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The seasonal concentration, turnover and mode of accumulation

of
32P by the juvenile starry flounder in Alder Slough, a small eco-

system in the Columbia River Estuary, was examined during 1969 and

1970. Levels of 32P and concentrations of total P were measured to

permit computation of specific activities (nCi32 P/g total P).

Seasonal fluctuations of 32P in flounder collected from Alder

Slough were characterized by spring and summer highs and fall and

winter lows with the difference between the least and most radioactive

fish being approximately 500 pCi/g. The seasonality of 32P in flounder

can be attributed to low-high temperature effects on rates of metabo-

lism and food intake. Concentrations of 32P in fall and winter were

primarily regulated by the temperature regime while the higher levels



during spring and summer were modified by the annual spring

freshet and subsequent oceanic influence on estuarine temperature and

salinity structure.

Uptake studies conducted in Alder Slough with caged fish and the

use of an exponential model failed to produce a meaningful 32P bio-

logical half-life for starry flounder. Failure of the model to describe

32 P accumulation is believed to be due to the assumptions inherent in

its use. Retention experiments with flounder held in a sea water tank

at Newport, Oregon and caged flounder in the Yaquina River yielded

effective half-lives equal to or greater than the radionuclide's physical

half-life. Large differences between the 32P content of individual

fish resulted in biological half-lives with large error terms and

prevented drawing definite conclusions from these studies.

The main pathway of 32P accumulation by the juvenile flounder

was determined by maintaining fish in Columbia River water and

feeding radioactive and non-radioactive amphipod-isopod mixtures in

the presence and absence of active sediment. Flounder populations

fed active food, and active food with active sediment present accumu-

lated 3. 3 and 3. 7 times the activity of flounder receiving
32P from

water alone. Radioactive sediment did not appear to contribute to the

32P body burden of the fish. Phosphorus-32 uptake from water

averaged 24% of that from food plus water. Flounder fed the radio-

active amphipod-isopod mixtures assimilated an average of 16% of the

ingested 32P.
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SEASONAL CONCENTRATION, TURNOVER AND MODE OF
ACCUMULATION OF 32P BY THE JUVENILE STARRY

FLOUNDER PLATICHTHYS STELLATUS (PALLAS)
IN THE COLUMBIA RIVER ESTUARY

INTRODUCTION

The fresh water and marine environments in their traditional

role of receiving and transporting numerous materials appear destined

to continue this function in the nuclear age by containing man-made

radioactive elements. In many cases water may serve as an effective

agent for dispersing radionuclides over large distances and providing

a medium by which the nuclides can be incorporated into aquatic

organisms. Some radioactive materials may remain in the water or

be deposited in edible organisms, which when consumed by man will

lead to additional radiation exposure.

The use of nuclear energy appears to be increasing at a greater

rate than knowledge of the possible consequences of environmental

radioactive contamination. This is understandable when considering

the many complex reactions that occur when radionuclides are

released to the environment. To understand the behavior of radioac-

tive materials in the hydrosphere will require the determination of

their distribution, transfer rates and pathways between various eco-

system components. Superimposed on these variables will be a

dynamic aqueous system with respect to time and location. Knowledge
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of these foregoing factors and how they interact may be used to form

the basis for predicting the environmental consequences of an expand-

ing nuclear technology.

This thesis deals with the response of the estuarine fish

Platichthys stellatus to an environment containing trace quantities of

the radionuclide phosphorus-32. Specifically, the work considers the

organism's seasonal concentration of 32P with special effort directed

toward determining uptake and loss rates, and pathways of accumula-

tion.

The Columbia River

The Columbia River is the largest river on the western coast of

North America. It arises from Columbia Lake, British Columbia,

Canada about 0.8 km above sea level and flows some 1940 km through

British Columbia, Washington and Oregon before entering the Pacific

Ocean near Astoria, Oregon (Lockett, 1963). The river and its

tributaries with a total drainage area of about 673,000 km2 drain parts

of seven states and one province (U.S. Corps of Engineers, 1938).

The discharge of the Columbia River undergoes a characteristic

seasonal change. Low water flow is from September through March.

High water occurs from April to August as a result of melting snow in

the British Columbia headwaters. West of the Cascade Mountains,

there is a winter peak flow resulting from heavy rains and runoff.
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Average river discharge ranges from 2000 m3 /sec for low flow to

18, 500 m3 /sec for high flow. The completion of several multipurpose

dams is expected to limit the discharge to a minimum of 4200 m3/sec

and a maximum of 17, 000 m3 /sec (Lockett, 1963).

The Columbia River Estuary

According to the classification of Pritchard (1952), the Columbia

River Estuary is a positive coastal plain estuary (i. e., a drowned

river valley). Use of Pritchard's (1955) additional subdivisions for

positive coastal plain estuaries (Type A, B, C or D) is complicated

because the degree of mixing depends on the tidal stage, river flow

and location of measurement (Neal, 1965). The estuary is typically

Type B (partially mixed) at the mouth except during low river flow

when it can be considered Type D (well mixed) at high tide. High river

flow promotes mixing and the establishment of Type B. Hanson (1967)

suggests that Type B is the best overall classification for the estuary.

Tides in the estuary are of the diurnal inequality type typical of

the Pacific Coast. At the mouth the mean tidal range is 2.0 m, with

the high mean and extreme range being 2. 4 and 2. 7 m (Lockett, 1963).

The upstream boundary of the estuary varies depending on river dis-

charge and tidal stage. For conditions of higher high water and low

river flow changes in water level occur 225 km upstream at Bonneville

Dam (Figure 1) while tidal reversals of riverflow, surface and bottom,
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have been observed 85 km upstream at Oak Point. Although tidal

fluctuation in water level and current reversal are observed many

kilometers upstream, maximum sea water intrusion usually occurs in

the vicinity of Harrington Point, less than 40 km upriver (Neal, 1965).

When high river flow is concurrent with lower low water, sea water

intrusion may be less than 8 km. Based on the foregoing considera-

tions and the need for a working definition, the estuary may be

regarded as that part of the river from Harrington Point to the mouth.

Columbia River Phosphorus-32

From 1944 through 1970 the operation of the plutonium production

reactors at Hanford, Washington (Figure 1) resulted in the release of

large quantities of radionuclides in dilute concentrations into the

Columbia River. River water was subjected to water treatment and

used in a "single pass sytem" to cool the reactors (Foster, Junkins

and Linderoth, 1961). Over 100 radionuclides produced by either (1)

neutron activation of water impurities and corrosion products of

metal surfaces, or (2) released fission products from fuel element

failure were found in reactor effluent (Nielsen, 1963). Only about 12

of these had half-lives of sufficient length and concentrations of such

magnitude to be detected in the estuary (Perkins, Nelson and Haushild,

1966). It has been estimated that some 25,000 curies /month entered

the river during the period 1955-1964 when eight reactors were
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operating (Environmental Studies and Evaluation Group, 1961 and 1964,

cited in Frederick, 1967). Beginning in 1965 phasing out of the

reactors began so that during the first half of this study only two

facilities were operating. After February 1970, during the latter

eight months of this work, only one reactor was on line.

Phosphorus-32 in Columbia River water was produced by neu-

tron activation of either 31P by thermal neutrons in the reaction

31 P(n,y )32P, or 32S by fast neutrons in the reaction
325(n,

p)
32P

(Perkins, 1961). The amount produced by each reaction was dependent

on the parent element's (i. e. , 31P or 32S) probability for activation,

its concentration in the cooling water and the ratio of fast neutrons to

slow neutrons. Perkins (1961) indicates that the 325 reaction

accounted for 30 to 60 times more 32P than the 31P interaction. He

suggests that the majority of the 32P was produced from parent

materials that are continually adsorbed, activated and subsequently

lost from reactor core components such as water processing tubes

and fuel element claddings. The production of 32P by the 32S reaction

was also favored by the greater concentration of S (as SO4) in cooling

water. Phosphorus-32 has a half-life of 14.3 days and decays by beta

(electron) emission to stable 325 (Mullins and Leddicotte, 1962).

Once reactor effluent entered and mixed with river water 32P
in

water continually declined from Hanford to the river mouth through

dilution, physical decay and uptake by biotic and abiotic river
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components. Although water levels posed no apparent hazard, several

studies indicated that 32P was the dominant and most highly concen-

trated radionuclide in aquatic organisms (Davis, 1958; Davis et al.,

1958; Foster and McConnon, 1962). As pointed out by Foster and

Davis (1955),
32P in water was usually less than 1% of the total water

radioactivity but 70-95% of the radioactivity in most invertebrates

and fish. Honstead and Brady (1967) suggested the possibility that up

to 40% of the allowable maximum permissible body burden of 32P

could be obtained by eating Columbia River fish. Because of its

relatively Large concentration by aquatic organisms, levels of 32P in

Columbia River water were maintained at a small percentage of those

allowed for potable water.

Objectives

The general purpose of this investigation was to examine the

fate of Hanford produced
32P in the starry flounder. The specific

objectives of the study were threefold:

1. To determine the seasonal concentrations of
32P in juvenile

flounder, in their major prey organisms and in the water and

sediment that they inhabit.

2. To measure the rate of uptake and loss of the radionuclide

by the flounder.

3. To ascertain the contribution of food, water and sediment
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to the 32P body burden of the flounder.

The approach in this work was influenced by the earlier work of

Rice (1965) and Foster and McConnon (1962). The former has

suggested the three R (routes, rates and reservoirs) approach for

studying the cycling of radionuclides in the marine environment. To

the extent possible, the three R approach was applied to the starry

flounder in an attempt to determine routes of entry, rates of turnover

and major reservoirs of 32P for the animal.

After many years of studying the response of aquatic organisms

below the Hanford reactors to trace levels of artificial radionuclides

in their environment, Foster and McConnon (1962) have indicated that

the best predictive knowledge for future contaminating events seldom

comes from laboratory experiments but rather from field studies

conducted near major atomic energy installations. This study was a

field investigation which attempted to closely simulate the existing

conditions of a natural environment receiving man-made radioactivity.
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METHODS AND MATERIALS

Study Animal

The starry flounder, Platichthys stellatus, belongs to the family

of right-eyed flounder, the Pleuronectidae. This fish is readily

distinguished by numerous spinous stellate plates (cycloid scales),

black stripes on the caudal fin and black bands on the dorsal and

ventral fins (Figure 2). It ranges from Santa Barbara County,

California, northward around the Pacific Coast of North America to

Tokyo Bay, Japan (Orcutt, 1950).

Spawning occurs from November to February attaining its peak

in December and January in shallow waters near river mouths and

sloughs. The eggs are buoyant and upon fertilization yield pelagic

larvae in three to five days. The larvae undergo metamorphosis into

the characteristic adult form at a length of 3 to 10 mm. The juvenile

flounder grow rapidly and attain a length of 80 to 100 mm in one year.

Adult flounder may exceed 50 cm in length and 3 kg in weight, and

unusually large individuals may attain 100 cm in length and 9 kg in

weight. The juvenile flounder remain in estuarine and slough environ-

ments and often are found in fresh water many miles up river. The

larger individuals move to sea and are found in depths of 300 m or

more in coastal waters (Orcutt, 1950).

The starry flounder was selected as the experimental animal in
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I

Figure 2. Experimental animal. The starry flounder,
Platichthys stellatus (Pallas).
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this investigation for the following reasons:

1. It was the only fish that could be obtained in relatively large

numbers on a year-round basis by hand seining at the study

site and otter trawling at various collecting stations.

2. The fish is one of the hardiest of all the local fauna.

3. Although of limited commercial importance, the starry

flounder is consumed by a significant proportion of the local

population.

4. It is an important bottom-dwelling carnivore and accumu-

lates 32P from the benthic environment.

Field Studies

Field experiments were conducted at Warrenton, Toledo,

Newport, and Hammond, Oregon. The study and animal collection

sites are shown in Figure 3.

Seasonal Concentration Studies

Study Area. Seasonal concentrations of 32P were determined in

flounder, amphipods, water and sediment obtained from Alder Slough,

Warrenton, Oregon. Renfro (1967) has described the morphological,

hydrological and biological features of the Alder slough ecosystem

which is located 6 km upriver from the mouth of the Columbia River

(Figure 4A and B). The slough is "L-shaped" with the base and the
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Figure 4. Study sites. A and B - Alder Slough at low and high tide. C fish cage in Alder Slough.
D - sea water system at Hammond, Oregon.
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arm of the °I," being approximately 80 and 100 m long respectively.

The adjacent loW-lying area is drained by Alder Creek which empties

into Alder Slough through a series of tide gates. At low tide Alder

Creek water enters the slough as a rapid stream removing the lighter

bottom sediments which provides a firm footing for seining.

The slough supports an abundant population of crustaceans and

provides a temporary residence for many juvenile fishes. The most

plentiful crustaceans are the amphipods Corophium salmonis and

Anisogammarus confervicolus, and the isopod Gnorimosphaeroma

oregonensis. Corophium salmonis, the amphipod collected in this

study, is a sedentary species which builds tubes that are attached to

sediment, rocks, sticks and other debris. The abundance and number

of fish species in Alder Slough varies with the season of the year. In

spring and summer, the most plentiful species are the peamouth chub,

Mylocheilus caurinus;,the threespine stickleback, Gasterosteus

aculeatus; the shiner perch, Cymatogaster aggregata; the prickly

sculpin, Cottus asper; staghorn sculpin, Leptocottus armatus; and the

starry flounder, Platichthys stellatus. In late fall and winter, seine

hauls may yield only a feW specimens of Mylocheilus ca..urinus, Cottus

asper, Leptocottus armatus and Platichthys stellatus.

Collection Procedures and Field Measurements. Juvenile starry

flounder were obtained by seining (Figure 4C) during low tide from

19 April 1969 to 17 September 1970. All flounder were removed and
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preserved in 10% formalin. Those of 70-90 mm standard length were

analyzed for 32P. This size flounder was available throughout most

of the sampling period; however, on a few occasions flounder as small

as 60 mm or as large as 100 mm were included in order to obtain

sufficient numbers.

Amphipods (Corophium salmonis) were collected at low tide from

28 August 1969 to 17 September 1970. Individual rocks were gathered

and placed in a plastic bucket containing slough water plus approxi-

mately 50 ml of 10% formalin. After a few minutes the amphipods left

their tubes and on dying sank to the bottom of the bucket. The rocks

were then removed and the contents of the container poured through a

plastic screen which retained the amphipods. The screen was washed,

folded and placed in a small plastic bottle containing 10% formalin.

Slough water was collected at high tide from 26 September 1969

to 17 September 1970. Approximately 20 1 of water was obtained in

each of two plastic containers at each sampling.

Sediment was collected from an undisturbed site on the estuary

side of the slough. Samples were collected intermittently from 11

November 1969 to 7 April 1970. Approximately the top 1 cm of a

small area of the bottom was removed with a plastic spatula and placed

in a plastic bottle.

Salinity and temperature of Alder Slough water were measured

with a Beckman Conductivity-Temperature Instrument from 16 May

1969 to 17 September 1970.
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Uptake and Retention Studies

Uptake experiments were conducted by transferring nonradio-

active juvenile starry flounder to a cage held in a radioactive environ-

ment and measuring 32P accumulation. Retention studies were carried

out by introducing radioactive flounder to a non-radioactive environ-

ment and following P loss. In the retention experiments fish were

kept either in cages or a sea water tank.

Study Areas. Three uptake experiments were performed in

Alder Slough from 25 September 1969 to 5 June 1970. Three retention

studies were carried out from 18 July 1969 to 13 September 1969 with

two experiments being attempted with caged fish in the Yaquina River

approximately 2 km southeast of Toledo, Oregon (Figure 3). The

remaining experiment was conducted at the Marine Science Center,

Newport, Oregon in a sea water tank.

Equipment and Collection Procedures. Figure 4C shows the fish

cage in Alder Slough during the spring of 1970. The cage weighed

approximately 36 kg and was readily assembled and disassembled for

use at various locations. When placed in the water the frame sank

into the substrate allowing the bottom of the net to make contact with

the surface sediment.

For the uptake and retention experiments, non-radioactive and

radioactive juvenile starry flounder were collected by otter trawling

from the sites indicated in Figure 3. Salinity regimes at the collection
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and experimental sites were comparable. Any salinity stress on the

flounder was probably minimal since salinity ranges at the collection

sites were greater than the salinity range at the experimental loca-

tions. Salinity in the sea water tank used for the retention experiment

was maintained at 15 %o. In most cases, all fish used in one experi-

ment were acquired from a single sampling location. Fifty to 60 fish

ranging in standard lengths from 60 to 100 mm were placed in the cage

or sea water tank for each of the experiments. Approximately 75% of

the flounder in these experiments were of suitable size (i. e., 70-90

mm standard length). However, fish as small as 50 mm and as large

as 110 mm were occasionally included. Four to six fish were sampled

every three to four days to follow uptake or loss of 32P.

Food Chain Studies

In these studies, juvenile starry flounder held in Columbia River

water were fed radioactive and non-radioactive native food (amphipods

and isopods). Some fish fed radioactive food were also exposed to

radioactive sediment. The quantity of radioactive food consumed was

noted so that the fraction assimilated could be estimated. Additional

experiments were conducted to determine the daily ration of the

flounder (the daily meal expressed as a percentage of fish's wet body

weight) and the fish's digestion rate.

Study Area. Food chain studies were conducted at the Point
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Adams Coast Guard Station, Hammond, Oregon during the summer of

1970 (Figure 1). The Point Adams Station is approximately 4 km

upriver from the mouth of the river and is subjected to strong tidal

and river influences.

Equipment. Figure 4D shows the sea water system used in the

food chain experiments. Water was pumped continuously by a sub-

mersible pump from 0. 9 m above bottom into a number 12 plankton

net contained in a 210 1 drum. From this reservoir tank, water was

gravity-fed through a polyvinyl chloride (pvc) manifold system tb four ply-

wood 230 1 aquaria. Water was introduced into the bottom of each

aquarium by means of a small piece of teflon tubing connected to a

0. 6 cm pvc needle valve. With the valves wide open, aquaria turn-

over times were approximately five to six hours. To prevent any

possible metal poisoning, the pump, reservoir tank and aquaria were

painted with an inert epoxy paint.

Experimental Procedures and Physical Measurements. Food

selected for the experiments consisted of native radioactive and non-

radioactive mixtures of amphipods and isopods collected from the

locations shown in Figure 3. These organisms were obtained in the

field by washing them from sticks into plastic buckets. Clean rocks

were then placed in the buckets to provide a surface for attachment

for the organisms. No attempt was made to determine the species

composition of the mixtures fed.
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To compare pathways of accumulation, three groups of juvenile

flounder, each containing 40-60 fish,were exposed to 32P in the follow-

ing manner:

1. One group of fish was fed a non-radioactive mixture of

amphipods and isopods. The only source of 32P available to

these fish was water.

2. A second group of fish was fed a radioactive mixture of

amphipods and isopods. Both food and water were possible

sources of 32P for this group.

3. The third group of fish was fed a radioactive mixture of

amphipods and isopods. This aquarium also contained

approximately 2.5 cm of radioactive sediment as a bottom

substrate. Food, water and sediment were possible

sources of 32P for this group.

Surface sediment was obtained from Alder Slough (Figure 4C)

and filtered through a number 12 plankton net before being placed in

the third aquarium. Amphipods and isopods previously collected in

the field were prepared for feeding to flounder by washing them off

the rocks onto a plastic screen. Inert debris and algae, when present,

were separated by repeated washings and hand separation. The food

organisms were then transferred to a plastic bottle, weighed wet and

fed to the fish. From each field collection of radioactive food, a sub-

sample was removed for 32P analysis.
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Food chain experiments were performed twice. In the first

study, the experimental flounder ranged from 60-90 mm in standard

length. During the first three weeks of the experiment, the fish were

fed an amount of food twice weekly that averaged from 1.2 to 4. 0% of

their wet weight/day. As flounder were removed (six every five to

six days from each aquarium) for 32P analysis, this daily ration

increased from 4.0 to 13. 0% during the final three weeks of the experi-

ment. In the second study, an attempt was made to feed the fish a

larger amount of food on a daily basis. However, the non-radioactive

flounder were much larger (43 to 128 mm in standard length), and

thus the average daily ration (1.2-2.0% to 2.0-4.5%) was smaller than

in the first study. In both experiments, the fish were allowed to feed

for a given time before the aquaria were drained to remove any

unconsumed food. In the first study, feeding time was 24 hours, while

in the second it was 48 hours. In both cases, little food was observed

in any of the aquaria two hours after feeding. On draining, no food

could be found.

In a separate experiment an estimate of the fish's daily ration

in nature was determined by collecting Columbia River Estuary floun-

der and feeding them known wet weights of the amphipod-isopod mix-

ture and noting whether food was present or absent 24 hours later.

Fish were fed 4, 5, and 6% of their wet body weight /24 hours.

Two approaches were used to estimate digestion rate. First,
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40 to 50 juvenile flounder were collected from the Columbia River

Estuary. Immediately, six to eight of these fish were injected with

10% formalin (through the mouth) to stop digestion and then placed in

a formalin solution of the same strength. The remaining flounder were

placed in an aquarium, sampled periodically, and preserved in a

similar fashion. The second approach consisted of placing a group of

flounder in an aquarium and allowing them to empty their stomachs.

The fish were then permitted to feed for one hour on an amphipod-

isopod mixture. After feeding, excess food was removed and six to

eight fish were sampled. The remaining flounder were sampled

every one to two hours and preserved for stomach analysis. In both

experiments the decrease in stomach contents as a function of time

was measured volumetrically (Lag ler, 1952).

Water was sampled from the 210 1 reservoir tank during the

experiments. Forty liters of water were collected in 12-14 days by

compositing approximately 3 1 /day. Temperature was continuously

monitored in the aquaria by a Foxboro Thermograph, and salinity

was measured periodically with the Beckman CTI instrument.

Laboratory Procedures

The determination of 32P and stable phosphorus was based on

the removal of the element from the sample and its isolation in pure

form for measurement. Depending on the type of sample analyzed,
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varying degrees of sample preparation, chemical separation and

purification, and preparation for counting were required.

Sample Preparation

Biological Samples. These samples, consisting of starry

flounder, amphipods and amphipod-isopod mixtures, were prepared

within 48 hours after collection. Starry flounder were washed in tap

water to remove adhering mud and detritus and measured to the

nearest mm (standard length). Individual fish were dissected to

remove either all viscera or only the stomach contents. In the sea-

sonal concentration studies, all viscera were removed while in the

uptake and retention experiments, and food chain studies, only the

stomach contents were removed.

For most flounder wet and dry weights were determined. Wet

weights were obtained by blotting the fish on paper towels and weigh-

ing them on powder paper to 0.01 g. Dry weights were obtained by

either drying individual fish or composited fish (two to four flounder

per analytical determination) for 36 hours at 110C. When composited

fish were prepared for chemical analysis, they were placed in 400 ml

beakers covered with watch-glasses and autoclaved for 8-12 hours.

After autoclaving, the flounder were homogenized by stirring, dried,

reduced with a mortar and pestle to a fine powder and an aliquot

weighed to 0.0001 g.
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Amphipods were transferred to a number 16 metal sieve and

washed with tap water. They were then placed on a glass fiber pre-

filter which was inserted into a 12.5 cm diameter Buchner funnel

attached to a 4 liter (1) Erlenmeyer flask. The Buchner funnel was filled

with tap water and stirred vigorously. On stirring, the amphipods

floated to the surface and were vacuum siphoned into a second 1 1

Erlenmeyer flask. This process was repeated (three to four times)

until the organisms were free of extraneous material. After washing,

the amphipods were collected in a small plastic sieve and transferred

to preweighed crucibles to obtain wet weights. Dry weights were

obtained by drying for 36 hours at 110C. The amphipod-isopod

mixtures were prepared in the same manner.

Water Samples. Filtered and unfiltered water was analyzed for

32P and stable phosphorus. The filtered fraction was obtained by

passing 13 1 of water through a 0.45 Fa, pore diameter membrane filter.

Approximately 75 ml of this water was frozen for later stable phos -

phorus analysis. The unfiltered fraction required no preparation

other than the freezing of 75 ml for later stable phosphorus measure-

ment.

Sediment Samples. Sediment samples were spread out on a

paper towel and algae and other debris removed with forceps. They

were then placed in preweighed porcelain dishes for wet weight

measurements. Dry weights were obtained by weighing after drying
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for 36 hours at 110C. Samples were reduced to a fine powder with a

mortar and pestle.

Chemical Analysis

Biological Samples. Phosphorus-32 and stable phosphorus were

measured by the method of Setser and Rozzel (1965). Their method,

originally developed to determine 32P in shellfish, was modified by

Romberg (1970) and the author for analysis of biological samples in

general. A detailed description of the method used in this work is

given in Appendix I. The procedure consisted of dissolving 0.5 to 2.0

g of sample in concentrated (70%) nitric acid and 30% hydrogen perox-

ide. Phosphorus was initially separated from other elements by

precipitation as ammonium phosphomolybdate from nitric acid solution.

Two additional precipitations of phosphorus as magnesium ammonium

phosphate were made from an ammoniacal solution. These latter

precipitations were for purification purposes. The final magnesium

ammonium phosphate precipitate was filtered onto a 2.5 cm diameter

Whatman number 42 filter paper held in a glass filter chimney

apparatus. The filtered precipitate was placed in a 2.5 x 0.8 cm

stainless steel counting planchet and dried for 36 hours at 110C. The

dried precipitate was weighed and beta counted.

To determine the chemical yield of the above method, known

quantities of 32P and stable phosphorus were added to distilled water
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and carried through the procedure. Recoveries for seven replicates

ranged from 75.8 to 82. 7% with a mean and standard deviation at the

68% confidence level of 79. 4 ± 2. 9% respectively. All subsequent

standard deviations reported will be at the 68% C. L. unless otherwise

stated. The value of 79. 4% was used in all calculations involving

biological samples when a chemical yield correction was required.

The precipitate's stable phosphorus content was obtained by multiply-

ing the dried precipitate weight by its percent phosphorus composition

(gravimetric factor). Romberg (1970) indicated that this factor was

21.4 ± 0. 9% at the 95% C. L. His value was confirmed (21.5 I 1. 4%

at the 95% C. L.) in this study.

Water Samples. To measure the 32P concentration in water,

the precipitation method of Toombs (1968) was employed. Four liters

of filtered and unfiltered water were acidified with 70% nitric acid.

Phosphorus carrier was added and both solutions were placed on a hot

plate for evaporation. Over a period of two to three days additional

water was added so that a total of 12 1 of each sample were evaporated

to approximately 100 ml. The two 100 ml solutions were filtered

through a Whatman number 42 filter paper into 500 ml Erlenmeyer

flasks. The flasks were heated to 40C and phosphorus precipitated

as ammonium phosphomolybdate. The precipitates were concentrated

by centrifuging and pipetted into 2.5 x 0.8 cm stainless steel planchets.

After drying for 12 hours at 90C, the planchets were weighed and beta



26

counted. Several attempts to determine a chemical yield for the above

procedure were unsuccessful.

Stable phosphorus in filtered and unfiltered water was measured

by the ascorbic acid method as outlined by Strickland and Parsons

(1968). The frozen water samples were thawed and reacted with

ascorbic acid to form the molybdenum blue complex. The absorbance

of the colored complex was read using a Beckman DU Spectrophoto-

meter Model 2400 and compared to a standard calibration curve.

Outlines for this procedure and for analysis of radioactive phosphorus

are included in Appendix I.

Sediment Samples. Radioactive and stable phosphorus in sedi-

ment were determined gravimetrically after fusion with sodium

carbonate (Hillebrand, 1953; Jackson, 1958). Approximately 12 g of

ground sediment and 48 g of sodium carbonate were placed in an iron

crucible, mixed well and fused for 30 min in a muffle furnace at 900C.

The fusion melt was allowed to cool and then transferred to 100 ml

of 6 N hydrochloric acid. After dissolution of most of the melt, the

mixture was filtered through a number 42 Whatman filter paper.

Phosphorus was precipitated from the filtrate as iron phosphate by

adding iron carrier and adjusting the pH with concentrated ammonium

hydroxide. The ferric phosphate was dissolved in 70% nitric acid and

phosphorus reprecipitated as magnesium ammonium phosphate. This

precipitate was filtered onto a 2.5 cm Whatman number 42 filter
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paper, placed in a stainless steel planchet and dried for 36 hours at

110C. After drying, the precipitate was weighed and counted. A

more detailed description of this method is given in Appendix I. No

attempt was made to determine a chemical yield for the above tech-

nique.

Radioactivity Measurement

Instrumentation. Two beta counting instruments were used in

this study. The first instrument which was used to count approxi-

mately 85% of all samples was a Nuclear Chicago Model C115 auto-

matic low background system with a Model Cl1B time interval printer.

The detector was a gas flow type having a 3.2 cm diameter "micro-

mil" window with a density thickness of less than 150 p.g/cm
2 Gas

flow through the detector was 45 ml /min and consisted of a mixture

of 99.05% helium and 0.95% isobutane at a pressure of 5 lb/in2
. Low

background (two to three counts per minute) was achieved by graded

shielding of the detector and anticoincidence circuitry. The remain-

ing samples were counted on a Nuclear Chicago Model C110B auto-

matic counter with a Model 8167 Decade Scaler. This system also had

a gas flow detector and a "micromil" end-window of less than 150

i-Lg/cm2. The counting gas was a 98.7% helium -1. 3% butane mixture

and flowed through the detector at 58 ml /min. The detector was

enclosed in a lead shield which reduced the background to 12-13 cpm.
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Model C110B was used when the low-level system was either inopera-

tive or in use by other workers.

Counting efficiencies (i. e., counts per minute per disintegration

per minute) of the two instruments for 32P were determined for the

range of sample (final precipitate) thickness encountered. Duplicate

standards of 0, 10, 20, 30, 40, 50 and 60 mg /cm2 were prepared by

pipetting a known and equal quantity of 32P into each of a series of

centrifuge tubes containing sufficient stable phosphorus to yield the

desired thickness. The pH of these solutions was adjusted to 9 with

concentrated ammonium hydroxide and phosphorus precipitated as

magnesium ammonium phosphate. The precipitates were treated in

the same manner as the samples, i. e., filtered, placed in a planchet,

dried and counted. From the observed count rates and the known

disintegration rate of the standard, calibration curves of counting

efficiency as a function of sample thickness were constructed. These

curves were used to convert biological, water and sediment sample

count rates to disintegration rates and are included in Appendix I.

Efficiencies for the Nuclear Chicago Model C115 ranged from

14.2% at zero mg/cm2 to 9. 3% at 60 mg/cm2. Corresponding values

for the Nuclear Chicago Model C110B were 29.2 to 23.2%. The

counting efficiencies for Model C115 are low (Isakson, 1969) and

would be expected to approximate those of Model C110B. A second

efficiency calibration of Model C115 eight months later resulted in
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lower counting efficiencies over the same sample thickness range.

Model C115 is about ten years old and the low efficiencies, and the

decreased efficiencies with time, may have resulted from the combina-

tion of less than optimum discriminator settings and detector age.

Calculations. Activity levels of 32P are expressed in two units

in this thesis. These are picocuries (10-12 curie) of 32P/weight or

volume of sample and specific activity, i. e., nanoc...uries (10-9 curie)

of 32 P/gram of phosphorus in the sample. The equation for calculating

. 32pCi 32P /g of biological sample was as follows:

pCi
32P/g = cpm

(D. F. )(C. E. )(C. Y. )(S. S. )(2. 22)

where,

.32pCt P/g =

D. F. =

C.E. =

C. Y. =

S. S. =

32picocuries P/g of organism (wet or dry)

decay factor

counting efficiency in cpm/dpm

chemical yield

sample size in g or I

2.22 =-- constant for conversion of disintegration per
minute to picocuries

Picocuries of 32P in water and sediment were also calculated by

equation (1) with the assumption that the chemical yield was 100%.

(1)

.

The specific activity calculation (nCt32 P/gP) differed from equation

(1) in that (1) the chemical yield term was not used, (2) the sample

size correction was the phosphorus weight in each analytical
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determination, and (3) the constant 2.22 became 2.22 x 103.

The analytical precision of an activity value was estimated by

determining the relative percent errors (coefficient of variations) of

the terms used in the calculation. The error terms were then propa-

gated according to the theory of propagation of errors (Overman and

Clark, 1960). Sample calculations are shown in Appendix I. For all

calculations, errors associated with counting, instrument calibration,

chemical recovery, weighing and volume measurements, and stable

phosphorus determinations were considered. Table 1 indicates the

magnitude of the individual error terms.

Table 1. Range of errors associated with determining the analytical
precision of an activity value.

Source of error Sample
Biological Water

Counting 1-65% 1-93%

Instrument calibration 6%* 6%*

Chemical recovery 3% 3%*

Weighing and volume measurement 1%* 1%*

Stable phosphorus determination 2% 6%

Estimated maximum error

The analytical precision of various samples estimated from the

above treatment is discussed in subsequent sections of this thesis.
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RESULTS

Seasonal Concentration Studies

Alder Slough measurements reported in this section include

physical measurements, observations on flounder growth and feeding

habits, and 32P concentrations in sediment, water, amphipods and

flounder. The terms level and activity will indicate 32P, total

phosphorus concentration/unit volume or weight, and specific activity.

The term activity concentration will refer to 32P concentration/unit

volume or weight only. Several statistical tests performed on the

data are tabulated in Appendix II. All these tests were carried out

at the 5% level of significance.

Physical Measurements

Figure 5 shows the temperature and salinity characteristics of

Alder Slough. Water temperatures were highest in June 1969 and

July 1970 and lowest from December 1969 to February 1970. Although

there appeared to be no marked difference between bottom and surface

temperatures at low tide, high tide bottom temperatures averaged

1. 2C lower than high tide surface values.

Surface salinities at low tide were less than 1%o except during

July and August when they ranged from 2 to 4%o. High tide bottom

and surface salinities were lowest in June 1970 and highest in
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September 1970. High tide surface salinities averaged 2. 1%o lower

than high tide bottom salinities.

Flounder Growth and Feeding Habits

Length-frequency distributions for starry flounder caught in

Alder Slough are shown in Figure 6. In late spring (May) and summer

(June-August) of 1969, two size groups of flounder were evident. The

modal length of the smaller sized group increased from 22.5 to 62.5

mm or about 3 mm/week from 16 May to 14 August. The modal

length of the larger sized group ranged from 72.5 to 77.5 mm over

this period. During fall (September-November) and winter

(December-February) of 1969-70 no distinct size groups were dis-

cernible. In spring (March-May) and summer of 1970 only one size

group of modal length ranging from 87.5 -92.5 mm was present. The

1970 distribution had a less prominent mode and showed a greater

size range of flounder than during the same period of the previous

year. More flounder exceeding 100 mm were caught in 1970 than in

1969.

The average volume of food in the stomachs of flounder analyzed

for 32P from September 1969 through September 1970 is graphed in

Figure 7. Fish in fall and winter were collected monthly, those in

spring and summer weekly. Plotting the spring and summer data on

a weekly basis showed the same decreasing trend as observed in
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Figure 7 and justified presenting all data as monthly means. Stomach

contents increased from September to January and from January

continuously decreased to August. Figure 8 shows the food prefer-

ences of the starry flounder on a percent occurrence basis during this

same period. Percentage occurrence was calculated as the quotient

of the number of fish stomachs containing the organism divided by the

total number of fish examined. Stomach content analyses indicated

that throughout the year amphipods were the most important dietary

item. Corophium salmonis was the predominant species present. To

a lesser degree, especially in late winter and early spring, isopods,

polychaetes and copepods appeared to be important food items. Mysids

and molluscs occurred least frequently on a monthly and percent

occurrence basis and showed no seasonal trend. The numbers of

amphipods per stomach and percentages of empty stomachs are

presented in Table 2. The average number of amphipods per stomach

increased from fall to winter and then declined to a summer minimum.

The percentage of empty stomachs was lowest in the winter (0%) and

highest in the summer (29%).

Radioecological Measurements

Sediment. Repeated attempts using a sodium carbonate fusion

and acid digestion technique were unsuccessful in developing a reliable

method for determining 32P in sediment. The single measurement of
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Table 2. Number of amphipods
September 1969-August

in Platichthys stellatus stomachs,
1970.

Season
No. of

fish
% Empty
stomachs

Average no.
amphipods /

stomach

Fall 26 8 4. 2

Winter 18 0 10.0

Spring 122 15 6.9

Summer 112 29 2.1

Table 3. Radioactive and total phosphorus in Alder Slough sediment.

32
Collection pCi P /g nCi 32P/ mg P /g

date (dry) g P (dry)

12-19-69 2.4 2.8 0. 9

2. 8 2.3 1. 2
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Table 3 was determined by sodium carbonate fusion which appeared to

be a promising method for routine analysis. However, the reaction

vessel failed after the single analysis and no additional vessel that

would hold 10-15 g of sample plus 40-50 g of sodium carbonate was

found that could repeatedly withstand the fusion temperature. Diges-

tion of sediment in various acid mixtures failed to yield an uncon-

taminated sample for counting.

Water. Figure 9 shows 32P and total P concentrations in Alder

Slough water. To ascertain the analytical uncertainty of each
32P

activity, standard deviations were calculated for each measurement

based on the sources of error listed in Table 1. For 32P activity

concentrations and specific activities these standard deviations ranged

from 7 to 61% of the nominal activity. Eighty percent of the standard

deviations were less than 20% of the nominal value. For total P

concentrations the analytical error everaged 6% of the measured

values. Because of the analytical effort required in a radiophosphorus

determination only a limited attempt was made to determine variation

among individual water 32P activities. Duplicate soluble and total

(particulate plus soluble) water samples were analyzed for
32P on 18

December and 9 January respectively. Both soluble samples yielded

non-detectable
32P activities. The two total water samples had activity

concentrations of 5. 9 pCi 32P/1 and specific activities of 165.4 and

167. 3 nCi
32 P/g P respectively.
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The highest activity concentrations and specific activities were

observed in the fall and winter when two reactors were operating

(Figure 9). The reactors were shut down on 1 February and did not

resume operation until 25 March. During reactor shutdown total and

soluble activity concentrations decreased from 3. 0 and 1. 7 pCi 32P
/1

to 0.2 and 0 pCi 32P /1 respectively. The corresponding total and
32soluble specific activity decline was from 54.0 and 42. 9 nCi Pig P

to 3.8 and 0 nCi 32 P /g P respectively. After 25 March only one

reactor was in operation. During the spring and summer of 1970

activity concentrations and specific activities fluctuated with a down-

ward trend being evident. Average total and soluble activity concen-

trations during this period were 1. 7 and 0.8 pCi 32P/1. For specific
32activities the averages were 25.8 and 42.6 nCi Pig P. The 13-

month average total and soluble activity concentrations and specific

activities were 2.0 and 0.8 pCi 32P/1 and 68.2 and 42.8 nCi 32P /g P

respectively.

Total P (particulate plus soluble) in Alder Slough water was

lowest in fall, winter and late summer and highest in spring and early

summer. Total soluble P showed less seasonal fluctuation than total

P with the highest concentrations occurring in late March and mid-

June. The 13-month average total P was 63.4 [kg /1 as compared to

26.2 14/1 for total soluble P.

Amphipods. Phosphorus-32 and total P concentrations in
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amphipods are shown in Figure 10. The analytical precision of a

single 32P activity concentration or specific activity ranged from 6 to

15% of the nominal activity. For both units of measurement, 84% of

the standard deviations were less than 9% of the nominal activity. The

analysis error for total P averaged 2% of the measured values.

Differences between individual amphipod samples are illustrated in

the sampling of 17 August 1970. The mean and standard deviation of

the four samples for the two units of measurement were 142.2 ± 10.8

pCi 32 P/g and 9. 5 - 1. 1 pCi
32 P/g P respectively. For total P the

mean and standard deviation was 15.0 ± 0.9 mg P /g.

Phosphorus-32 activities in amphipods were highest in mid-

summer and late fall and lowest in winter. During the winter reactor

shutdown the activity concentration declined from 192.5 to 17. 6

pCi 32P ig. Specific activity decreased from 11.2 to 1.0 nCi 32P/g P.

Total P was fairly constant ranging from 12.1 to 19. 6 mg P/g

during the study. Levels after early February appeared to be slightly

higher. However an analysis of variance test (Snedecor and Cochran,

196 7).indicated no significant difference in total P over the four sea-

sons. A 95% C. L. interval for total P in amphipods over the sampling

period was 15. 1 ± 0. 7 mg P/g.

Flounder. Figure 11 shows 32P and total P concentrations in

starry flounder. The analytical uncertainty of an individual
32P

activity concentration or specific activity ranged from 6 to 17% of the
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measured activity. Eighty-nine percent of the standard deviations

for both concentration units were less than 10% of the nominal value.

The analysis error for total P averaged 2% of the nominal values.

Phosphorus-32 activity concentrations and specific activities

showed similar trends with highest levels in spring and summer and

lowest in fall and winter. From April through June, 1969, 32P levels

increased to a spring high in May and declined to a summer low in

June. During these three months, 4, 4, and 16 individual fish were

radioanalyzed. For the 16 fish analyzed on 17 June 1969 the relative

percent errors (i. e., the coefficient of variation expressed as a per-

centage) were 44 and 52% for the activity concentration and specific

activity respectively. A second group of 14 fish were analyzed

individually on 16 July 1970 and yielded relative percent errors for the

activity concentration and specific activity of 35 and 43% respectively.

For total P the relative percent errors for the June 1969 and July

1970 samplings were 18 and 19%.

From July to December, 1969, three to 16 fish were compos ited

(Figure 11) into a single sample and four aliquots from each composite

were analyzed. The aliquots provided an estimate of the precision of

the analysis which averaged 5% (range/mean) of the mean value.

During this period activity concentrations and specific activities

increased to a summer maximum in August and continuously declined

thereafter through December. From January through September, 1970
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(Figure 11), two to five flounder were compos ited into each of three

samples for analysis. Each of the three composites contained an

equal number of fish at each sampling. On a few occasions only one

or two composite samples were radioanalyzed from a given sampling.

Both activity concentrations and specific activities from January

through April were at the lowest levels observed during the study and

showed no marked fluctuations. An analysis of variance which

compared the four monthly means indicated that the monthly means

were not equal. Further testing of the means using the Q test

(Snedecor and Cochran, 1967) showed that the January through March

means were equivalent, but the April mean was different. That the

April mean was different is also supported by decreasing 32P levels

to the middle of the month followed by increasing levels during the

latter half of the month. The early April decline probably resulted

from reactor shutdown during February and March. On the basis of

these observations a mean, sample standard deviation, and 95% C. L.

were calculated for the January through March samples. The means

and standard deviations were 12.8 ± 5.9 pCi 32 P/g and 0.31 ± 0.15

nCi 32P/g P. The best estimate of 32P in flounder over the three

months was 12.8 ± 1.5 pCi 32P /g (95% C. L.) or 0.31 ± 0.04 nCi

3213/g P (95% C. L. ). Because flounder collected at different sampling

times were not composited into composite samples of equal numbers

of fish a weighted variance calculation (Draper and Smith, 1966) was
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(2)

X = activity value of single composite sample

n = number of fish in single composite sample

m = number of composite samples from single sampling

and was used in the above calculations and all subsequent estimates of

variability involving composite samples.

Two trend lines are shown for
32P activity concentrations and

specific activities during late spring and summer of 1970. The

smooth curves were obtained from a weighted least squares analysis

(Draper and Smith, 1966) and predicted an increase in 32P levels to

mid-July followed by declining levels thereafter. The broken lines

which connect sample means showed a similar trend with maximum

activities occurring in mid-June. After mid-July both pairs of curves

showed a downward trend over the remainder of the summer. An

32 32
initial P uptake rate of 4.0 pC i P/g/d was calculated from the

May section of the smooth curve. Examination of the residuals, the

differences between the predicted and observed
32P levels from the

weighted least squares analysis, indicated no abnormality in the late

spring and summer activity values. A time sequence and overall plot

(Draper and Smith, 1966) showed that the weighting procedure (i. e. ,
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the transformation of each activity value to the product of the activity

value times the square root of n) before regression analysis was valid.

The two graphs (Appendix II) gave no indication that the population

variability was changing over this period. On the basis of the above

results, pooled variances were calculated for 32P activity concentra-

tions and specific activities from May through September using

equation (2). The standard deviations obtained from the variances

were 51 and 54% of the grand means. The May through September

pooled activity concentration and specific activity variances were

compared to the corresponding pooled variances calculated for the

January through April period using the F test (Snedecor and Cochran,

1967). The results of the F test, a test for the equality of variances,

indicated that the variances over the two periods were significantly

different for both concentration units. Further analysis using a one-

tailed F test showed that the May through September pooled variances

were greater than those of January through April.

An indication of the variability of 32P content within a group of

individual fish or composite samples containing two to four flounder

is presented in Table 4. The values in Table 4 were calculated by

taking the ratio of the maximum to the minimum value in all groups

(e. g. , all groups having two fish/composite) of composite samples

from May through September and averaging the ratios. Combining

flounder into composite samples of two, three or four fish reduced the
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Table 4. Average ratio of maximum to minimum activity concen-
tration and specific activity for individual or composited
samples containing different number of fish. May through
September, 1970.

No. of fish/
compos it e

sample

Activity
concentration

Specific
activity

1 3. 6 (2)* 5.1 (2)

2 1. 6 (7) 1.6 (7)

3 1. 7 (11) 1.8 (11)

4 1.5 (3) 1.7 (3)

Number of sets of composite samples averaged

average range of values within a single analysis by over one-half and

about two-thirds of that observed in individual flounder for activity

concentration and specific activity measurements respectively. There

was no marked reduction in the average range observed between the

composite samples containing two, three or four flounder.

Total P ranged from 22.8 to 62.5 mg P/g over the study. A

test for homogeneity of variance (Bartlett's Test) over spring, sum-

mer, fall and winter indicated no seasonal differences in variability in

the total P levels (Snedecor and Cochran, 1967). An analysis of

variance test showed that the four seasonal means were not equal.

Examination of the means using the Q test disclosed that only the

winter and summer means differed from each other. All other differ-

ences between means were not significant. The spring, summer, fall

and winter means with their standard errors of the mean were 38 ±

1.2, 33 ± 1.4, 37 ± 2. 6 and 44 ± 3.8 mg P/g. An additional



50

comparison of the magnitude of 32P in relation to total P content in

flounder revealed no correlation between the two With respect to

flounder studied in this investigation fish with high levels of 32P did

not necessarily have the highest total P content and vice versa. This

result suggests that the stable and radioactive isotopes of P may be

either incompletely mixed and/or are behaving differently.

Phosphorus-32 and Total P Distribution in Flounder Tissue.

Figure 12 shows the tissue distribution of 32P and total P concentra-

tions in the starry flounder. Each measurement was obtained by

compositing the individual tissues from six fish caught on 4 September

1970. The skin also included the embedded cycloid scales. Dissec-

tion of tissues from an individual flounder indicated that muscle,

bone, skin and viscera contributed 67. 0, 19. 0, 8.2, and 5.8%

respectively of the total dry weight.

Activity concentration was highest in bone followed in descending

order by skin, viscera and muscle. The same order of distribution

was observed for total P (i. e., bone, skin, viscera and muscle) with

bone, muscle, skin and viscera contributing 69.2, 19.5, 8.1 and

3.2% of the flounder's total P. Bone, muscle, skin and viscera

contained 71. 4, 20. 0, 5.8 and 2.8% of the fish's total activity. The

specific activities of the four tissues were not statistically different.
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Uptake and Retention Studies

Results reported in this section describe the uptake and reten-

tion of 32P by starry flounder maintained in a sea water tank and

caged environment. Since the same results were observed with

activity concentrations and specific activities only activity concentra-

tions are presented.

Uptake Experiments

Two of the three uptake experiments are shown in Figure 13.

For the two studies the analytical uncertainty of the activity concen-

trations ranged from 8 to 31% with 87% of the standard deviations less

than 20% of the nominal value. The third uptake experiment, a winter

study (January, 1970), was unsuccessful because a severe storm

damaged the cage permitting all fish to escape.

In the fall uptake study 32P was first detected in the flounder

28.0 days after the experiment had begun. From 28.0 to 57.0 days

the activity concentration in the test fish increased from an average of

14.8 to 27. 3 pCi 32P /g. Levels of 32P in free-living Alder Slough

flounder during this experiment declined from 80.3 on 24 September

to 38.1 pCi 32 P/g on 20 November. The ranges in the three samples

containing three, two and four individual fish were 8.8, 8. 9 and 12. 6

32
pCi Pig respectively. The three low values, two at 39.0 and one at
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57.0 days, are not included in the above discussion. These three

fish ranging from 18.0 to 28.0 g were much larger than the individuals

with higher activity (range 8.0 to 10.0 g). Examination of the stom-

achs of the 36 fish sampled prior to 28.0 days revealed that only five

contained food. Of the 12 fish collected on and after 28.0 days, 10

contained food organisms in their stomachs. Five fish died during the

experiment. Calculation of an initial uptake rate (broken line in upper

graph of Figure 13) yielded a value of 0.6 pCi 32P /g /d.

During the spring study the initial uptake rate was 3.0 pCi

32 P/g/d. The activity concentration increased from 0 to an average

of 39.6 pCi 32P /g in 22.8 days. Levels in free-living flounder over

the same period increased from an average of 62.9 to 127.2 pCi

32 P/g. The range of values among the various samples of caged fish

varied from 5.7 to 81.9 pCi 32P /g. Of the 60 fish initially placed in

the cage, 17 died over the experimental period and an additional 21

escaped between 21.0 and 23.0 days. Examination of the stomach

contents of the remaining 22 fish prior to radioanalysis showed that 14

contained prey organisms.

Retention Experiments

Two of the three retention studies are shown in Figure 14.

Results of the third study (caged fish) were similar to those of fish

held in the sea water tank and for this reason are not reported.
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Effective half-lives determined from the regression lines were 14. 4

and 24.0 days for caged and sea water tank maintained flounder. On

several occasions in both studies the maximum activity value at a

given sampling time exceeded the minimum value by two times. The

compositing of three fish versus two fish did not substantially reduce

the variation of 32P levels observed in flounder. The relative percent

errors of the slopes (SD/slope x 100) of the regression lines were 57

and 17% for caged and for fish maintained in a sea water tank.

Food Chain Studies

Results reported in this section describe the uptake of 32P by

the starry flounder when exposed to (1) radioactive water, (2) radio-

active water and radioactive food, and (3) radioactive water, food

and sediment. Estimates of the amount of 32P assimilated and the

flounder's daily ration and digestion rate were also obtained.

Physical Measurements

Figure 15 shows the temperature and salinity of water used in

the food chain studies. Mean daily water temperature increased during

the summer to a maximum in August followed by a rapid decline to a

summer minimum also in August. The rapid decline probably

resulted from upwelling and the extreme tidal ranges occurring during

this period. After mid-August temperature increased until the end of
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the month at which time it again declined. Daily salinities expressed

as a moving average of four were lowest in May and highest in August.

After mid-August salinity declined. Minimum and maximum salinities

measured during the summer were 0.4 (4 June) and 29. 8%o (17 August).

Radioecological Measurements

Water. Phosphorus-32 and total P concentrations in aquarium

water are shown in Figure 16. The analytical uncertainty of the 32P

activity concentrations and specific activities ranged from 8 to 93%

of the determined value. Two-thirds of the standard deviations were

less than 15% of the nominal value.

Activity concentrations and specific activities were highest in

late spring and early summer. During mid-summer activity concen-

trations declined and then increased and remained fairly constant in

late summer. Average total and soluble activity concentrations

during the studies were 2. 4 and 0.8 pCi 32P /1 respectively. Total and

soluble specific activities showed a downward trend during the studies

32with overall means of 63. 1 and 58. 7 nCi P/g P respectively.

Total and total soluble P declined from late spring into early

summer and then increased through the remainder of the summer.

Average total and total soluble P during the studies were 40. 0 mg/1

and 18.5µg /1.

Flounder. Tables 5 and 6 show the accumulation of
32P by the
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starry flounder from the two food chain studies. In the first experi-

ment (Table 5) the three groups originally consisted of 36 fish; how-

ever, during the experiment two fish died in the group fed non-active

food, six died in the group fed active food and three died in the group

fed active food in the presence of active sediment. Of the six dead

fish from the group fed active food, five fish died on a single day

when the aquarium inlet valve plugged allowing the water temperature

to rise above normal. In the second experiment (Table 6), the three

groups initially consisted of 54 fish. Eight fish died and one escaped

in the group fed non-active food, three died in the group fed active food

and three died in the group fed active food in the presence of active

sediment. There was no apparent reason for the greater mortality

in the group fed non-active food. The analytical precision of the 32P

activity concentrations varied from 10 to 63% of the measured value.

Sixty-five percent of the standard deviations were less than 30% of

the nominal value.

Comparisons of flounder body burdens indicate that in both

experiments fish fed active food, with or without the presence of

active sediment, accumulated more radioactivity than fish exposed to

active water and fed non-active food. Since specific activities and

activity concentrations showed the same trend, specific activities are

not presented. Activity concentrations at the end of 42.8 days (Table

5) for fish fed active food and fish fed active food with active sediment
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Table 5. Experiment I. Mean and standard error of the mean (SEM)
for 32P accumulation by Platichthys stellatus from (1)
radioactive water and non-active food, (2) radioactive water
and radioactive food, and (3) radioactive water, food and
sediment. 26 May-2 July 1970. Each value is the mean of
three composite samples of two fish each.

Days
Mean

pCi 32P /g
(dry)

SEM

1. RA water + NA food

1. 6
3. 6

1. 6

0.8
6. 0

10.8
15.8 O. 0

a 0.0
29.0 3. 0 2.0
36.0 O. Oa 0.0
42. 8 3. 0 0. 3

2. RA water + RA food

6. 0 2. 3 2. 4
10.8 7. 9 0. 9
15. 8 6.5 1. 1
29.0 13. 4b 5. 5
36.0 5.6b 1. 9
42. 8 19. 7b 4. 8

3. RA water + RA food + RA sediment

6. 0 1. 6 1. 6
10.8 4.7 1. 6
15.8 8.3 1. 6
29. 0 11. 3 4. 7
36. 0 13. 9 2.5
42.8 18. 8c 3. 2

allo detectable activity
bMean of two composites of two fish each
cMean of two composites of two fish each plus one individual fish
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Table 6. Experiment II. Mean and standard error of the mean (SEM)
for 32P accumulation by Platichthys stellatus from (1)
radioactive water and non-active food, (2) radioactive water
and radioactive food, and (3) radioactive water, food and
sediment. 23 July-30 August 1970. Each value is the mean
of three composite samples of three fish each.

Days
Mean

pCi 3210/g
(dry)

SEM

1. RA water + NA food

0. 8
1.5
0. 6

0. 4
0. 9
0. 6

6. 0

12.7
17.6
25.0 o.oa 0.0
31.6 0a 0. 0

38.8

2. RA water + RA food

6. 0 1. 9 1. 0

12.7 5.2 0. 9
17.6 3.3 1. 9

25.0 2.5 1.4
31.6 6. 0 3.3
38. 8 4. 8c 4. 0

3, RA water + RA food + RA sediment

6. 0 2. 8 1. 6

12.7 4. 4 0.5
17.6 3.2 0. 9
25.0 4.0 2. 7
31.6 6.0 0.5
38. 8 11.5c 4.6

aNo detectable activity
bNo sample taken

Mean of two samples of three fish each
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present were 6. 6 and 6. 3 times the level in fish obtaining 32P from

water alone. A similar comparison (Table 6) at 17. 6 days, the last
32sampling in which P was measurable in fish receiving the radio-

isotope from water only, yielded levels 5.5 and 5.3 times greater.

Activities in fish obtaining 32P from food, and food and possibly active

sediment did not appear to differ. In Experiment I final activity

concentrations from the two modes of uptake were approximately equal.

32Levels in flounder receiving P from food and possibly sediment in

Experiment II were greater than two times the levels in flounder

receiving the isotope from food alone. However, the error terms

associated with these final mean activity concentrations were large

and suggest that the difference may not be genuine.

Phosphorus-32 uptake from water (active water and non-active

food) was very erratic in both experiments and showed no definite

trends. Detectable activity (0.2 pCi /g ± 25% at the 68% C. L. ) was

seldom found in all three composite samples at a sampling time.

Most composite samples of fish fed active food had detectable activity

throughout the experiments; however, 56% of the standard errors of

the means based on the range (Dean and Dixon, 1951) were greater

than 30% of the average value. These large errors coupled with

visual observations on feeding behavior and examination of gastro-

intestinal tract contents indicated that feeding was not uniform within

or between populations.
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Table 7 presents flounder weight changes, daily rations and

calculated assimilation coefficients for the two accumulation experi-

ments. In Experiment I the initial weights of fish placed in the aquaria

were determined from a length-weight curve constructed from Alder

Slough flounder (only lengths of experimental fish were measured

initially). Final population weights were determined by summing

weights obtained at sampling. Mean population weight loss for the

three groups of Experiment I was 17% with an average fish of 8. 3 g

losing 1. 4 g over the 43-day period. For Experiment II initial weights

were obtained before placing the flounder in the aquaria. Final

weights were obtained as in Experiment I. Average population weight

loss for Experiment II fish was 13% with a mean fish of 21. 6 g losing

2.8 g in 39 days. Both experimental groups were fed approximately

equal pCi of 32P, but the fish of Experiment I received this activity

from about one-third the amount of food. Amphipod-isopod mixtures

from Alder Slough were used in the first experiment, and each

mixture's activity concentration was determined from the amphipod

curve (Figure 10) at collection time. For Experiment II amphipod-

isopod mixtures were collected from several locations (Figure 3) and

the activity concentration of an aliquot from each field collection was

measured before feeding.

Average daily ration of the three groups of Experiment I and II

fish was approximately 4 and 2% of their wet body weight /day. Daily



Table 7. Weight changes, daily rations and assimilation coefficients for the uptake of 32P by
Platichthys stellatus from (1) radioactive water and nonactive food, (2) radioactive water
and radioactive food, and (3) radioactive water, food and sediment, a

Population Mean
weight fish
loss weight
(%) (g)

Food
fed
(g)

Mean
daily pCi

ration fed
(%)b

pCi Assimilation
accumulated factor

(%)

RA water + NA food
Experiment I

17 8 132 4(1-11)c 0 198
RA water + RA food

19 9 132 5(1-18) 5382 538d 10 ± 4e (0-24)c
RA water + RA food

+ RA sediment
15 8 132 4(1-12) 5382 484f 9 ± 5 (1-29)

Experiment II
RA water + NA food

10 23 325g 2(0.4-4.2) 0 283
RA water + RA food

14 22 392 2(0.5-4.2) 5593 1062d 18 ± 9e (0-54)c
RA water + RA food

+ RA sediment
14 20 375 2(0.5-5.0) 5263 1421f 27 ± 6 (8-42)

aAll results expressed as wet weight dRA water + RA food RA water
Standard error of the meanbPercent of wet body weight /day

cRange
RA water + RA food + RA sediment RA water

gFed five days less than others crs
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rations approaching those of the high end of the ranges were fed during

the last few days when only a few fish remained. Columbia River

Estuary flounder of the size used in Experiment I when placed in an

aquarium consumed 5% of their wet body weight/day.

The equation (time periods equivalent to sampling times of

Experiment I) used to calculate the assimilation coefficients of Table 7

was as follows:

pCi 32P accumulated in fish population from t
O. 0

to t
6. 0

days

pCi 32P fed population from t0.0 to t 6. 0
days

pCi 32P accumulated in fish population from t6.0 to t10.8 days

pCi 32P fed population from t6.0 to 110.8 days

(3)
. . . . . + . .

pCi 32P accumulated in fish population from t 36.0 to t42.8 days

pCi 32P fed population from t36.0 to 142.8 days

In making these calculations it was assumed that (1) weight losses

were uniform within the fish populations and occurred at a constant

rate, (2)
32P loss by flounder occurred with an effective half life of

14.3 days, and (3) uptake from water was equal in the three groups in

each experiment. For example, the second term in equation (3)

represents the 32P assimilated by the total fish population from t6. 0

to
110.8

days from the 32P contained in the food fed during this period.

The total pCi 32P in the fish population at 110.8 days that was
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accumulated from t 6.0 to t 10.8
days was obtained by correcting the

activity concentrations determined at t 10.8
days from six fish (i. e. ,

three composites of two fish each) by (1) the pCi
32P accumulated

from water from t6.0
to 110.8 days, (2) the weight loss occurring in

the population from t6.
0

to 110.8 days, and (3) the pCi 32P accumu-

lated by the population from t0.0 to t 6. 0
days. The minimum range of

values associated with an average assimilation factor was 0-24 while

the maximum range of values was 0-54. Each of the mean values falls

within the range of the other three. The mean and standard error of

the mean for the 24 individual absorption factors was 15.8 ± 3.2%.

Total 32P activity accumulated by each of the populations was
32

obtained from the product of the mean assimilation factor and pCi P

fed. In Experiment I fish fed active food and active food with active

sediment present accumulated 2.7 and 2.4 times the activity in

32flounder receiving P from water alone. In Experiment II the

corresponding levels were 3.8 and 5.0 times those of flounder exposed

to active water only. For Experiment I and II uptake from water

averaged 26.8 and 21.0% of that from food plus water.

Two estimates of the time required for starry flounder to

empty their stomachs are shown in Figure 17. The results have been

fitted with regression lines and extrapolated to the time axis (broken

line). Extrapolation of the curve for fed flounder yielded a stomach

emptying time of 12.2 hours. A similar extrapolation for collected
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flounder gave 13.8 hours. The errors associated with the slopes of

the regression lines were 70 and 30% of the calculated values for fed

and collected animals.



70

DISCUSSION

The dynamics of a radionuclide in an aquatic food chain may be

described by expressing the radionuclide concentration in the various

trophic levels either as a concentration factor or as a change in spe-

cific activity between trophic levels. The concentration factor is the

ratio of the amount of radionuclide per unit wet weight of organism to

that in an equal weight of water. In many ecosystems concentration

factors decrease in proceeding from lower to higher trophic levels.

The concept provides a method for determining the critical pathways

of radiation exposure to the human population from edible aquatic

organisms. Concentration factors may also aid in evaluating waste

discharge limits as they relate to human exposure by indicating the

extent of radionuclide accumulation by organisms.

Some indication of the specific activity changes that occur in

proceeding from one trophic level to the next is indicated by the

"specific activity concept" which states that if the specific activity of

a radionuclide in the water is maintained below the allowable specific

activity in the human body then no individual can obtain more than the

allowable quantity of the radionuclide from the water and/or food

organism inhabiting the water (National Research Council, 1962).

Specific activity decreases from lower to higher trophic levels in a

food chain. The specific activity approach enables all components of

the same or different ecosystems containing varying stable element
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concentrations (i. e. , sediments, water and biota) to be compared.

Specific activity measurements of the organism and its primary

source of the radionuclide may yield useful information on the rate of

element turnover.

Uptake, Retention and Tissue Distribution

of
32P by the Starry Flounder

Uptake and loss rate experiments were performed to determine

a
32P biological half-life for the juvenile starry flounder. The bio-

logical half-life (Tb) is the time required for 50% of the body burden

of
32P to be eliminated by biological (i. e., neglecting radioactive

decay) processes. It is a measure of the 32P loss rate at a particular

time and under particular experimental conditions (Odum, 1961;

Crossley, 1964). An uptake study may be used to determine the

accumulation of 32P by the organism with time. The rate of uptake

can be expressed by the exponential equation (Davis and Foster,

1958):

where

Qt = Qe (1 - e -X
)

Qt = amount of radionuclide present at some time (t) before
equilibrium

Qe = amount of radionuclide present at equilibrium

X r = radionuclide decay constant

(4)
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True equilibrium is only reached after infinite time. For

practical purposes equilibrium is approximately estimated when

Qt = 0.9 Qe. Solving equation (4) for t when Qt = 0. 9 Qe and for the

case of 32P yields approximately 47 days. A value of t less than 47

days indicates that biological turnover is significant relative to radio-

active decay while a greater value suggests that the uptake is not

adequately described by the exponential model. Equation (4) may be

modified for the calculation of Tb (equation (5)) from the observed

turnover by substituting 6 for X. r where 6 =X. + X (13 = constant forr

biological half-life) or 6 = 0. 693/Tr + 0. 693/Tb (Davis and Foster,

1958).

Qt = Qe (1 - e -6t
) (5)

The usual method for determining Tb is by a retention experi-

ment (Reichle, Dunaway and Nelson, 1970). In this work juvenile

starry flounder from the Columbia River Estuary were held in a cage

and sea water tank and the loss of radioactivity as a function of time

was measured. The length of time required for the activity to be

reduced by one-half under these circumstances is defined as the

effective half-life (T
e

). The effective half-life describes radioactivity

loss resulting from both radioactive decay and biological turnover.

The biological half-life may be obtained from Te by the relationship:

T T r
T b Tr

e
- Te

( 6)
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Uptake and Retention Experiments

Uptake and retention experiments performed in this investiga-

tion were unsuccessful in obtaining a definitive Tb in juvenile starry

flounder. In the fall uptake study caged flounder contained only 72%

of the activity of free-living flounder in Alder Slough after 57 days in

the cage. Or in terms of equation (5) the time required for Qt =

0. 9 Qe is greater than the maximum value of 47 days predicted in

equation (4). In fact, the fall uptake curve of Figure 13 appears to

have obtained an apparent equilibrium value lower than that of free-

living flounder. The experimental results are not in accord with the

exponential model when the most applicable apparent equilibrium value

is used (i. e., the 32P level in free-living flounder). If the maximum

activity attained by the caged fish is used as the apparent equilibrium

value, t from the fall uptake curve for Qt = 0. 9 Qe is 31.8 days and

Tb and Te from equations (5) and (6) are 27. 6 and 9. 4 days respec-

tively. In contrast to the exponential uptake in the fall study, the

spring uptake curve of Figure 13 is linear and shows no indication of

approaching equilibrium in 23 days. At 23 days 32P in caged flounder

was approximately 33% of that in free-living flounder. Considering

32P levels in free flounder as an equilibrium value, equation (4)

would predict approximately eight days as the time required for the

caged flounder to reach 33% of this value and considerably less than

eight days if significant biological turnover was occurring. In a final
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comparison of free-living Alder Slough flounder with the exponential

model for the period 27 April-9 July 1970 (smooth curve in upper

graph of Figure 11), t for Qt = 0. 9 Qe is 51 days, a value not statis-

tically different than the 47 days of equation (4). An additional calcu-

lation for 27 April-18 June 1970 (broken line in upper graph of

Figure 11) yielded a similar result.

Several workers have attempted to evaluate 32P turnover in fish

by uptake experiments. Hayes and Jodrey (1951) and Srivastava (1960)

determined biological half-lives of less than two days in yearling trout

and salmon by injection of 32P and exposure to aquarium water con-

taining inorganic P respectively. Romberg (1970), whose work is

most applicable to this study, obtained a Tb of eight days from muscle

and bone of free-living salmon less than a year old released into the

Columbia River. Watson et al. (1959) in a laboratory study on the

effects of chronic feeding of 32P to rainbow trout (Salmo gairdneri)

indicated that equilibrium levels of 32P in the fish were reached in

20-30 days in soft tissues and 30-40 days in the hard tissues. These

equilibrium levels correspond to biological half-lives (equation (5)) of

11-19 and 19-42 days for soft and hard tissues respectively. Only the

Tb from the fall uptake study falls within the range of previously

reported values, and this result assumes an equilibrium level for

caged fish less than that of free-living fish. The lower equilibrium

may have been genuine if the flounders' food was limited and/or
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feeding behavior was affected by containment. That limited food

resources contributed to the result may be the case because the cage

and flounder were placed in Alder Slough simultaneously, and no radio-

activity was detected in the fish until 28 days after the study began.

That no detectable 32P was accumulated from the water during this

period is difficult to reconcile. The spring and free-living uptake

curves cannot be described by the exponential model and thus biologi-

cal half-lives are not available for comparison. The initial uptake

rate for free-living flounder was greater than that for the caged fish

in the spring uptake study and probably again indicates one or more

effects resulting from confinement. This is especially true in the

spring experiment because of the higher mortality (28%) observed,

which was most likely the result of relatively warm water tempera-

ture coupled with the exposure of the fish to reduced sediments

caused by frequent sampling.

Watson (1957) and Watson et al. (1959) have reported 32P turn-

over in rainbow trout from laboratory retention studies. Biological

half-lives of the various organs of the viscera ranged from a low of

20 days in liver to a high of 32 days in the spleen. For scales, muscle

and bone Tb was 48, 130 and 240 days. The entire fish had a Te and

Tb of 12 and 79 days respectively. No error terms are given with

any of the values. From Figure 14, Te and Tb for caged flounder were

14 and 240 days respectively. The poor (i. e., - 57% for Tb) precision
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of these values is primarily the result of large differences in the 32P

content of individual fish. While the Tb determined from this study

for the total fish is of the same order of magnitude as the values of

Watson (1957) and Watson et al. (1959) for the hard tissues and total

fish, the value has little (± 57%) statistical confidence. The Te of 24

days for the fish maintained in sea water may have resulted from

uptake of their excreted 32P from the tank water, since this water was

only changed every seven to ten days. A Te greater than 14.3 days

(i. e., Tr) has no physical meaning unless the fish obtained 32P from

their surrounding environment during the experiment.

Although the exponential model has been advocated as a means

of assessing radionuclide turnover from uptake experiments (Davis

and Foster, 1958; Foster, 1959; Olson, 1966), few studies have been

reported on its application to free-living organisms. Failure of the

model to describe 32P uptake curves in this work may be inherent in

the assumptions regarding its use which are (1) the organism is a

compartment of constant size, i. e., there is no growth, (2) the rate

parameter (e. g., Tb) is a constant, (3) there is an equilibrium con-

dition between the organism and its environment, i. e., the rates of

uptake and loss of the radionuclide are equal, and (4) the intake of the

radionuclide whether it be from water and/or food is at a constant

rate and from a source of constant concentration. The uptake studies

of other investigators described herein were performed in the
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laboratory where the requirements of the exponential model were

closely approximated. In the present field studies most of the model

assumptions were not met; i.e., (1) the fish were undergoing a rapid

rate of growth, especially in the spring and summer months, (2) the

rate parameter for a yearling flounder was probably constant for only

short intervals of time, if at all, because of its changing physiological

needs resulting from growth and its dynamic environment, (3) the

young fish was not in equilibrium with its environment, and (4) the

flounder's intake of 32P was changing in response to varying feeding

rates and 32P concentration in its major prey organisms.

Of greater significance is the question of whether equivalent

turnover rates are being measured in uptake and retention experi-

ments. Watson (1957) and Watson et al. (1959) data show that biologi-

cal half-lives obtained in the laboratory for 32P from uptake and

retention studies are in fairly close agreement for the soft tissues

(excludThg muscle). However, the biological half-lives for hard

tissues and muscle from retention studies are much longer than those

from uptake experiments. Biological half-lives from uptake experi-

ments by other workers reported in this discussion were less than ten

days for the total fish whereas Watson's et al. (1959) value from a

retention study was 79 days. What may be occurring, especially with

respect to Romberg's (1970) data and the present work, is that the

uptaRe study is measuring the young fish's affinity for 32P in terms of
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its physiological needs including growth, and the Tb calculated from

such an uptake or affinity is not necessarily indicative of the loss rate

of
32P once deposited. The corresponding Tb measurement on a

similar fish from a retention study would indicate the metabolic turn-

over of 32P by the fish and could possibly be regulated by the relatively

larger accretion versus the smaller exchange of 32P by the hard

tissues (Hevesy, 1945). With about 77% of the
32P in the flounder's

hard tissues which are organs of relatively slow turnover, a Tb for

the entire fish equivalent to that of the hard tissues is conceivable.

Polikarpov (1966) and Rice (1970) indicate that the two methods may

not yield equal elimination rates, especially for organisms not in

equilibrium with their environment. Unfortunately, little new informa-

tion is presented here on the problem and the statement of Foster and

McConnon (1962) that
32P once deposited in the fish is lost at a rate

approximately equal to the physical half-life of the radionuclide is

accepted for use in additional sections of this discussion.

Tissue Distribution of
32P

The order of tissue distribution of
32P activity concentration

and total P in the juvenile flounder (Figure 12) is the same as reported

by other investigators for trout (Hayes and Jodrey, 1951; Phillips and

Podoliak, 1959; Watson et al., 1959). Results for tissue specific

activities are unexpected when considered in terms of the organ
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turnover concept of the specific activity model. This concept predicts

higher specific activities in organs or tissues such as viscera and

muscle which should be turning over 32P relatively more rapid than

bone and skin. The present results indicate no statistical difference

in the specific activities of the four tissues and suggest that the organ

turnover concept may not be applicable in describing 32P tissue turn-

over in young flounder.

Watson and Davis (1957) found greater concentrations of 32P in

juvenile Columbia River whitefish, Pros opium williamsoni, than in

adults and presented the ratios of 32P in juvenile to adult fish shown

in the second column of Table 8.

Table 8. Predicted 32P specific activities in adult starry flounder.

Tissue

Skin

Bone

Muscle

Viscera
(liver)3

Juvenile/ Juvenile Adult gP /g
adult flounder' flounder' tissue

Adult
specific
activity 2

4. 9 29. 6 6. 0 0.008 O. 22

6. 4 158.6 24. 8 O. 100 0,25

2.8 12. 6 4.5 O. 027 0.54

2. 0 20. 3 10. 2 0.015 O. 66

1pCi 32P /g
2 2-1nCi P
3

iLiver is taken as being indicative of viscera.

Assuming these ratios are similar in flounder and total P/g tissue is

relatively constant throughout the life of the fish, the predicted adult
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tissue specific activities are in agreement with the organ turnover

concept. Specific activities in adult fish using 32P levels in fish

tissues from Columbia River studies (Watson and Davis, 1957; Davis

et al., 1958) and the P content of the tissues from this study show that

in most cases the ratios are greatest in viscera and muscle and least

in skin and bone.

Specific activities of this study may be due to the metabolic

differences between young and adult flounder. It is known, at least in

higher vertebrates, that P turnover declines with age probably as a

consequence of the decline in metabolic rate (Falkenheim, 1922;

Smith et al., 1951). Juvenile flounder and other young Columbia river

fish have higher 32P levels than their adult counterparts as a result

of their higher metabolic rates and associated growth. Flounder,

studied in this work, spend most of their early years in an environ-

ment containing 32P with the result that all of their P reservoirs (i. e.,

organs or tissues) become labeled. This labeling is proportional to

the P content of the tissue and tissues with the most P will obtain the

highest 32P levels. The proportional and uniform labeling of all P

reservoirs would result in all tissue possessing similar specific

activities. This hypothesis is compatible with the present results of

equal tissue specific activities and highest
32P levels in tissues with

highest P content. As the fish increase in size their rate of growth

decreases and shifts to a more seasonal pattern. When this occurs
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tissue specific activities become more oriented toward the metabolic

rate of the individual reservoirs, and this is reflected by a difference

in specific activities between tissues. On reaching maturity differ-

ences in tissue specific activities should be well established and be

indicative of the relative turnover of the various reservoirs.

Food Chain Studies

The question of whether more radioactivity enters aquatic

organisms by direct exchange with the water or by nutrition remains

unanswered. For fish, Schiffman (1961) and Mauch line and Templeton

(1964) suggest that water is the primary pathway for 89Sr, 90Sr, 45Ca

and 137 Cs. Polikarpov (1966) also states that food organisms contrib-

ute little to the accumulation of 89Sr, 90Sr, 45Ca, 137Cs, 65Zn and

32 P in fish. In contrast to these reports, other investigators indicate

that uptake through the food chain is the primary method of accumula-

tion for 65 Zn (Hoss, 1964; Baptist and Lewis, 1969), 89Sr and 90Sr

(Krumholz, 1956; Ophel and Judd, 1967), 137Cs (Williams and

Pickering, 1961) and 32P (Krumholz and Foster, 1955; Foster and

McConnon, 1962). It is doubtful that a general statement can be made

on whether direct uptake from water or the food chain is more

important in the accumulation of radionuclides by fish. Any result

obtained will be dependent on the radioisotope, the organism and the

experimental conditions.
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Mode of 32P Uptake by Juvenile
Starry Flounder

The food chain experiments were designed to simulate the

juvenile flounder's environmental conditions of temperature, salinity

and varying 32P levels. Comparison of these measurements at the

experimental site with similar measurements at Alder Slough show that

with minor fluctuations these conditions were met. An additional

experimental advantage was the use of the flounder's usual prey

organisms which accumulate 32P from their residence in the estuary

for food. However, the feeding of naturally 32P tagged amphipods and

isopods yielded low radioactive body burdens and relatively high

counting errors. These effects resulted from not being able to

provide sufficient prey organisms to satisfy the needs of the flounder.

Several other studies have also shown the greater importance of

the food chain in 32P accumulation by fish. Hoffman and Olive (1961)

in a laboratory food chain consisting of algae-Daphnia-green sunfish

(Lepomis cyanellus) showed that the sunfish acquired most
32P from a

diet of algae and Daphnia, less from Daphnia alone, still less from a

diet of algae alone and no detectable activity from a non-algae non-

Daphnia diet. Olson (1952) indicated that 32P accumulation in young

trout maintained in dilute effluent from the Hanford reactors and fed

hatchery food is less than 2% of their total activity burden. When

similar trout in the same dilute effluent were fed organisms that had



83

been reared in the effluent, 32P accumulation amounted to 20-70% of

their body burden. The less than 2% accumulation from water in

this study is much lower than the average of 24% from the two present

experiments and probably is a reflection of the different fish species

and experimental differences such as water 32P levels and length of

exposure. Indeed, Olson and Foster (1952) in a long term experiment

showed that young trout held in reactor effluent vary by a factor of

three in the quantities of radioactivity taken up from water over differ-

ent seasons of the year.

Assimilation of 32P

Assimilation of 32P from the gastrointestinal tract of fish has

been determined (1) by injection into the body either by mouth or inter-

peritoneally, (2) by injection or mixing the isotope with synthetic or

prepared natural foods and then feeding, and (3) by tagging natural
32

prey organisms by placing them in aquaria water containing 32P then

feeding the prey to the fish. Hayes and Jodrey (1951) injected young

trout interperitoneally and obtained a 66% retention of the initial dose

after 52 days, while Watson (1957) and Watson et al. (1959) observed

an average of 54% (range 43-70%) and 62% assimilation after three

and six months in trout fed injected fingerling trout. Young salmon

32
when fed Daphnia reared in 32P aquarium water, retained approxi-

mately 70% of the feeding one week later (Whittaker, 1961).
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Abraham et al. (1962) and Hiyama et al (1963) found for a variety of

fresh and sea water fish fed Daphnia, cultured in 32P solution, average

absorption coefficients ranging from 25 to 80%. These same authors

observed averages ranging from 3 to 78% when brine shrimp (Artemia

salina) were fed to the same group of fish.

Most individual assimilation factors obtained in this study are

within the range of the observations reported above. However, the

best estimate, the mean (i. e. , 15.8 ± 3.2%) is lower than several of

the reported individual and average determinations. The individual

absorption factors from Experiments I and II were averaged together

on the basis that if sediment, fish size or any other difference between

the two experiments did contribute to the
32P assimilation by flounder,

these factors were not detectable from the study. The low 32P

assimilation could be the result of a significant fraction of the crus-

taceans' 32P content being fixed in their exoskeletons which are

commonly found in an undigested state in the flounder's intestinal

tract. However, this may not be the case as indicated by radio-

autographs (Johannes, 1964) which show the bulk of 32P in the soft

tissues of the marine benthic amphipod Lembos intermedius after two

hours in artificial sea water. An additional factor contributing to the

low absorption of 32P may have been the nutritional state of the

flounder. Although the fish were active and fed well, the six experi-

mental populations averaged 10-19% weight losses from mean daily
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rations of 2-5% of their body weight. These weight losses suggest

that the 5% daily ration for flounder which was determined over a

three-day period in a separate experiment was too low. An experi-

ment of greater duration may have shown a ration substantially

greater than the 5%. Windell (1968) reported that in the bluegill

(Lepomis macrochirus) the rates of digestion and assimilation are

reduced in starved fish; however, the effect on total assimilation over

periods of longer than one day was not evaluated.

Seasonal Concentration Studies

For over 25 years, the aquatic biology group at Hanford has

conducted studies on the seasonality of radionuclide concentrations in

aquatic organisms in the mid-Columbia River. Some of their general

conclusions are that water temperature, river stage and trophic level

of organisms are the most important factors affecting accumulation of

radionuclides. Water temperature directly affects the metabolic rate

of poikilothermic animals. Lowered metabolic rate resulting from

decreased water temperature causes a reduced food intake and

diminished radionuclide concentration in those organisms that pri-

marily accumulate radioactivity from the food chain (Renfro, 1970).

River discharge influences radioactivity in aquatic organisms by

reducing the concentration of radionuclides in water and the availa-

bility of food. The melting of snow in the British Columbia watershed
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causes highest river flow in the Hanford environs during May and June

which results in increased water velocity, shifting sediments and high

turbidities. During this period food availability, feeding intensity and

primary production may be lowered (Foster and McConnon, 1962).

With a reduction in these optimum ecological factors and decreased

radioactivity in the water due to dilution, aquatic organisms have been

observed to experience lower radioactivity accumulation during the

spring freshet.

The accumulation of radioactivity in Columbia River organisms

is also dependent on their trophic position. Plankton and sessile

algae have specific activities approaching those of the water primarily

due to their rapid rates of turnover. As a result of their greater

biomass, these organisms contain the bulk of the radioactivity found

in the biota. Organisms such as aquatic insect larvae, snails and

fish, at higher trophic levels, will have lower specific activities

because of the time required to incorporate the radionuclides and their

slower turnover rates. They will also contribute a smaller fraction

of total radioactivity to the food pyramid. These considerations have

been confirmed from field observations in which specific activities

are found to decrease from lower to higher trophic levels (Davis and

Foster, 1958).

At Richland, some 40 km downstream from Hanford, 32P

declines in Columbia River water and organisms during the May-June



87

flood (Foster and McConnon, 1962). During the remainder of the

summer following reduction in river flow the water temperature and

the concentrations of
32P in the water and organisms increase.

Highest levels in invertebrates and fish are usually observed in

October and November (Foster and Davis, 1955; Davis, 1959).

Studies of radioactivity in the lower Columbia River including

the estuary and adjacent Pacific Ocean have been conducted to a

lesser extent. Little work on the radioecology of
32P is available

from these areas. What information is available will be presented in

the following sections where the similarities and differences between

the results of this estuarine study and the previous fresh and marine

water investigations will be made.

Sediment

Few measurements of
32P concentration in sediment are avail-

able from the Columbia River system. Humphrey's (1964) value of

31.5 pCi 32 P/g dry in Mc Nary Dam reservoir sediment when nine

reactors were operating is approximately 12 times the average of the

single determination (2. 6 pCi 32 P/g dry) from this study (two reactors

on line). Pomeroy et al. (1969) have indicated the dominance of

sediment with respect to P content and its movement by several routes

to other components of the estuarine ecosystem. No doubt the sedi-

ment in Alder Slough contains a large 32P reservoir; however, the
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limited measurements of this study prevent any further description of

32P- sediment interaction.

Water

Phosphorus-32 in Alder Slough water, about 600 km downstream

from Hanford, shows a reduction due to dilution from the spring

freshet (Figure 9). At Richland, 32P levels decreased from an early

32May high of 93 to an average of 25 pCi P/1 during the remainder

of May and June 1970 (Corley, personal communication, 1970). Total

activity concentration in Alder Slough remained fairly constant, dis-

regarding suspect point of 4 June, from late April to early July while

the soluble fraction declined by about a factor of three. Both total

and soluble specific activities decreased from late April to a mini-

mum in mid-June and increased thereafter. Activity in the water at

the site of the food chain studies (Figure 16) shows a pattern similar

to that below Hanford and at Alder Slough. Additional correlations of

activity in the water and total and total soluble P levels at Alder Slough

and Hammond are not believed to be justified because of possible

differences caused by location and sampling methods. Seasonal total

P and total soluble P in Alder Slough do not correlate well with

Haertel's (1969) summer minima and winter maxima over a three-year

study in the estuary and may reflect localized differences in annual P

cycling.
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At present it is not evident what factor(s) caused an apparent

constancy in the total activity concentration in Alder Slough during the

spring flood. It may be that the sediment containing
32P is resus-

pended due to the high river discharge. According to Perkins, Nelson

and Haushild (1966) several Hanford radionuclides are resuspended

during the spring freshet between Pasco and Vancouver, Washington.

Watson et al. (1969) attributed decreases. in 65
Zn,

54Mn and

59Fe in water during the 1966 Hanford reactor shutdown to recycling

of these nuclides from the sediment into the water. However, no

evidence of 32P recycling was obtained in either of these or the

present study.

Toombs and Culter (1968) also observed a reduction of 32P levels

upriver at the Dalles Dam and the Beaver Army Terminal during the

summer of 1965 and 1967. These same authors found a decline in

32 P concentrations at Astoria during the same period in 1965 but not

in 1967. In addition, Renfro (1970) reported a decrease in 65Zn in

Alder Slough water in the summers of 1967 and 1968. Isakson (1969)

in a study of 32P in sea water, invertebrates and algae at North Head,

Washington during 1966 attributed higher water 32P concentrations

during peak flow to greater compensation by shortened travel time to

the estuary over increased river volume, six days during peak flows

versus 19 days during minimal flow (Hanson, 1967). His results are

not compatible with those of this study and are not readily reconciled.
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Amphipods

Many aspects of the seasonal changes of 32PP amphipods are

similar to those of flounder and will be discussed in subsequent

sections. One prominent difference, however, between the two animals

is the appearance of the mid-November peak of 32P in amphipods

(Figure 10). During these months water temperature decreases

resulting in a decline of metabolic rate and food intake. With reduced

food intake, 32P accumulation and 32P in their bodies should decline

from physical decay and biological turnover. Clearly, this is not the

case and may reflect only a partial dependence of amphipods on

metabolic uptake.

65 Zn during winter in amphipods.

Renfro (1967) also has found a similar increase in

Since there are no comparable values of 32P in Corophium

salmonis from other studies, levels observed in this work will be

compared later in terms of concentration factors with upstream

organisms in a quasi-analogous trophic position. For total P,

Vinogradov (1953) lists the stable P content of three species of

amphipods which average 10.4 mg Pig dry tissue. This value com-

pares favorably with the 15. 1 mg P /g dry tissue obtained in this work.

Amphipod activity concentrations and specific activities show the

same seasonal trend. From the four amphipod samples, the total

error (analytical plus sampling) associated with each of the deter-

minations of Figure 10 is estimated to be 5, 8 and 9% for total P,
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activity concentration and specific activity respectively. For activity

concentrations and specific activities, the analytical error contributed

over 90% of the estimated total. The greater part of this 90% was due

to the sample counting error. For total P the analytical error con-

tribution to the total averaged 30%.

Flounder

A significant effort was extended in this investigation to minimize

the variation in 32P content between flounder. Reference to Figure 11

shows that with the three sampling methods used this endeavor met

with limited success. Comparison of the coefficients of variation from

the two samplings of 14 and 16 individual fish with those from compos-

ite samples taken during summer 1970 suggests that composite

sampling was less precise than the sampling of 14-16 individual fish.

However, as mentioned previously, the average range between the

highest and lowest value in a set of observations was substantially

reduced by composite sampling. The precision of activity concentra-

tions in this study on individual fish is in marked contrast to that

observed by Foster and McConnon (1962) in whitefish caught between

Hanford and Richland. These authors show greater coefficients of

variation and ranges of over an order of magnitude in adult whitefish

muscle. The major factor contributing to the less precise measure-

ments in whitefish as compared to flounder is probably the former's
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32emigration to and from the river section containing P. Although

32 P variability was less in flounder than in whitefish, its magnitude

prevented drawing definite conclusions from several aspects of this

study. The wider scattering of the 32P measurements in late spring

and summer 1970 as opposed to winter and early spring 1970 suggests

a greater population variability during the former period. This

observation may be the result of greater individual differences during

spring and summer caused by increased activity as metabolism rises

with a concurrent increase in food intake and growth.

Averaging coefficients of variation from 32P determinations on

groups of individuals and composite samples indicates a total error of

about 47% associated with the sampling and measurement of an

individual or composite flounder sample. Of this total approximately

10% is analytical error, leaving 37% due to variation in the flounder

population. Activity concentrations were slightly more precise (3-8%)

than specific activities. It is difficult to reconcile the precision

difference in the two units of 32P measurement because factors con-

tributing to the precision of one and not the other are not evident.

Precision of total P was greatest averaging 19% for the two samplings

of individual fish. Of this 19% approximately 10% was analytical

error. Total P in flounder is within the range of values reported by

Marvin and Lansford (1962) for a variety of marine fishes. Several

factors which might cause the large variation observed between
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individuals in this study are differences in (1) metabolic rate, (2)

element requirements, (3) food habits, intake and excretion rates,

and (4) 32P levels in flounder moving into Alder Slough (Eberhardt

and Nakatani, 1969; Renfro, 1969).

Seasonal changes of 32P in flounder are characterized by spring

and summer highs and fall and winter lows with the difference between

the least and most radioactive fish being approximately 500 pCi/g. In

general, this seasonality can be attributed to low-high temperature

effects on rates of metabolism and food intake. However, these para-

meters are related in a complex manner in a dynamic system like the

Columbia River Estuary. Several of these parameters are shown in

Figure 18 with reference to fall through summer 1969-70 activities in

flounder. Additional factors such as 32P levels in water and flounder

prey, salinity and growth rate could be added for comparative pur-

poses.

Of special interest is the spring and summer rise and decline of
32 P in flounder. Although a more detailed study would be required to

determine the relative importance and mode of interaction of the

variables giving rise to flounder body burdens during the period, a

first approximation of what may be occurring is presented here. In

Figure 18, the specific activity in flounder increases from early May

until June and then declines to a low in mid-July. After mid-July,

there is a second increase into late August with a decline thereafter.
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This trend, the solid line of Figure 11, is not statistically different

than the broken curve of the same figure; however, the 1970 trend is

similar to that for the spring and summer of 1969 which is statistically

significant. On this basis, the specific activity curve of Figure 18 is

believed to be representative of
32P levels in flounder as related to

their response to changing river and estuarine conditions. During

May and June 32P levels in flounder increase due to a rise in metabolic

rate and food intake caused by an increase in temperature. In June

the full effects of the spring freshet cause a dilution of 32P in water

and a decline in amphipod (Figure 10) and flounder activities. Note,

however, that the amphipod decline lags behind that of the decrease in

flounder. This lag suggests an effect of less magnitude on amphipods

from the spring flood. Reduction of 32P levels in flounder result from

unfavorable feeding conditions due to the swift current and high turbidity

and a decline of 32P in the flounder's prey organisms. As river dis-

charge slackens, flounder food intake and 32P again increase but are

shortly arrested by a greater intrusion of sea water into the estuary

during middle and late summer. This intrusion of colder sea water

brings higher salinities to the estuary and more important begins a

downward temperature trend causing a decline in metabolic activity

and feeding rate. Salinities (Figure 15) of the food chain studies site

are shown decreasing during late August. This is an artifact from

plotting salinities obtained at various tidal stages by the method of
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moving averages (see Figure 5). Note also that 32PP amphipods

does not increase after the spring freshet. Failure of amphipods to

32exhibit a peak in P activity after flood conditions may reflect a

quicker metabolic response to decreasing temperatures that began

about late July.

The curve of stomach contents (Figure 18) and information in

Table 2 show less volume of food in flounder stomachs in spring and

summer than in late fall and winter. Most work on the seasonal

content of food in fish stomachs indicates greater volumes during

their periods of most rapid growth, usually beginning in spring and

extending into fall. The average growth rate for the period deter-

mined in the study and the feeding habits agree with those of Orcutt

(1950) and Renfro (1967) for the starry flounder. However, observa-

tions on stomach contents are in sharp contrast to those of Haertel

and Osterberg (1967) whose findings for 0 and 1 year old flounder in

the Columbia River Estuary show greater food volumes in summer

and fall. These present inverse results may be attributable to the

time at which the flounder were sampled. Most fish were collected

shortly after sunrise or well after dark. If the starry flounder is

dependent upon light for feeding and this appears to be the case for

some juvenile flounder (Pearcy, 1962), then the sampling times could

account for a substantial number of empty stomachs. This is

especially true for spring and summer if digestion by free-living
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juveniles proceeds at a greater rate than the 12-13 hours determined

in the aquarium in this study. That more rapid stomach emptying

times are possible is indicated by Miller's (1967) nine-hour estimate

from field collections of adult starry flounder. Pearcy (1962) also

estimated a stomach evacuation time of seven to nine hours for the

juvenile winter flounder, Pseudopleuronectes americanus. During fall

and winter with lower water temperature it is conceivable that diges-

tion is a slower process, possibly extending to several days. Consider-

ing the stomach contents curve of Figure 18 in an inverse manner

suggests that food intake increased from about March to mid-August

with possible negative and positive rate changes during the spring

freshet and a short period thereafter. Correlation of this curve with

32P levels in flounder during spring 1970 is not possible because of

reactor shutdown effects on the biota. However, relatively high 32P

in flounder the previous spring (Figure 11) suggests that the fish's food

intake had already substantially increased over that of winter.

The foregoing discussion is a simple and speculative explanation

of the 32P changes in Alder Slough flounder during late spring and

summer 1970. It appears a similar explanation may apply to the

spring and summer 1969 period when flood conditions occurred one

month earlier. With more measurements comparable to those taken

in 1970, this might be shown to be the case. Little information is

available on a number of more subtle factors that may be involved in
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the present observations. Several of these are (1) the possible effects

of salinity change on feeding, (2) reduction or intermittent output of

32P from the Hanford reactors, (3) increase in stable P into Alder

Slough, and (4) changes in the physical and/or chemical state of 32P or

stable P in passage to the estuary such that the availability of one or

both isotopes to the organisms change. The temporal changes of 32P

in Alder Slough flounder appear to be similar to those of whitefish

below Hanford. Both species show a decline in activity resulting from

the spring freshet and a subsequent rise in levels as river discharge

decreases. For whitefish highest concentrations are usually observed

in late fall and correspond to the warmest river water temperatures

of the year. Peak concentrations in flounder after the spring flood

occurred in August 1969 and July 1970. The time of maximum 32P

levels in flounder appear to be a function of the arrival of the spring

freshet and subsequent oceanic modification. Levels during the other

seasons in both fish are relatively low and show no marked fluctuations.

Concentration Factors. Figure 19 presents concentration factors

for Alder Slough amphipods and flounder. These values were obtained

by dividing the activity concentration in amphipods and flounder by the

water concentration at about the same time. Based on error analysis

of amphipod and flounder determinations the precision of the concen-

tration factors are on the order of 10 and 50% respectively. There is

a marked seasonality in the concentrations factors similar to that
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observed in the activity measurements. Concentrations with respect

to water in both organisms are highest in the spring and summer and

lowest in the fall and winter. Values from mid-February to mid-April

were affected by reactor shutdown and probably are higher than would

usually be expected during this period. The low flounder observation

near the end of April reflects increasing 32P levels in water from

reactor start-up concurrent with 32P decline in flounder caused by

the shutdown.

For flounder, the concentration factors range from a winter low

of about 600 to a summer high of near 200, 000. They are not constant

values for any length of time and would likely take on different values

in other years, dependent on more or less favorable ecological condi-

tions. Amphipod values vary by about a factor of ten between winter

and summer (4, 000-40, 000). Difference- in the two organisms'

ability to concentrate 32PP s primarily the result of their individual

requirements for the stable element. It appears that flounder during

summer 1970 concentrated 32P to a greater extent than amphipods.

However, the precision and paucity of the observations preclude a

definitive conclusion.

Comparison of the present concentration factors with those of

other investigations indicates an "order of magnitude" agreement. For

fish in White Oak Lake, Tennessee, and the Columbia River, Krumholz

and Foster (1955), Davis et al. (1958) and Davis and Foster (1958)
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report values ranging from 30, 000-165, 000. A value of 100, 000

provided by the same authors for insect larvae in the two environ-

ments may be used as a rough comparison with amphipods. Discrep-

ancies between present concentration factors and those of the above

authors can be attributed primarily to differences in water concentra-

tion of 32P, total P level in the water, and age and species of the

organism.

Specific Activity Relationships. Figure 20 summarizes the

seasonal specific activities of Alder Slough water, amphipods and

flounder from several previous graphs. From September 1969 through

April 1970 the order of 32P levels in water, amphipods and flounder

are in accord with the "specific activity concept. " Specific activities

decline in going from water to amphipods to flounder. During the

February-March reactor shutdown levels decreased most rapidly in

water followed by amphipods and flounder. Assuming Alder Slough

first experienced the effects of reduced 32P about 10-12 days

(Hanson, 1967) after reactor shutdown water, amphipods and flounder

declined to minimal values in about 43, 59 and 64 days respectively.

During May-August 1970 water specific activities fluctuated above

and below (disregarding suspect point) amphipod values and remained

greater than flounder levels. Water specific activities less than those

of amphipods suggests a more rapid response of Alder Slough water

32P to dilution by the spring freshet. As mentioned previously, the
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summer flounder decline in 32P appears prior to that in amphipods

and may be caused in part by an earlier decrease in flounder feeding

rate.

Flounder Feeding Rate. Figure 21 shows a hypothetical

seasonal rate of feeding curve for the juvenile starry flounder. Its

derivation is an extension of the method used by Foster and McConnon

(1962) to show the effect of the food chain on the seasonal accumula-

tion of 32P by whitefish in the Columbia River. The curve is highly

speculative and indicates the type of information needed to evaluate the

environmental consequences of radioactive contamination and the

basic ecology of aquatic organisms. Although information from the

present study is insufficient to present a quantitative account of the

flounder's feeding behavior, the nature of the seasonal feeding rate-

32P body burden relationship may be implied.

The
32P deposited/g/week in flounder was obtained from the

weighted least squares line and the following formula:

where

t
A = BB t=7 BB t=0

e

A = 32P deposited/g /week

BB t=0
= body burden of

32P /g at t=0 days

BBt=7
= body burden of

32P /g at t=7 days

= 0.693/14.3

t = 7 days

(7)
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Beginning in September 1969 32P was decayed over weekly intervals.

The decayed value was compared to the existing flounder level at the

end of the week and the difference taken as the 32P deposited/g during

that week. The intake (I) of 32P required to obtain this body burden

during each weekly interval was estimated by adjusting the 32P

deposited/g/week by the fraction (0.76) obtained from food and the

fraction (0. 16) assimilated (i. e. , I = 0.76 A /0. 16). Finally the

flounder's daily ration in terms of grams of amphipods required to

supply the calculated intake was determined by averaging the daily

amphipod concentrations (b) from Figure 10 over the weekly intervals

(i. e. , daily ration = I + b /7).

The approximate nature of the above calculations can be shown

by examining the main assumptions involved. These are (1) 32P is

lost from the flounder with an effective half-life of 14 days, (2)

amphipods are the juvenile fish's predominant dietary item, (3)
32P

obtained for water is a constant fraction of the total body burden, and

(4) seasonal 32P assimilation is constant. In view of the work by

other authors previously cited and the food preference work from this

study, assumptions (1) and (2) appear reasonable. However, the

latter two conditions are probably not realistic for any length of time

and may vary considerably over a year's time. As indicated earlier,

Olson and Foster (1952) found radioactivity uptake from water to vary

on a seasonal basis. Little information is available on seasonal
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change in elements assimilation by fish. While some workers

(Winberg, 1960; Nikolsky, 1963) report feeding rates comparable to

and higher than those presented here, most work indicates that the

calculated rates for juvenile flounder may be two to four times too high

(e. g. , Dawes, 1930-31; Hatanaka et al., 1956a, b; Lee, 1969).

Although the feeding rates for flounder agree with those of the former

investigators, the unrealistic nature of several of the assumptions in

their calculation makes their acceptance questionable. However, the

seasonal feeding trend is believed to be similar to that occurring in

Alder Slough flounder and can be used for additional correlation of

32P levels with estuarine conditions.

Reference to Figure 21 shows that the 32P deposition and feeding

rate curves correlate well over most of the year. Although all

features are not entirely consistent, the two curves exhibit similar

responses to changing estuarine conditions. The decline in maximum

feeding intensities in early May and mid-August correpond approxi-

mately to the onset of the spring flood and decreasing water tempera-

ture. Minimum food intake occurs during maximum river discharge

in June. Deposition of 32P shows a maximum rate change in April

with a concurrent maximum feeding intensity. The flounder's deposi-

tion rate assumes a slower than maximum rate during May and early

June, and a decline during the remainder of the summer due to
32ingestion of food with rapidly decreasing P levels. During February
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through mid-April interpretation is complicated by reactor shutdown.

In February food intake increased over that of earlier months and rose

to the May high while deposition rate remained fairly constant until

late March when it declined into early April. From February to mid-

April flounder consumed food undergoing a rapid decline in 32P con-

tent. Up until late March their intake must have been sufficient to

prevent any decline in the 32P deposition rate. Any possible increase

in deposition rate during this period may have been masked by their

32
igrowth. Evidently, during late March and early April, P in prey

organisms decreased to levels that allowed the deposition rate to

decline.
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CONCLUSIONS

The major conclusions from this study are as follows:

1 Activity concentration and specific activity measurements in

juvenile starry flounder show similar seasonal trends with

highest levels in the spring and summer and lowest levels in

fall and winter.

2. Relatively low and constant 32P levels in flounder during fall

and winter can be attributed to lowered water temperature

which results in a decreased metabolic rate and food intake.

During spring and summer 32P body burdens increase due to a

rise in metabolism and feeding intensity caused by an increase

in water temperature.

3. The time of maximum 32P actitrities_in Bounder during spring

and summer is dependent on the arrival of the spring freshet in

the estuary. Its affect on 32P levels in water and prey organ-

isms, and on the fish's ability to obtain food causes an early

summer decline of 32P in flounder. After the spring flood 32P

levels again increase but are shortly arrested by the greater

intrusion of lower temperature sea water later in the summer.

4. Uptake studies using caged fish and an exponential model fail

to produce a meaningful 32P biological half-life for starry

flounder. Failure of the model to describe 32P accumulation
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in this study is believed to be the result of the assumptions

inherent in its use.

5. Retention experiments with caged flounder and flounder held

in a sea water tank yield effective half-lives of
32P in flounder

equal to or greater than the radionuclide's physical half-life.

Differences between the 32P content of individual fish results in

biological half-lives with large error terms and prevent drawing

definite conclusions from these studies.

6. The order of tissue distribution of 32P activity concentration

(i. e. , bone, skin, viscera and muscle) in juvenile flounder is

the same as that determined by other workers for trout. Equal

specific activities in the four tissues suggest that the tissue

specific activity relationships may be different between young

and mature fish.

7. In food chain experiments fish fed active food, with or without

the presence of active sediment, accumulate more radioactivity

than fish exposed to active water and fed non-active food.

Uptake from water alone averages 24% of that from food plus

water.

8. If sediment contributes to the 32P body burden of flounder, it is

not detectable within the design of the experiments in this study.

9. During food chain experiments flounder fed amphipod-isopod

mixtures assimilate an average of 16% of the ingested 32P.
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APPENDIX I

CHEMICAL PROCEDURES AND EXAMPLES OF
ANALYTICAL PRECISION CALCULATIONS



120

Radioactive and Stable Phosphorus Determination
in Biological Samples

Reagents

1. Concentrated nitric acid (70% HNO3)

2. Nitric acid; 6N: Dilute 400 ml of conc HNO
3

to 1 1

3. Hydrogen peroxide (30% H2O2)

4. Citric acid: Dissolve 50 g of citric acid (C6H8 07) in 200 ml of

distilled water and dilute to 1 1

5. Ammonium molybdate: Dissolve 100 g of ammonium molybdate

((NH 4
)
6
Mo 7024 4H20) in 500 ml of distilled water and dilute to

11

6. Magnesia solution: Dissolve 50 g of magnesium chloride

(MgC12. 6H20) in 100 g of ammonium chloride (NH4C1) in 250 ml

of distilled water and dilute to 1 1

7. Concentrated ammonium hydroxide (29% )
NH3

8. Ammonium hydroxide; 50% (v/v): Dilute 500 ml of conc NH4OH

to 1 1

9. Ammonium nitrate; 5% (w/v): Dissolve 50 g of ammonium

nitrate (NH4
NO3) in 200 ml of distilled water and dilute to 1 1

Procedure

1. Place a weighed portion of the dried and ground fish (0. 5 -2.0 g)

in a 400-m1 beaker and add 30 ml of conc HNO3.
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2. Evaporate the solution to approximately 10 ml on a hot plate,

Remove the beaker from the hot plate, add 5 ml of 30% H202

and allow the oxidation reaction to proceed for 15 minutes.

3. Return the beaker to the hot plate and evaporate to dryness.

Cool, add an additional 20 ml of conc HNO
3

and evaporate to

approximately 10 ml. Again remove the beaker from the hot

plate, add 5 ml of 30% H202, allow the oxidation reaction to

proceed for 15 minutes and evaporate to approximately 5 ml.

If there is any organic material remaining, repeat the oxidation

procedure a third time.

4. Add 50 ml of 6N HNO
3

solution with stirring followed with 10 ml

of citric acid.

5. Heat the solution to 45C and add 100 ml of ammonium molybdate

with stirring to precipitate ammonium phosphomolybdate. Allow

the precipitate to stand at 45C for 30 minutes.

6. Transfer the precipitate to a 250-m1 centrifuge cone, centrifuge

and discard the supernatant.

7. Wash the precipitate with 50 ml of 5% NH4NO3. Centrifuge and

discard the supernatant.

8. Dissolve the ammonium phosphomolybdate precipitate in 30 ml

of 50% NH4OH and cool in an ice bath for 20 minutes.

9. Reprecipitate phosphorus as magnesium ammonium phosphate

by adding 50 ml of magnesia solution with vigorous stirring.
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Centrifuge and decant the supernatant.

10. Redissolve the precipitate in 25 ml of 6N HNO3 and add 50 ml

of magnesia solution.

11. Reprecipitate phosphorus as magnesium ammonium phosphate

by adjusting to pH 9 with the slow addition of 30 ml of conc

NH4OH with stirring.

12. Filter the precipitate onto a preweighed 2.5 cm Whatman #42

filter paper held in a glass filter chimney apparatus. Transfer

the filter paper and precipitate to a preweighed 2.5 x 0.8 cm

stainless steel planchet. Add a few drops of distilled water and

spread precipitate to a uniform thickness.

13. Dry the precipitate in an oven at 110C for 36 hours, weigh and

beta count.
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Phosphorus-32 Determination in Water

Reagents

1. Ammonium molybdate: Dissolve 200 g (NH4)6Mo7024 41-120 in

800 ml of water. Add 160 ml of concentrated ammonium hydrox-

ide. Let settle for 24 hours. Filter if not clear.

Pour above solution slowly with constant stirring into 1 1 of 8N

nitric acid.

2. Ammonium nitrate; 50% (w/v): Dissolve 908 g of NH4NO3 in 910

ml of distilled water.

3. Phosphate carrier; 2.5 mg /m1 PO4 as (NH4)HPO4: Dissolve

3.5 g of (NH4)2HPO4 in 100 ml of distilled water and dilute to

1 1.

4. Nitric acid: conc HNO
3

(70% HNO3)

5. Ammonium nitrate; 1% (w/v) NH4NO3: 1 ml of 50% NH4
NO3

diluted to 50 ml

Procedure

1. To each 4 1 sample of filtered (0. 45 p. membrane filter) and

unfiltered water add 2 ml of phosphate carrier and 40 ml of

conc HNO3. Mix well and evaporate slowly on a hot plate.

2. As the samples evaporate add additional filtered and unfiltered

water to a total volume of 12 1.

3. Evaporate the samples to about 100 ml and filter them through
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Whatman #42 filter paper catching the filtrates in 250 ml

Erlenmeyer flasks.

4. Add 25 ml of 50% (NH4)21\103 to each sample and heat to 40C

(not over 45C).

5. Add 60 ml (NH4)6Mo7024° 41-120 to each sample.

6. Stopper the flasks and shake them for one minute.

7. Allow the flasks to stand overnight or cool in refrigerator for

2-4 hours to ensure complete precipitation.

8. Transfer the precipitates to 250-ml centrifuge cones, centrifuge

and wash the precipitates twice with 10 ml of 1% NH4NO3.

9. Suspend the precipitates in 5 ml of distilled water and pipette

(medicine dropper) the slurries into two preweighed 2.5 cm

diameter stainless steel planchets.

10. Evaporate the planchets to dryness under a heat lamp and dry in

a drying oven for 12 hours at 90C. Cool in a desiccator for 30

minutes, weigh and beta count.



Phosphate Determination in Sea Water

Reagents
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1. Acid molybdate: Add 347 ml of conc H2SO4 to 956 ml of distilled

water. Mix well and cool to room temperature. Dissolve 30 g

of ammonium molybdate ((NH4)6M07024° 4E120) to 500 ml. Mix

these two solutions.

2. Ascorbic acid: Dissolve 87 g of ascorbic acid (C6H806) to 250

ml. Mix and store in 60 ml quantities in a freezer. This solu-

tion is stable indefinitely when frozen, but only for about 10 days

at room temperature.

3. K-Sb-Tartrate: Dissolve 0. 6800 g of K-Sb-tartrate

((SbO)KC4H406. 1/2E120) to 250 ml with distilled water.

4. Primary standard: Dry KH2PO4 (M. W. 136.09) in an oven for

two hours at 110C and cool in a desiccator. Weigh out 0.2722 g

of KH PO4 and dissolve to 1000 ml with distilled water. Add 10

drops of chloroform.

5. Secondary standard: Dilute 5.00 ml of the primary standard to

100.0 ml with distilled water. Add 10 drops of chloroform.

6. Reducing reagent: Add 10 ml of the ascorbic acid solution to

35 ml of the acid molybdate solution. Then add 5 ml of the

K-Sb-tartrate solution. This will give enough reagent for about

10 analyses. This solution should be prepared just prior to
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being used. Do not store for more than about six hours.

Procedure

1. Prepare a standard curve using the following standard samples:

PO4 concentration
(p. moles /1)

1.0 3.0

ml of secondary standard 1.0 3.0
diluted to 100 ml

2. Treat 50 ml of each of these standard samples plus a distilled

water reagent blank with 5 ml of the reducing reagent. Mix

well.

3. After 30 minutes, but before 4 hours, read the absorbance of the

samples at 882 mp. with a slit width of 0.03 mm in a 10 cm cell.

4. Unknowns: Treat 50 ml of the unknown sample with 5 ml of the

reducing reagent and measure the absorbance in the same

manner as for the standard samples. Plot absorbance vs

phosphate concentration for the standard samples and determine

the phosphate concentration of unknowns from this curve.



Radioactive and Stable Phosphorus
Determination in Sediment

Reagents
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1. Sodium carbonate: Reagent grade

2. Hydrochloric acid; 6N: Dilute 500 ml of conc HC1 (37% HC1) to

11

3. Ferric chloride; 5 mg/ml as Fe +++
; Dissolve 14.5 g of ferric

chloride (FeCl3) in 250 ml of distilled water and dilute to 1 1.

4. Concentrated nitric acid (70% HNO3)

5. Magnesia solution: Dissolve 50 g of magnesium chloride

(MgCl2. 6E120) and 100 g of ammonium chloride (NH4CI) in 250

ml of distilled water and dilute to 1 1

6. Concentrated ammonium hydroxide (29% NH3)

Procedure

1. Place 12 g of ground sediment and 48 g of Na2G03 in an iron

crucible and mix well.

2. Fuse the mixture at 900C in a muffle furnace for 30 minutes.

3. After cooling transfer the fusion melt to a 400-m1 beaker and

slowly add 100 ml of 6N HC1.

4. After dissolution of the fusion melt filter it through a Whatman

#42 filter paper and collect the filtrate in a 250-m1 centrifuge

cone.
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5. Precipitate phosphorus as ferric phosphate by adding 5 ml of

FeCl3 solution. Centrifuge and discard the supernatant.

6. Dissolve the iron phosphate with 50 ml of conc HNO3.

7. Reprecipitate phosphorus as magnesium ammonium phosphate by

adding 50 ml of magnesia solution and adjusting to pH 9 with 30

ml of conc NH4OH.

8. Filter the precipitate onto a preweighed 2.5 cm Whatman #42

filter paper held in a glass chimney apparatus. Transfer the

filter paper and precipitate to a preweighed 2.5 x 0.8 cm stain-

less steel planchet. Add a few drops of distilled water and

spread precipitate to a uniform thickness.

9. Dry the precipitate in an oven at 110 for 36 hours, weigh and

beta count.



Analytical Precision Calculations

Water
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Errors associated with counting, instrument calibration,

chemical recovery, weighing and volume measurements, and stable

phosphorus determination were considered in calculating a single

water activity value.

where

cpm =

CE =

DF =

C. E. =

C. Y.

2.22 =

V =

E =

cpm CE
pCi 32P/1

(DF)(C. E. ±E)(C. Y. ±E)(2. 22)(V±E)

sample counts /min

counting error

decay factor (constant)

counting efficiency

chemical yield

constant for conversion of dpm to pCi

volume of sample

error term

For the unfiltered water sample of 2-5-70, the overall percentage

error at the 68% C. L. was obtained by

32
pCi P /1 :_y(TocE)

2
(%C. E. )

2
+ (%C. Y. )2 + (%V)

2

=T(5.1%)2 + (6.0%)2 + (3.0%)2 + (1. 0 %)2

= (172) ( W) = 8.5%
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Similarly the water specific activity calculation for 2-5-70 is given by

cpmnCi 32P/g P (DF)(C. E. ±E)(2
CE
.22)(gP±E)

where cpm, CE, DF, C.E., and 2.22 are as previously defined and

gP = grams of P in sample.

The overall error estimate was

nCi 32
P /

,

gP 4 ( %CE)2 (%C. E. )2 + (%gP)2

1 %)2 + (6.0%)
2

+ (6.0%)
2

= A 98. 0)(7) = 9. 9%

Biological Samples

For the flounder sample of 2-5-70 the calculation was

pCi 32 cpm ± CE
(DF)(C. E. ±C)(C. Y. IE)(2.22)(g fish±E)

cpm CE
nCi 32P/g P = (DF)(C. E. ±E)(2. 22x103)(gP ±E)

The percentage errors at the 68% C. L. was

pCi 32P ig =1 (10.2%) 2 + (6. 0 %)2 + (3. 0 %)2 + (2. 0 %)2

= 153.0)(1V) = 12. 6%

nCi 32P P Y (10.2%)2 + (6.0%)2 + (2.0%)2

= ( 14)(1-137) = 12.0%
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APPENDIX II

STATISTICAL TESTS
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Statistical. Tests

Since statistics used in this work are based on the normal

distribution and the homogeneity of variances when means are com-

pared, all sets of observations were first tested for these two charac-

teristics before the application of a particular test. Normality was

accepted if a plot of the data was approximately linear on normal-

probability paper (Dixon and Massey, 1957). Bartlett's test was used

to test for homogeneity of variances when three or more means were

compared (Snedecor and Cochran, 1967).

Analysis of Variance: Total P in Amphipods

Test:

Yearly total P values normally distributed and seasonal

variances not statistically different.

Ho: µfall winter ilspring ilsummer

Ha: at least two means are not equal

Season Fall Winter Spring Summer

14.3a 14.3 17.7 14.2
13.8 14.1 16.3 15.6
14.4 12.6 16.9 13.8
12.5 12.8 14.1 19.0

17.2 17.6 13.9
16.5 14.7

16.1
15.3
12.4

aAll values are mg Pig amphipod (dry).
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ANOVA Table

Source of
variation DF SS MS

Between classes 3 23.25 7. 75 2.97

Within classes 20 52.24 2.61

Total 23 75.49

MSb 7. 75
Fstatistic MS 2. 61

2. 97
w

F
c

= F0.95(3,20) = 3.10

Accept Ho, the amphipod samples come from populations with equal

means

All critical values from Snedecor and Cochran (1967)

Analysis of Variance: January-April 1970 activity concentrations in

flounder, and Q Test

January-April 1970 32P values normally distributed and

monthly variances not statistically different.

Month January February March April

18. 2a 10.8 8. 9 9.3
18.3 10.6 11.2 7.8
14.2 13.6 16.8 7.0
16.0 7. 9 7.6

11.5 5.9
10.5 8.4
14.4 14.1
11.6 10. 1
10. 9
12. 1



Test:

Month January February March April

aAll values are pCi 3213/g fish (dry).

Ho: ij'Jan ilFeb 1-1Mar Apr

Ha: at least two means are not equal

ANOVA Table

10.3
14.0
16.0
8.0
9. 2

135

DF SS MS

Between classes

Within classes

Total

3 614.39 204.80 37.92 **

89 480. 46 5. 40

92 1094.85

MS
b 204.80 37.92Fstatistic MSw 5.40

Fc FO.
95(3,

89) = 2. 72

Reject Ho, the flounder samples come from populations with different

means

Q Test: comparison of means to determine which differences among

them appear to be real.

Month January February March April

17.1a 11.9 11.5 8. 8
aAll values are monthly means.
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Test statistic = Qc = Q0.05 (4,10) = 4.33

D Q0.05 s = (4.33)(1.44) = 6.25
x

D = difference between two means that is
required for 5% significance

Only January and April means differ.

Time sequence and overall plot: See Figure 23

Pooled variances: 1. January-April 1970 flounder activity
concentrations

F tests:

2. May-September 1970 flounder activity
concentrations

1. F test for s 2 for January -April 1970 activity
concentratiEns versus s6 for May-September
1970 activity concentrat ?ons

2. One-tailed F test January-April 1970 data
versus May-September 1970 data

January-April 1970 and May-September 1970 monthly variances not

statistically different.

January-April 1970 May-September 1970

Date
pCi

32P/g
(dry)

No.
composited

fish
Date

pCi
32p /g
(dry)

No.
composited

fish

1- 9-70 18.2 5 5- 4-70 22.8 2

18.3 5 23.9 2

1-22-70 14.2 3 22.6 2

15.9 3 5-10-70 47.6 4

2- 5-70 10.8 2 37.2 4
2-19-70 10.6 3 52.5 3

13.6 2 5-14-70 55.6 2

3- 4-70 8.9 3 72.3 3

(Continued on next page)
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January-April 1970 May-September 1970
pCi No.

Date 32P /g composited
(dry) fish

pCi No.
Date 32P /g composited

(dry) fish

3- 4-70 11.2 3 5-10-70 56.1 3

16.8 3 54.3 3

3-11-70 7.9 4 51.4 3

11.5 4 5-21-70 81.7 3

10.5 4 64.2 3

3-18-70 14.4 3 87.4 3

11.6 3 5-25-70 119.1 2

10.9 3 133.8 2

3-24-70 12.1 4 68.1 2

10.3 4 5-27-70 74.4 2

14.0 4 94.3 2

3-31-70 16.0 3 5-31-70 167,3 2

8.0 3 130.6 2

9.2 3 6- 3-70 159.0 2

4- 7-70 9.3 3 135.1 3

7.8 3 106.6 3

4-11-70 7.0 2 6- 5-70 85.6 2

7.6 2 168.8 2

4-27-70 14.1 2 6- 8-70 49.7 2

10.1 2 151.9 2

145.5 2

6-12-70 149.2 3

154.0 3

150.8 3

6-18-70 246.8 2

278.5 2

322.6 2

6-24-70 197.5 3

122.4 3

200.4 3

7- 1-70 164.1 3

130.0 3

227.2 3

7- 9-70 123.7 4
92.4 4

128.5 4

7-16-70 85.5 1

178.8 1

58.8 1

114.2 1

(Continued on next page)
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Date

May-September 1970
pCi No. pCi No.

3213/g composited Date 32P /g compos ited
(dry) fish (dry) fish

7-16-70 120.1 1 8- 4-70 202.6 3

57.7 1 85.9 3

187.5 1 127.58 3

113.9 1 8-17-70 171.2 3

151.5 1 137.1 3

80.3 1 8-23-70 98.4 2

76.8 1 163.1 2

93.9 1 8-31-70 117.8 3

109.3 1 89.0 3

103.4 1 41.4 3

7-24-70 98.7 3 9-17-70 57.6 4

244.9 3 36.0 4
53.7 4

The sum of squares was calculated by equation (2) and the

2pooled variance from s
P

= (SS1 + SS2 + . . . + SSn) / (ml - 1 + m2 -

1 + . . + mn - 1). The pooled variances were 19.92 for January-

April 1970 and 3149.76 for May-September 1970.

Test:

H CT2
PJan-Apr PMay-Sept

H: 02
p Y

2
a Jan-Apr PMay-Sept

2 2 2F = s Is , where s is the larger mean square
P1 p2 p1

= s
2 /52
PMay-Sept PJan-Apr

= 3149.76/19.92 = 158.12



Fc = F0.95(16, 50) = 2.13

Reject Ho, the variances from the two flounder populations are not

Test:

equal.

H (T > T
PJan-Apr PMay-Sept

H: T > 0-

a pMay-Sept PJan-Apr

F = s2 /s2

PMay-Sept PJan-Apr

Fc = FO. 95(16, 50) = 2.13

= 3149.76/19.92 = 158.12

Reject Ho, May-Sept 02 2is greater than Jan-Apr 0

Analysis of Variance: Total P in flounder and Q Test

Test:

Yearly total P values normally distributed and seasonal

variances not statistically different.

Ho: µfa11 winter spring summer

Ha: at least two of the means are not equal

Season Fall Winter Spring Summer
7a 31.2 56.7 43.3

36.1 50.6 65.4 32.1

43.6 51.9 47.4 39.3

29.6 38.5 52.6 29.2

34.6 40.4 41.8 28.8

28.9 51.8 43.7 39.4

37.4 36.9 45.0

42.9 49.4 33.9
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Season Spring Summer Spring Summer

39.6 57.4 39.9 46.7

41.9 35.9 37.1 54.1

43.6 39.6 35.9 56.1

44.2 41.0 35.6 44.8

36.9 31.8 36.4 33.5

32.4 31.2 34.5 30.1

41.0 25.0 32.2 31.3

37.5 30.8 34.1 30.5

45.4 30.1 29.7 36.0

42.5 31.7 29.8 35.6

41.2 37.6 33.4 41.4

40.3 33.3 36.5 44.3

30.2 35.9 36.5 44.8

42.2 34.6 35.8 36.9

37.5 36.5 30.1 34.7

38.5 36.6 32.4 32.9

41.2 37.4 30.8 26.4

40.1 35.2 35.4 32.2

35.7 25.7 32.6 22.8

37.5 30.0 28.7

37.3 29.9 32.0

44.0 34.4 28.6

39.0 30.7 24.7

38.8 34.3 26.2

36.5 32.7 25.1

35.0 34.3 22.9

31.0 34.4

32.6
41.8

37.8

a
All values are mg P/g fish (dry)

ANOVA Table

Source of

variation
DF SS MS

Between classes

Within classes

Total

3

364

4,057.42

12,627. 33

1352.47

34.69

38.99**

367 16,684.75
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MSb 1352.47F = = 38.99
wMS 34.69

Fc = FO. 95(3, 364) = 2. 62

Reject Ho, the flounder samples do not come from populations with

equal means.

Q Test: comparison of means to determine which differences among

these appear real

Season Fall Winter Spring Summer

37 44 38 33

Test statistic = Qc = Q
O. 05

(4, 45) = 3. 78

D Q0. 05sx = (3. 78)(1. 80) = 6.76

D = difference between two means that is

required for 5% significance

Only winter and summer means differ.


