richlmond, California.I/ The nodi ied
2.5-gal bottle -was cut horizontaJ)tly 5" fro;. the top ad the cut ed-es
ground. The to purtiuns wer re theid to.gether by 2-in spri,,g fa.asCtenrs
hooked to six glass e.rs placed at 3 equidistanrt points around the botitle
1 inch aoove and 2 inches below the cut. A glass tube (2" x 3/4" OD) with
a 24/40 glass joint was ring sealed 1 1/4 inches above th,1 botto:, of the
glass bottle anu an S-shaped piece of giass tubing with a 24/40 •anss
joint was attached to i (17" x 3/4" 0!)). Two serrated nipple fittings
(1" x 1 1/4" OD) were attached at a 300 angle o o op:osite sides or the
bottle at 1.5 ano 3 incnes below' the cut on the lower, larger portion or
the horizontally cur glass bottle. A 20-gauge stainless steel diffuser
plate 7 inches in diLm~Cter with 54, 1/16-in holes spaced 3/4 inches anart
was placed arounu tue instde or the s!i0aller top portion or the bottle
1/4 inch above the cut edge. A 9/32-in hole w-ius drilled thro<ugh the
center of the diffuser plate anu a vent t be inserted (6" x 1/4" OD).
A 1/4-in bead of silico,,e marine sealal, was applied around the to) and
bottom of the place to seal it to the smaller top portion of the. bottle
and tne assem)bly left to dry for 204 hours.

Solubilizer Operation:

A Ccontlinuou. flow solubilizing apparatus was set up as shown in
Figure 1. Six liters of seawater were poured into the bottle followed
by 1.52 (38 na band) of Cook Inlet crude oil. Silicone grease was applied
on both ground glass joints of the bottle, the to0) put in place and
secured by three 2-in spring fasteners. The F'lI pump was set at position
2, which delivers 3 nl of crude oil per .inute through the bottle. A 12/
min flow of seawater was introduced at the to, of the bottle. The S-
shaped side arm was lowered to insure that the level of the sea:ater
outflow.: was 18 mm below the top of the oil layer. Seawater enterinc the
top of the bottle was broken into snall droplets as it passed through the
diffuser plate. Each droplet of sea'.ater dissolved so'me of the water
soluble portion from the crude oil. ,'ithin 24 hrs, eqluilibrium was
reached and the system was ready for dosing.

Three other systems were also constructed (Fig. 2, 3 and 4) and
tested. Recirculation systems are dia.ara-ned in Fig. 3 and 4. These
systems were designed to increase the concentration of the '"SF for testing
at higher levels.

- The National 'larine Fisheries Service does not approve, recommend or
endorse any proprietary product or proprietary materJal mentioned in
this publ ication.
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Fig. 1. Continuous Flow System for Dissolving into Scawater Petroleum Hydrocarbons

from Crude Oil



Fig. 2. Continuous Flow System using three Solubilizer Connected in Series toDissolve into Scawater Petroleum Hydrocarbons from Crude Oi1



Fig. 3. A Recirculating System to Dissolve Petroleum Hydrocarbons from

Crude Oil into Scawater



Fig. 4. A Large Recirculating System to Dissolve Petroleum Hydrocarbons
from Crude Oil into Scawater
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Effluent Analysis:

Water samples (100 and 1000 ml volumes) with 4 ml of 6N UCL added
were extracted with 10 rl of TF Freon (trichlorotrifluoroethane) for 6
monocyclic aromatics (benzene, toluene, ethylbenzene, p-xylene, m-xylene
and o-xylene). The 1l samples were extracted three times with Freon.
A Micro-Tek 220 gas chromatograph equipped with a 6-ft column containing
5% Bentone 34. and 5% SP 1200 on Supelcoport PAW was used in analyzing
the samoles.

Results

The data obtained from the continuous flow and recirculating systems
are summarized in Table 1. In both systems benzene is the highest in
concentration followed by toluene, m-xylene, o-xylene, ethylbenzene and
p-xylene. For both recirculating and continuous flow systems, increasing
the oil flow in the solubilizing unit results in an increase of the
aromatic concentration.

Recirculating seawater through oil increases the concentration many
fold depending on the size of system. However, the aromatic concentration
was inversely related to the volume of water being recirculated as
indicated in the 6l and 36l systems. Dissolved oxygen (1)0) levels
decreased by 3.9 to 4.7 ppm from ambient and was dependent on the amount
of seawater recirculating through the system. Temperature of the recir-
culating seawater was controlled by the addition of a water bath to the
system. Salinity did not vary in either system.

In the continuous flow systems, increasing the number of solubilizing
units in the system increased the aromatic concentration. The increase
in concentration was close to double using two solubilizing units as opposed
to a single unit. Adding the third unit increased the concontration of the
WSF but to a lesser extent than the first unit. The temperature was
increased slightly as the seawater nassed through a solubilizer (0.2 0 C)
and the DO decreased slightly (0.3 to 0.4 ppm drop for each solubilizer).

Substituting benzene for the crude oil resulted in concentrations of
200 ppm as opposed to 0.72 ppm extracted from crude oil. Salinity remained
unchanged as the seawater passed through the system with a slight increase
in temperature and a slight decrease in DO.

The stability of the systems for a 4-day oeriod is shown in Table 2.
The data for ethylbenzene and the xylens was included in the total mono-
aromatics. The percent coefficient of variationwere about the same
within each system except for toluene in the multiple system. The single
system was the most stable followed closely by the multiple system.
Recirculating the seawater resulted ir the largest variation in the
aromatics.
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Table 1. Typical Composition of Six Aromatics in the
WSF from two Systems



Table 2. Stability of three systems for 4 days
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These s'ystem:s provide a si;:,)le ; C:is of i; ,ssolvin 1 the water--soluble
fraction or crude oil into ,ater n a 1o-: co-.t for the a:naratris. The
cost for the continuous flow sys;tem: is annro)xi.:.ately 500-_600. A
recirculating system would cost n:ore beause or the water npur), mnodlified
aquaria, water bath, etc.

We sent a solubilizer systc;n to another laboratory for their evalua-
tion. They found the system to be very stable over a 6-day interval. In
experiments fromi both laboratories t.e lows were the s5n, that is 19/n:in
for seawater and 3:l/.iin for oil. Otr praters were: crude oil from
Cook Inlet; salinity - 30 o/oo; and t- rature 4 0 C. Their v;us for
the total mono-aronatics were sligntly htigner than ours (1.8 ppi) but were
within the same ratios as ou'rs. They also analyzed for sonm di-aaronatics: and
oaraffin> - naphthalene, 36 ppb; 2-:nthy1lnaphthaiene, 19 rpb; dimethyl-
naphthalene, 11 ppb; torai di-aronmaics, 67 ppb; and 33s5 )p:n paraffins (up
to C15).

The used oil from one solubilizer ea.,ru.Ien can be reused withouL
nucn of a decrease in the 'NSF that 'was generated with the unused oil.
Bcinc, able to reuse the crude oil a7'.kes ruiitiOle solubilizer systems more
practical since each solub.ilizer uses over a half OF a barrel of crude oil
per month.

Data fromlt a 14--day experiment sho'ed slightly hiihr coeficient of
variation, for benzene, toluene and total n.onoaconatics of 17, 16 and 19%
respectively. However, the solubilizer system still pruves to )be very
stable for long-term studies.

These systems can also be used for other relatively insoluble liquids
that have a lower specifri gravi L than w:atcr as was demonstrated with
benzene which is one of tne most soluole co:monents or crude oil. The
concentration ot benzene in the se-aater was proportional to the thickness
of the benzene layer in tne soluilizer. Seawater with a salinity of 30
o/oo will dissolve about 1300 pom benzene. In this experiment the seawater
dissolved approximately 14% of its capaciLy. The results fron using
benzene in lieu of crude oil suggests the possibility thac much higher
aromatic concentrations in seawater coula be achieved than we obtained in
our studies.

The flow tnrough systems descrioed in this paper provide researchers
with a simple, inexpensive dosing aPp.rat'i for aquatic toxicological

studies with cruae oil. People wor' ing in auatic systems witn crude oil
can well appreciate a sinple system that can be easily cleaned, relatively
.;Iaintenance free and produces stable and reproucible concentrations of
thoe ONSF over extended periods oF ti:-:. The increasin'. denands for ecologi-
cal studies on aquatic organism.s with -crude oil which i.- the most difficult
,mixture ot chemic~al to work with prec)ii•-ted the develop:.ent of these
solubilizer systems.
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The water entering tne solubtlizer should pass through a U.V.
stcrilizer to reduce tne bacterial level. We have noticed bacteria
build-uIO: in ou1 solubLlizer after two weexs of operation v,):en the sea-
watce was not sterilized priur to entceingr the solubilizer.

Conclusion

Several expnrime,,ts have been completed using this method to
dissolve the w-.ter-suluble comoonc,-ts in Cook Inlet crude oil into
seawater. The concenLrarions of the arom:atics measured from several
experiments over- miny days of operation have demonstrated the stability,
reproducibility anu reliability of the system tnat lends itself to
recirculating and continuous flow toxicological studies for extended
perious of exposure. While low in cost and requiring minimal space and
maintenance, it is aiso suiLab'e for a wide range of aquatic organisms.
With only slignt modifications of the basic co,,cept, a wide range of
desired concentrarions of tre 'n.SF or crude oil c-n be achieved.
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Fijure 1

1. The holes in the stainless steel niate arc 1/160 inchl instead of
2 r'n.

2. There is a glass tee in the oil line lea:vin[ the soluh)ilizer as
depicted in the other figures.

3. The S-sha:)pd glass .side arm carrvying tChe wiCater fro. the solubilizr'
to tihe funnel does not have a vertical nortion' extending; do.:n; froan
the top of the tubc.

4. The outfilow line fron. the a.usri.a has a teo at the top to prevent
sip!honfl'3 the water fro: the a•u:aria.

Fi..?ure 2

Ite:is 3 and 4 fro. above apply.

F igure 4

The \wat.er line fro:: th e m Cc.rcil 'ati' :.:. to the testl a' qaria oes
to thel botto 0o the anuaria.

Note: The lon arrow.'s refer to the .:.ater flo-: and the short arro.::s refer
to the oil flo;-.
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References

American PuID.ic Health Association.
1971. Standard methods for the exaýminaion of wa er and wastew;ater,

13th ed. Am. Publiec Healih Assuc., Washinc'ton, D.C. 74 p.

Benoit, D. A. and F. A. Puglisi.
1973. A simplified flow splitting chajbe, and siohon for proportioned

diluters. Waiei Re.. 1:1915-1916.

Bexville, P. E., Jr. and S. Korn.
1974. A simple apparatus for metering volatile liquids into water.

J. Fish. Res. Board Can. 31:367-53.

1977. Acute toxicity of six monocyclic aromatic cride oil components
to striped bass (Morone saxatilis) and bay shrimp (Crago franciscorum)
Cal. Fish & Game. In Press.

Brungs, W. A.
1973. Continuous flow bioassays with aquatic organisms: Procedures

and applications. In Biological Methods for the Assessment of
Water Quality, v. 117-126. Am. Soc. for Testing and Materials,
Spec. Tech. Publ. 528.

Craddock, D. R.
1977. Acute toxic effects of petroleum on arctic and subarctic

marine organisms. In review.

Gerarde, H. W.
1960. Toxicology f biochemistry of aromiatic hydrocarbons, Elsevier

Publishing, London, pp.

Gunther, F. A., 1. E. Westlake and P. S. Jaglan.
1968. Reported solubilities of 738 pesticide chemicals in water.

Residue Reviews 20:1-213.

Hyland, J. L.
1977. A continuous flow bioassay system for the exposure of narine

organisms to oil. In 1977 Conference on Prevention and Control
of Oil Spills, Proceedings. New Orleans, Louisiana, 8-10 March 1977.

Klevens, H. G.
1950. Solubilization of polycyclic hydrocarbons. Journal of

Petroleum Chem. 54:233-298.

Krugcl, S.; D. Jenkins; and S. Klein. Unpublished manuscript. Apparatus
for the continuous dissolution of poorly water soluble comnounds
for bioassay. Richmond Field Station, 1301 South 46th, Richmond, CA.

La Roche, CG., R. Eisler and C. M. Tarzwe;ll.
1970. Bioassay procedure for oil and oil dispersant toxicity

evaluation. J. 'ater Pollut. Control Fed. 42(11) :1932-1989.

692



-14-

Lichatowich, J. A., P. '. O'Keefe, J. A. Strand, and :. L. Tcumleton.
1973. I)evelon:i-nt of ncthodolog•y and apparatus for the bioassay of

oil. Proceedings of Joint Conference on Prevention and Control
of Oil Spills, API/EPA/USCG, 'March 13-15, !'ashington, D.C., p.
(C.9-666.

McAuliffe, C.
1969. Determination of dissolved hydrocarbons in subsurface brines,

Chem. Geol.' 4:225-233.

Mount, D. L. and W'. A. Brungs.
1-67. A simplified dosing apparatus for fish toxicology studies.

Water Res. 1:21-29.

Peake, E. and G. '. .Hodgson.
1967. Alkanes in Aqueous Systems. II The accommodation of C 1 2

-C 1 3 n-alkanes in distilled water, J. Am. Oil Chemists' Society,

44:696-702.

Roubal, W. T.
1977. Flow through system for chronic exposure of aquatic organisms

to seawater-soluble hydrocarbons from crude oil: Construction and
Applications. In 1977 Conference on Prevention and Control of Oil
Spills, Proceedings. New Orleans, Louisiana, 8-10 Narch 1977.

Vanderhorst, J. R., C. I. Gibson and L. J. Moore.

1973. Description of treatment in marine co-nmunity assessment of

petroleum hydrocarbon effects. Pacific Northwest Annual Report.
Part 2 Ecological Sciences. National Technical Information
Service, U.S. Department of Connmrce, 5285 Port Royal Road,
Springfield, VA.

693



-15-

B. Chcnistry:

1. Objectives:

a. To develop capability for analysis of .nonocyclic aronatic
components in crude oil, in scawazter and tissues.

b.- To develop capability for analysis of dicyclic aromatic
components in crude oil, in seawater and tissues.

c. To have analysis of other selected conponents in crude
oil in water and tissues analyzed under contract by the
Seattle National Analytical Laboratory, Dr. '.iilliam McLeod.

d. To work with Seattle in preliminary identification of
accumulated metabolites in tissues.

2. Methods F Results:

a. 'Equipment -

1) A lewlett/Packard FC integrator for the Tracor 220 gas

chromatograph (GC) was purchased to reduce the labor required in co'mpiling
the data obtained from the many co-mpounds in one crude oil sarmle. As
many as 50 crude oil samples have been analyzed in one '.orking day and the
data printed by the integrator in ppn. Also, the integrator has pickcd
up compounds that a strip chart recorder would not.

2) A spectrophotofluoroneter from American Instruments
was nurchased to look at some of the polycyclics in the CSF. Hlowever, ldue

to the initial shortage in personnel, we haven't out the instrument to use,
as yet. W'e hope to do so shortly.

3) The spectrophotometer (Perkin-.EL er) has been used

extensively for estimating the concentration of the 'SF in water samples.

One uiust be cautious of bacterial contamination, which increases the U.V.
OD.

4) An autosampler for automatically injecting 60 samles
into the GC has been ordered. This unit will double the amount of sanples
we can process within a working day. Also it will be nore reproducible
than the manual metnod.

5) A flame ionization detector has been installed in the
Tracor 550 GC which will again increase the number of sannles that can be
analysed per day.

b. Acquisition of Crude Oil -

Mucn time was spent on obtaining Cook Inlet crude oil.
Many oil companies would not reicase any oil to us for research. To date,
we have received S barrels of Cook Inlet crude oil fro-n Shell Oil Conrany.
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c. I)velop:)nent of Lo'. Level Annlyti.cal Technique for
Analyzing the .WSF -

1) Seawater - A technique was nodi fied for extracting
low levels of mono-axonatics from. seawater. Using tils method we have
been able to detect aromatic concentrations at the low Dpb level.

A 1-liter sample of seawater is extracted with 10 ml of TF Freon
using 4 ml of 6N: HC1. The mixture is shaken, settled, and the Freon
removed. Two more extractions are made each with 10 ml of Freon. The
samoles are injected into the GC containing a column packed with a 5%
SP 1200 and a 5% Benton5 34 on Supelcoport. Results of the 3 extractions
are plotted on semi-log paper for the total of each detectable mono-
aromatic. This also constitutes a check on the technique if the 3
extractions are equidistant and on a straight line.

2) Tissue - A simple procedure was developed to analyze
for the mono-aromatics. Ten grams of tissue are macerated in a Virtis
blender and placed in a culture tube with 4 ml of TF Freon. The tube is
capped and placed in an oven at 30 0 C for 18 hours. When the tube is
removed, it is shaken and allowed to cool to room temperature. An aliquot
of the Frcon mixture is injected onto the GC. More Freon is needed for
tissues with high lipid content, such as the ovary. (See also Experinent
182).

d. Static and Open Flow Systems - .luch effort has gone into
the development of static and open flow. systems. Organisms have been
dosed by both the static and open flo;w netnod (see Section IV A. on
Solubilizer).

e. Puolicarion - The first drart of a paper on static anu

open systems has been completed and is incluaed her, Section IV A.

f. Future Efforts -

1) ColiLinue, tissue nrocessini:' procedure developaent for

clean-up of the monu-aromatic frction ann th= analysis of the diaro:natics.

2) Work out an analytic.l procedure foC the accumulation

of the ;'SF in phytuplankton.

3) Add capillary column capabilities to our program.

4) Set up sample schedule and components to be analyzed

by the Seattle Lab.

g. Training - Clnss Capillry Chroiatogrnphy and Specific

Detector Technology Course 3/15 - 16/77.
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C. System Definition; Flow-through:

Experiment 1A: Solubility and dispersion characteristic or the

total water-soluble fraction (WSF) of Cook Inlet crude oil in the flow-

through solubilizer-dose tank system.

1. Objectives:

a. To contrast the compartmentalization of the total WSF in

seawater during exposure period and the efficiency of the solubilizer
system under open-flow conditions.

b. To determine the compartmentalization and ratio of 6

monocyclic aromatic hydrocarbons of the total WSF under same treatments.

2. Procedure:

a. Set up flow-through system (solubilizer, head tank, dose

tank).

b. Adjust flow rates in dose tanks to as close to 0.5 liter/

min. as possible.

c. Add oil to system.

d. Begin exposure.

1) Take water samples from solubilizer (WSF), mid-portion

of dose tank (W.C.) , and out flow of dose tank (W.O.) according to attached

sampling schedule. Also run a control seawater blank (S.W.).

2) Take DO and flow rates of dose tanks with each W. C.

sampling.

3) Extractions of samples.

a) One person shall take water samples and inject

the G.C.

b) A second person shall do all the extraction-

according to the method established by Pete Benville.

4) Sampling schedule for Experiment 1A: Start Friday,

11 March 1977.
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Note: WSF = 'ater-soluble fraction
1'.C.= Water column of treatment tank
'..= O"ater outflo'.: of trcatment tank
S.W.= Sea Water

3. Methods:

a." Design of Experimental Apparatus - The apparatus used in
this experiment was a fle;-through, water-soluble fraction (:SF) dosing
system. It consisted of an oil solubilizer, a head tank with four
adjustable outflow lines, and four, 140-litcr test aquaria. All components
were glass. The entire system was nounted on a rack w.ith three shelves.
The solubilizer and head tank were on the top shelf with two aquaria on
each of the two lower shelves. (A series of these systems have been built
for upcoming acute and chronic studies).

b. Description of System Components - The solubilizer is
described in the appended manuscript (Benville et al. Section IV A.). The
WSF outflow of the solubilizer was funneled into a head tank manifold by
gravity through a glass funnel and tube (Figure 1). The head tank manifold
was made of an 8-liter bottle with staadpipes connected by movable ground
glass joints near the bottom. By moving the standpipe in an arc, adjustmcnt
of the water flow rates to each tank could be made. The solubilizer and
head tank were enclosed in a black plastic covered box to reduce photo-
oxidation of the WSF and to retard bacterial grow:th.

Water flowed from these standpipes throu3h glass tubes into each
aquarium and entered below the surface to reduce volatile loss of WSSF
components. At the opposite end of the aquarium, water flowed out of the
tank through an external standpipe which drew water from a layer 2 inches
above the tank bottom. This water nassed through a charcoal filtration
system and was then released into the Bay.

Each aquarium was in its own black plastic-lined cubicle to reduce
disturbances to test animals. Each aquarium was covered with a translucent
glass lid. Tanks were lighted individually by gro-lux fluorescent tubes
set at natural photoperiods.

c. Sampling Techniques - One-liter water samoles for gas
chromatograph (GC) analysis of the 'YSF were drawn directly from the
solubilizer outflow or from siphons placed near the outflo' of each tank.
Oxygen, salinity, temperature, and flow rates were monitored as described
in the procedure. The Winkler titration method aandan oxygen probe were
used to determine oxygen concentrations in the tanks. Salinity was
measured with an ootical refracto-eter. Flow rates were measured with a
500-mn graduated cylinder at the water outflow' standiine.

d. Saple Analyses - One-liter water samples taken from the
exposure tanks were extracted three times with 10 ml of TF-Freon. Each
extract was analyzed by a gas chr.r•atoeraph for concentration of six
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Figure 1. Diagram of solubilizer-head tank system used for dosing juvenile starry flounder in four test

aquaria. The width of the oil layer and the flow rates test aquaria were adjusted by

raising or lowering the outflow arms of the solubilizer and head tank using ground glass

joints. Exp. 181.



,monnoccl c aromatic compounds (benzene, tol ene, Cthiybenzene, o-xylCne,
a-xylcne, and p-xylenc) and concentratio;:ns were ceter;iined usil.ns an

integrator and an external standar:d.

4. Results:

The solubilizer concentration was stable throughout the 3
days (Table 1). Variable flow rate from the nanifold is the probable
cause for the vairiability seen in the tank concentrations. Adjustment of
the S-shaped standpipes proved to be difficult as they were easily knocked
out of adjustment (most of these difficulties have been eliminated at this
point). The grcatest variation in ''S-'iA concentration is in treatment
tanks. This variability, although probably a result of several factors,
varied mostly with flow rate. Careful adjustment and monitoring of the
head tank was necessary to maintain the dsired flow. Some loss of the
aromatic compounds, with bubblini air mushed through the glass tubing,
occurred as did loss of aromatic co::anoands w ithin the tank at the water-
air interface. A long water residence time in the tank would increase a
differential loss of aromatic hydrocar-bons, whi ch would change the WSF
and the tank concentration in relation to the solubilizer outout. This
change in relative conmosition is sho.:n.- b the ratio of benzene to
toluene which was more variable in -te tanks than out of the solubilizer
(Table 1). The addition of animals to the test anuaria (as was found in
Experi.ment 1B) would be expected to cause even greater variab)ility,
especially if flow rates are low.

I). Starry Flounder; Juveniles - Acute Toxicity:

Ixperim;ent 11 : Acute toxicit or te w.ater-soluble fraction of
Cook Inlet cm-o;e oil to starry flounder
(Platicth'es ste1l1atus (Pallas)

1. Objectives:

a. To determine the 96-hour iLC9.

b. To deternine ohvious CoraIholo ic:l , physiologi cal and
behavio-ral effects and attcen-t to correlate therse efects
with levels of '"F and co;,-)ont'pts in the water and in the
flounder.

c. To do a preli:in:ry study oF tissue levels of ''S- ono-

aronatics (d.SF-IM) 'cc':-l ulai.ed in starry flounder and

target tissues.

d. To !dete ine ra io); E : : onocycli- c aro::natic com1 ;:nts

o[ the FSF and po si,'' c'e'"es in the ratio with fish
added to the t; nks.

2.. P'rocedure: This is the 'irs; oC 4 concentrarions; to be run
Sfor t C' . Ther wi be tanksI (:i.th b3 fish each)

all with tio s; : . : co:ce;:trati;a.

a. Set u) oil trac ;:t flo '-th.;-re h syst::) (s;olub.i lie:',

i'and ta ', 4 treatt-e t t-:.',6) .
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TABLE 1. Concentration of the monocyclic aromatics in the water-soluble

fraction (WSF-MN) of Cook Inlet crude oil from a solubilizer and

in four test aquaria (no animals). Experiment 1A.

700



b. Adjust flow rates in each of the 4 treatment tanks so
that the outf1ow is 0.5 liter/min.

c. Turn on oil flow to solubilizer; allow the treatment
tanks to stabilize at approximately 1.5 ppm WSF.

d. Set up 2 control tanks with a 0.5 liter/min flow rate of
sea water.

e. Begin 96-hour exposure by adding 3 weighed fish to each
of the 4 treatment tanks and 2 control tanks.

Observe and sample at 0, 4, 8, 12, 24, 48, 72, and 96 hous:

1) Without disturbing the fish, observe behavior --
swimming, ventilation rates, color changes, orientation.

2) Take water samples for GC analysis from solubilizer
and the 6 tanks.

3) Take physical parameters of all tanks -- flow rate,
temperature, salinity, D.O.

4) Record time to death of any fish that has no opercular
beating. Leave them for 1 hour; if no change, remove
as dead.

5) Dissect all fiounder.. Keep gills, liver, all bladder,
gonads, kidneys, and muscle tissue for WSF tissue
analysis.

6) Recoru all data on appropriate data sheets next to
each tank.

f. End Exposure

1) Dissect a subsample of treated (if any are still
alive) and control flounder for tissue analysis.

2) Change tanks to fresh sea water and altow any remaiing
fish to depurate for 48 hours.

3) Sample depurated fish to determine WSF tissue levels.

3. Methods:

a. Design of Apparatus - The solubilizer system used was that
described in Experiment 1A. Due to the large size of the flounder, a
sample size of 10 fisn per treatment tank was not possible. We were thus
unable to run 4 different WSF concentration (0.5, 1.0, 1.5, 2.0 ppm)
simultaneously. The flws into the 4 test tanks were adjusted to the same
rate and concentration (1.5 ppm).
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the WSF-MA concentration, flow rate, dissolved oxygen, temperature and
salinity were determined for each tank. Test fish were weighed and
placed in the 4 test tanks at time zero.

Water sampling and observations were made at least four times a day
for the first two days, then at least once a day for the last two days
of the experiment.

Observations of swimming behavior, ventilation rate, color changes,
and orientation of the flounder in the tanks were made by carefully
removing the black plastic side cover of the treatment tank cubicle,
waiting 2 minutes, and then recording the information.

Water samples and physical parameter measurements were taken from
the corner of tne tank near the water outflow. On-liter water samples
were extracted and analyzed on a gas chromatograph for 6 monocyclic
aromatic compounds (benzene, toluene, ethylbenzene, p-xylene, m-xylene,
o-xylene). Dissolved oxygen was measured by the Winkler method and using
a calibrated oxygen probe.

4. Results:

a. Stability of Ta n k Concentrations or WSF - Mono-aromatics
(WSF-MA) -

The WSF-MA concentration dropped substatially within 4
hours of placing the fish in the tanks (Table 2). Flow rate variability
was not sufficient to cause the sharp decrease in concentration, but the
overall low flow rates in all the tanks were suspected as the reason for
the drop in concentration. The flow rates for all test tanks were below
the designed 0.5 to 1.0 liter/min rate because the maximum solubilizer
output rate was only 1.6-liter/min; higher rates carried oil droplets into
the test aquaria. (To obtain the high concentration of 1.5 ppm per tank
for this experiment, the solubilizer output was divided equally to each
tank without dilution: 400 ml/min was the maximum flow rate for each tank

at 1.5 ppm). At these low flow rates, mucus deposits became evident in
the bottom of the tanks. Mucus has been shown to strongly adsorb aromatic
hydrocarbons (Stainken 1976) and the deposits in the test tanks probably
contributed to the drop in concentration. We extended Experiment 13 for
another 96 hours and channeled the entire flow-of the solubilizer through
one tank. The tank concentration of WSF-MA was nearly equal to that in
the solubilizer output within about 8 hours, even though flounder were
still present in the tank. Low dissolved oxygen levels were also associated
with the low flow rates. A considerable drop in D9 was noted between the
treatment tanks and the control tanks (Table 2). The stressed fish used
the DO at a greater rate than the flow could supply. The differential
drop between exposed and control tanks does indicate that the exposed
fish were using greater amounts of oxygen.

b. Biological Effects - Four flounder died in the experiment,
but the cause of mortality cannot be solely attributed to the WSF-MA
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Table 2. Summary of chemical and biological data. Experiment 131. Results of

exposing juvenile starry flounder to the WSF of Cook Inlet crude oil.

Inflow concentration of the WSF-MA was 1.64 ppm.
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concentration. The low concentrations of dissolved oxygen (D.O.) were
probably a major contributing factor. However, because D.O. levels
dropped more in experimental tanks, there is good evidence that the WSF-
MA was causing additional stress. The mean ventilation rates did not
differ between control and exposed groups, but we believe that if each
fish had been identified, individual variation could have been measurcd
and ventilation rates would ha e heen significantly different between
exposed and control fish.

None of the surviving three flounders, subsequently exposed for 9--11
days to a continuous concentration of 1.64 ppm WSF-MA, died. We had
expected all of these fish to die within 95 hours at that concentration
based on earlier preliminary studies. We are not convinced that our
earlier estimates were incorrect and suspect that the preceding low level
exposure may have allowed the flounder to acclimate or metabolize the WSF,

perhaps by enzyme induction.

To attempt to investigate the possibility of subcllular changes,
we analyzed total protein distributions in organs, tissues, and blood of
exposed and control flounder with cellulose acetate electrophorcsis.
Results to date indicate no major differences between treatment groups.

5. Summary:

a. Flounder tolerated the exposure levels (0.155 to 0.841 pon
and 1.64 ppm). Four deaths were recorded at the lower levels but cause
of the deaths is probably attributable in part to lo, dissolved oxygen
levels.

b. It was difficult to maintain the 4 tanks at a constant
WSF concentration. Low flow rates and a resulting accumulation of mucus
are believed to be a major reason for the drop in the concentrations (as
well as the differences in concentrations between tanks). Mucus, when
in high concentration, seems to adsorb the aroiatic hydrocarbons in large
quantities.

c. The experinental concentrations (0.155 to 0.841 ppm,) were
below the 96-hr IC 5 0 for starry flounder. Higher concentrations are
needed.

d. Surviving fl-ounder that were exposed to concentrations
of 1.64 ppn for 9 to 11 days after the initial )6-hr test period did not
die. Because flounder died at lower concentrations in preliminary studies,
we believe that the precedir. 96-hour exposure to lo.: concentrations may
have increased te tolernce of the test flounder during their subsequent
high-concentration exposure. However, we plan to expose nde to

higher levels (>3 ppm monocyclics) next quarter.

e. High flow rates and D-D's are necessary to limit inter-
ference from mucus and stress from lack of oxygen

f. At low concentrations of WSF-MA, the benzone component
is lost. Toluene is predominant at low levels. The ratio of benzone to
to luene at the beginning of the experiment, for 3 out of 4 treatment tanks,
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was very similar to that of the s'' ''> i l ' I •i After the cx:ex r iicnt. -cga:

the ] -,v 1:s dro(i):eb so low as to ai':" co ra icsons; iposs;inle.

. ".'hen lo'w rates weret high en ';h to prevent iicu;

acc:mulation (as during the expos're to 1.64 pp) , there w.:; practic-lly

no loss o S• --.'. fro,> solubjlizcr through the treatin;tt tanks anrl the

rel atl.ve comI)osition of co;:ponents '.:as stable.

6. Re co::tneidations :

Hitinet fLow rates arc necessary to mnaintain proper DO levols

and prevent mucus accuu;;lation. The problem of maiataiin.in hi'h 'SF

levels with a higier flow, rate of 0.5 to 1.0 liter/rin can be solved by

using two or three solub. lizers in series (described in attached manLual
script) and diluting this concentration at the tank. For lower concen-
trations, a seawater dilution line can be used to dilute a single
solubilizer output to the proper concentration and also increase total
floa of water.

7. References:

Stainken, D . . 1976. A descriptive evaluation of the

effects of No. 2 fuel oil on the tissues of the soft shell clam, Mya
arenaria L. Bull. Envir. Contan. Toxicol. 16(6):730-734.

D. Starry Flounder; Juveniles (Con.tinued) -

Experiment 132: Accumulation and depuration of nono-aromatic
comlponents of the water-soluble fraction of
Cook Inlet crude oil by juvenile starry flounder;
preliminary findings

1. Objectives: See Exp. 131.

2. Methous:

Following the 96-hour exposures to low levels of the wnter-

soluole fraction (W''SF) in Experinmnt 131, three surviving flounder were

exposed to a higher concentration of KS? (nonocyclic aromratic concentration

1.64 ppn, total ''SF concentration probably greater than 8 opm).

After 215 and 267 hours (9 and 11 days) or continuous exposure, a

flounder was removed for tissue analysis. The remaining flounder was

)laced in a control aquariumi after 207 hours of exposure and allowed to
depurate 72 hours (3 days) before bein. sacrificed for analysis. All

fish were anaesthetized, weighedd, and measurcd. Organs were removed
surgically, cut into small pieces an! placed in clean, pre-weighed, screw-
can test tubes and weighed. Six al of 4N, NaO! and 4 ml of TF-Freon were
added to tissue samples weighing mort than 5 gm. Foi samples smaller than
5 gm, we added as many ;l of NaO." and Freon as grans or tissue (to the
nearest whole "ram). Tu bes were scdled with teflon-lined caps, shaken,
and were tIecn nut in an oven at 3 f°C fuir 1 hrs and allow;ed to digest.
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Vol low Ia' this 1"-h '!i. digecs Lo , tubes were tho o'!hly shaken and
then ceit ri fu.ed for 10 minutes at t3. . r '). If tho I ei-coi extracts were
ce1 ir and colorless, s:)lc:s wor dr;.rw; froi the e trcts and• injected
into the .'ga c•,ro,.aturaC;:). IfC extracts wcre cloudy' , a, additional I or

2 nI of }Ir on were added to the tub.; which was ton thoronhly shaken,
re-centr iu Fed, and extracts wure irjecte -. To the as clro.,to.raph.

3. Resul s:

a. Tissue Accumuiation -

Flounder accu;muinatd hydrocb.Lrbo.n: in all of the tissue.s
that we analyz.ed. (It must be noted that concentrations prc.esainted
represenit minimum values, as .we know.; .'e aec losing 5;-25- of selected
anonocvycii c arum.tic comnouinds dui ing s<r: le prepa atI on). Acftr a 215-
hour exposure, higher leve-.s of toluene accum-ulantec in all tissues except
muscle, than occurred in the exposure tanK water (Ta1e 3). The concen-
tratLion of toluene in the liver was appruxi-mateiy 3 L times hiher than
the water-borne coucentratioi. In addition, there wuer': S unidenti icd
peak:. thac appeirced in the liver extract chro;aatu ra; m hich accounted
for well over half or the toal 115.670 ppr of pecroleui;: hydrocarbons
found in tne liver. (We were aule to aLtributo all peaks to petroli:.um.
hydrocarbons because no pea:;> appeerT' in any of the contirol fish tissu
extracts).

After 267 huLirs, conienLtrtions in all ti.sues had increased vwith the
total liver concenicraLion reaching a levlel OL over 160 pp:a. The lcv:i of
toluene in the liver had risen to abo-ut 53 tim-ies that in the water columnn.
The same unidenL-fied peak> appeared in the all blnader and nuscle
extracts that were seen in the liver extracts after 215 and 267 hours.
These unidentified compounds made up a greater percentage of the total
petroleum hydrocarbon concentration after 267 hours than they did at 215
hours (except in the liver). None of these uni.dntified peaks were
present in extracts fro: the exposure tan'-• w'atr.

The remaining flounder that had been allo..ed to deparate for 72
hours had tissue concentrations tht r concensra t c iderably lower than cither

of the exposed fish. The concentration of hydrocarbons in the xmuscle
was below our level of detectabi 1it and the total concentration in other
tissues, excluding the liver, was less than 1 pp;. The liver concentration
fell to less than 60 ppn, but it is interesting to note- that there was

little or no dron in the concentcat[on of so of the unident.i id com-
pounds, mrost noticeably compound "'' (See Figure 2 and ligure 3 for a
comparison of liver extract chron.atora- :i; of the 267-lour fish and the
267-hour Fish that was allowed to deuu.'rtc) .

Flounder accu-,ulate high levels of hydrocarbons in short periodls of

time, especially in the liver. "heca'us- th tisse conrentrations we

presented are minimum levels (un corrected for extractioin officiency) and
because we were not analyzing for di-7nuclear or polyr'-:clear co.:-pounds, \we
can safely conclude that actual tissue concen tr:lti ons of petroleum hydro-
carbons Far excceded our reported Ileves. Consid erin tha-t .e di.d find

707



Table 3. Concentration of the monocyclic aromatics (from the water-soluble fraction (WSF-MA) of Cook Inlet
crude oil) in tissues of the juvenile starry flounder continuously exposed to 1.64 ppm WSF-MA in the
water column. Experiment 102.

Analyses were made only of monocyclic aromatics compounds and other components that appeared in gas
chromatograms from the monocyclic-aromatic gas chromatography column. Compounds whose chromatographic
peaks were within 3% of the retention time of known monocyclic compounds were identified as that
compound (although we realize that other compounds such as metabolites may have been present under
those peaks). All compounds that were not within 3% of the retention times of known monocyclics
have been combined in this table under the category "other". In parentheses, the percentage of the
total hydrocarbons analyzed represented by each compound.



Figure 2. Gas chromatogram of freon extract of liver of juvenile starry flounder exposed for 467 hrs (11 days)
to the water-soluble fraction of Cook Inlet crude oil (monocyclic concentration of 1.64 ppm). Allpeaks were integrated and unidentified compounds are labeled with capital letters (A-H).

Experiment 1B2.



Figure 3. Gas chromatogram of freon extract of liver of juvenile starry flounder exposed for (267 hrs) 11 days to
the water-soluble fraction of Cook Inlet crude oil (monocyclic concentration of 1.64 ppm) and then
allowed to depurate for 72 hours in uncontaminated seawater. Unidentified compounds are labeled with
capital letter (A-E). Experiment 1B2



concent:rations in excess of 160 pm-, the actual conc-ntrations could lh
rnany hundred parts ner nill ion.

It is apparent that, wi.th relati.ve ease, ;we can det.er li.ne the
concentration of a numb'er of com4pounds i; re)laat iv: I s.nall (1 t ) tissue

sa:'.ples and have a picture of what levels of accu:eulation are beinl
reached in flounder tissue. We plan to send out tiss,1ue ex:t:racts for ;C--
:mass spectro::!etric analysis to determine other acciiulated compountds and
to identify compounds underneath the unidentified peks that w; found in
reeated saiples. (These peaks also appeared in (gonail samples .in

Experiment IC (Figure 11) where fish had beeon exoosled to concentrations
of inonocyclics of about 100 ppb) . Our in-house cap:bility to do soim
tissue analysis should be very beneficial during our upco:'ing longc-ter
exposure studies.

b. Solubilizer Stability -

Experiments 1A, 1111 and 182 were run sequentially; the
solubili-"er test unit was in continuous oneration for 15 days. The
concentration and composition of the USF-MA produced was determined
during ea ecexperimnent (Figure 4). Coninin solubilizer-'.SF-MA concn-
trations from the three experiments, we deter·mined the mean of the tot:al
concentration and specific componenits (- 1 standard deviation) for the
15-day period (Table 4). The iean total ::SF concentration of ionocyclic
aro:nntics was 1.639 ppm (± 0.326).

The relative concentration of co-anponents was very stable.

E. Starry Flounder; Adults Prior to Spa,,-nint - hffects of low (..ab)
Levels:

Experiments 1C1, 1C2: Effects of short--ter; lo'. level exposure
through v.water column (total :'SI:) on adult male and fe;male
starry flounder prior to spa:nin.: and subserquent effects on
the early developmental stages.

In studies of nollutant effects on m:arine organisms, c-iphasis
should be elaced on critical or sensitive, life history stages. Previous
work; at our laboratory (Struhsa!er, 1977) sho'.ed> the most sensitive stane
of I'acific herring to be the adult fe,:-le just prior to spa :-nin,. Iecrring
at this stage were nore sensitive to rppb levels of benzen than were *e-;

and 1 ,.'al stages to much hi"herc concentrations. The pu'.rpose o the
follCowrin excn~ri:ae'nts :was to exacsine the efrcct of !'SF--MNA on female and

':1 sa.rry Flounder prior to sai'.'n i!(, ad! to ascortain iclay'd effects

o; e,:;' and larvae. An attea::'t 'was also ma. to relate e fe;cts on

ovarian e'ti :; to tissue con;ce trations of 'I A com:poanents in Cook linlet

crude ; i 1.

S. y)Voth':se-

a. S .'nin. fish are i ;' cea. -deficit state ibecause their

surmlu- e;•o'r -.v . - v.'s rv' ' are uti li.:: in the ,rou'u•ctio.n of :a"'etes and
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Figure 4. Concentrations of six monocyclic aromatic compounds (total and individual)

in the water-soluble fraction produced by a solubilizer bottle over a

16-day period. Experiments 1B1 and 1B2.
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Table 4. Concentration of WSF-MA of Cook Inlet crude oil from the solubilizer
for the combined experiments, 1A and 1B.
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because they often do not feed p rior to spa:;'in . Furthrore, est.ua'

and insnore fi s often uundergo c.nviro.'ent-l stresses durin' s.pawn:.i:

;i-lrations. Adlt fish prior to sn:.uin, nay be the m-st vulnerable life
st;ge to stresses induced by the W;':i fraction.

b. Fish gametes may not pos sess cnzy.: for dctoxificattion

of !S.F co:,ponents and also contain lipids in ;which mny "'SF co:monents
arc highily soluble. Thus, toxic '.:'SF comno:e its -ay accumulate to high
levels in the ,onads prior to snawniln. with co;nse•i-ent a:!:te m:ortality.

c. There may be a reduction in survival throughout the later
develom:nental stages as a consequence of tue hich levels in the gam-etes.

2. Objectives:

a. To determine effects on spawning adults, their gametes
prior to spa!ning, fertilization success, hatching success and larval
survival through yolk absorption.

b. To establish the paLtern of uptake, the maxinu: accumula-
tion levels andl accumulation rate during exposure'in adults and .;onads
prior to spawning.

c. To establish tie rates and patterns of depuration after
exposure (1) in adults and (2) tneir eggs and larvae.

d. To determine obvious cytolo3ical, histological, physiolo-
gical and behavioral effects and to attempt correlations of these effects
with ','SF-IMA conoonent concenLrations in adult and early develoomental

stages.

3. .!ethoas:

Sta.rry flounder were collected offshore prior to their spawning
season, in an area off San Francisco Ray. Fish were captured with an
otter trawl towed off the vessel R//V Alaska by personnel of the California
Departmient of Fish and Game. Data foi collection are summarized as follow.s:

ExD. 1C1: (1 Station)

Date: 7 October 1976. LongiLIude 1220 3-.5'", Latitude 370 5].S'N
Temperature: 1,'.00C Salinity: 32.5 o/oo

Exp. 1C2: (5 Stationn)

Date: 2, 3 February 1977. Lo:;;tu.e: 122° 34.5'' to 1220 37.5','
Latitude: 370 43.5'N to 370 51.5'N

Temperature: Bottom; 12.0-12.2°C Salinity: 33.5-33.6 o/oo

The area fromi which the flouil-er :ere obtained is relattvely pristine in
regard to petroleum conta',i:;at ion

The fish ;e•re transported to t'!e Tiburon laboratory dock and then
tran:erred to 1900 liter t:n'. in the laboratory. They w;ere not "running
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ripe" .wen captur-ed. The flounder w'ere acc1 ii:ted or he0 d under t'-he saL:;e

con'.i tI on(s used for the tests. Alt!ho'u'h louminr are reported to feed
poorly prior to and durt.in spawni.n' (O rctt, 19SO), fi;sh were obsrved
to have Food in cr~ts when capture.. D.ri accli nati.on , flou~'iid r '.-re
fed s':rip, ,groun squid anri ground fishi to satiation. jisn 'were not
fed duri.n, tests. The oPbservation that flounder we.re fedin durin
con.a dal mitrIuration has im,!iort.nt irolicttion , to our foou ch.in res-s;arch.

Ixperire-;r!tal condition, dutin, the ex-per.i:nts are showl.n in Ta')lcs
5 and 6. The primary diffee,.ces betwbeen the cxperi'ants wvere in accli--
mati.ni period, perceiitage of females wirh maturing eg.-,s, and the degree
of ;natur,,tioLn. In ExperimenL 1CI, fish wsere ciaptured in early sta;:es oF
maturation. To deturmiiii if fisth wuld mnatu-r. in the laboratory co-m:arable
to in the field, they were held under laboratory accli nation conditions
from October 7th until January 19 (approx.iia.tely 3 1/2 months) aEter
which tine they were exposed to the i'NSF of Cook Inlet crude oil. An
initial control sc':ole of acciimated fis, was dissected and compared to
a s•anipe ot aduxts collecLed froi the finld. No significant differences
in weignt or mrturation were observedl. Both lab and field fish on
January 13tn were maturing but still in early stages.

In Experiment 1C2, fisi were exposed to the ''SF of oil after only
10 day:; of accli'ation. The go.iads at this tie wxe-re considerably more
mature. However, n, fish were completely y:.ature or "running rip.e". Eg2
diameter .Iwas oniy 0.40-0.52 ;mmn (miatura,: s are approxisima ely 0.80-0.90 m:
in dietcr). A third expnrineent, L:x. 1C3 will be conuted when females
are in spaw:ning cundition, if specimens can be obtained.

Twu tan-s, contai,.inn approximatcely 86h liters (22i gals) of seawater
were set up for the experiments, on-: for control fisi and( one for expose'd.
The t,,n>s were fjuergiass, rounci and w~,n din.me,.si ons oc approxil•ately 1.8 I
(6 ft) in liamntte ; 0.9 m (3 ft) deth. Tanks were covered with trans-
parent plastic pieces cut to closely fit in the tank just over the water
surface to reduce the loss of volatile aro'natics.

The solubilizer apparatus used in establishing the dosage concentra-
tions is described in section IV ,. Only 1 unit was needed to establish
the ppb level concentrations. Measurement techniques for mono-aromati.cs
in the N',SF are described in previous sections (IV C, IV D) . Tissue
samples are still being analyzed and additional data will be reported
later. In Experiment IC2, tissue sa'-ples were collected 2 weeks aFter
cessation of exposure to neasure (deuration and these analyses will also
be reported later.

Exmosure concentrations in the water column were supposed to approxi-
mate 100 ppb total lionocyclic aro:;tics ( ;SE-''iA) . ein '.:-iA concentrations
are g;ven in Tables 5 and 6, additiolnal data in Table S and Figs. 6 and 7.
Considerable variation occurred (raini n Fron 40--353. pab total .'SF-'MA)

primarily' due to changes in se;':.-ater flow.- rates, which altered concentrations.
In the future, concentrations can h• controlled nore closelyv, knowing
flow- rates producing a given concecntr:ation in the 86.-liter volume.
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; )ha i or, oserva ons., V:S -' concen rat ions a other easureC, in

o( en', i 'o:':. t cond i in :.. re .o ; a'i ] e;C i 3 t : ; i ; s b . : ia 'pI

oc Fi:d on.e dailv. Tre f'oll(;i " variablel , were -;a;T ed or r- sti)l l
i , ocess o bei : assessed ( a sti bci:n :

Clxperi' i ' tal C i tions : 1' hy ical-c!l:;,;)c:,l v);ri vbl.s

*Conce~itration;: Witir, : gonad' , , liv'cr "all )ldder- an.J h, c
'lortality: Aldults; ,a:.t s in o;iads

and an a:,itec.5
-C(:ytol o .y-hii.stolo"y : Tissue 'I . t ion?

Gali- Ito',, Icisils '- 7atu,:',ti o0l
Lipid content C  distribu, tion
Col] l.o.'ur.anc structure
!istopatoloy - goniads, liver

P'hysiolo-y and Bclhavior: S-en . iotility, vi'",,i lity)
Mucus Pnrodi- ction
S:,i:::,i n, act i.vi ty
'elpanophorc ch:;an'es

VerItil atio rate
Spa.~' nir;' activi ty

Each adult saniled :was measured (standard len',th) , wei. :hcd (wet
wei;ght) and tChe iish autopsiod an x~i ... .groe.s o n• iolorical
effects. The ovaries, testes, liver and 1gll bladder were dissected out.
The gonads were also measured (L, I',") a;id exam;ind r.icroscopical] ly for
a!)nora:'alities and pre•sc:nc of dead ,gr.-s or i:n;ot i.!e sper;n. The ventral

.onads half of the liver and tihe , al:l i la:dCr 'care i-:n.-edliatelv frozen
for later analvsis of tissue! concentr-:tions. The dorsal onad ,;and ot:her

half of liver were preserved for hi stoloic•al sectionin..

Maturing ovaries were examined uder the dissectin. scope for
develop;:iental stagc, presence of o;)iaquc dead or dyinll( ci.s, and til gross
arnearance (color and degree of .dcliqo:scence)F. 'axii"-'. c;-. diamoter of
ten cgs fror;: the ovary of each fe::le w:as i.casired.. Testcs containi n,
"ripe running"' sper:'i or rmiilt \;ere also e):a;ineic uin:lr t' .h dissecting
scope, and spernatozoa cxanined under th:e co.:npo .",nd scope for :iotility.

E.c:avioral obscrvations included -.easurecnent of vcntil.ati on rates.
Five fis'h w.ere selected at rando:. fr: cac treat..'e.nt and the ventilation
rate (bcats/30 sec X 2 - beats/:in) detcrined for each fi :;.

4. RPsults:

a. lx'.n'ri:lilenta Con'! i t i n -

The first experi .e;:t (Tale 'ý) ) sho-. t at oxygen cou ld'
beco;e a liDii tin1. factor if the fl : rates t-hrou' th.:" cont.inuo's f.o-;

\-ste ere e'lo. 3 litcr/llin . . 3 liters/: in, ('y:' in both
tan.s fell hoele'.-.' saturation, 1and :'a; lo-:est i " t - o--* se.1 fish ta".

T'V i:; *.-*:; correcte-1 in t' ;, s"con!d e•: 'Pr:i.e t (T'r l" . ,) n;:l o'"l:'a p v'a;
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Table 5. Experimental Conditions; Experiment 1C-1. Acclimated starry flounder exposed during egg maturation prior to
spawing. Values in parentheses are ranges, other values are means for that day.



TABLE 6. Experimental Conditions; Experiment 1C-2. Unacclimated starry flounder exposed during egg
maturation prior to spawning. Values in parentheses are ranges; other values are means for that day.

See Table 5.**
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high th roughout the 3 -day period. 'ir ing the last few days oxvygen w•as
lower in the exposed tank than in the control. It a"ppe i s that :-:or
oxygeln is consumed by exposed '- ish, 'however, the total weight o!: fi:sh
in the exposed tank was also greater in both exer .ents (Tab)ls 5 and 6).

b. Fish -

Fish in both experiments had approximnantely the san.:e
veig:ht-length relationship (Fig. 5. !owcver, more fish gonads in the
second exprinmnt w..ere maturing (Fig. 5 and Table 7). There were no
signi'ficant differences hetwen exvposed and control fish 'weight--len':th
curves or gonad weight-length curves in either experi'enc.

Sex rtitio in both experimients was approxinately 2:1 females to
males (Table 7). The "eye" of the flounders was also noted 'bca.use this
feature is genetic and varies in frequency a:.ong populations and with a.e.
For the entire samle (botil xcxeriments) there were aproxinately 5-0%
right-eyed to 50% loft-eyed flounders (Table 7), but, nore are fish
were right-eyed than left-eyed. The differential survival of right-eyed
flounder i, thouLght to indicate a phy'siologically hardier type. This
nay relate to differential susceptilil.it' to oil exposure and will hb
assessed in fu-ure experi:tents.

Variation in liver color also occurred; fro: bright yellow; to dark
red (Table 7). No obvious corrclation with sex, a.e-si _ or cxnosure to
W'SF occurred. There is an indication that the yellow color is associated
with gonadal maturation.

c. Watcr Concentrations or "'onocyclic Aro'.itics in ".'SF -

Data on water colu':n tank concentrations for Exerient
1C2 are suimmarized in Table S and buti solu:bilizer and tank concentrations
shown in Figures 6 and 7. Variation :.as due primarily to alterations of
seawater flow rates, both intenLtional (to -ljust to desired concentration
or 'ISF) and unintentional (loading of sea.:ater syste:a filters). These
variations can be reduced in future e:ri--.ne..ts no:.: that syston has been
defined.

M!onocyclics in Table 3 show varying proportions in the tank water
column with changes in to,:l concentralion. Proportions of benzene and
toluene, particularly change relative to total concentration. At higher
concentrations, benzene predo:linatec: over toliuene. As total concentration

decreases, they beco:ne approximately cqual in proportion , and at lower
concentrations, toluene predunTinat'e; over Tbhzenc. The other monocyclics
appeared to remain relatively coins':,nt iin roportion regardless of total

cunlceintratUion, alchouglh they) wev'e so::tcines too low: to b. detected.

d. Effects on Organisms --

1) Mortality - No t'ortaliTy occurred at the low. conccn-
tration tested. In Exrc•ient ICI, fish re-n•aintg af-ter da; *1 did not
die unt il the concencrat on of i--A reachd a lv of '' p.
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Figure 5. Wet weight (gms) vs. standart lenght (cm) of
adult starry flounders exposed to water-
soluble fraction of Cook Inlet crude oil.

Experiment 1C1: Circles = Females; Triangles = Males

Experiment 1C2: Squares = Females; Stars = Males

Solid Symbols = Maturing; Open Symbols = Immature



TABLE 7. Morphometrics of starry flounders subsample. Experiments 1C-1 and 1C-2. Acclimated and unacclimated
flounders exposed during egg maturation prior to spawning. Values in parenheses are ranges; other values
are means for that experiment. No significant differences occured between treatments, so samples were

combined.



TABLE 8. Concentrations of the monocyclic aromatics from the water-soluble

fraction (WSF-MA) of Cook Inlet crude oil in test tank water

column. Experiment 1C2. Data for first extraction only, not

corrected for efficiency. Values given are minimum concentrations.

Percentages or each component are given in parentheses.

Concentrations are rounded off to nearest ppb. Although occurring

in the solubilizer WSF, p-Xylene was not detected in the tank

water column.
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TABLE 8. Continued
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Figure 6. Concentrations of six monocyclic aromatic compounds (total and individual)
in the water-soluble fraction produced by the solubilizer bottle over an
8-day period. Experiment 1C2. Total of three extractions at each time
period.
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Figure 7. Concentrations of monocyclic aromatic compounds (total and individual)in the water-soluble fraction produced in the tank water column overan 8-day period. Experiment 1C2. Total of three extractions at eachtime period.
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2) Morphological 1) ffer;ces -- So. exposed fin sc ho ed
lr-o:,s cfCfects :in appeara nce o the ver and •l bla;dor. AFter a few

day's oF exposure, livers in expos.ed fir,' ap):,u.,red "splotched", perhanss
dt:'e t ioh :ior.'..in' in the liver. T : was .alo ob;er'vr d on tihe surface
oF the ,;'1l blancdr. Tissues in exp') d fish alo appeared so ft or
"wat ev" wVhen co.i-parced to controls.;

Ovaries in exposed flisn showed ct f'ects ii the ;!,.pearance of the
ovary. So:m expused ovaries were. paler )': li.o: ti.jn contirols oF e'quivalent
rituLratio, stai- 1. They also containte so.;e opaCque, white eg.,s which
appeared d.ded or dying. The capilla.y systemc over the ovarian :iembrane
contained blood, but the blood appeared cithl- diluted or less prevalent
contributing to an overall palei appc-arance to the ovary. There were
effects on 50-78- of the ovaries of naLTuring females (T'ables 9 and 10).
Since these differences betneen cuntrol and exposed fish are subtle,
further compar.iso,. will be made fromu hii.itolo.ical prepi.rations of the
ovaries and eggs.

No apparent difference in sper:;atuzoan notility between control and
exposed :males was ouse-ved, but sper'ratuzoa of exposed males appeared to
lose motiiity sooner than those of controls .'en ailow.ed to sit in sea
water. This will be assessed further in the next exaericmuent. Hlistologi.cal
preparationLa of testes will also be made.

3) Cytology-Iliatol ofg -

Th's work is nut yet completed.

4) Physiology and Benavior -

No marKed differences in behavior between exposed and:
conLrol flounder were noted. Since fisn w,'ro not yet in sp'wn•.in'; condition,
no spawning behavior vwa noted. We su.spect that effects of the WSF on
flounder behavior woulei increase as tLe fish appr.ach actual spawni,.ng
There were no ouvious melanophore coloration cha,,ges.

Exposed flounder produced copious amounts of mucu, during the first
few days of exposure. A technique for the me?-sureen,. of mucus production1
is beiii, developed. The signi.ficance of the mucus to the estbhlish-ent of
equilibrium concenl-raltioIs of ';SF--MA compone,,cs in the water column is
discussed in Exp. 131, Section IV D.

Ventilation rate was measured as an indirect cstiate of effects on
respiration in exposed vs. control flounders. -cause there as considerable
individual variation a'on, both control and exposed flounders, the effects
w'ere difficult to assess quantitativel. The ven-tila.ion rate also va-ied
throu-h the exposure period. Although the ventilation rate of ex)posd
flounders appeared to be greater when all :r'easure. ents for the entire
exp)eri-erit were combined (Exposed: !', = 38.2 bhets/ .in; Control: R V! =
36.4 beaIts/nin; n :- 8O), too -uch indiv i:du.al variation obscured the
difference. The fastest veniltilation rats were observed in ex:osed,
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TABLE 9. Preliminary results of effects on ovaries of female starry flounder. Experiment 1C-1.
Acclimated flounder exposed during egg maturation prior to spawning.



TABLE 10. Preliminary results of effects on ovaries of female starry flounder. Experiment 1C2.

Unacclimated flounder exposed during egg maturation prior to spawning.
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.ar, natu•ring Ce:,nales. Exposed fish also sho.w;d ,tre irregula,.rity in
veyntilation and frequently grenater vent il ationr voluies. Ventilation
rate, regularity, and voltre w'ill he m:ea.sured in Future exportmants on
the sama fish th1roua hout for a lar er nu:qicr oA Fish rorn each treatment.

5) EEfects on Fortilization, .Eggs, and Larvae -

.This work was not done because fish were not fully
nature and ready to spawn. If possible, a third cxpcrient (1(3) will
be completed to evaluate the della;'cd etfects on e;,;; a:d larvae frolt

exposed parents.

6) Tissue Concentrations of Monocyclic Components of
the USF -

The tissue concentrations of monocyclics have been
analyzed in only a few ovary sa:;nles. This analysis is presently
continuing. Data currently available are summ'rized in Table 11. The
GC chro:natograns for control and exposed ovaries are shown in Figures
8 to 11 for samples taken on day 2 and day S of Experiment 1C2. Further

analysis is necessary to determine the concentration of benzene, ,which is

obscured by other compounds. Other unidentified co'nponds also accumulated

in exposed fish, on which further analysis :.ust be done. There was

relatively high acciumulation of k'SF--'i.\, for exa:iple toluene, \;which by day
8 occurred at a concentration of 6.535 o :n in the ovary, an accu:ulation
of 176 times the mean water conc.ntration Kof toluene for that day (37 ppb;
0.037 pnm) and 47 tines mean 'WSF--`\A centration for 8 days (140 ppb; 0.140 ppm).

c. Reference:

Struhsaker, Jeannette :. 1977. Effects of benzene (a
toxic comnonent of petroleu:m) on spaw'.nin Pr:acific herringi, Clupea
harengus uallasi. Fish. Bull. 75(1):43-49.

F. Littleneck Clams: Acute Toxicity:

Experiments IDI, ID2, ID3, 1 -: Acute toxicity of the water-
soluble fraction of Cook Inlet crude oil to Littleneck cla:ns
(Tanes se:nid'cussata -hc-ve)

The Japanese or lanila ILittlo:neck cla.: was successfully introduced
to the North American Pacific coast. As in many cstuarine oranissms, the
littleneck clam has the ability to aijust to or resist m•ny environmental
stresses, and it is a relatively hiar-y species. It was chosen as our

test an,:•al prri•arlly because th-:ey a ca2 ten by the starry flounder and

c-n bt us-d to test tOn offects K ,::-,nro throgh thair fool. This

species is also com:;rcially inportr:, and beina naritic and estuarine in

habitat, it is more likely to be e::osed to pollutants such as petroleus-

hydrocarbons. Contr;adictions in t- literatu.r exist as to the rate

uptake, n•tabolism, :-I dopurtio" n of trolu !vdrac•'rons in mollusks.
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TABLE 11. Concentration of monocyclic aromatics from the water-soluble fraction (WSF-MA) of Cook Inlet crude
oil) in ovarian tissue of adult starry flounder, continuously exposed to means of 0.117 (1C1) and
0.140 (1C2) ppm WSF-MA in the water column.



Figurc 8. Gas chromatogram of freon extract of adult starry flounder ovary (control; no exposure)
after 48 hrs (2 days). Experiment 1C2.



Figure 9. Gas chromatogram of freon extract of adult starry flounder ovary exposed for 48 hrs

(2 days) to the water-soluble fraction of Cook Inlet crude oil (mean monocyclic
concentration = 117 ppb). Experiment 1C2.



Figure 10. Gas chromatogram of freon extract of adult starry flounder ovary from control (no exposure)
after 48 hours (2 days). Experiment 1C2.



Figure 11. Gas chromatogram of freon extract of adult starry flounder ovary exposed for approximately

8 days to the water-soluble fraction of Cook Inlet crude oil (mean monocyclic concentration
117 ppb). Unidentified compnounds are labeled with capital letters (A-C). Experiment 1C2.
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Thus, \-e :will study these activities of the clni in so-e.: de:tail, since
its capawcity in this regard hasi consi-iderable ilportance in accu:iu l .ation

and effects of chronic concentrations of theiC '": of crude oil in iimarine
food chains.

1. Objectives:

a. To determine lethal level (acute 96-hr TL-50) of .'SF.

b. To establish the pattern of uptake, naxi.lmu accu:ulation
levels, and time to reach maxi.mum level of accu:-lation,
in preparation for food chain experiments.

c. To establish the pattern of deoaration and time to depurate
to undetectable levels.

d. To determine whether clars froo:, polluted- ares are nore
resistant to petroleum hydrocarbons than clains from•
pristine areas.

c. To determ.ine, obvious physiological, i:.orholo:ical,
histolou:ical and ,e.hnavioral cffects anu atter. t to
correlate these cff ects with levels of "'iF: in the .tissues.

2. Methods:

Clams were collected Ero;n two different areas; from a relatively
pristine area off lIoe Island in To:'ales ;ay and fro:a a more polluted area
off the San M'atco Bridge on the Foster Cit side of south San Francisco
3ay. The animals were then transferred to the Tiburoi Laborory, located
five miles north of San Francisco, California, on San Francisco Bay.
They were acclimated in bay ,watei aI 140 C an- 30 ppt salini.ty. The bay
water entering the laboratory is filtered and storiJ.ize.d by, ultraviolet
light (Korn, 1975). All clans were acclimated in the laboratory for
one week prior to experimentation.

Salinity, temperature, dissolved ox<yge, and flo' rates were closely
mHonitored throughout the test period (Tables 12 to 15). The incomini

scawater was filtered to reduce th an1 m ent levels o oil couuoone.ts to
approxi;iate zero-level.

Volume oi the shell cavity Wi:an sed to deine siz'e groupFs; ( 2 .nl

small; 20 ml = large). Gaping of t:e valv:es and total lack of respons<e

ofT the mantle to mechanical stimulatio-:, was used. as our crit'erio of death.

Several apparatuses were construLted in an ecfort to deter':ine the

H96-hr TC-5 or the "'S to clans. The first syste (F xo. 1n]), a continuous
flow'. bio-lssay) consisted of a 2.5 ,a llon 'lss bottle rodified to strip
the ;:iteir-soluble cononents Froe:, cri'.e oil ',ction A - "S, g. 1).
Six liters of sedc,:atcr were poT.ircJl itLo th:) hottle followeCd !)y 1 .5 liters

of Co-, Inlet crude oil. AFter t t -to: was in place ciand1 secured' by three

spring,, the flows of water ianc oil we started. The sea'aer flo. was
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TABLE 12. Experimental conditions, WSF-MA concentrations in water column, and mortality. Experiment 1D1;

clams from polluted area; continuous flow system.



TABLE 13. Experimental conditions, benzene concentration in water column, and mortality. Experiment 1D2;
clams from polluted area; continuous flow system.



TABLE 14. Experimental conditions, WSF-MA concentrations in water column, and mortality. Experiment ID3

clams from polluted area vs. clams from pristine area; recirculating system.



TABLE 15. Experimental conditions, WSF-MA concentration in water column, and mortality. Experiment 1D4;
clams from pristine area; recirculating system.



set at 1 liter/,Iinumte and tihe oil '.'as pumpcd into the ,;l ass bottle by a
fluid ;ietering pu:mp (. octel Ri'IGS/CSC) at 3 nl/mnute. These Elo rates
)roduccd a 1. S j1/1 (pP-) concent rat ion of 'S'-'IA fro:. the so!lbili::C-r,
w'hich was analyzed for six ronocvclic aronmctics (benzcene, tolue;ne, ethyl-
benzene, p-xylcne, n-xylene and o-xylnce). The seawater containing t'he
water-soluble fraction flowed into the bottom of a I14-liter (30-,al)
aquarium holuing 40 clam s of 4 size-groups (Exp. 191) and continuedo' out
the standpipe. at the to: and into a 5-gallon bucket containing 20/4]:-
mesh activated charcoal.

A 100-ml wacer sample was taken several times daily from the botto:rm
portion of the test tank for tne 2-week dura.iun of the experirment, to
quantitate the monocyclic aromtatcs in the watur column (Table 12). The
samples were then extracted with 10 nl of TF Freon using 4 nl of 6'! HIC1.
Extraction efficiencie for tie inonocyclics were 99% in the first water
extraction. A 3.6 pl aliqLot of the extract was injected into a .Micro-
Tek 220 Gas Chromatogranh equipped with a flame ionization detector and
a 6-ft column witn 5% Bentonje 34/53 SP-12u0 on Supelcoport. GC param-eters
were as follow: floe raLes of air, heliumL and hydrogen \ere 1.2 SE!I!,
40 cc/min, and 60 cc/min, respectively; column temperature was 100 0 C,
detector tempesature was 230 0 C and inlet temperature was 1300 C. The
chromatographic curves were integrated with a Ie'wlctt Packard 3330A
Integrator.

A similax exptriment (Exp. 102) was conduccted for 4 days under the
same conditions described above excent a 4-inch band of benzene was
substituted fo 1 E.owing cruue oil. Benzene was analyzed on a columnn of
5% Bentone - 34/5% didecylphthalatc on chronosorb PM'i for better resolution
of the benzene peýk on a strip-chart recorder. The bunzene peak heigiht
was compared to t,.at of a prcviuuly injected b)nzeene standard.

The next bioassay apparatus constructed (used in Exp. ]D3, 1D4) was
a nartially cloed, recirculatilig system designed to increase the
concentracion of the W'SF i. seawater (Section IV A., Fig 4) in an attempt
to reach lethal cune.entratio,. for tne clans. Like the open syston, oil
w.s continuAlly being replaced. The seawate.r w,',.s recirculated via a
3S-liter (10-gal) aquarium using a submersible .'arch pum• ('iodeel 1A-'M-1).
To keep the s)yte,, at a constant temper-ture, the aqnu:rium and the solu-
bilizer w:rc immersed in a constat temperature water bath held at 15 0 C.
The recircu.aLed w-ter was reduced to a consta,,t flow rat. of t liter/
nin by a Hoffman climp. A glass cover w;as placed on to: of the aquarium
to reduce the losses of the more volatile coponent,.

In Exp. 1D4, 40 clns, 20 l 2rge and 20 small, all fro a, pristine
area, were placed into the aquarium- . Experimental condition:; were the
sane as Experiment 1)3, except tat:lt subsamplres ;ere taken once daily
instead of at the end of the 96-hr period only.

In all experiments subsanple tissues w.ere poole.! to 1ive 10 gran
composites. These were ground to a Fine hoi:ogenate which were digested
with 6 ml of 4N NaOll, extracted with 4 l of TP Freco and left in an
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ovec.! at 300C AVtr,,,oven at 30°C overnight. After the s.aples had cooled, they were ccLtri --Ifu:e! at 30) iP for 10 minutes. A 3.6-l ;:] i ;uo of the extract w s
analy'ed by Pg(s chromato';raplhy as previously ! escribed. !ecovery
cfficienci es for the 6 ino;ocyclics ,,re: ['cn ., 8'. ; Toluene, 7.0%;

Ethyleenea-;e, 89.0%; p-xvin, 80.0"; -xy one, S9.0%" o-xy'len, 89.-'

3. Results:

a. Exneriment 1!)1 (Table 12).

All claims collected from a polluited' area, survive,:i the 14-
day exposure to the ,'Sr at a rean total level oF 0.777 ppm for the six
monocyclic aro:!iatics analyzed. There :'was a 50% loss in the concentration
of WSF-M'A between the solubilizer and the botto, of the aouarium w••here
the clamrs were exposed. We found a concentrat'lon gradieont of the '.S!F
between the top and bottom of the test tank, the conc.entration decreasing
from the upper to the bottom of the water colu.mn. No mortalities occurredl
during the test period and no latent nortalities ;were 0 observed for a 2.--
month period following the end of the experi'ent.

There was no noticeable time lag in response of expos(d clams to
lightly tapping the shell with a glass rod as the period of expos're
continued. There Iwas, however, a greater amount of mucus sh unted olt
the pedal opening of exoosed cla-is ;.it'. inrcr-eas"in time of exposure.
As compared with no increased activity in co;trols, 50( of the exp)osed

clains had valves opened, their siphons out and their font probino the
substrate about 75% of the observation period.

b. Experiment 102 (Table 13) -

When compared to other species, the clpan a'ppeared to be
extremely resistant to 'SF exposure. Therefore, a 4-day experiment
with benzene at much higher concentrations was conducted to obtain an
idea of their lethal concentration !evel, at least for that component.
The mean benzene concentration over the 96-hr period was 195 ppmi, or 500
times the level of benzene in the SE of the previous experiment. This
exposure resulted in 70% mortality after 72 hrs (Tabl)e ]3). Saller
clams incurred about twice as many Imortalities as did larger clam's (9)- vs

50%). Intact clams incurred! the same aortalivty as did specimens wijth
part of their shell removed (shell closure did not prevent benzene fron:
affecting the animals). Apoaren.t narcotiation of the clams occurred.
There was an initial period of activity in 60" of the clams, consisting
of foot or siphon activity during 50 of the observation period. This
initial activity was followed by an increased time of response to tactile
stimulation of various parts of the ani:ma and finally by a total i:lack
of rosnonse.

c. Experiment 103 (Table 14) --

The dosing apparatus used in the third exncrtient was
designed to increase the water-so!.blic fraction to a higher level in an
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attempt to ob1)tan the US -" 9 -h- , TC- 'o- this ,specie't . This apparatus
i ncrease the concen trat i o f the t.' •S-'.A to a fean of ,. i ')'1 over the a :

9 --hr pI eriod (Table li). In additio:, it was sus-cctei that the clas:
us,!¶ in the first t•'o >xperirients, col lected fron. an are;' ;orte;atially
subject to petrolcu conta : nti on, nay ha'v dnv',loped coisi d r'able
resistarnce to oil comiponen<i ts. Th' rcia'or , in the Expei;iont ][3, clams
from the polluted area were conp;arcd to cla:s fro;- a r'lativ"ly nristin
area. 01ortaliti es .occurred in all cater'or es in this ;x:rb: nt (T abl 14);
those from the pristine area were clearly more sensictiv to this dosac:,
than w:erc the clars from the pollute1- 1 area. A slightly h1 hr morta ity
was noted in the smaller than ammoni the larger pris in' cla s. 'h.reas
LC-50 mortality levels were reached tor the clams f-ro: the pristine area
at 6.88 ppnm I';SF-!A, v;e were unable to
reach this level For polluted cla:::s. As in the benz;'e exp-: rieL nt, r;o.;t
mortalities occurred after 72 hrs of exposi;re. Altho'.ui the )olluted
clams survived the higher concentration better than the pri stin'e clams,
with only 2u% mnortality, 3u% of the survivors succ'; bei within 6 days
after the end of the exposure period. This occurred e.ve; th:ough they
were asle to depurate to non-detectable levels (Table 16). Clans from
the pristine area were more active th;n. those from ool.luted area.s.
With increasin- time of exposure, cl?::'.s lost their irritabilitv and the
musculature was tuLgid. Greater amonj;;ts of :nucus were noted toward the
end of the test period with clans apn:;o-erin', to be too -:ek to expei the
mucus.

d. Experi:nent 104 (Tale 15) -

In this experiment, only pristine cla::s w;ere usd, with
two size groups represent ed. The sT:e d'oin; anpara ts and test
conditions were used as in Experl; -iit 13S. In this eCp rri':ent, also,
tissue sanales were taken on a dai;- basis (Taule 16). The mean conc.en-
tration or W:F-MA was 6.5" pprii ove, th 96-hr perio (Table IS).
Mortalities occurred in both size ro:pis, slightly ore s:m<ll clans
died than larger cla-:s. Again, ..ost -mortalities occurred after 72 hrs
of exposure. Also, surviving clacus ',ere subject to latent mortality in
the following week. Behavioral oseýrvations w:ere the same as in
Exoeriment 103, above.

f. '.,SF-,MA tissue concentrations (Table 16) -

All tissues have not been analyzed. Data obtained so
far are in Table 16. Further develo:_ent of the anal.ytical technicue
must be done to obtain benzene concentrations, as they .'ar obscured by
interfering compounds (see previous experimens). In pristine cla:s,
tne total concentration of 'SF-'-IA :ensured after tae 9'-b'rs exeosu re in
Experiments 103 ann 1D4 ranged fro- 5.97-S.13 ppn. Accun:ulation in
polluted clams (Exp. 103) appears to be less (2.13 ppn as ooposed to
5.97 npn). Ieasurements of the '*1S-'!A concentrations over tine (Exo.
104) showed an increase in total concentration Fro- 72 to 96 hrs; this
increose is aLso reflected in each con.onent neasured. The ;ean
accumulation facturs are also given in Table 16. Alt aho-*. slight
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TABLE 16. Summary of tissue analysis to date showing WSF-MA concentrations in pooled tissues of subsamples.
Experiments 1D1 and 1D4.
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accuP il* at on n;: have occu rred by 96 hr; in pristine cl ams of Exper.irient
Il11, !d ta see1.i to indicate that tie cla,,,s are in equill ibriumi with the
unatc iSF-'-A concentracion, and Further that in pol]luted cla"is the levels
are actually lowe'r in the tissue th an in the water. This work must be
repeat,'ed tu ascertatil the accuracy of this dacI becore further conclusions

an be ade. It appears that the clan:C, a're not accumul1ating the mono-
aro:ntatics anove the water concentration levels of ',SF--:\. ?;ince these
arl whole tissue, pooled s,"noles, rather than individual tissues as in
the flounder, the two species cannot as ye . bIe co:iiparvd. Further
develop:;ment of analytic.al tcchniIques-, permitting smaller samp)le weights
is needed to analyze i,,dividual clan tissues, e .. the hepatopancreas
an- rmuscle.

G. Green flagellated Phytoplanh'ton:; Acute Toxicity:

Experiments 1EI, 1E2: Preli:ninary exeriments preparatory to
acute toxicity anu uptale studies on two species of
phytoplanktun (Dunaliella salina and Isochrysis ."albana).

The mass culture of t,,o species of green flageýlatcd phyt.oolankton
has been successfully initiated. Prelianin- ry tests on their adequacy
as food for the ciams, Tape. senmidecussata are bein. per.formed. If
Dunatiella salina proves to be suffficent foo: For the cla;s, research
will be perfoYmed wit-I th..t species oniy.

Two prelininary experi:neits were concucted exposin' the two species
of phytoplan!kttn to different concentratio.s of the "SF in a static
system. Num:ber of ceAls/volum;e was assessed over a 96-hr period, using,
a Model Z-; Coulter counter. Results are npot cl-ear bec:ause of possible
bacterial coiitamination, and experi'e t''s nut b., relpeated. Exneriiei,,.s
are planned in whicil populat-o, density, cell volu:ne di..tribution (with
separation of b ctecial an.. algal cle-mnt.) an:L upta;: or W'SF co:one:trs
will be assessed. A technique is 1'einr develo.oed for the measure;ient of
mronocyclic component, i, tco algae. The analys i iisdi fficult because
of the small amounts or tissue invo'lve'.

H. Bay Shrimp; Acute Toxicity

Experiment IF: 96-hr acute lioassy an-l 'masure-:rent of uptake,
accumulation and depuration in bay shrinp (Cran.o-n franciscorum).

This experi-ent was recently initiate.:!. The by shri:ip is abundant
and catc:n readily by starry flounder. It nay ;e !:ore feasible to use in
a laboratory food chain study than the -"n.Iene.ss crab- IDune•icss crab juveniles are
abundant due to an overall decline in th po-pula• tion: of this specis in
the San 'rancisco i'ay areat. If the"' h:co':: a.v:.!' labl in sufEicient
quantity through Calif-ornia lDeart'-nm of Fish ad ýrn?, they will also
be tested.

744



T ~ ~-------------

The sol,,iti.ei z "or do:sin.l aIupara.tus ,)ro :Iuce~ d both loo.:. (ch,,.t onic) and 'hi,':

(ncute) concett i.t ions or the !:S; ' -.,'hich, as j!di cated ib the. -o ;noaro:-:ati
conC'.-entrat ions ('K "1 -' !A , 'were relatively sta .l o*-'1" ti;. ... .*--

vari tIU io, d ttu to altoration in flo.'; rat es, cni Ic correctd-.! casi.ly in
uture experirents. The ''.> wIs also e.!ulsion-free. T'he relative pro.o'r-

tion of onlcnzc ne andto tO lue i the ex)cri cntal a:ter colu:::i var••d' wi.
ilth total concentration o ..SF-'FA\; at heLhoer -co-ce!traion bca ; ,iene rc-
do ::i.n'teJ, at lo;wer concentrations, toluicne. Further exa•iriontation i'i 5
be dole to intercret tnis result.

W'hen or(anisms were placed in the systcew, co:icentration; were lo:ered
at lo: flow. rates. A portion of this is nrob',loy due to untake bv thec

or.:anlisns, but it appears th'at the increased r-.cus production ;by both fish
iand' cla;s may also affect the water colu.mn concentrations. l cus is

ap;parently adsorbis.ng a considerable nortion of tie :mo:;oaromati cs. At
sufficiently hi;gh flow rates, this eF-ect is mnim.:ized. Ie \will attc.mpt
to mrcasurc tIhe .SP-MA adsorption to r.iuccs in future ex'porients.

Considerable care must be ta.cn to collecrt ai'ls fro' ristine (no
, etrolcua conta-i.ination) areas, since there ':i. a stron 1 injdication fromi
thle cxperi--ients with littlcneck cla>.- that the ::eviots exWosure of t'he

organism affected their resistance to the '1r. Iecmaue large po:aulations
of this clam do not occur in pristine areas, mrclimiitry exp.riments .we r
done, with clamns from a relatively polluted area. .1 ruturc exoperiments,

Awith all species, will be done :'itn or:'ris-:s fro a pristine ara. Control
tissue saimples ol cli:ns from;I both polluted an.! nistin.e1 areas have not been

ianalylzed yet, to see if there was accum ~uation i the field. 1.ther or not
such accumiulation has occurred, it woud a ppear tihat the cla:nas froem polluited
areas w.ere resistant to the 'SF, possibly by ho:r:ostatic adaptation thrloug

enzvyme induction.

There was evidence of the abilit of t'h Flounder to become more
resistant to the ''SF in some of the ex-eriients. Surviv.in juvenile
flounder, exposed to 0.155 to O.Sil 'S'-';\ fox D9 his did not die subse-

qucl-ly although exposed to a higher level of 1.'4 o ; p:i for 11 days. In

prelilnin.ary experisents with unexno.~; d floundr, t'h flounder died at
about 1 pprm. Adult starrV flounder d.uring o;dal] aturatton anneared amore
sensitive than juvenile flonder. "'in adults iere exposed for 96 hrs to
a relitively lo:.; (40-353 ppb) lev l oI "' : F-'l,, t:he'y suibse ; ently died :;he

they were exposed to a hiiterc level of 1 .pn, unli'e th j.uveniles descried

The levels renuired to induce ,,)-r?.lity Vn f!o)ud.er were much 1:.-,er

thaini in cla-is: , boLli collcctedtC fro: a- -ristine area. Althou:1.O h the 96--r,

IC-50 Jevlc s hiave not yet been calcul ic:-d, i:e c;'n say ti:t a can:-. ant
concentration or fromu' 6-7 op::i ',,S:-:. ' : r-e-•i red to k ill pri stine i lc s
in 96 hrs, vhije only 1-2 p;'n 1: e ' t"'' juvnile floune, in 9 hrs.
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?onsurti. iCeit.- or latent mortality, ho.r,hosho'.:cd a di iff rent. result.
';o surv' ivi n flounder expo-ed at any level (up to .6'1 n:a) under:-ent latent

,mortal it , arter cessation or exp' os Vr>,. Su V irv vin cl :i:.s, ho-:cvycr, underwent

coin;iderible lai.,t i:irtality within 6f days a tCr cessation of ex'0osurc

•;halvior of thu or'.'ga 1 is:ns was late:cI d duCJ ii n exposure, plarticulllC r]yI inl
cla's.• There a))p rs to be increased irritabi;lity and activity in both
5species nL low';cr luves, witn decrcasin.; act:ivity near or above lethal

levels due to narcotization. This pattern ha. been o)i;erved previously in
'.an'. orgnarinisCr exposed to W'SF co:ptlonents of crude oil. Tinprove:nont of

b'ehavi oral observ.ti.oion netnuods aI d qua-nti fication shoul clari fy t hese
points. Ventilation rate should pnove a valunblle t)aj.a;:ý'ter to rnonitor
the effects on respircitionl oF the Floundie.

ioth cl 1n5s .nd f.ounders exhibited increased mucus product jo onn
being ex0,osed. This will 1) be qunltiFce a a technioue is dC veloied. The
effect of mucus o,, decroesi.,g the w~tce concentration of 'WSi--!.!\ /was dis-
cussed abovu, and cu1 be min..:icized by increased flow rate,. The iproduCctLon
of 1rmucus iindicaLts a possibhe negative effect on the protectionl of the skin
and 1May a1iso rosuliL in an enerlgy cost, v:ith possible neg'ati.ve fccdIauck onI
energ availability for detoxif:icat.io;n and denpuration nrocesses. Mucus
production :was increased even at lo"-w levels (approx. 100 pnib I..S F-MA) and

niiay be an ilonortant effect, particularly -- urin- lon, chronic exposures.

Gross morphological effects :.'ere .observe, althoui'h subtle and
difficult to quantify. Effects on tisslus a;nd organs will be substantiated
by histological exa:ination. In the future, electron i-:icroscopy can be
ucrf.orCiced to deter;j.ine effects at a cell-Ilar and" subcellular leve.l,
Coloration of the liver w.as tffected, irob;.bly due to hco. -rha-gin. The
ovaries in exposed fish were also '•2er du' to less blood on the st!rface,
and a "bleaching" of the lnorm~ally, 'i:t-yll: c:. It is possible
that the uptake of the S'F- :-MA in t 'h ovaries res.i lt.[5 in the destLructionl
of the carotenoi c-lipo-protein co:nlex t• Cs and thhe is w:ill be
ex.::iined further.

There was evidence of .g mortality in thie ovaric oc rnales e-xpos ed
to low (40-353 ,-)p~.) levels of iS,-', '; ,. -7 of the fe:..'. e ovarie. in the
excerimnc were affected. Thc:se ::ortrlities siubs•tantiate our hl rotohlesis
that the female nrior to sp)awning and du'ri ;; e 'r::tura-tion is the: l ost
.uscv.tible life history sta.e, a:; ;s. ' vio.ly foiand in Pacit ic herring.
If so, lo0w levels of petroileum h1ydroc.ar''on il haa v .' adverse cons.'i•U-CincesC:
to pooulati.on persistence; the I;:;icr of egc'.s survivin• to recruit.;:e.nt is
reduce'. by nollutant u)take< even hefore s'..ni;,. There '.,as cvidence that
adult flounder were fee lnJ;; dhuri i .; c:.; :-i.t;-ation, at least in earlier
stae-,. They ;;'a not stop fe-din-' nti very shorti' before s'-.nin
I[r so, the u ta,'!:e o. petroleui c:. ;:;; t]rou .e ,oo , chai' r:.1 V also
be '. factor alffectin survival oii . ' l c-"",s in the Fiel . Ther was a
prei'. ' iir' indi .ca'tion oi Ieduc-d s' ri to o1n vi i l i ty i; r'les, and
this :'lto ir v.'i he studied Furt r!. If LI -•l'r atu' fl ouni:- are ond I

in " - r-,u I n'i I" condItion, anot .'r x-''ri'nt d i 1 i ,e co n 1!t•eC to exa:1 rne
deln. ye effects in sa:rned e . :i ' lr ::.
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Uptake of the ":SF-'!A by cI a.s and flounders .was rel ati vel. ranpid.
T'[issue ananlysis done to date indicate'5 that :noocyclic aro:atic con.one:ts
reachCled :nxiun:: accZu-ulation levels in :i;ost tissuCs aftlr about one week.
Howe'ver, there was secondary accurniul ation in ?:lany flounder tissues after
the initjial asy.v;ntotic levels. This .ay indicate that nll'tbolic detoxi-
fication in the liver was unarle to continue at a rate sui ficient to break
do.:n the co:nmonents, aind they consequently accuiul ntIed a;Ci('n, a:rti CClarly v
in lipid-rich tissues.

Since exposure levels and the rethods of tissue analysis varid betwee.n
clar;.s ('.wholc tissue honmogcnates) an flounders (individual tissues: gi l,
ovary, 'nuxcle, kidney, liver and gall bladder (bile)), a direct co.marison
cannot be madc. Hlowecver, it appears that floun:der accu:;iulated concentrat.ions
hilher than the atr , w the atrile the clas' tissue concentrations werc
generally at equilibriun' or lo'-er than the water YSI:-MA concent ations.
Further work must be done to clarify these findins. Acc lation factors
showed that thc highest accumulation in flounder was either in litnid-rich
tissue (e.g., ovary) or in tissues of organs involved in netabolis. of the
mnono-amrnatics (.g. , liver). Accu-.ulation in such tissues ':ias to three
ordeCrs of ra,-ni. tude reater than the n'a tor colin-7. Other co::;)ounds
(uniidentified) also accumIulated in the tissues o the flounlder Further
wor'k will be done on these copountds, as well as analysis for nolycyclic
aro-m.liics and other ccmipounds '-huic': -:y be ncctnu latn in-.

Depuration of the ''SF-:A .:as relativelv raid i n both cla,-s and
flounders; non-detectable levels occurrin ".it a fe . drays acter cessation
of exnosure. So:.;e of the uni dent i .:cou:nds persisted longer, ho-'.re'.cr,
and in socie cases toluene -persist . . t rel. - l, t -.y hi'"..h levels. :e.aration
in ov.ries of exoos:e fe:n;al e flou::i- r l's nrt - yt ' oacn del rt i rm..

In conclus:ion, these ex:perin:"n'ts dclonstr'aeJ 1) that our basic
ex.crimental approach is feasibc, h ) that :;t:le 'ex'osuI concen('trat ions
can 2e 1clhievedl, 3) t!-at the aprox·'i- ten th.e t to ;a_\i-.;ui n:cctu'n'lat ion of
the .'S -'-,A is 1-2 w:1's, and 4) the 't . i. l e". ets that c0T h be measured
in lon c-tertn, chronic exposure fro:: o0zh wa;ter colu:-; and codnta :02inated food.

A. r'rocurc'::ent of Crude Oil:

:e have been unable to oi' .a e.a!sn s 0n' l oa Coo': In1let crude

oil to uo e in our c' cnt. 's as e scu'sse above, in c ection

iI-2. If E,'.I cn'' orovid" us w.it'. tie sup- 'ly i0,o'i sed, . th a _li ti-o.:ial

,i-,•c,:ct has ; ..;c•d!, th di pro'l:. , '. :a1 ne solvo.s

Col ctio: c. o- o •ec'. n:

.' bi.t 7-, some di Ficul (' voo' in ' s. 5 fi'c-;t :i"ICe s oa cla:x:s

" u- I , it in 1n '" .r. . i o 1,=,, :i t ," , . re. "e .ave locat,, so::"
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,cdl itio'.:ll :ritS ine pO u latton; . I '.'> f::al to c)Lh ain en,'.:r:'h speci.'.en'iSci•1'i t'I It , )V i1.tt.l•'.• I" c I' I t )ci ) OPL" ii Cfl O>I'
fro It e ;roci:*, c-:c I. Il ivn\ l i ve s c'.ciwnc ; s :i.)! fro-, io-CCrt n
(Cal ifJrni Oi».2 or inton

VII. Al,,OCATIO OF lutJ :

Du-ri t'h. last quarter a subst:it.al a::ont of the re:inin; 'CS AP
halance wa:as obli. iated for i:'.ijor equ[r)iaIt fo:" cle.ic: lJ ianalyscs. .n ri'tLo-
i !jector wcat; ordrer.d for our gas c'iro:;.tu"raph (CC), .; it ; that 1 i1
cenable us to dct"orine wa:ter" and tissuoi concricirati.ont . of rany or '.;atei'--

soluble compo•unds.

i c have allocatle $30Y: to tic -'ational , Ana• tic, l L-boratory (nO.\A,
NM.FS, N''.'FC, Seattle) for GC-:IR.ss spoctror::try, of :.atcr a;.; tissue san-ilcs
and for liquid cnirotato;.rapnhy of tissuei sa:-iles (to dcetcr-ine :'ctabolite
conccn-Lrations). The re:iaining ba)lanc:e of ,aipr oxj.'atly $1: .i be1 used
for supplies, natcrials, travel, and trainino (four" st'.f r••nbcrs ;re
enrolledc in a course on gas ci.roilato;rap!iy in April 1977).

748



JAN. 1977

QUARTERLY PROGRESS REPORT

Task Title: Transport retention, and effects of the water-soluble fraction
of crude oil in experimental food chains.

I. Abstract of Highlights of Quarter's Accomplishments

Results of preliminary experiments indicate that the total water-

soluble fraction (WSF) of Cook Inlet crude oil inconcentrations of less

than one part per million (ppm) is toxic to adult starry flounder for

continuous exposure periods of less than 48 hours. Concentrations of

about 450 parts per billion (ppb) caused increased ventilation rates in

starry flounder but resulted in no mortalities during a 96-hour continuous

exposure. Ripe or nearly ripe adult starry flounder exposed to concentra-

tions of 80-150 ppb for 96 hours showed no discernable abnormalities when

autopsied (although chemical analyses and histological examinations of

gonads and other analyses have not yet been completed).

Littleneck clams were exposed to concentrations of up to 1.S ppm of

the total WSF of crude oil for 96 hours but were not visibly affected.

Tissue analyses of the exposed clams have not been completed.

A solubilizer apparatus was sent to the Auke Bay Fisheries. Laboratory

for use in experiments there. Researchers at Auke Bay report that they

are pleased with the solubilizer and have ordered more.

II. Task Objectives

The water-soluble fraction of crude oil contains components that are

highly toxic to marine organisms. The fate and effects of chronic

concentrations of this fraction in marine food chains are poorly understood

and will be investigated in this task. Determinations will be made of the
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rates of uptake of the water-soluble fraction of crude oil from water,

food, and water and food by phytoplankton, clams, and starry flounder

as well as the physiological and behavioral effects of the fraction.

Also to be determined are the tolerance levels of each species of test

organisms exposed continuously to the water-soluble fraction under

flow-through (open-cycle) conditions.

III. Field or Laboratory Activities

A. Ship or Field Trip Schedule: not applicable.

B. Scientific Party

1. Names; affiliation; role

a. Jeannette A. Whipple, NMFS, SWFC, Tiburon Lab; Principal Investigator.

b. Thomas G. Yocom; NMFS, SWFC, Tiburon Lab; Task Leader, Fishery

Biologist.

c. Peter E. Benville; NMFS, SWFC, Tiburon Lab; Research Chemist.

d. D. Ross Smart; NMFS, SWFC, Tiburon Lab; Biological Laboratory

Technician, Invertebrate Zoologist.

e. Meryl H. Cohen; NMFS, SWFC, Tiburon Lab; Biological Aide,

Water and tissue sample analyses.

f. Martha E. Ture; NMFS, SWFC, Tiburon Lab; Biological Aide,

Maintenance of experimental animals.

g. Maria J. Nunes; Pacific Marine Station (Univ. of Pacific);

Volunteer, Malacologist and phytoplankton culturist.
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C. Methods

Preliminary experiments were conducted during the quarter in

part to determine the effects of a range of concentrations on our

experimental animals and in part to determine our ability to

continuously expose animals to discrete concentrations of WSF under

flow-through conditions.

Groups of adult starry flounder were exposed to concentrations

of 80-150 ppb WSF for 96 hours with subsamples of the exposure

groups autopsied every 24 hours. Following this 96-hour exposure

period, the concentration of WSF was increased to 450 ppb (+ 79.8)

for 96 hours; subsamples and autopsies were continued. Then the

concentration was raised to 1.0 ppm (+ 0.38) and fish began to die

after 24 hours. Fish were autopsied immediately after death.

During these preliminary experiments temperature (11.7 C - 0.58),

salinity (20 ppt), a,,d dissolved oxygen (sat.) were recorded.

Photoperiod was ambient. Water was sampled for chemical analysis

(gas chromatography for monocyclic aromatic compounds) at least three

times daily.

Autopsy methods are included in a revised outline of the adult

starry flounder spawning experiment (Experiment IC) which is appended.

This experiment is presently being repeated (IC-2).

D. Sample localities: not applicable
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E. Data collected or analyzed

1. Number and types of samples/observations

a. Behavioral data

1) Starry flounder and littleneck clams were observed at

least 3 times/day for 15 days. Ventilation rates were

recorded as well as any abnormal coloration changes or

changes in activity of flounders. Clams were observed

to determine what percentage of time they spent open and

actively filtering.

b. Chemical data

1) 1000 ml water samples were taken from exposure tanks at

least 3 times/day. These samples were extracted 4 times

with TF-Freon and each extract was analyzed by gas

chromatography to determine the exact concentration of

six monocyclic aromatic compounds (benzene, toluene,

ethylbenzene, o-xylene, m-xylene, and p-xylene),

2) Tissue analysis

a) Methods and frequency of tissue sampling are

included in appended outline to Experiment 1C.

IV. Results

A. Results of the preliminary starry flounder experiments are appended.

Statistical analyses of the data are not yet completed. The

ventilation rate data appear in Table 1; it is interesting to note

that while ventilation frequency was not very different between

exposure and control groups, the volume of water passed over the
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gills was obviously greater in exposed flounder (i.e. the amplitude

of the gill beat was greater).
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Table 1. Average ventilation rates of starry flounder
(± one standard deviation) exposed to different
concentrations of the total water-soluble fraction
of Cook Inlet crude oil.

754



-7-

V. Preliminary interpretation of results: See abstract.

VI. Problems Encountered/Recommended Changes

Our major problem has been the acquisition of crude oil for our

experiments. We are still awaiting a shipment promised us in October from

ERL. We were advised by ERL to not antagonize oil companies with our

requests for oil and to wait for the ERL shipment.

We elected to contact the Auke Bay Fisheries Lab who ordered us

8 barrels of Cook Inlet crude oil through the Shell Oil Company. No experi-

mentation could have been completed to date without this supply.

VII. Estimate of Funds Expended

According to the latest financial report of the Southwest Fisheries

Center, this task has an unobligated balance of approximately $85K for

FY 77. Of this balance, roughly $30K will be subcontracted to either the

Northwest Fisheries Center or to Battelle Columbus Laboratories for water

and tissue analysis (the contract could exceed this $30K figure depending

upon the types of analysis run).

We expect to spend $10-15K to convert an existing gas chromatograph

to use a capillary column for analysis of the total WSF (the conversion

would include the acquisition of an integrator to handle the many compounds

that are separated in a capillary column).

A portion of the remainder of the funds will be spent on equipment,

supplies, and materials for tissue analysis and C14-scintillation work.

Other funds will be utilized for travel to meetings in New Orleans, and

for meetings with researchers in Auke Bay. The remainder will be allocated

as needed in ongoing research and for computer analysis of resultant data.
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VIII. Papers in press or preparation

Benville, P. E., T. G. Yocom, and J. M. O'Neill (in prep.)

A simple apparatus to produce a continuous flow of the water-soluble

fraction of crude oil for dosing marine organisms in flow-through

bioassays and long-term chronic exposures.
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EXPERIMENT 1C-1: Spawning Flounder

PRELIMINARY RESULTS:

SUMMARY:

1. Flounder acclimated and allowed to ripen in laboratory for several
weeks were not very ripe, but those females with ripening ovaries
were comparable in maturation to field-caught flounder at the same
time period.

2. Two age grops (maturation levels) appear to occur in the laboratory
and field samples. Immature and maturing ovaries present.

3. Sex ratio in laboratory samples was approximately 1.5 females to
males; in field sample 1:1.

4. For both males and females, ratio of right-eyed to left-eyed
flounder was 1:1; divided into sexes, more males appear to be
left-eyed than right-eyed.

5. Dorsal and ventral gonads sometimes different sizes, but not
different maturity.

6. Ripest ovary sampled in about Stage V (Whipple definition), about
1 month from spawning (?).

7. Liver, gall bladder and ventral gonad frozen for chemical analyses.

8. Dorsal gonad preserved in formalin for histological work.

9. At lower concentration (approx. 100 ppb) no gross morphological
differences occurred in organs except for ovaries in one exposed
female which appeared white and necrotic.

10. At highest concentration (1000 ppb), tissues were watery, gall
bladder and liver appeared spotted in some fish.

11. No mortality occurred at lower levels; mortality began at 1000 ppb.

12. Mucus appeared to be produced in higher quantities in exposed fish.

13. Liver was very yellow in many fish. No apparent correlation with
sex or size. Some indication that there is a relationship with
sexual maturity, the more mature individuals of both sexes having
yellower livers.

14. Ventilation rate in exposed fish (even at lower levels) was more
variable, with greater extremes and greater volume. At lower
levels it may have been faster in exposed than control fish; at
higher levels slower in exposed than in control fish.
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15. There were no obvious changes in melanophores and coloration until
at hignest levels when many exposed fish appeared paler.

16. No aberrant swimming activity until near lethal level (1000 ppb).

17. Starved fish had gall bladders full of bile, many of field-
caught fish with food in guts had empty gall bladders.

18. Concentrations of hydrocarbons varied through experiment (as
measured by 6 monocyclic aromatics) from 41 to 1000 ppb.

19. Temperature and salinity relatively constant, 9.5 - 11.7, degrees C
and 19.0 - 20.0 ppt. Oxygen declined from initial values over 8

ppm to a minimum of 4.6 ppm, averaging around 5.5 ppm. Oxygen was

slightly less in exposed tank.

20. Predominant parasites were parasitic copepods in gill area. Also
some "vermes-like" parasites seen embedded in liver of two
individuals.
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January - February, 1977

PHY STOLOGY

EXPERI MENT 1c: Effects of short-term exposure through water column

(total WSF) on adult male and female starry flounder

prior to spawning and subsequent effects on the

early developmental stages.

OBJECTIVES:

1. To determine effects on spawning adults, their gametes prior

to spawning, fertilization success, hatching success and larval

survival through yolk absorption.

2. To establish the pattern of uptake, the maximum accumulation

levels and accumulation rate during exposure in adults and gonads

prior to spawning.

3. To establish the rates and patterns of depuration after exposure

(1) in adults and (2) their eggs and larvae.

4. To determine obvious cytological, histological, physiological

and behavioral effects and to attempt correlations of these effects

with WSF component levels in adult and early developmental stages.

HYPOTHESES:

1. Spawning fish are in an energy-deficit state because their

surplus energy reserves are utilized in the production of gametes

and because they often do not feed prior to spawning. Furthermore,

estuarine and inshore fish often undergo environmental stresses

during spawning migrations. Adult fish prior to spawning may be

the most vulnerable life stage to stresses induced by the WSF

fraction.
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2. Fish gametes may not possess enzymes for detoxification of WSF

components and also contain lipids in which many WSF components are

soluble. Thus, toxic WSF components may accumulate to high levels

in the gonads prior to spawning.

3. There may be a reduction in survival throughout the later develop-

mental stages as a consequence of the high levels in the gametes.

4. Reduction in survival at various developmental stages would be

a direct measure of the potential influence of chronic low levels

of the WSF on rates of larval recruitment and resultant year-class

strength.

EXPERIMENT Ic-1: Acclimated.flounder, ripening in lab January

EXPERIMENT lc-2: Not acclimated, ripening in field February

CONSTANTS: Adults; containers during exposure and depuration period.

1. Acclimation: An attempt will be made to get flounder to

ripen in the laboratory (Exp. 1c-1). If unsuccessful, ripe

flounder will be collected from the field and acclimated for a

shorter period (Exp. lc-2).

2. Light: photoperiod, intensity, and wave-length distribution

will approximate that in the natural environment as closely as

possible.

3. Temperature - 10 Modify ± 0.5°C.

4. Salinity - 20 ppt

5. Oxygen - saturation

6. pH and ammonia - pH not less than 7.5; ammonia not greater

than .1 ppm



7. Containers - 1900 liters (500 gallons)

8. Filtration of seawater (Inflow) - Reduction of ambient

levels of oil components to approximate zero-level. Double-

sand filtration, followed by charcoal filtration; other

filtration as necessary.

9. Flow rates - 3 liters/min; turnover rate[not greater than] once

every 6 hours.

10. Time of exposure - Open flow: 5 days exposure, followed

by no exposure until oil components undetectable.

11. Exposure techniques - as appropriate.

12. Measurement techniques - as appropriate.

13. Volume of seawater (container size): To correspond to

that used in future experiments in which organisms will be

added; not less than 760 liters (200 gallons) for adults.

14. No food

INDEPENDENT (TREATMENT) VARIABLES: Adults

1. Concentrations of WSF: 0 (Control), 500 ppb WSF (Equivalent:

100 ppb of 6 simplest monoaromatics).

2 levels; 2 replicate tanks per level = 4 tanks.

15 males, 15 females/tank; 30 males, 30 females/treatment

combination.
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DEPENDENT (MEASUREMENT) VARIABLES: Adults

SAMPLING
TIMES

HRS DAYS

0 0

START EXPOSURE

6 1/4

24 1

48 2

72 3

96 4

120 5

CEASE EXPOSURE

144 6

168 7

192 8

214 9

238 10

MEASUREMENTS (Each sampling time)

Concentrations: Gonads, liver, gall bladder and bile

EXPOSURE Mortality: Adults; gametes in gonads

Morphology: Gross morphological differences in gametes

Cytology-Histology: Tissue sections (EM light

microscope)
Gametogenesis & maturation
Lipid content & distribution
Cell membrane structure
Histopathology - gonads, liver

Physiology

EXPOSURE

Behavior:

Physiology:

Behavior:

Caloric, lipid content
Sperm motility, viability
Mucus production

Swimming activity
Melanophore changes
Ventilation rate, volume
Spawning activity

CONSTANTS: Fertilized egg through yolk absorption - early develop-

mental stages

1. Eggs artificially fertilized according to techniques also used

with herring (Eldridge, et al., attachment B).

2. Rearing conditions as used in previous experiments with other

fish larvae using static system (Struhsaker et al., 1974)
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3. Surviving larvae will be held for a month after end of experiment

to determine possible delayed effects.

INDEPENDENT (TREATMENT) VARIABLES: Early developmental stages.

1. Source of fertilized eggs; test cross.

Eggs and spermatozoa from adults exposed to 500 ppb WSF and

adult controls.

a. Control female eggs X Control male spermatozoa

b. Control female eggs X Exposed male spermatozoa

c. Exposed female eggs X Control male spermatozoa

d. Exposed female eggs X Exposed male spermatozoa

Four crosses x 5 replicate crosses x 2 replicate cont./

cross = 20 x 2 = 40 containers

100 fertilized eggs/container.

DEPENDENT (MEASUREMENT) VARIABLES: Early developmental stages.

SAMPLING TIMES MEASUREMENTS (each sampling time)

HRS DAYS Concentrations: Fertilized eggs, through yolk
0 0 absorption or until undetectable.

6 Behavior: Swimming, feeding, etc,

12 Mortality: At hatching; through yolk absorption

18 Morphological effects:
Developmental sequences & rates

24 1 Developmental stages - preserved series
Abnormal ities

48 2
Cytological-Histological effects in early

72 3 developmental stages.
Tissue sections

96 4 Lipid content of stage
Caloric value of stage (energy content)

120 5
Physiological effects - energy utilization

Continue until Respiration rate
through yolk Yolk utilization rate
absorption + Growth rate
1 week.
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ANALYSIS: Multivariate techniques; analysis covariance, comparison
of concentrations of total WSF identifiable components
on time, correlations of uptake and depuration with
mortality, etc.
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PERSONNEL: Whipple, Benville, Ture, Cohen

PROCEDURE:

1. Place 30 flounder and 200 gallons (760 liters) seawater in each

treatment tank. Adjust flow rate of water and WSF to 3 liters/min

and 100 ppb of monocyclic aromatic equivalents. Check constants

and adjust to appropriate values.

2. Begin exposure at 8 a.m. Exposure to continue for 5 days, then

stop exposure and measure depuration.

3. At each sampling interval time:

a. Without disturbing, observe behavior, measure ventilation

and enter data.

b. Take water samples for analysis of WSF components.

c. Take water samples for analysis of mucus.

d. Measure oxygen, temperature, flow rate, salinity.

e. Record any mortality, remove any dead for dissection and

measurement.

f. Remove 3 fish per treatment; anesthetize.

g. Examine body surface for parasites, lesions, etc.

h. Take standard length, wet weight and record eyedness.

4. Dissect. Examine organ systems for any gross abnormalities;

a. Remove ventral gonad, examine for abnormalities, necrotic

areas. Measure, weigh. If necrotic areas present, sub-

sample 2 each from necrotic and healthy areas. Freeze all

samples or whole gonad.
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b. Remove gall bladder, freeze.

c. Remove liver, freeze half and preserve half for sectioning.

d. Remove dorsal gonad. Examine for necrosis. Measure, weigh.

Examine under scope for gross abnormalities. If overy,

stage eggs and measure diameter of 10. If testes with ripe

running sperm, examine under scope for motility, record

time to no motility in seawater. Preserve gonads for

sectioning.

5. Rear

a. Prior to cessation of exposure, attempt artificial fertili-

zation if eggs ripe.

b. If ripe eggs present, and if artificial fertilization

possible, after cessation of exposure, fertilize and rear

through yolk absorption.

c. Count number surviving to hatching and through yolk

absorption. Preserve series, make other measurements as

in outline.
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EXPERIMENT 1c-2: SPAWNING FLOUNDER (Approx. 1 week acclimation)

EXPERIMENTAL SCHEIULE:

WATER
SAMPLES

DATE DAY HOUR TIME EXPOSED EXT.

2/10 0 T

2/11 1 F

START EXPOSURE

1

1

1

0 1330

0 800

TISSUE SAMPLES
CONTROL EXPOSED

FROZ . PRES. FROZ. PRES.
VG L GB DG L VG L GB DG L

10 1010 10 10

1 3

800

2 1000

4 1200

6 1400

1 3

1 3

1 3 3 33 3 3 33 3 3 3

13 13 13 13 13 3 3 3 3 3
(39) (26) (9) (6)

2/12 2 S
2
2
2

24
28
30
32

800
1200
1400
1600

1
1

3
3

333 3 3 3 3 3
1 3

9

2/13 3 S
3
3
3

2/14 4 M
4
4
4

48
52
54
56

72
76
78
80

800
1200
1400
1600

800
1200
1400
1600

1 3
3

1 3

9

1
1

3
3

1 3

9 (9) (6) (9)
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1 8 1600 1 3

5 15

3 3

(9) (6) (9) (6)

333 3 3 333 3 3

(9) (6) (9) (6)

3 3 3 3 3 3 3 3 3 3
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TISSUE .SAMPLES

DATE DAY HOUR

WATER
SAMPLES

TIME EXPOSED

CONTROL EXPOSED
FROZ. PRES. FROZ. PRES.

EST. VG L GB DG L VG L G DG L

2/15 5 T
5
5
5

2/16 6 W

STOP EXPOSURE

6
6
6

2/17 7 T
7
7
7

2/18 8 F
8
8
8

96
100
102
104

120

800
1200
1400
1600

800

800

124 1200
126 1400
128 1600

144
148
150
152

168
172
174
176

800
1200
1400
1600

800
1200
1400
1600

1
1

3
3

3 3 3 3 3 3 3 3
1 3

9

1 3

1 3

1 3

1
1

3 3

(9) (6) (9) (6)

3 3 3 3 3 3 3 3 3 3

(9) (6) (9) (6)

3 3 3 3 3 3 3 3 3 3

(9) (6) (9) (6)

3 3 3 3 3 3 3 3 3 3

3
3

1 3

9

1
1

3
3

1 3

(9) (6) (9) (6)

2/19 9 S
9
9
9

192
196
198
200

800
1200

1400
1600

1
1

3
3

3 3 3 3 3 3 3 3
1 3

(9) (6) (9)
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WATER
SAMPLES

DATE DAY HOUR TIME EXPOSED EST.

TISSUE SAMPLES
CONTROL EXPOSED

FROZ. PRES. FROZ. PRES.
VG L GB DG L VG L GB DG L

2/20 10 S
10
10
10

216
220
222
224

800
1200
1400
1600

1 3
1 3

1 3
3 3 3 3 3 3 3 3 3 3

(9) (6) (9) (6)

TOTAL NUMBER OF SAMPLES
ENTIRE EXPERIMENT.......... 96 120 80 90
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by
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PREFACE

For the past ten months, individuals in the Battelle Marine Research

Laboratory at Sequim, Washington, have been studying the bioavailability

of petroleum hydrocarbons and trace metals from petroleum-impacted sedi-

ments. Since our study is relevant to petroleum development of the

Alaskan Outer Continental Shelf, Prudhoe Bay Crude oil was used as a

test oil. Our test animals were cold-water species of the Pacific North-

west, similar to those that may be found on the Alaskan shelf. The

results of our preliminary experiments suagested productive avenues for

further experimentation. Long-term studies are now in progress. Results

on studies regarding uptake of naphthalenes by Macoma inquinata have been

submitted for publication in the journal Environmental Pollution.
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Summary of Present Findings

During the past year, we have been investigating the bioavailability of

hydrocarbons and trace metals from marine sediments impacted with petroleum.

At the time that our study was initiated, the basic question of whether benthic

organisms actually take hydrocarbons from sediment had not been addressed in a

systematic fashion. Previous work by other individuals indicated little uptake

of naphthalenes, the only class of compounds examined at the time. Our initial

studies with the clam Macoma inquinata confirmed the results with the naphtha-

lenes. Other aromatic compounds (phenanthrene, dimethylbenzanthracene, and

benzo(a)pyrene) were found to be accumulated from sediment at a relatively

low rate. A major portion of the uptake of most compounds could be attributed

to compounds released from sediment to seawater. We also found that feeding

type played an important role in the bioavailability of hydrocarbons in sedi-

ment. For example, when exposed simultaneously to oil-contaminated sediment

(600 ppm) for 40 days, a filter-feeding clam Prototbaca staminea did not

accumulate detectable levels of aliphatic and di- and tri-aromatic hydrocarbons;

whereas two species of deposit-feeders, the clam Macoma inquinata and sipunculid

Phascolosoma agassizii, contained approximately 5 ppm of the three classes of

compounds. Trace metals concentrations in test animals were apparently not

altered by oil exposure, but the process should be examined in greater detail

using other methods.
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Proposed Research in FY 1978

In the original RFP, it should be noted that NOAA/BLM wished the con-
tractor to provide data on the effects of sediment-bound hydrocarbons and
the presence and possible effects of metabolic products. We explained in
our proposal that such research was beyond the scope of a 15-month project
funded at $150,000, and, furthermore, these data would be more readily
derived after some knowledge of hydrocarbon uptake had been obtained. We
have progressed to the point that we know the magnitude of uptake for
several specific compounds under closely controlled conditions. We are
now emphasizing longer-term studies (2 or more months) in order to establish
whether continued uptake occurs during prolonged exposure. This research
will incorporate uptake determinations of C14-labeled compounds and their
metabolites, other petroleum hydrocarbons in contaminated sediment, and
trace metals. In addition, the duration of exposure will be sufficient
to elicit effects measured by alterations in the "condition index," "scope
for growth," and the tissue levels of specific amino acids.

Lab Studies with C14-labeled Compounds. As usual, exposures will
incorporate detritus coated with a Prudhoe Crude oil matrix, containing a
small amount of a C14-labeled hydrocarbon. We have observed that benzo(a)-
pyrene was constantly taken up from detritus over a period of about 2 months.
Similar studies will be conducted using other C14-labeled polynuclear aromatic
compounds to determine when and if a steady-state of uptake occurs. Using
high-performance liquid chromatography, which has already been shown to
rapidly separate 2-methylnaphthalene from its metabolites in tissues, the
percentage of original compound in the C14-labeled tissue will be determined.
In some cases, the metabolites will be identified and quantitated. Addi-
tional separations of parent compound and metabolites in detritus and tissue
will be performed by different solvent systems, which have been tested here
and in NOAA Seattle labs (Roubal et al., 1977).

Field Studies with Oiled Sediment. Using our fiberglass-lined cement
mixer, sediment including detritus, sand, and gravel will be mixed as described
elsewhere (Anderson et al., 1977) with Prudhoe Crude oil and placed in
sediment boxes. Three or more species of benthic organisms will be placed
in the contaminated sediment which will then be placed in the intertidal
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zone. After a period of months, animals will be analyzed by capillary-gas

chromatography and/or high-performance liquid chromatography with florescence

detector to determine the qualitative and quantitative nature of hydrocarbon

contamination. These data will be compared with those above using C14-labeled

compounds and also extent of uptake by the different feeding types will be

compared. Bivalves exposed in this fashion will also be tested for the

effects of hydrocarbon stress as described below.

Effects of Exposure. Earlier studies by other investigators have

demonstrated a type of stress response in bivalve molluscs exposed to either

natural fluctuations in environmental parameters or polluted conditions.

Alterations in "condition index," "scope for growth," and the composition

of tissue free amino acids have been shown to correlate with a stressful

environment. Using animals exposed to contaminated detritus and/or sediment

in laboratory and field studies, these parameters will be measured. There

was an indication, though not statistically significant, that exposure to

oiled sediment reduced the condition index of Macoma. It is expected that

by increasing the period of exposure and utilizing larger numbers of indi-

viduals, a significant alteration can be produced in one or more of these

parameters.

Uptake of Trace Metals. While present evidence does not suggest that

hydrocarbon-contaminated sediments produce enhanced uptake of metals by

sediment-feeders, the possibility cannot as yet be discarded. The methods

used thus far are relatively sensitive and there is only a slight indication

of enhancement by a few metals. Similar work will be continued to see if the

pattern is consistent, but other approaches are necessary. It is likely that

there are constant exchanges of metals between the organisms and their environ-

ment. If sediments play a part in this exchange, then isotopically-labeled

metals bound to the particles will eventually be transferred to the organism.

By neutron-activation of oil, detritus and sediment, we can produce labeled

metals, which will allow us to rapidly monitor uptake by radiotracer method-

ology. This approach will provide evaluation of flux (turnover) rates as well

as needed information on the magnitude and rates of trace metals uptake. The

detection limits of this method are well below those of other analytical tech-

niques. Neutron activation of detritus and sediment will produce isotopes

of Co, Zn, Fe, Cr and Sc that have half-lives long enough to use in long-

term experiments.
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BIOAVAILABILITY OF SEDIMENT-SORBED PETROLEUM

HYDROCARBONS AND TRACE METALS TO DETRITUS FEEDERS

Preliminary Budget for FY 1978

Cost in
Thousands

Salaries and Wages (incl. overhead, facilities use,
and basic equipment use)

J. W. Anderson 25% 23.2
G. Roesijadi 50% 30.0
D. L. Woodruff 100% 40.6
Secretarial 20% 6.2

Equipment (use-rate of present equipment) 2.0

Supplies (chemicals, isotopes, glassware) 3.0

Analytical Services

Petroleum Hydrocarbons (GC-MS and HPLC) - R. G. Riley 12.0

Trace Metals (x-ray florescence, neutron-activation,
and gamma counting) - E. A. Crecelius 10.0

Travel 2.0

TOTAL 129.0
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ABSTRACT

Experiments were conducted to examine the bioavailability of petro-

leum hydrocarbons and trace metals from petroleum-impacted marine sediments.

The feasibility of using bivalve condition index as an indicator of stress

due to petroleum exposure was also tested. Prudhoe Bay Crude was the test

oil in all experiments.

When simultaneously exposed to 600 µg/g oil in sediment for 40 days in

the field, detectable levels of hydrocarbons (~10 µg/g combined aliphatic,

and di- and tri-aromatic) were present in two deposit-feeding species,

Phascolosoma agassizii and Macoma inquinata, but not in Protothaca staminea,

a filter-feeder. These results suggest that mode of feeding is a deter-

minate factor in the availability of sediment-sorbed hydrocarbons to

benthic animals. Tissue magnification of hydrocarbon concentrations was

not observed.

Additional short-term experiments with 14C-labeled specific aromatic

hydrocarbons in the laboratory indicated that ingestion of contaminated

sediment resulted in negligible uptake of 2-methylnaphthalene by Macora

inquinata. Methylnaphthalene released from sediment to seawater appeared

to be the primary contributor to tissue concentrations of this compound.

Uptake of 14C-phenanthrene, -dimethylbenzanthracene, and -benzo(a)pyrene,

however, exhibited components which could be attributed to both direct

uptake from sediment and uptake from seawater. Magnification factors

showed that hydrocarbons were concentrated from seawater but not from

sediment. Long-term exposure indicated that uptake of 14C-benzo(a)pyrene

by M. inquinata was linear for at least 6 weeks. No indication of a steady-

state tissue concentration was observed.

Condition index of Maccma inqinata was sensitive to stress, with a

significant reduction observed under unfavorable field conditions, as

opposed to the laboratory. Condition index was reduced, but notsignifi-

cantly, in clams exposed to oil-contaminated sediment.
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Compared to sediment concentrations, nickel, copper, zinc, and manganese
were elevated in Phascolosoma agassizii, and nickel, zinc, and selenium in
Macoma inquinata. Other compounds were present at levels similar to or
lower than those of sediment. Exposure to oil-contaminated sediment did
not appear to affect trace metals content of either species. Individual
variation of trace metals content in M. inquinata was relatively low. Coef-ficient of variation for all elements ranged from 5 to 20%.
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INTRODUCTION

With increasing petroleum utilization and transport, there has been a

concomitant increase in the amount of petroleum hydrocarbons that enter the

marine environment. Charter et al. (1973) estimated that the total influx

of petroleum to the oceans exceeds 3x10
6 tons per year. Numerous studies

have now been conducted on interactions between oil-contaminated seawater

and marine organisms. Considerable information is available on the toxicity,

uptake and depuration, metabolism, and physiological effects of these com-

pounds (Anderson et al., 1974; Neff et al., 1976a; Malins, 1977; Anderson,

1977). Although it is known that hydrocarbon levels are elevated in marine

sediments in the vicinity of petroleum inputs such as oil spills (Blumer et

al., 1970; Gilfillan et al., 1976), sewage effluents (Farrington and Quinn,

1973), and refinery operations (Wharfe, 1975), little is known about the

effects of oil-contaminated sediments on benthic organisms. Shaw et al.

(1976) reported increased mortalities of clams Macoma batthica exposed to

oiled sediment, while Rossi (1977) and Anderson et al. (1977) found little

or no uptake of naphthalenes from oil-contaminated mud or detritus by a poly-

chaete. Furthermore, there is no information regarding interactions between

marine organisms and trace metals present in oil.

Our study has been concerned with the bioavailability of petroleum hydro-

carbons and trace metals from petroleum-contaminated marine sediments using

diverse experimental approaches. Two species have been emphasized as test

organisms: a detritivorous clam Macoma inquinata and a sediment-ingesting

sipunculid Phascolosoma agassizii. An initial attempt to rear the polychaete

Neanthes arenaceodentata as a laboratory test organism was unsuccessful due

to temperature limitations and, therefore, terminated. Exposures utilized

sand and detritus (both from natural sources) and laboratory and field

conditions. Several analytical techniques were employed to quantify hydro-

carbons in animal tissues and sediment: ultraviolet and infrared spectro-

photometry, gas chromatography, and liquid scintillation spectrometry. Trace
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metals were analyzed by x-ray florescence or neutron activation analysis.

To date, we have conducted experiments to examine the following: (1)
comparison of bioavailability of petroleum hydrocarbons from sediment in
benthic deposit- and filter-feeders; (2) uptake of specific aromatic carbons
from sediment in short-term experiments, differentiating between the relative
importance of uptake from sediment versus seawater; (3) long-term uptake of
specific hydrocarbons from sediment; (4) condition index of oil-exposed clams,
and (5) uptake of trace metals from oil-contaminated sediment. The results
are presented in this report. Prudhoe Bay Crude oil was the test oil in all
experiments.
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INFLUENCE OF FEEDING TYPE ON BIOAVAILABILITY

OF PETROLEUM HYDROCARBONS FROM SEDIMENT

Benthic organisms are represented by species which exhibit diverse

feeding modes. When considering the problem of uptake of material from

sediment, it is reasonable to presume that organisms which feed directly

on sediment or detritus would have a greater opportunity for accumulation

from sediment than species which do not. We tested this hypothesis by

exposing filter-feeding, detritus-feeding, and sediment-ingesting species

to oil-contaminated sediment, then analyzing the organisms for tissue

hydrocarbon concentrations. The clams Protothaca a staminea and Macoma

inquinata and sipunculid Phascolosoma agassizii were chosen as test species

representative of the respective feeding modes listed above.

Exposures were conducted in sediment chambers described by Anderson

et al. (1977), consisting of fiberglass boxes divided into three compart-

ments, each with a fiberglass mesh bottom. Each compartment contained

oil-contaminated sediment (initial concentration 622 µg/g total hydrocarbons)

prepared by a mixing technique (Anderson et al., 1977) and one of the three

test species. The exposure chambers were placed in the intertidal zone of

Sequim Bay. The fiberglass screens on the bottoms of sediment boxes allowed

percolation of seawater through the experimental sediment at low tide. To

date, samples from 40-day exposures have been collected and analyzed.

Tissues were extracted and analyzed by gas chromatography for aliphatic

hydrocarbons (C1 2 to C2 9 ), methylnaphthalenes, dimethylnaphthalenes, tri-

methylnaphthalenes, and total triaromatics (Warner, 1976). Two to three

animals were pooled for each analysis. The results are summarized in

Table 1.

The data indicate that Macoma inquinata and Phascolosoma agassizii

accumulated both aliphatic and aromatic hydrocarbons, while Protothaca

staminea did not, thus confirming our original theory that benthic animals
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TABLE 1. Petroleum hydrocarbon concentrations of Phascolosoma agassizii, Macoma inquinata, and Protothacastaminea exposed to oil-contaminated sediment for 40 days in the field.



which feed on oil-contaminated sediment or detritus are more likely to

accumulate hydrocarbons than filter-feeders. Total naphthalenes and total

triaromatics were accumulated to essentially equivalent concentrations in

both P. agassizii and M. inquinata Relative concentrations of n-alkanes

were higher in P. agassizii than in M. inquinata. The significance of

this elevation in P. agassizii is not presently known, although it may

reflect differences associated with ingestion or differential absorption

across membranes or epithelia in the two species. It should be noted that

the n-alkane concentrations which we detected in the two species are con-

siderably lower than the 622 µg/g total hydrocarbons (measured by IR)

initially present in exposure sediment. Thus, the levels present in test

organisms did not indicate biomagnification. Mortalities did not occur at

the 40-day sampling interval.

These results may have particular relevance to studies concerning

environmental monitoring as well as those directly concerned with bioavail-

ability of hydrocarbons from sediment. Selection of test species which

are representative of a single feeding type, such as filter-feeding, may

overlook uptake from contaminated sources not available to those species.

When uptake of compounds from sediment is considered to be a cause of tissue

contamination, those species that ingest sediment or detritus would be

desirable organisms to monitor. Our preliminary results indicate that species

which coexist in similar habitats with different feeding modes can exhibit

different uptake of petroleum hydrocarbons from sediment.
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UPTAKE OF 14C-LABELED AROMATIC HYDROCARBONS

BY MACOMA INQUINATA

IN SHORT-TERM EXPERIMENTS

Studies by Shaw et al. (1976), Rossi (1977), and Anderson et al.
(1977) suggest that detritus-feeding organisms take up little or no
hydrocarbons from oil-contaminated sediment. Additional work is required

on this subject, and, with the exception of Rossi (1977) and Anderson et
al. (1977) who measured naphthalenes levels, individual hydrocarbons have
not been examined.

Our initial efforts consisted of short-term (1 week) experiments to
survey the relative uptake of various aromatic hydrocarbons from oil-

contaminated sediments. The objective was to screen several compounds in
an attempt to identify those which may have greater significance with
respect to bioavailability from marine sediments. We selected Macoma

inquinata as a test species, since preliminary observations indicated

that this clam is an active detritus-feeder. The test compounds were

2-methylnaphthalene, phenanthrene, dimethylbenzanthracene, and benzo(a)-

pyrene.

Clams were collected from intertidal regions of Sequim Bay, Washington,

and held at the Marine Research Laboratory of Battelle-Northwest, Sequim,
Washington. Holding tanks contained raw, flowing seawater of about 10C

and 30 0/oo and sediment obtained from the vicinity of the clams' natural

habitat.

Detrital material which settles out of our flowing seawater system was

collected and filtered onto No. 42 Whatman filter paper. Fifteen grams were

weighed and suspended in approximately 30 ml seawater. Ten µCi of the

appropriate 14C-labeled hydrocarbon and 0.033 ml Prudhoe Bay Crude oil

dissolved together in 1 ml ethyl ether were added to the suspended detritus,

mixed thoroughly by shaking, then filtered onto No. 42 Whatman filter paper.
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The contaminated detritus was used in exposures. Stock solutions of 14C-

hydrocarbons were tested for radioisotope purity by thin-layer chromato-

graphy and auto-radiography. Measurements by infrared spectrophotometry

(IR) indicated approximately 2,000 µg/g total hydrocarbons in the detritus.

Since oil-contaminated sediments can release hydrocarbons to the

surrounding water, it was necessary to consider the possibility of uptake

of solubilized, as well as sediment-bound, hydrocarbons. Therefore, some

clams were placed on the bottom of exposure aquaria containing the contam-

inated detritus, while others were placed in a nylon-mesh (Nitex) basket

suspended in the water column above the detritus. The first group fed

directly on the detritus and the latter served as a control for uptake

from the water. Seven-day exposures were conducted in all-glass aquaria

containing detritus and 3 l of 0 .45µ filtered seawater. At the end of

exposure, some individuals from the bottom and suspended basket were

removed for immediate extraction, while the remainder were transferred

to clean seawater for a 24-h gut purging period. Rossi (1977) has demon-

strated in the polychaete Neanthes arenaceodentata, a deposit-feeder, that

hydrocarbons associated with gut contents can contribute to an apparent

uptake. Since Hylleberg and Gallucci (1975) reported that turnover of

ingested material by Macoma nasuta required 3 to 9 h, we considered that

24 h would be an adequate depuration period for M. inquinata.

Actual uptake from sediment, i.e., the amount of hydrocarbon ingested

and present in clam tissue at the end of the exposure period, can be calcu-

lated as follows:

Actual uptake = Concentration in clams on bottom - concentration
due to seawater uptake - concentration in gut
contents + concentration lost from tissue during
gut purging.

If uptake is primarily due to absorption of solubilized hydrocarbons,

then the value for actual uptake would be essentially zero or negative.

Seawater samples were taken prior to the addition of clams and at 1, 2,

4 and 7 days. Detritus was sampled initially and at 7 days. All samples

were analyzed by liquid scintillation spectrometry and corrected for quench.
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Detritus was extracted in hexane or by the method of Warner (1976). Tissue
was extracted by the method of Warner (1976).

Concentrations of individual aromatic hydrocarbons in the experimental
aquaria were not stable during the course of exposure and decreased as
indicated in Tables 2 to 5 and summarized in Table 6. Half-times increased
from 1.2 to 5.2 days (Table 6) as the aromatic ring numbers increased from
2 in 2-methylnaphthalene to 5 in benzo(a)pyrene. The percent of radioactivity
initially released from the detritus to seawater decreased as the size of the
molecules increased (Table 6). These results are consistent with observations
that solubilities of hydrocarbons decrease with increased molecular weight
and aromatic ring numbers.

Data on the uptake of the four individual hydrocarbons are presented in
Tables 2 to 5 and summarized in Table 7. There was no measurable uptake of
2-methylnaphthalene via ingestion of sediment. Concentrations in clams could
be accounted for by uptake of solubilized methylnaphthalenes. With phenan-
threne, dimethylbenzanthracene, and benzo(a)pyrene, a fraction of the total
uptake could be accounted for as uptake and assimilation from contaminated
sediments. The values for the three compounds cannot be compared directly
due to the differences in initial exposure concentrations. However, compari-
son of the values with other parameters provided some interesting relation-
ships. With the exception of 2-methylnaphthalene, concentrations of the
hydrocarbons taken up from sediment were reasonably similar (within one
order of magnitude) to concentrations taken up from seawater. Thus, the
contribution of each source to the tissue concentration was approximately
the same. Magnification factors, however, indicated that hydrocarbons in
seawater were more readily available than those in sediment. Values for
sediment (= actual uptake/geometric mean concentration in sediment) ranged
from 0.039 to 0.057, while those for seawater (= uptake from seawater/
geometric mean concentration in seawater) ranged from 3.2 to 420; the
latter values represented increases of 2 to 4 orders of magnitude. When
compared to the former, magnification factors for uptake from seawater also
suggested a correlation between uptake and molecular weight or number of
aromatic rings since larger molecular-weight compounds were magnified to a
greater extent. Sediment magnification factors did not reflect such a trend.
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TABLE 2. Concentration of 2-methylnaphthalene in clams, detritus and seawater.



TABLE 3. Concentration of phenanthrene in clams, detritus and seawater.
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TABLE 4. Concentration of dimethylbenzanthracene in clams, detritus

and seawater.
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TABLE 5. Concentration of benzo(a)pyrene in clams, detritus and seawater.
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TABLE 6. Half-times (t½) for specific hydrocarbons in oil-contaminated

detritus, and percent of the total amount of hydrocarbon initially

released from detritus to seawater.¹

792



TABLE 7. Summary of uptake of 2-methylnaphthalene, phenanthrene, dimethyl-
benzanthracene, and benzo(a)pyrene from detritus and seawater.
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There was no biomagnification of sediment hydrocarbons after 1 week exposure.

The relative affinities of the individual hydrocarbons for detrital particles,

tissue, and seawater undoubtedly played an important role in the partitioning

into the three compartments.

Our results with 2-methylnaphthalene support the findings of Rossi (1977)

that naphthalenes adsorbed to detritus are not available for uptake by detritus

feeders; concentrations of 2-methylnaphthalene by the clams in our study could

be totally accounted for by uptake of solubilized molecules. Anderson et at.

(1977) reported a low level of accumulation of naphthalenes in Phascolosoma

agassizii exposed to oil-contaminated sand. The other compounds which we

examined were taken up by the clams directly from detritus, but at a slow

rate. No magnification could be demonstrated after 1 week exposure. Longer

exposure periods are required for proper evaluation of this mode of uptake.

Uptake of solubilized molecules also contributed a large portion to the tissue

hydrocarbon burden. Although concentrations in seawater were extremely low

compared to sediment concentrations, uptake from seawater was similar to that

from the sediment. Magnification factors for seawater uptake were approxi-

mately 2 to 4 orders of magnitude greater than those for sediment uptake.

794



UPTAKE OF 14C-BENZO(a)PYRENE

BY MACOMA INQUINATA

IN A LONG-TERM EXPERIMENT

A portion of the uptake of 14C-benzo(a)pyrene from contaminated sedi-

ment by Macoma inquinata in our relatively short-term experiment could be

ascribed to direct uptake from sediment and the remainder attributed to

uptake of compounds released from detritus to the surrounding seawater.

Uptake and release of benzo(a)pyrene from seawater has been reported for

other marine bivalves (Lee et al., 1972; Neff and Anderson, 1975; Dunn

and Stich, 1976). Magnification factors of approximately 200 after 24 h

exposure were similar to values reported earlier in this report for M.

inquinata.

Benzo(a)pyrene concentrations in crude oils are about 1 to 2 µg/g

(Pancirov and Brown, 1975). About 6 tons of benzo(a)pyrene from oil,

representing 0.1% of the benzo(a)pyrene from all sources, enters the marine

environment annually (Suess, 1976). Although the contribution of benzo(a)-

pyrene in oil to the total environmental load is relatively small, its

action as a potent carcinogen is justification for continued emphasis on

this compound. Therefore, we examined long-term uptake of benzo(a)pyrene

from sediment by Macoma inquinata. Since short-term experiments, already

described, indicated a low level of accumulation of benzo(a)pyrene by M.

inquinata, it was necessary to determine if prolonged exposure would also

produce similar results.

Clams were collected in the intertidal region of Sequim Bay and held

in the laboratory in flowing seawater of approximately 100C and 30 0/00

Exposures were conducted in compartmentalized sediment trays already des-

cribed. Each compartment was filled with 3 kg clean sand and placed in

holding tanks with flowing seawater and a simulated diurnal tidal flux.

Cement blocks held the trays at a level that prevented high tide from over-

flowing the upper edges of the sediment trays. Low tide completely drained
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seawater from the trays through fiberglass mesh bottoms. Therefore, the

only water flux in the exposure trays occurred through the tray bottoms

as the trays drained and filled. Twenty clams were placed in each compart-

ment. Six exposure and one control trays were prepared.

Contaminated detritus was prepared as described for short-term experi-

ments using 14C-benzo(a)pyrene. At high tide, approximately 25 g of sus-

pended detritus was added to each compartment and allowed to settle on the

surface of the sand containing clams. Clams and sediment were sampled at

3, 7, 14, 28, and 42 days of exposure. Each sampling period entailed removal

of all clams and one sediment core from a compartment. Half the clams and

the sediment core were extracted and analyzed immediately. The remaining

clams were transferred to clean seawater in 24 h to allow purging of gut

contents, then analyzed.

Clam tissue and sediment were extracted in diethyl ether by the method

of Warner (1976), and an aliquot of the ether was counted for 14 C-activity

by liquid scintillation spectrometry. All counts were corrected for back-

ground and quench. Sediment cores were mixed and divided into three portions

prior to extraction. Sediments were also analyzed for total petroleum hydro-

carbons by infrared spectrophotometry.

The initial concentration of benzo(a)pyrene in detritus was 1.70x10

dpm/g, or 3.79 µg/g. During the course of exposure, the detritus which had

settled onto the surface of the sand penetrated into interstitial spaces

as a result of the tidal fluxes. Since it was impossible to separate detritus

from sand at sampling intervals after day 3, counts for core samples were used

as a measure of benzo(a)pyrene content. For purposes of comparison, initial

counts for detritus were corrected to account for the total sediment load

(= detritus + sand), assuming uniform distribution of the detritus in sand.

These values could then be directly compared to values for core samples.

Concentrations of benzo(a)pyrene and total petroleum hydrocarbons in

sediment during the exposure period are presented in Table 8. Values were

low and decreased over time with respective half-times of 17.33 days for

benzo(a)pyrene and 23.1 days for total hydrocarbons. Analyses of random

cores for vertical distribution of benzo(a)pyrene in sediment indicated
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TABLE 8. Concentration of benzo(a)pyrene and total petroleum hydrocarbons

in sediment during exposure to Macoma inquinata.
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that concentrations were higher in the upper 3 cm of a 10-cm core by an

approximate factor of 2. Macoma inquinata feeds at the sediment surface

or at the upper portion of the sediment column; therefore, concentrations

of benzo(a)pyrene in exposure sediment were highest in the active feeding

region of this clam.

Uptake of 14C-benzo(a)pyrene by Macoma inquinata is described in

Figure 1. The rate of uptake was relatively linear during the exposure

period and was on the order of 0.020 µg benzo(a)pyrene/g/day. There was

no indication of an asymptote in the uptake curve. Therefore, continued

uptake can be expected with extended exposure. At the end of the 42-day

exposure, the mean tissue concentration of 1.04 µg/g was approximately

0.3 times the concentration in the initial detritus sample. Compared to

core samples which represent total sediment concentrations, tissue magni-

fication levels (= tissue concentration/sediment concentration) increased

from 14.5 to 173.3 from day 3 to day 42.

There were no differences in benzo(a)pyrene concentrations in clams

analyzed directly after removal from sediment or those analyzed after a

24-h depuration period. Our results indicate that there was considerable

uptake of benzo(a)pyrene from contaminated detritus. Furthermore, there

was no indication of an equilibrium in the tissue concentration with time.

Continued exposure would, therefore, have resulted in continued uptake.

Accumulation of 14C-benzo(a)pyrene by clams occurred despite decreasing

levels in sediment. Although all the benzo(a)pyrene in our exposure system

was originally associated with contaminated detritus particles, uptake by

clams may have occurred via mechanisms other than direct ingestion and

assimilation of benzo(a)pyrene from sediment. We have already shown in

short-term experiments, described earlier, that approximately 40% of

benzo(a)pyrene taken up by clams exposed to contaminated detritus can be

attributed to uptake of compounds released from detritus to surrounding

seawater. Concentrations of benzo(a)pyrene in seawater in the present

experiment were similar to those reported in the short-term experiments.

Therefore, a similar proportion of the total uptake can probably be attri-

buted to compounds released from sediment to seawater in the present

experiment.
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Fig. 1. Concentrations of [ s up e r s cr i p t]14C-benzo(a)pyrene in Macoma

inquinata during exposure to sediment contaminated with
[superscript]14C-benzo(a)pyrene and Prudhoe Bay Crude oil. Vertical

bars indicate 1 standard deviation. (See Table 8 for

hydrocarbon concentrations in exposure sediment.)
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Although we are aware that 14C measured in our study may be associated

with metabolized benzo(a)pyrene and not the parent compound, we did not

attempt any metabolite separations at this time. Lee et al. (1972) and

Dunn and Stich (1976), however, have provided evidence that marine molluscs

are not capable of metabolizing benzo(a)pyrene. Metabolism of the compounds

by sediment microbes and subsequent uptake of benzo(a)pyrene metabolites

by clams is still a possibility and should be tested in future experiments.
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CONDITION INDEX OF MACOMA IQUINATA

EXPOSED TO OIL-CONTAMINATED SEDIMENT

IN THE FIELD AND LABORATORY

It is becoming increasingly evident that short-term acute toxicity

bioassays are of limited use in the evaluation of petroleum pollution of

the marine environment (Wilson, 1975). Chronic long-term exposures and

examination of responses to sublethal concentrations of petroleum hydro-

carbons are more useful experimental approaches to the study of this

problem. Anderson (1977) reviewed the current literature relevant to

sublethal effects of petroleum hydrocarbons on marine animals. With most

of the biological parameters which have been examined, e.g., oxygen con-

sumption, osmoregulation, breathing rate, coughing rate, the responses

have varied depending on test species, oil concentration, or duration of

exposure; and exposures have usually been relatively short, a few days

or hours. Neff et aL. (1976b) have also pointed out the variability of

responses observed in numerous studies conducted in their laboratory.

An exception to this trend appears to be inhibition of growth rate in

marine animals exposed to petroleum hydrocarbons, an effect observed with

several crustacean species (Neff et al., 1976b; Anderson, 1977) and a

polychaetous annelid (Rossi, 1976).

Energy balance is an integrated physiological parameter which is

sensitive to stress in bivalved molluscs (Bayne, 1975; Bayne et al., 1976).

Bayne has shown that "scope for growth" (calculated from the basic energy

equation AW/At = Ab - R, where W = body weight, t = time, Ab = assimilation,

and R = respiratory heat loss; all expressed as calories) in mussels MytiZus

edulis is affected by temperature, food availability, salinity, and oxygen

concentration. Using a similar approach, Gilfillan (1975) and Gilfillan et

at. (1976) obtained a rough approximation of carbon flux in the clam Mya

arenaria, and suggested that this process is sensitive to petroleum hydro-

carbon exposure. A sustained alteration in energy balance should result in

changes in biomass and, thus, a change in a parameter such as condition
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index. Fluctuations in the condition of bivalved molluscs are considered

normal (Trevallion, 1971; Ansell and Sivadas, 1973) and can be correlated

to seasonal changes in nutrient storage and utilization. Periods of stress

can lead to reductions in condition (Trevallion, 1971). Changes in condi-

tion index have been used as measures of relative health, nutritional

state, and growth. An advantage in measurements such as scope for growth,

carbon flux, and condition index when compared to incremental estimations

of growth is that a net decrease in calories (or carbon or biomass), i.e.,

"negative growth," can be monitored. This aspect is especially useful when

considering adult organisms which are approaching the asymptote of their

growth curve.

Using the detritivorous clam Macoma inquirata, we tested the hypothesis

that condition index is a sensitive indicator of stress from petroleum hydro-

carbon exposure. In a coordinated laboratory and field experiment, we exposed

M. inquinata to sediment contaminated with Prudhoe Bay Crude oil. Exposure

lasted 2 months, and, at the end of that period, we determined condition

index and hydrocarbon content of the clams.

Clams were collected from the intertidal region of Sequim Bay and held

at the Battelle Marine Research Laboratory. Holding tanks contained raw,

flowing seawater of approximately 10°C and 30 /oo0. Clams were used in the

experiment within 2 days of collection.

Sand from the upper intertidal region of Sequim Bay was passed through

a 6-mm sieve and two portions of 30 kg each were weighed for use as control

and exposure sediment. The latter was prepared as described by Anderson et

al. (1977) using 70 ml Prudhoe Bay Crude oil and 30 kg sand. Briefly, a

seawater emulsion of the oil was mixed with the sand in a fiberglass-lined

cement mixer for 1 h, a duration previously determined to produce a homogeneous

oil-sediment mixture.

Exposures were conducted in fiberglass trays divided into three equal

compartments with a nylon mesh bottom. Roughly 5 kg sediment and 10 clams

were placed in each compartment, i.e., 30 clams per tray. One tray was

partially buried in the intertidal zone of Sequim Bay while another was sub-

merged in a holding tank in the laboratory. Cement blocks were used to prop
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the tray off the bottom of the tanks. The holding tanks contained flowing

seawater with a simulated tidal flux which exposed the sediment trays when

there was a negative tide in the field. The mesh on the bottoms of the

trays allowed seawater to drain through the sediment at low tide. Control

trays were prepared for laboratory and field exposures. Exposure began

on November 22, 1976, and lasted 55 days.

Condition index was determined as

ash-free dry weight x 1000 (de Wilde, 1975)
length 3

Values varied from 6 to 14. High values indicate good condition, while

low values poor condition.

Sediments were analyzed for total petroleum hydrocarbons at the beain-

ning and end of exposure by infrared spectrophotometry. Clam tissues were

analyzed for aliphatic and di- and tri-aromatic hydrocarbons by the method

of Warner (1976). Clams were sampled at the end of exposure.

The behavior of clams in the laboratory indicated stress in oil-exposed

individuals. During the exposure, 5 clams in the contaminated sediment

came to the surface, a response previously reported for stressed Macoma

balthica (de Wilde, 1975; Taylor et al., 1977). Five clams in the con-

taminated sediment were also found dead and buried. In control sediment,

no clams surfaced, and only one died during the experiment.

Field-exposed clams were not examined until the end of the experiment.

At that time, it was evident that there was considerable scouring due to

wave action at the experimental site. Some sediment in the trays had been

washed away and partially replaced by new material. Dead or surfaced clams

were not present in control or oil-exposed trays. However, pieces of broken

shell from M. inquinata were present in the trays. Seven control and thirteen

exposed clams were recovered.

Values for sediment hydrocarbon concentrations are summarized in Table 9.

At the beginning of exposure, contaminated sediment contained 1232.9 ± 142 µg/g

total petroleum hydrocarbons. After 55 days, hydrocarbon concentrations for

sediment in the laboratory decreased to 616.1 ± 147 µg/g, 50% of the initial
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TABLE 9. Concentrations and half-times for total petroleum hydrocarbons

for sediment in condition experiment.
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value, as opposed to 87.8 ± 47.3 µg/g in the field, 7% of the initial value.

Respective half-times for the decreases in laboratory and field exposures

were 54.9 days and 14.4 days. Control sediment contained undetectable

levels, both initially and at 55 days..

Measurements of condition index indicated that differences caused by

oil exposure were not statistically significant, although mean values for

exposed clams were lower than for controls in both the laboratory and field

(Table 10). Large individual variation obscured any possible effects due

to oil exposure. On the other hand, condition index of animals transferred

to the field were significantly lower than those held in the lab (p < 0.05).

It appears that conditions in the field were harsher than those created by

oil exposure. Similar conclusions can be made by comparing total numbers

of dead and unrecovered clams in laboratory and field situations. Shifting

sand as a result of wave action can prevent settling and feeding and, thus,

lead to reduced condition index (Trevallion, 1971). Such a process could

easily explain our observations with Macoma inquinata. However, stress

due to oil was evident in the laboratory experiment since 33% of exposed

clams, as opposed to 3% of controls, either died or surfaced during the

exposure.

Hydrocarbon analyses of clam tissue indicated a high level of contam-

ination of exposed clams, particularly of those held in the laboratory

(Table 11). Di- and tri-aromatic compounds accounted for most of the hydro-

carbons in tissue. C1 2-C2 9 n-alkanes were present at relatively low concen-

trations. The relatively high values in laboratory-exposed clams, compared

to those in the field, were reflective of the loss rates of hydrocarbons

from their respective exposure sediments. Sediment hydrocarbons decreased

at a slower rate in the lab than in the field (Table 9). Compared to sedi-

ment concentrations, however, levels in clam tissue were relatively low.

Our inability to demonstrate a statistically significant reduction in

condition index as a result of oil exposure should not yet be considered a

lack of effect. The large variability among individuals (coefficient of

variation ~20%) obscured the decrease in mean values of ~10% in both labora-

tory and field exposures. In order to demonstrate significant differences

under such conditions, a sample size n of at least 65 per treatment is
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TABLE 10. Condition index of Macoma inquinata exposed to oil-contaminated

sediment in the laboratory and field for 55 days.
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TABLE 11. Petroleum hydrocarbon concentrations of Macoma inquinata exposed to oil-contaminated sediment
in the laboratory or field for 55 days.



required (Sokal and Rohlf, 1969). Future experiments will incorporate

larger n in order to separate treatment from random effects. Meaningful

sublethal effects of oil on marine organisms are yet to be adequately

demonstrated. The general approach taken by Gilfillan (1975) and Gilfillan

et al. (1976) in measuring carbon flux in oil-exposed Mya arenaria appears

to be the most fruitful to date. Condition index, a parameter closely

coupled to carbon flux and scope for growth, may be a sensitive sublethal

measure of oil toxicity. Additional study is required to determine if

such is the case.
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BIOAVAILABILITY OF TRACE ELEMENTS

FROM OIL-CONTAMINATED SEDIMENT

Numerous trace elements including heavy metals occur in crude oil at

low concentrations (Shah et al., 1970a, 1970b; Hitchon et al.,1975). Little

is known about the dynamics of petroleum-derived heavy metals in the marine

environment. Accumulation of specific heavy metals from sediment by benthic

organisms has been described in numerous studies (Bryan and Hummerstone,

1971, 1973a, 1973b; Renfro, 1973; Hess et al., 1975; Luoma and Jenne, 1975;

Renfro and Benayoun, 1975). The results, however, may not be directly

applicable to petroleum-sediment-organism interactions since organic coatings

on the surface of sediment particles can inhibit metals uptake (Luoma and

Jenne, 1975). The presence of petroleum may interfere with the "normal"

uptake kinetics of heavy metals from sediment. The low concentrations of

trace metals in crude oil (e.g., 24 µg/g in Prudhoe Bay Crude oil) suggest

that the contribution of those metals to the environment will be very low.

For example, sediment contaminated with 2,000 µg/g Prudhoe Bay Crude will

contain approximately 0.048 µg total trace metals contributed by the oil,

assuming that all the metals in oil remained in the sediment. Compared to

the normal levels of trace metals in marine sediments, that from oil would

be negligible. Feder et al. (1976) were not able to detect any changes

in sediment metals content as a result of contamination by Prudhoe Bay Crude

oil. However, experimental examination of the possible effects of oil on

the uptake of trace metals is lacking. Bioavailability of petroleum-derived

trace metals from oil-contaminated sediment or the effect of petroleum hydro-

carbons on routine uptake of trace metals have not been reported. We have

been investigating the uptake of trace metals from sediment contaminated with

Prudhoe Bay Crude oil in two species of deposit-feeders: Phascolosoma agassizii

and Macoma inquinata. Our findings to date are presented in this report.

Sipunculids Phascolosoma acassizii and clams Macoma inquinata were

collected from intertidal regions of Sequim Bay and held at the Battelle
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Marine Research Laboratory. Holding tanks contained raw, flowing seawater

of approximately 100 C and 30 0/oo

Experiments were of two general designs. First, individuals of Phasco-

losoma agassizii were exposed to oil-contaminated sediment (~2000 µg/g)

prepared by mixing sand and oil as described in previous sections. Exposures

were conducted in sediment trays immersed in holding tanks containing flowing

seawater. Animals were sampled after 1, 7 and 14 days of exposure and 14

days depuration. Whole animals or tissue homogenates were dried and analyzed

by x-ray florescence. Secondly, clams Macoma inquinata were exposed to oil-

contaminated detritus as described previously for experiments on short-term

uptake of aromatic hydrocarbons. Exposures lasted for 2 weeks. Fifteen g

of oil-contaminated detritus (2000 µg/g) were supplied initially and on the

seventh day of exposure. Clams were sampled at the end of exposure, allowed

to depurate gut contents for 24 h, then dried. Tissue from 10 clams were

pooled and analyzed by x-ray florescence.

A separate experiment was conducted to determine natural variability of

trace metals in Macoma inquinata. Immediately following collection, 100 clams

were placed in clean, flowing seawater for 5 days to allow depuration of gut

contents. Following the depuration period, the clams were dried and analyzed

for trace metals by x-ray florescence. Ten samples of 9 to 10 clams each

were analyzed.

Two samples of Prudhoe Bay Crude oil were analyzed by neutron activation

analysis. Concentrations of trace elements in Prudhoe Bay Crude oil are

presented in Table 12. Only four compounds, vanadium, cobalt, zinc, and

bromine, were present at levels above detection limits. The total trace

elements concentration was approximately 24 µg/g.

Several difficulties arose in the experiment to assess uptake of trace

metals by Phascolosoma agassizii. Primary among these was the fact that

exposure sediment became anaerobic in the early stages of exposure, and

exposed worms crawled onto the sediment surface. Therefore, worms may have

been releasing to seawater rather than taking up metals from sediment during

the exposure period. Such observations may account for the decreasing levels

of compounds such as chromium, manganese, and nickel during exposure. Most
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TABLE 12. Trace element concentrations in Prudhoe Bay Crude oil. Samples
represent oil from two different barrels and were analyzed
by neutron activation analysis.
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were present at levels below those of the sediment, although a few such as

nickel, copper, zinc, and manganese, were elevated compared to sediment

concentrations. No discernable differences were observed between control

and exposed groups. Values for aluminum, silicon, and titanium can be

attributed to metals associated with sediment in the gut (Table 13).

Levels of trace metals in Macoma irnuirata (Table 14) were generally

similar to those of Phascolosoma agassizii with a few exceptions: concentra-

tions of chromium, manganese, iron, and nickel were substantially lower in

M. inquinata and occurred despite the fact that metals concentrations in

the respective sediment of the two species showed considerable variation.

Nickel, zinc, and selenium were magnified in clam tissue, compared to sedi-

ment levels. Oil exposure did not affect metals concentrations in M. inquinata.

With the exception of titanium and lead, individual variability was relatively

low for all metals (Table 15) (combined coefficient of variation = 12.3 ± 5.5

S.D.). Titanium was most likely to be associated with sediment remaining in

the gut and would therefore be more likely to exhibit a degree of inconsis-

tency. Concentrations of lead approached detection limits of the technique.

Only three samples possessed measurable quantities of lead. Only values for

chromium and manganese in the previous experiment did not fall within the

95% confidence limits determined in this study.

Our results, to date, suggest that petroleum hydrocarbons have little

effect on trace metals concentrations of Phascolosoma agassizii or Macoma

inquinata. However, additional work is obviously required before more

definitive statements can be made. The use of neutron-activated oil and

sediment samples will aid in our future studies on this subject.
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TABLE 13. Uptake of trace elements by Phascolosoma agassizii exposed to
oil-contaminated sediment.
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TABLE 14. Uptake of trace elements by Macoma inquinata exposed to oil-

contaminated detritus (~2000 µg/g total hydrocarbons).
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TABLE 15. Analysis of trace elements in Macoma inquinata by x-ray
fluorescence. Estimation of sample variability.
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DISCUSSION AND CONCLUSIONS

The data presented in this report suggest that petroleum hydrocarbons

impacted in marine sediments are available for uptake by certain types of

benthic organisms at relatively low levels. Filter-feeding clams did not

possess detectable levels of hydrocarbons when exposed up to 40 days to

oil-contaminated sediment. Simultaneously exposed deposit-feeding sipun-

culids and clams, however, possessed levels of approximately 10 µg/g

combined aliphatic and di-, tri-aromatic hydrocarbons. Exposure sediment

had approximately 600 µg/g total hydrocarbons.

Experiments with 14C-specific aromatic hydrocarbons and the detriti-

vore Macoma irquinata also indicated a low level of uptake. Moreover,

hydrocarbons released from sediment to surrounding seawater contributed

significantly to tissue hydrocarbon levels. Ingestion of contaminated

sediment was not the sole, or probably major, mode of uptake. The descrip-

tion "low level of uptake" should not be confused with insignificant uptake

since long-term exposure to 14C-benzo(a)pyrene has indicated otherwise.

Increases in tissue radioactivity were linear up to 42 days in M. inquinata

exposed to 14C-benzo(a)pyrene with no indication of steady-state levels.

Prolonged exposure of benzo(a)pyrene to the clams, which apparently do not

possess metabolic pathways to degrade the compound (Lee et al., 1972), can

result in relatively high tissue levels, given a sufficient period of

exposure. Furthermore, it should be pointed out that the contaminated

sediment contained Prudhoe Bay Crude oil (~2000 µg/g initially), as well

as the 14C-aromatic hydrocarbon in each experiment. Therefore, a petroleum

hydrocarbon "matrix" existed in the sediment which possibly affected the

uptake of 14C-compound. Hydrocarbon-hydrocarbon interactions can be

expected to play an important role in the bioavailability of specific hydro-

carbons from petroleum-contaminated sediment. The nature of such interactions,

however, is not known.
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Efforts to correlate changes in condition in Macoma inquinata as an

estimation of stress due to exposure to oil-contaminated sediment were not

wholly successful. Individual variation obscured an apparent reduction in

condition of oil-exposed clams.

Concentrations of trace metals in sipunculids or clams exposed to oil-

contaminated sand or detritus were not different from levels determined for

animals in clean sediment. It appears that uptake of trace metals is not

affected by oil exposure. However, it is still premature for definitive

statements. We plan additional experiments to test this hypothesis. Indi-

vidual variation of trace metals in Macoma inquinata was relatively low

(coefficient of variation 5-20%) with the exception of elements such as

titanium which was abundant in sediment or lead which was present at levels

approaching detection limits.

Experiments similar to those described in this report will be continued

since they represent productive approaches to the study of bioavailability of

sediment-impacted petroleum hydrocarbons and trace metals. Examination of

the role of metabolism of hydrocarbons will be of high priority in future

experiments, particularly in those which employ 14C-labeled hydrocarbons.

Degradation of the compounds in the sediment and test animals is a major

consideration. Examination of condition index and other indices of stress

will also be continued with reference to the petroleum-in-sediment problem.

Experiments with the bioavailability of trace metals will incorporate exposure

of organisms to neutron-activated sediment or Prudhoe Bay Crude oil. This

approach will enhance enormously the detectable limits of metals in exposed

animals and also allow us to measure flux of the metals.

Disclaimer: The brand names are used to assist the reader in evaluating
the experiments, but do not imply endorsement by Battelle
Laboratories.
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