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Rainbow trout (Salmo gairdneri) accumulated methylmercury

linearly with time whenheldinaquaria at 15°C for up to 24 days while

continually expe riencing mean methylmercury concentrations in water

ranging from 0. 07 pig Hg/. to 1. 33 J.g Hg/ and methylmercury

consumption rates from 8. 0 ng Hg/g per day to 380. 5 ng Hg/g per

day. Furthe rmore, methylme rcury simultaneously accumulated

from both sources was quantitatively additive.

The growth rates of the experimental fish were uneffected by

exposure to methylmercury even though fish experiencing the most

severe methylmercury exposure regime (1.33 p.g Hg/. in water and

consuming 380 ng Hg/g per day) accumulated total body burdens of

mercury as high as 9.45 .tg Hg/g. Foodconsumptionrateandtherefore

growth rate had no influence on rate of mercury accumulation from

water. Nearly 70% of the methylmercury consumed and 10% of the
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methylmercury passed over the gills was assimilated regardless of

the magnitude of exposure. Good agreement between these experi-

ments and similar experiments conducted in other laboratories

suggests that the results are widely repeatable

Trout stocked in a highly contaminated Eastern Oregon

Reservoir (Antelope Reservoir) that were sampled at regular inter-

vals after stocking had mercury concentration in lateral muscle

tissue that increased linearly in time during the first five months in

the reservoir followed by a leveling off period with the uptake curve

becoming nearly asymtotic after eight months. Earlier samples,

which included trout from three distinct year classes, indicated that

the uptake curve remains nearly asymtotic over several years.

Rounding of the mercury uptake curve was attributed in part to redu

reduced metabolic rates by the reservoir fish resulting from

decreased water temperature and increased fish size, and partly to

attainment of a steady state condition between mercury in the fish

and mercury in the fishes environment. Water temperature was not

believed to be an important factor in the long term rounding trend.

Estimating the food consumption rates of the stocked fish at

regular time intervals from their growth rates, analyzing the methyl-

mercury concentration of their stomach contents, and finally compar-

ing their mercury accumulation rate during the linear phase of uptake

to the mercury accumulation rates of laboratory fish being fed



methylmercury at known rates has led to the conclusion that food

could not have accounted for more than 15% of the mercury being

accumulated by these fish during any given month and usually

accounted for far less. Implicit assumptions regarding this state-

ment are discussed in the text and future research needs are

sugge sted.
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SOME QUANTITATIVE ASPECTS OF MERCURY ACCUMULATION
BY RAINBOW TROUT

PART I

THE RELATIVE CONTRIBUTION OF METHYLMERCURY
FROM FOOD AND WATER TO RAINBOW TROUT

IN A CONTROLLED LABORATORY
ENVIRONMENT

INTRODUCTION

uHeavy metals' and their derivatives have been among the most

widely studied water pollutants in recent years. Particularly

disturbing is the tendency for some metals to accumulate in aquatic

organisms at concentrations many orders of magnitude higher than

the concentrations present in water. This accumulation phenomenon

is owing to the ease with which these compounds are absorbed and

the difficulty with which they are excreted. The biological half-life

of methylmercury in rainbow trout, for example, is reported to be

over 200 days (Giblin and Massaro, 1972).

The persistent, cumulative and toxic nature of these chemicals

has posed not only a threat to aquatic organisms, but also to subse-

quent consumers of aquatic organisms, including birds, mammals

and man. Concentrations arising in fish are of particular interest

because of the recreational and economic importance of fish and



2

because fish are frequently consumed by humans. The unfortunate

deaths and disabilities of Japanese people in Minamata Bay and

Agano River, Japan resulting from consumption of methylmercury

contaminated fish and shellfish brings sadly to light the possible

consequences of indiscriminate discharge of a cumulative contaminant

(Selikoff 1971).

Since fish food organisms also accumulate large quantities of

these compounds, substantial interest has arisen regarding the

relative importance of food and water as potential contributors of

these chemicals to fish. This question seems especially importaflt

in light of the fact that water quality standards are presently

derived from the results of chronic toxicity tests during which fish

receive exposure to chemicals only through their water. Considering

that food may be a potentially important route of accumulation, it is

conceivable that standards derived from only water exposure could

be dangerously liberal.

Conflicts Regarding Sources of Contaminants Accumulated
By Fish

Most studies comparing routes of accumulation of cumulative

compounds in the aquatic environment have focused on chlorinated

hydrocarbon pesticides, particularly DDT and die ldrin. Conflicting

reports exist in the literature regarding the relative importance of
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food and water as sources of these pesticides to fish. Many workers

support the !food chain magnification theory', (Macek and Korn,

1970; Dimond, Getchel and Blease, 1971; and Woodwell, Wurster

and Isaac son, 1967) with the premise being that there is a positive

relationship between pesticide concentration achieved and trophic

level resulting from pesticide accumulation via the food. Implicit

to accepting this theory is assuming that food is the major source Qf

pesticide accumulated by the animal. Contrary to this notion,

Reinert (1967), studying dieldrin accumulation in a laboratory food

chain consisting of algae, daphnia, and guppies, concluded that 90%

of the dieldrin present in the guppies was derived from their water.

Furthermore, an observed correlation between dieldrin level and

trophic level in these experiments was shown to be attributable to

variations in the mate ability of animals from different trophi.c levels

to accumulate the pesticide from water. Reinert states "This

increase in concentration factor from lower to higher levels of the

food chain by direct uptake from the water appears to have previously

been confused with accumulation by way of food. " Chadwick and

Brocksen (1969) likewise concluded that die ldrin uptake by guppies

was primarily through the water. Their data suggest that water

uptake of die ldrin interferes with uptake of the pesticide from food.

Similar conflicts exist regarding the relative importance of

food and water as sources of mercury to fish. Hannerz (1968)
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exposed communities of pond animals to methylmercury and con-

cluded from tissue concentrations of mercury that no trophic

relationships were evident. Conversely, JerneRv and Lann (1971)

attributed 60% of the mercury present in nothern pike from three

Swedish rivers to mercury from the fishts food. Other workers

have observed what appeared to be a positive relationship between

mercury concentration and trophic level among species of fish

collected in the field, but the relationship was not always consistent

(Buhier, Claeys and Shanks, 1973; Johnels etal., 1967). This

disagreement is primarily due to an absence of age information on

the fish analyzed and a lack of quantitative data relating food and

water uptake.

Mercury in the Aquatic Environment

Potentially dangerous concentrations of mercury in natural

waters have been attributed to several industrial sources foremost

of which include chior-alkali manufacturers, pulp and paper

processors, acetaldehyde producers, and gold and silver mini]ig.

Although many mercurials, both organic and inorganic, exist

in the aquatic environment, methylmercury, because of its

lipophilicity, relatively small size, and affinity for sulfhydryl

groups in proteins, is the form of mercury most readily accumulated

and retained in biological systems (Clarkson, 1971). Other
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mercurials, because they are more difficult to absorb, easier to

excrete, or less available for uptake, are not as hazardous as

methylme rcury.

Inorganic mercury, for example, is absorbed by fish to a far

lesser degree than methylmercury, through both the gut and

gills (Hannerz, 1968). Furthermore, upon absorption inbrganic

mercury tends to accumulate in the liver and kidneys of fish but is

then rapidly excreted, whereas methylmercury accumulates in

liver and kidneys followed by redistribution to muscle (Jernelv

and Lann, 1971). Inorganic mercury either in the diet or

water, therefore, does not represent an appreciable contribution

to the total mercury accumulation by fish.

Complicating the mercury problem is the finding that bacteria

are capable of converting most mercury compounds to methyl-

mercury (Jensen and Jernel6v, 1969). Since methylmercury is the

predominant form of mercury present in fish tissue (Noren and

West66, 1967; Buhler, Claeys and Shanks7 1971) and since fish

themselves are incapable of methylating mercury to any great extent

(Uthe, Solomon and Grift, 1972) it follows that most of the mercury

present in fish must be derived from methylmercury in their environ-

ment. The following studies were, therefore, conducted using

entirely methylmercury since it is apparent that methylmercury

represents the most dangerous mercurial to aquatic life.



Many factors are capable of influencing the extent to which fish

accumulate methylmercury in a given environment. Some factors

directly influence the methylation process and, therefore, affect

the amount of methylmercury available for uptake, while others are

capable of altering the metabolic rates of fishes and thereby modify-

their degree of exposure.

Conditions conducive to methylation include low pH (below 7. 5),

low dissolved oxygen concentration (1-3 ppm but not anaerobic) and

high temperature (Fagerstrm and Jernelöv, 1972). Langley (1973)

has further shown that highly organic sediments are favorable for

methylation since these sediments are associated with high numbers

of methanogenic bacteria. Anaerobic conditions are not favorable

for methylation because the hydrogen sulfide produced under these

conditions causes formation of highly insoluble mercuric sulfide

(Werner, 1967). This sulfide precipitation phenomenon is presum-

ably why DItrie, Annet and Fast (1971) observed greater mercury

uptake by fish stocked in an oligotrophic lake than fish stocked in

an eutrophic lake even though substantially more mercury was

present in the sediment of the eutrophic lake. Factors capable of

increasing mercury uptake by fish for a given concentration of

methylmercury in water include reduced dissolved oxygen concentra-

tion (Amend, Yasutake and Morgan, 1969) and increased temperature

(Reinert, Stone and Wiliford, 1974). Together the above mentioned
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factors undoubtedly produce spatial, daily and seasonal variations

in the methylmercury exposure regimes experienced by fish in a

given body of water.

Mercury compounds are highly toxic to aquatic life. Acutely

toxic concentrations of mercury have caused damage to the liver,

kidney, (Miettinen et al., 1970) and gill (Rucker and Amend, 1970)

of fish. However, until recently, most studies were conducted using

mercury compounds other than methylmercury, moreover, few

studies have incorporated environmentally realistic concentrations

of methylmercury. Recent chronic toxicity studies with brook trout

indicate that methylmercury may have third generation toxic effects

at concentrations as low as 0. 3 kg/liter (McKirr personal communica-

tion).

The uptake and distribution of various mercury compounds in

fish have been studied by several authors (Miettinenetal. , 1970;

Rucker and Amend, 1969; Hannerz, 1968; and Giblin and Massaro,

1972). Concentrations arising in lateral muscle tissue are of

particular interest since this is the portion consumed by humans.

Of primary importance to this study is the finding that muscle is an

average tissue with respect to total mercury concentration (Westö6,

1966). That is to say that concentrations of total mercury derived

from analyzing either a muscle aliquot or analyzing a total fish

should be approximately the same, providing a suitable period of time



has elapsed to allow a steady state distribution of mercury to occur

among the various tissues and organs. The reliability of this finding

has been confirmed by Giblin and Massaro (1972) and Fagerstr&m,

Asell, and Jernelô'v (1974). Knowing that whole body and lateral

muscle concentrations of mercury are similar allows for a more

reliable comparison of laboratory and field data, since it is

impractical in most laboratory experiments to use fish large enough

to obtain a suitable muscle aliquot for mercury analysis while on the

other hand, many fish collected in the field are too large to analyze

in entirety.

Objectives of Laboratory Study

The laboratory study in its broadest objective was initiated to

quantify the relative ethy1mercury contribution of food and water

to rainbow trout under closely controlled conditions where methyl-

mercury concentrations in water and methylmercury consumption

rates remained known and relatively constant.

Factors examined included: the adequacy of frozen tubificids

as an experimental diet; the effects of sublethal concentrations of

methylmercury in food and water on the growth rates of rainbow

trout; the kinetics of methylmercury uptake from water; the influence

of food consumption rate on methylmercury uptake from water; the

kinetics of methylmercury uptake from food; the influence of



methylmercury uptake from food on methylmercury uptake from

water and visa versa; and finally the relative contribution of methyl-

mercury from food and water under different mercury exposure

regimes including some conditions where food was a more important

source of methylmercury to the fish and some conditions where water

was a more important source. The major thrust was to obtain

quantitative data for use in predicting the relative importance of

food and water as sources of methylmercury to fish in a natural

efly i r 0nme nt.
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MATERIALS AND METHODS

Experimental Fish and Diets

Rainbow trout (Salmo gairdneri) were chosen as the test species

in these experiments because they are widely distributed in the

Pacific Northwest, are frequently caught and consumed by humans,

and when living in a mercury contaminated environment are corn-

monly found to contain elevated methylmercury concentrations within

their edible tissues.

Trout for all experiments were acquired as fingerlings (3-10 g)

from the Oregon Wildlife Commissionts Roaring River Fish Hatchery

located near Scio, Oregon. Fish were acclimated to the laboratory

environment and fed the experimental diet for at least two weeks

before selecting the individuals to be used in a given experiment.

Selections were based on size uniformity, diet acceptance, and

apparent fitness.

Locally collected tubificid worms (Tubifex sp. ) were fed to fish

during Experiment 1. Live worms were fed to fish in all treatments

with the exception of fish in one of the control sets which were fed

frozen tubificids. Groups of worms were frozen separately prior

to the experiment in amounts approximating the daily allotments of

the second control group. The feeding procedure for both the living
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and frozen diets consisted of blotting the worms dry on paper towels,

weighing the desired portions to the nearest 0. 01 g, and finally add-

ing the weighed portions to the respective aquaria.

A formulated diet known as the Oregon Test Diet' was utilized

during Experiments 2 and 3 (Table 1). Two dietary methylmercury

concentrations (control and 3. 08 g Hg/g diet)2' 3 were used during

Experiment 2 while four methylmercury concentrations were

employed during Experiment 3 (control, 0. 12, 0. 51 and 1. 34 g

Hg/g diet). Methylmercury consumption rates (ng of Hg consumed

per gram of mean fish biomass per day) during Experiment 2 were

varied by feeding different amounts of a diet containing a single

concentration of mercury, while during Experiment 3 variations

in methylmercury consumption rates were achieved by feeding

separate diets containing diffe rent methylme rcury concentrations.

Consumption rates were kept relatively constant by weighing the fish

each week during each experiment and recalculating their ratioi to a

'Oregon Test Diet obtained from and formulated by George
Putnam of the Fish Hepatoma Laboratory, Department of Food
Science and Technology, Oregon State University.

2A11 mercury was assumed to be methylmercury, but was
expressed as g of mercury.

3Because most biological tissues, including natural trout food
organisms, contain approximately 20% dry substance and 80% water,
the dietary methylmercury concentrations were converted to what
they would have been had the Oregon Test Diet contained 20% dry
substance and 80 water.



12

Table 1. Dry composition of the Oregon Test Diet formulated by
the Department of Food Science and Technology, Oregon
Sthte University.

Major Ingredientsa

Casein (Vitamin-free) 49. 5
Gelatin 8. 7
Dextrin 15. 6
Mineral Mix 4. 0
Carboxy Methylcellulose l 0
Alpha-Cellulose 8. 2
Choline Chloride (70%) 1.0
Vitamin Mix 2. 0
Salmon or Herring Oil 10. 0

100.0

Mineral Mix

Calcium Carbonate (CaCO3) 2. 100
Calcium Phosphate (dibasic-CaHPO . 2H20) 73. 500
Potassium Phosphate (dibasic-K2H004) 8. 100
Potassium Sulfate (K2SO4) 6. 800
Sodium Chloride (NaCI) 3. 060
Sodium Phosphate (Na2HPO4. 6H2O) 2. 140
Magnesium Oxide (MgO) 2. 500
Ferric Citrate (FeC 6H5O7 3H20) 0. 558
Manganese Carbonate (MnCO3) 0.418
Cupric Carbonate (2 CuCO3Cu(OH)2) 0. 034
Zinc Carbonate (ZnCO3) 0. 081
Potassium Iodide (KI) 0. 001
Sodium Floride (NaF) 0. 002
Cobalt Chloride (CoC12) 0. 020
Citric Acid 0. 686

100. 000

Vitamin Mix

Thiamine (HC1) 0. 3200
Riboflavin 0. 7200
Niacinamide 2 5600
Biotin 0. 0080
Ca-Pantothenate (D) 1.4400'
Pyridoxine (HC1) 0. 2400
Folic Acid 0. 0960
Menadione 0. 0800
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Table 1. Continued.

Vitamin Mix (Cont.)

B12 (Cobalamine - 3,000 g/g)
1-Inositol (meso)
Ascorbic Acid
Para-Aminobenzojc Acid
Vitamin D2 (500, 000 USP/g)
Vitamin A (250, 000 IU/g)

Vitamin E (250, 000 IU/g)

Alpha-Cellulose

0. 2667
12. 5000
6. 0000
2. 0000
0. 0400
0. 5000

13. 2000
60. 0293

100. 0000

aThe diet was formulated to contain 35% dry substance and 65%
water.
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fixed percentage of body weight. Mercury consumption rates for

experiments two and three are listed in Table 2.

The desired dietary methylmercury concentrations for both

experiments were derived by dissolving the correct amount of

methylmercury chloride (Alpha Ventura Co., Beverly, Mass.) in

the salmon oil component of the diet prior to diet formulation.

Analyses demonstrated that both the tubificid diet and the control

Oregon Test Diet contained less than 0. 01 g of mercury per gram

of wet weight.

Laborator,y Equipment, Experimental C onditions
and Analytical Procedures

A continual flow proportional diluter of the type described

by Mount and Brungs (1967) was used to deliver the desired concen-

tration of methylmercury to each experimental aquaria (Figure 1).

Modifications included a 2 liter delivery volume per concentration

per cycle rather than 500 ml, and the use of an immersion pump

regulated by a micro-switch, rather than a needle valve to control

water inflow. Water diluted to each concentration of methylmercury

was passed through a separate glass distribution box containing

three glass stand pipes adjusted to channel equal volumes of water

through three separate 30 liter glass aquaria. The diluter cycled

once every 1-3/4 mm causing a flow rate of approximately 380



Table 2. Parameters existing during methylmercury uptake Experiments 1, 2 and 3.

Mean Food Methylmercury
Methylmercury Dietary Consumption Consumption No. Fish
Concentrations Methylmercury Rates Rates No. Fish Sacrificing Sacrificed at

Experiment Total No. in Water Concentrations (mg/ per (ng Hg/g per per Intervals each Interval
(Date) Treatments (g Hg/2)a

( Hg/g)' day)°' c day) a, d Treatment (Days) per Treatment

1

(July 1-
e 1.28 91.7 8 2

July 25, 18 0.64 Control 64.9 - 8 16 2
1973) [3 + (5x3) 0.32 34.3 24 4

0.21
Control

2

1.33 3.08 123.3 380.5 8 2
(Aug. 21- 18 0.33 Control 85.7 264.4 8 15 2
Sept. 14, {3x2x3 ] Control 45.1 139.2 24 4
1973

3
f

0.57 1.34 87.6 7 5
(July2S- 16 0.29 0.51 65.4 33.6 15 14 5
Aug. 15, [(5x3) + ii 0.14 0.12 8.0 21 S
1974) 0.07 Control

Control

a bAll mercury measured was assumed to be present as methylmercury, but is expressed as of mercury. Food consumption rates and
Cdietary methylmercury concentrations are expressed as though the diet were 80% water and 20% dry substance. mg of food consumed per gram

d eof mean fish biomass per day. mg of mercury consumed per gram of mean fish biomass per day. Three control treatments each fed a different
e

ration of frozentubificids are included in the total. The only treatment receiving the control diet was receiving control water.

I-
Ui
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Figure 1. Photograph of the methylmercury dosing system
used during all laboratory experiments.



\
1
1

4
:
 
'
i

-

V
.



mi/mm through each aquaria during every experiment.

A 40 liter Mariot box maintained a constant level of methyl-

mercury stock solution in the toxicant delivery system. The stock

solution was prepared by dissolving a predetermined amount of

methylmercury chloride (Alpha Ventura Co., Beverly, Mass.) in

20 ml of acetone and then diluting the acetone with the correct

volume of distilled water needed to produce the desired concentra-

tion. The stock solution required weekly renewal.

Fish receiving no methylmercury exposure through their water

were held in aquaria identical to those holding the exposed fish,

however, flow rates through these aquaria were controlled by means

of a distribution manifold equipped with adjustable siphons (Figure 2).

Flow rates were maintained as nearly as possible to those in the

methylmercury exposure system. Water for both the control and

mercury dilution systems was initially passed through a head box

where a thermoregulator maintained delivery water temperature

near 15°C. Ambient room temperature was kept near 15°C and

the test fish experienced a constant photoperiod of 16 hours during

each experiment.

Dechlorinated Corvallis city water was employed during all

experiments. Characteristics of the test water for each experiment

are listed in Appendices I, II and III. Common conditions included

dissolved oxygen concentration near saturation, temperature
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Figure 2. Photograph of the manifold system for administering
constant flow rates of water to the control aquaria
during all experiments.
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approximately 15°C, and pH about 7. 5 Temperature was measured

using a standard mercury thermometer, pH was gauged potentio-

metrically, and dissolved oxygen was quantified using the Alsterberg

modification of the standard Winkler method (APHA, 1965).

The concentrations of methylmercury in aquaria receiving

concentrations higher than 0. 5 j.g Hg/!were measured once each

week during each experiment. Concentrations below 0. 5 ig Hg!!

exceed the detection limits of the method but were estimated by

knowing the mercury dilution volumes existing in these aquaria

relative to the dilution volume existing in the measured aquaria.

Water was measured for total mercury using a variation of the

technique described by Omang (1971). All mercury measured was

assumed to be methylmercury. The method consisted of procuring

100 ml of aquaria water, adding 2. 0 ml of concentrated H2SO4, and

then adding KMnO4 (2% w/v) dropwise with a syringe until decolora-

tion ceased. The sample was then left for 24 hours to be sure that
+ . . ++oxidation of methylmercury (CH3Hg ) to mercuric ion (Hg ) was

complete. Total mercury was finally quantified by atomic absorption

spectrophotometry using the following procedure: A subsample

(usually 20 ml) was injected into a bubbling flask where under basic

conditions ionic mercury (Hg) was reduced by SnCl2 to elemental

mercury (Hg°).
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OH

Hg ± SnC12 Hg° t + SnC14 = Sn02 + H+

The elemental mercury was then swept through an absorption cell

for quantification by bubbling nitrogen gas through the solution.

The mean concentrationof methylmercury inwate r existing during

each experiment, expressed as micrograms of mercury per liter of

water, were as follows: Experiment 1, 1. 28, 0. 64, 0.32 and 0. 21

i.g Hg/I; Experiment 2, 1.33 and 0.33 g Hg/e; and Experiment

3, 0.57, 0.29, 0. 14 and 0.07 g Hg/I (Table 2 and Appendices I,

II and III).

Table 2 lists the number of fish per treatment, sacrificing

intervals, the number of fish sacrificed at each interval and food

consumption rates used during each experiment. Fish from each

treatment were weighed as a group to the nearest 0. 1 g at the

beginning of an experiment and again at each sacrificing time.

Rations were readjusted to a fixed percentage of fish biomass after

each weighing. Sacrificed fish were individually weighed, labeled,

bagged and frozen for subsequent mercury analysis.

The growth rates of the fish experiencing different methyl-

mercury exposure regimes and being fed at various rates during

Experiments 1 and 2 were calculated and compared. Growth rates

(mg/g per day) of fish in each treatment were derived by dividing
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the mean weight increase by the mean biomass of an average fish

during the experiment and finally dividing this quotient by the length

of the experiment in days. Food consumption rates (mg/g per day)

were calculated by dividing the total amount of food consumed by the

mean fish biomass over the experimental period, then dividing this

value by the number of days in the experiment.

Whole experimental fish and diet samples were prepared for

total mercury analysis by the following digestion procedure: A flask

containing the weighed sample and several glass boiling beads was

attacked to a condensor through which was added concentrated nitric

acid (1 ml HNO3/g sample). Heat was initially appled to begin

sample disolution but was removed when frothing began. Once the

sample was in solution, nitric acid was again added (1 ml HNO3/g

sample), the sample was refluxed for 3 hours, 30% hydrogen peroxide

(1 ml H202/g sample) was added and the sample was boiled for one

hour. Finally the sample was allowed to cool; the condensor was

rinsed with redistilled water; solidified lipids were filtered from the

solution; and the sample was diluted to a known volume. Total

mercury concentrations in a suitable aliquot were then determined

using the same flameless atomic absorption spectrophotometric

technique described for water samples. As with water samples,

all mercury detected was assumed to be methylmercury.

Control fish from each experiment contained small but
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measurable concentrations of mercury (Table 3 and Appendix IV).

Table 3. Mercury concentrations present in control fish during
each experiment.

Fish
Experiment Analyzed Mean Mercury Cone.

(Date) (No.) (i.g Hg/g) ± S. D. Range

1

(July 1-July 25,
1973) 8 0.06 ± 0.02 0.03 - 0.09

2

(Aug 21-Sept 14,
1973) 5 0. 10 ± 0.02 0.08 - 0. 12

3

(July 25-Aug 15,
1974) 9 0. 03 ± 0. 01 0. 02 - 0. 04

These values were relatively constant both at different time

intervals during a given experiment and between fish in a particular

experiment. However, there were noticeable variations in the mean

concentrations present in fish from different experiments. To

facilitate comparison between experiments, the mercury concentra-

tion present in each mercury exposed fish was adjusted by subtract-

ing the mean concentration present in control fish during that

experiment. All mercury concentrations reported for experimental

fish in this thesis have been adjusted accordingly.

Mercury accumulation rates were calculated for each experi-

mental fish by dividing the concentration of mercury accumulated
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(}J.g Hg/g) by the exposure interval (days). Since the mean methyl-

mercury concentration in water varied from week to week (Table 4)

and because different numbers of individuals were sacrificed at each

interval, the mean concentration of methylmercury inwate r for the entire

experimental period was not representative of the mean methyl-

mercury accumulation rate for all individuals from a given treatment.

Adjusted methylmercury water concentrations (Table 4) were there-

fore, calculated based on the number of individuals sacrificed

at each interval and the mean concentration to which individuals

sacrificed after each interval had been exposed. The adjusted values

were derived by multiplying the number of individuals sacrificed from

each treatment at each interval by the mean methylmercury concen-

tration to which they had been exposed, adding the products of these

multiplications for a given water concentration, and finally dividing

this sum by the total number of fish sacrificed from each treatment

during the entire experiment. These adjusted water concentrations

were then used for comparisons between and within experiments.



Table 4. Mean concentration of methylmercury in water during each week and after each week, range of methylmercury concentrations and
adjusted concentrations for entire time interval taking into account sample number and weekly fluctuations in methylmercury
concentrations in water.

bExperiment During
(Date) wk-1

Methylmercury Concentrations in Water lJg Hg/ a

Mean
b Mean

bAfter During After During
wk-1 wk-2 wk-2 wk-3

Mean
After
wk-3 Range

Adjusted
Concentrations

1 1.50 1.50 1.12 1.31 1.22 1.28 1.12 - 1.50 1.34

(Julyl-Ju1y25, 0.75 0.75 0.56 0.66 0.61 0.64 0.56-0.75 0.67
1973)

0.38 0.38 0.28 0.33 0.30 0.32 0.28-0.38 0.34
0.24 0.24 0.18 0.22 0.20 0.21 0.18-0.24 0.22

2 1.51 1.51 1.20 1.36 1.28 1.33 1.20- 1.51 1.38
(Aug 21-Sept 14

' 0.38 0.38 0.30 0.34 0.32 0.33 0.30-0.38 0.351973)

3 0.50 0.50 0.59 0.55 0.62 0.57 0.50-0.62 0.54
(July2S-AuglS, 0.25 0.25 0.29 0.27 0.32 0.29 0.25-0.32 0.27
1974)

0.12 0.12 0.14 0.13 0.16 0.14 0.12-0.16 0.14
0.06 0.06 0.07 0.07 0.08 0.07 0.06-0.08 0.07

aAll mercury is expressed as mercury, but is assumed to be methylmercury.

bDuring each experiment the highest concentration was measured and the lower concentrations were calculated from known mercury
dilution volumes relative to the measured aquaria.
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RESULTS

Diet Comparisons

The growth response of fish fed frozen tubificid worms was

examined during Experiment 1 because of the need for a diet in which

could be maintained a fixed methylmercury concentration for sub-

sequent methylmercury feeding experiments.

The growth rates of fish fed the frozen worms were markedly

lower than those of trout fed living tubificids even though the frozen

worms were readily accepted (Figure 3). Unsatisfactory growth

was primarily the result of the frozen worms losing their consistency

when placed in solution thereby rendering portions of the diet

unavailable for consumption. The Oregon Test Diet was finally

chosen for the methylmercury consumption experiments (Experiments

2 and 3) sirxe methylmercury could be easily incorporated and

because the diet maintained its integrity in solution. In choosing a

production diet, it was previously recognized that a diet receiving

methylmercury through formulation would result in a larger percent-

age of consumed methylmercury being absorbed by the experimental

fish than by fish consuming naturally methylmercury contaminated

food organisms (Jernelv, 1969; Archer etal. , 1973).



Figure 3. The relationship between growth rate (mg/g per day)
and food consumption rate (mg/g per day) for fish
expo8ed to various methylme rcury concentrations
in water (g Hg/fl during Experiment 1.
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Growth Rate and Food Consumption Rate Relationships

Methylmercury had no effect on the growth rates of fish over

the entire experimental period (up to 24 days) for any of the rations

fed during Experiments 1 or 2 (Figures 3 and 4 and Appendicies

V and VI) even though fish experiencing the most severe methyl-

mercury exposure regime (1.33 g Hg/i nwater, and38OngHg/gper

day consumed) accumulated total body burdens of mercury as high

as 9. 45 g Hg/g. This concentration approaches the lower limits

reported for fish sampled from Minimata Bay and should therefore

be considered an extremely elevated concentration.

Mercury Accumulation from Food and Water

Mercury was taken up at a constant rate (linear in time) by

fish exposed to any of several constant methylmercury exposure

regimes including incorporation of methylmercury in their diet,

exposure via the water and simultaneous exposure to methylmercury

in food and water. Moreover, mercury accumulated from food and

water simultaneously was additive. Figures 5 and 6 demonstrate

that summing the amounts of mercury accumulated by individuals

exposed separately to methylmercury through food and water yields

nearly the same total concentration of mercury as was found in fish

exposed to the same two exposure conditions simultaneously.
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Figure 4. The relationship between growth rate (mg/g per day)
and food consumption rate (mg/g per day) for fish
experiencing various methylmercury exposure regimes
during Experiment 2.
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Figure 5. The relationship between mean total mercury concen-
tration achieved by fish (J.g Hg/g) and time (days)
during Experiment 2. Closed symbols (
represent the mean mercury concentration found in
fish simultaneously exposed to methylmercury from
food and water. Open symbols ( 0 0 Q ) represent
the total mercury concentration derived when the mean
mercury concentration achieved by fish exposed to
metiylmercury only through their water was added to
that found in fish exposed to methylmercury only
through their diet. Closed triangles (A) represent the
mean mercury concentration abhieved by individuals
exposed to methylmercury only through their water.
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Figure 6. Bar graph demonstrating the additive relationship
between mercury accumulated from food and water.
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Simple linear regression analysis, plotting mercury concentra-

tion accumulated against time and fitting the lines through the origin,

yielded a mean coefficient of determination of 0. 97 for all treatments

from all experiments with only one treatment having a value below

0.93. Slightly elevated mercury concentrations observed in fish

during the first week of experiments 1 and 2 (Appendices VII and

VIII) apparently resulted from methylmercury concentrations in water

being elevated above the mean water concentration during the first

week of these experiments (Table 4). To become convinced that the

relationship was linear, one needs only to observe that dividing the

methylmercury accumulation rate (J.g of mercury as methylmercury

accumulated per gram of fish per day) for fish sacrificed at each

time interval by the mean concentration of methylmercury in water

to which they had been exposed during that interval results in

approximately the same quotient for fish from a given treatment

regardless of their exposure time. The relationship is more

obvious for Experiment 3 where the water concentrations were more

uniform (Appendix IX). Once it was established that the relationship

between mercury accumulated and time was linear, then exposure

time became unimportant over the duration of these experiments,

and further comparisons employed the mean mercury accumulation

rate for all fish from a given treatment as being representative of

that particular exposure regime.



The relationship between the concentration of methylmercury

in water (g Hg/fl, methylmercury consumption rate (ng Hg/g per

day) and mercury accumulation rate (p.g Hg/g per day) during each

experiment is represented by a family of lines described by the

regression equations listed in Table 5. Methylmercury concentra-

tion in water and methylmercury consumption rate are the two

independent variables while mercury accumulation rate is the

dependent variable.

Table 5. The relationship between mercury accumulation rate
(y, g Hg/g per day), methylmercury concentration in
water (x, g Hg/fl and methylmercury consumption
rate (xe, ng Hg/g per day) during Experiments 1, 2
and 3.

Regression
Experiment Equation n B-squared

1 y0.082x 96 0.96w

2 y= 0.098x +0.00065x 120 0.96w c

3 7 = 0.078 x + 0.00070 x 225 0.98w C

Each component of uptake can be viewed separately by adjust-

ing the other component to zero. Regressions of mercury accumula-

tion rate on methylmercury consumption rate and mercury

accumulation rate on the concentration of methylmercury in water,

respectively, are plotted for each experiment in Figures 7 and 8.

Confidence intervals are displayed for those treatments experiencing
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Figure 7. Regression lines showing the relationship between
methylmercury consumption rate (ng/g per day) and
mercury accumulation rate (J.g Hg/g per day) during
Experiments 2 and 3 including means and 95%
confidence intervals for fish exposed only to dietary
methylme rcury.
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Figure 8. Regression lines showing the relationship between
concentration of methylmercury in water (g Hg/fl and
mercury accumulation rate (p.g Hg/g per day) during
each experiment including means and 95% comfidence
intervals for fish exposed only to methylmercury in
water during Experiments 1 and 2 ( A ) and
interpolated values for mercury uptake from water
during Experiment 3(I).
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only one component of exposure. Agreement among experiments

is good except for a larger coefficient describing water uptake

during Experiment 2. This discrepancy is believed to be the result

of normal error in the analytical technique used to measure mercury

concentrations in water.

Figure 9, representing Experiment 3, exemplifies the fit of the

actual data to the derived regression equation. Each point represents

the mean mercury accumulation rate for all 15 fish from a given

treatment. The three solid lines were derived by substituting the

actual methylmercury consumption rates into the regression equa-

tion and then regressing mercury accumulation rate on methyl-

mercury concentration in water for each methylmercury consumption

rate. The dotted line represents the regression line derived when

methylmercury consumption rate was set at zero. No data points

are associated with this latter line since no fish were exposed only

to methylmercury in the water during Experiment 3.

The distance between each solid line and the dotted line

(distances depicted by arrows) represents the portion of mercury

accumulation rate ascribable to each methylmercury consumption

rate. The fact that dividing each increment of accumulation rate by

its respective mercury consumption rate results in approximately

the same ratio in all cases (0. 00075, 0. 00068 and 0. 00070) further
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Figure 9. Relationships between concentration of methylmercury
in water (p.g Hg/fl, dietary methylmercury consumption
rate (ng Hg/g per day) and mercury accumulation rate
(i.g Hg/g per day) during Experiment 3, including means
and 95% confidence intervals for each treatment
(mercury accumulation rate = 0. 00070 methylmercury
consumption rate + 0. 082 methylmercury water
concentration). Intervals (depicted by arrows) repre-
sent the components of mercury accumulation rate
ascribable to each mercury consumption rate.



>
0

a)
a-

I

Ui
F-

z0

J

00
>-
0::

0
Ui

O'12

0'IO

[i'll:]

1111.1

004

002

11

METHYLMERCURY CONSUMPTION RATE
A 8O ng Hg/g per day

336 ng Hg/g per day
876 ng Hg/q per day-- 0 ng Hg/g per day (interpolated)

:

L_-
-.

0061

01 O2 03 04 O5 O6
METHYLMERCURY CONC. IN WATER (g Hg/I) u-I



46

demonstrates the linear relationship between mercury accumulation

rate and methylmercury consumption rate.

Consuming the control diet at different rates had no influence

on the mercury accumulation rate by fish experiencing the same

methylmercury concentration in water (Figure 10 and Appendix X).

Apparently increased metabolic activity in the faster growing fish

results in a greater respiratory water volume and therefore more

mercury exposure at the gill surfaces. This finding is in agreement

with the observation that fish from the same year class in Antelope

Reservoir contained similar amounts of mercury regardless of

size (Table 7).

Brett (1965) has shown that sockeye salmon weighing nearly

3 g consumed about 230 mg 02/kg body weight per hour when kept

in still water at 15°C. Negilski (1973) reported a value of 280

mg/kg per hour for 6. 7 g chinook salmon exposed to similar condi-

tions. It has further been shown that various species of freshwater

fish assimilated 75% of all oxygen passed over their gills regardless

of temperature, at oxygen concentrations near saturation with only

slight variations observed between species (Dolinin, 1974). Assum-

ing that these relationships were similar for rainbow trout during

my experiments, it was possible to estimate the methylmercury

ventilation rate and subsequently the efficiency with which my fish

extracted methylmercury from water. Resolving methylmercury
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Figure 10. Influence of food consumption rate (mg/g per day)
on mercury accumulation rate from water (g Hg/g
per day) during (a) Experiment 1 and (b) Experiment
2.
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extraction efficiency from methylmercury ventilation rate is based

on the assumption that all mercury accumulated was retained by

the fish. This assumption appears valid in view of the extremely

long biological half life of mercury in fish (over 200 days in trout)

(Giblin and Massaro, 1972) and the relatively short duration (21-

24 days) of these experiments.

Negilski's oxygen consumption rate was chosen for the calcula-

tions because his fish approximated the size of fish used in my

experiments. Oxygen concentration in water was assumed to be 10

mg/. (Appendices I, II and III). Dividing Negilski's oxygen consump-

tion rate by Dolinin' s oxygen extraction efficiency yields oxygen

ventillation rate. Dividing this quotient by the oxygen concentration

in water results in the water ventillation rate. Mercury ventillation

rate and mercury extraction efficiency can now be derived from the

relationship between methylmercury concentration in water and

mercury accumulation rate observed during the laboratory experi-

ments. Based on these calculations, between 9% and 11% of all the

methylmercury passed over the experimental fish's gills was

assimilated.

The relationship between mercury accumulated and time was

linear for fish consuming mercury at a constant rate for all the

mercury consumption rates used during these experiments. Approxi-

mately 69-75% of all the methylmercury consumed was accumulated.
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There was no apparent decrease in mercury assimilation efficiency

from food with either an increase in methylmercury consumption rate

or an increase in mercury body burden during either experiment.

This efficiency is similar to that reported by Miettinenetal. (1970)

(38.-72%) for rainbow trout which received orally administered

methylme rcury.
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DISCUSSION

There were no observed detrimental effects on fish from any

of the methylmercury exposure conditions employed during this

study even though fish experiencing the most severe exposure (1. 33

Hg/water, and 380 ng Hg/g per day consumed) accumulated

up to 9.45 Hg/g.

Unpublished experiments by Mount (reported in EPA, 1972)

have shown that methylmercury concentrations in water as low as

0.2 .ig/P were lethal to fathead minnows in six weeks. Christensen

(1975) reported decreased growth by brooc trout alevins exposed to

0. 93 g/ methylmercury and McKim (personal communication) has

observed third generation fecundity reduction in brook trout exposed

to methylmercury concentrations as low as 0. 3 ig/-. In view of these

findings, our observations should be treated cautiously since an

exposure period longer than 24 days could result in further mercury

accumulation or a redistribution of mercury already present perhaps

leading to the development of toxic symptoms. Nevertheless, our

data suggests that a concentration as low as 0. 2 pg Hg/P would

result in fish accumulating nearly 3 to 4 g Hg/g after one year of

exposure. Since reports of mercury concentrations.in fish from

natural waters near 3 g Hg/g are rare, it seems safe to conclude

that 0.2 g Hg/P of methylmercury in water is probably well in
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excess of the methylmercury concentrations existing in most natural

waters.

Methylmercury was taken up linearly in time from both food

and water by rainbow trout kept at 15°C and dissolved oxygen 99%

saturation during experiments lasting from 21 to 24 days. Further-

more, simultaneous methylmercury uptake via the two routes was

quantitatively additive. The observed relationship between methyl-

mercury concentration in water, methylmercury consumption rate

and mercury accumulation rate during the three experiments are

best described by the equations listed in Table 5.

To test the predictive value of the water uptake data, results

from these experiments were compared to those of Reinert, Stone

and Willford (1974), who measured mercury uptake by three groups

of rainbow trout exposed to similar methylmercury concentrations in

water (0. 19 j.g Hg/I to 0. 21 g Hg/I) but different temperatures

(5°, 100, 15°C), with dissolved oxygen averaging 88% saturation.

The 15°C fish were used for comparative purposes since temperature

dramatically influenced methylmercury uptake from water (i. e. fish

kept at 5°C accumulated about half as much mercury as fish held

in 15°C water). A further adjustment was made to compensate for

oxygen concentration differences between the two experiments.

The assumption made was that fish in both experiments con-

sumed the same amount of oxygen, but fish kept in water having the
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lowest oxygen concentration passed more water and therefore

proportionally more methylmercury over their gills. Calculating

the mean mercury accumulation rate for the 15°C fish (0. 029 tg/g

per day) (Reinert, Stone and Willford, 1974), correcting this value

for differences in dissolved oxygen levels between the two experi-

ments (99% saturation during my experiments, 88% saturation during

their experiments thus 88%/99% x 0. 029 g/g per day - 0.026 .g/g

per day), then substituting this corrected value into my equations

leads to a prediction that their fish had been exposed to a methyl-

mercury concentration between 0. 27 g Hg/i and 0. 33 g Hg/'as

compared to having actually been exposed to a mean methylmercury

water concentration of 0. 20 g HgR. Excluding the unexplai.n3bly

high mercury accumulation rate derived for Reinert, Stone and

Willford1s fish during the first of six sampling periods brings the

predicted range even closer to the observed concentration (0. 23 tg

Hg/i? to 0. 29 g Hg/i compared to 0. 20 g Hg/j. Such agreement

is encouraging from the standpoint of using the data to make

inferences concerning conditions responsible for mercury uptake

by fish in natural environments.

Estimates of the efficiency with which the experimental fish

extracted methylmercury from water ranged from 9% to 11% for all

methylmercury water concentrations employed during these experi-

ments. Based on these figures the 100% extraction efficiency
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assigned to fish by Fagerstr3m and Asell (1973) is unjustifiably

high. Further methylmercury uptake models should incorporate this

lower,more realistic figure.

Fish in my experiments assimilated on the average 69%

(Experiment 2) and 75% (Experiment 3) of all the dietary methyl-

mercury they consumed. However, Jernelv (1969) has shown that

only 10-15% of the methylmercury present in fodder fish contaminated

in a natural environment was incorporated when fed to predator fish.

Likewise, Archer etal. (1973) have estimated that only 20% of the

methylmercury present in swordfish muscle would be avaUable for

uptake based on proteolytic hydrolysis studies. Probably much of

the methylmercury consumed by fish in nature is bound to undigest-.

able tissues such as chiten or secured to proteins resistant to

enzymatic digestions thereby facilitating its excretion. Although the

addition of methylmercury to the Oregon Test Diet in these experi-

ments provided a useful means of determining if competitive effects

existed between the two uptake sources, it appears that far less

methylmercury is available for assimilation in natural diets. Based

on the above findings, a 10% to 20% methylmercury dietary extrac-

tion efficiency should be employed when making inferences concern-

ing the contribution of methylmercury from food to fish in nature.

Since mercury residues accumulated by fish from food and

water were shown to be additive in the present studies, it becomes
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apparent that the importance of the two methylmercury sources to

fish in nature is a function of their relative proportion. Theoretic-

ally, quantitative knowledge of either component then would lead to

prediction of the other component by difference. However, variable

conditions existing in natural environments make it difficult to beli.eve

that the methylmercury exposure experienced by fish in a given body

of water remains constant or that the two components of methyl-

mercury uptake exist continually in the same relative proportions.

For example, the consumptive patterns of the reference species as

well as changes in the methylmercury concentrations present in

important forage organisms act to modify the food uptake component

while environmental variables such as dissolved oxygen concentra-.

tion (Fagerstrm and Asell, 1973) and temperature (Rei.nert, Stone

and Wiliford, 1974) importantly influence the water uptake corn-

ponent. The inherent complexity of natural environments therefore

makes wide generalizations concerning food and water's mercury

contribution to fish an unrealistic goal. However, it is still

conceivable that one could state with some assurance that one

component of uptake is negligible compared to the other under known

environmental conditions.

The second part of this thesis describes the kinetics of mer-

cury uptake by rainbow trout stocked in a highly contaminated

Eastern Oregon reservoir and discusses the information needed to



judge the importance of food and water as sources of mercury to

fish in a real world environment.
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PART II

MERCURY UPTAKE BY RAINBOW TROUT STOCKED IN A
HIGHLY CONTAMINATED EASTERN OREGON

RESERVOIR

INTRODUCTION

The finding during 1970 that fish from Lake St. Clair in

southea stern Ontario contained elevated concentrations of mercury,

triggered survey programs throughout the United States to examine

the extent of mercury contamination in this country (Klein, 1972).

These surveys helped pinpoint problem areas and focused attention

on the major industrial sources of mercury contamination listed in

Part I. Although mercury occurs naturally in some areas, concentra-

tions of mercury arising in fish from naturally occurring sources

are relatively low. Interestingly, some major losses of mercury

to the aquatic environment have been traced to the mid-1800's when

mercury was extensively used to amalgamate gold. Today, mercury

continues to accumulate in the aquatic biota from contaminated

watersheds, as a result of these early mercury losses.

Included among the problem areas implicated in the Pacific

Northwest was Antelope Reservoir which is located about 70 miles

south of Ontario, Oregon near the Idaho border (Figure 11). Of 19

fish analyzed by Buhier, Claeys and Shanks (1973) all but two had



Figure 11. Map of Antelope Reservoir showing the drainage
ditches at the inlet and outlet. The inlet is fed by
Jordan Creek with water reentering Jordon Creek
from the outlet. Inset map of Oregon shows loca-
tion of study area.
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muscle concentrations higher than the FDA guideline level (0. 5

g Hg/g) for human consumption. Antelope Reservoir was chosen

for this study because of the high degree of mercury contamination

present and because the Oregon Wildlife Commission's annual

stocking program provided a convenient opportunity for sam.pling

fish which had lived in a contaminated environment for known periods

of time.

Objectives of Field Study

The objectives of the field study were to survey the concentra-

tions of mercury present in fish and fish food organisms from

Antelope Reservoir, particularly rainbow trout and their food

sources; to measure the rate of mercury uptake by trout stocked in

the reservoir by sampling at regular intervals; and to compare the

mercury uptake of trout in the reservoir to uptake by laboratory fish

experiencing various known methylme rcury exposure regimes.

Factors examined included the distribution of mercury in lateral

muscle tissue from rainbow trout; the mercury concentrations in

livers of trout; the relationship between liver mercury concentra-

tion and muscle mercury concentration; the relationships between

weight, condition factor and mercury concentration in lateral

muscle tissue; and the methylmercury concentrations in material

from the stomachs of trout as well as in water boatmen LCorixa s ),



61

a known trout food organism in Antelope Reservoir. This data was

gathered to gain information on the kinetics of mercury uptake by

fish, and to try and assess the relative importance of food and water

as sources of methylmercury to trout in a natural environment.

Description of Study Area

Antelope Reservoir was built in the early 19301sl and is

operated by the Arock Irrigation District of the Bureau of Land

Management for retention of irrigation water. Water diverted

from Jordon Creek through a 20-mile long drainage ditch is used to

fill the reservoir. Filling may begin from mid-November to mid-

January depending upon runoff conditions in the watershed from

year to year. Capacity holding is usually reached by May 18.

Irrigation continues throughout the summer with the reservoir

reaching its yearly low level in late September. At full capacity,

the reservoir holds 70, 000 acre-feet of water, with irrigation

dropping the volume to 10,000 acre-feet or less by fall. When full,

the average depth is between 10 and 20 feet with a maximum depth

of about 40 feet.

During 19 59-60 the Oregon Wildlife Commission monitored

'Information on the reservoir received through personal
communications with the Burns office of the Oregon Wildlife
Commission.
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the reservoir at regular intervals to determine trends in various

physical and chemical parameters including temperature, pH and

dissolved oxygen concentration (Oregon State Wildlife Commission,

1960). Water temperature near the bottom fluctuated little from

May through September (56-66°) with the meantemperature during this

interval approximating 58°F. The pH of water near the surface was

reportedly 8. 3 and near the bottom 7. 4. Dissolved oxygen concen-

tration near the bottom remained near saturation presumably due to

bottom currents caused by drawing water from the base of the

reservoir. These conditions are most conducive for methylation

and subsequent mercury uptake by fish (Jernelv, 1972; Fagerstr6m

and Jerne1v, 1972).

In recent years, fingerling rainbow trout from the Oregon

Wildlife Commission's Oak Springs Hatchery near Maupin, Oregon

have been stocked in the reservoir each April. Although no suitable

spawning habitat exists in the impoundment, trout grow well and are

able to survive in the reservoir for several years. These trout

represent the main sport fishery in the area and are, therefore,

frequently caught and consumed by local residents. Other species

of fish occurring in the reservoir include bridge lip sucker

(Catostomus columbianus), redside shiner (Gila balteata),

coarsescale sucker (Catostomus macrochelius), chiselmouth

(Acrocheilus alutaceum), and we stern squawfish (Ptychocheilus
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oregonensis). A gradual trend towards dominance by these rough

species necessitates reclaiming of the reservoir with rotenone

every five or six years. The reservoir was most recently treated

with rotenone during fall 1973.

Mercury contamination in the reservoir is believed to be the

result of gold mining activities in the Jordon Creek drainage near

Silver City, Idaho during the 1860's. Using the "Washoe pan

process", it was reported that nearly 2. 5 tons of mercury were lost

into Jordon Creek between 1866 and 1869 (Gebhards etal., 1973).

Because of mercury's ability to bind to sediment, it is probable that

large quantities of inorganic mercury have reached Antelope

Reservoir via Jordon Creek during periods of heavy runoff. Hill

etal. (1975) have reported concentrations of total mercury in sedi-

ment taken from Antelope Reservoir near 17 p.g Hg/g. The highly

organic reservoir environment then provides the necessary condi-

tions for bacterial methylation of inorganic mercury to the more

biologically cumulative methyl form.



64

MATERIALS AND METHODS

Fish were collected from Antelope Reservoir and Cow Lakes,

a small nearby lake in the same drainage system, for total mercury

analysis. Collection dates for Antelope Reservoir included:

October 26, 1972; March 10, 1973; May 16, 1973; June 15, 1974;

August 30, 1974; October 16, 1974; December 16, 1974; and July 27,

1975. In addition, rainbow trout were procured from Oak Springs

Hatchery near Maupin prior to stocking (April 14) of the reservoir

in 1973. Fish were also collected form the nearby Cow Lake on

March 16, 1973.

Fish were collected using a variable mesh experimental gill

net. The net was set during late afternoon, fished overnight, and

retrieved the following morning. After being removed from the gill

net, fish were placed in plastic bags and kept on ice for transport

back to the laboratory where they were frozen and stored for

subsequent mercury analysis.

The distribution of mercury within lateral muscle tissue from

a rainbow trout collected from Antelope Reservoir was examined

prior to performing extensive mercury analysis on fish muscle

samples. Distribution of mercury within the fillet was uniform.

Subsequent muscle samples from collected fish were taken from

the caudal portion of the fillet.
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Trout were weighed to the nearest gram and measured to the

nearest 0. 5 inch prior to being analyzed. Analysis consisted of

removing a suitable aliquot of lateral muscle tissue (5-10 g) from

the caudal portion of a fillet, weighing the sample to the nearest

0. 01 g, digesting the sample in nitric acid, and finally assaying a

subsample of the digest by atomic absorption spectrophotometry

using the same methods described in Part I of this thesis.

Pooled stomach contents from the seven trout collected in

December, 1974 as well as water boatmen (Corixa sp. ) collected

from the reservoir in July, 1975 were analyzed for total mercury

and inorganic mercury using the method described by Magos and

Clarkson (1972). Samples were digested in 10 N KOH prior to

analysis (Giovanoli-Jakubczak et al. , 1974). Organic mercury was

calculated as the difference between total mercury and inorganic

mercury. All organic mercury was then assumed to be methyl-

mercury. Magos and Clarkson '(1973) have confirmed the validity

of this assumption for a variety of biological tissues.



RESULTS

Mercury Concentrations in Rough Fish

Rough fish enter the reservoir at the inlet and were collected

incidental to trout during most collection trips. Rough fish were

also collected from Cow Lake on March 16, 1973. Rough species

from Antelope Reservoir were not examined as extensively as trout

since there was no means of determining how long they had been in

the reservoir. All but three of the twenty-six rough fish analyzed

from Cow Lakes and Antelope Reservoir contained mercury concen-

trations in edible flesh exceeding the FDA guideline (0. 5 ig Hg/g)

for human consumption (Table 6). The highest concentration

recorded was 2. 28 .ig Hg/g for a coarsescale sucker weighing 780 g.

Rough fish comprised only a token portion of the 1974 catch due to

reclaiming of the reservoir with rotenone the previous fall.

Mercury Accumulation by Rainbow Trout

Rainbow trout from different year classes in Antelope Reservoir

can easily be distingushed by size differences, since the reservoir

provides an exceptionally good environment for growth.

Fish collected on October 26, 1972 included rainbow trout

representing three distinct year classes. Since trout are stocked
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Table 6. Total mercury concentration in lateral muscle tissue
from several species of rough fish collected from
Antelope Reservoir and Cow Lake at various times.

Date
b Total Hg

Collected Lengtha Weight in Muscle
and Location Species (inches) (g) (g Hg/g)

March 16, 1973 chiselmouth 8. 0 138 1. 21
chiselmouth 8. 5 158 1. 13(Ante lope

Reservoir) bridgelip sucker 8.0 118 0.74
bridgelip sucker 8. 5 130 0. 47

coarsescale sucker 12. 5 415 1. 11
coarsescale sucker 12.0 325 1.10
western squawfish 10. 5 287 1. 04
western squawfish 10. 5 284 1. 18
western squawfish 11.0 341 1. 11
westernsquawfish 9.0 168 0.64
western squawfish 10. 5 140 0.91
we stern squawfish 6. 5 59 0. 26

March 16, 1973 western squawfish 10. 5 209 1. 36
western squawfish 10. 0 207 1. 25(Cow Lake)
western squawfish 11.0 236 1.26
western squawfish 9. 5 131 1.45
western squawfish 10.0 201 1. 51

May 16, 1973 bridgelip sucker 8. 5 127 0. 44
bridgelip sucker 8. 5 133 0. 56A nte ope
bridgelip sucker 9. 5 169 0.77Reservoir) bridgelip sucker 9.0 140 0. 50
bridgelip sucker 12.0 361 0. 72
bridgelip sucker 13.0 406 1.03
coarsescale sucker 17. 5 780 2. 28

June 15, 1974 western squawfish 8.0 85 0. 58
western squawfish 5. 0 27 0. 60(Antelope

Reservoir)



Table 6. Continued.

Date Total Hg
Collected Lengtha bWeight in Muscle

and Location Species (inches) (g) (.J.g Hg/g)

July 27, 1975 coarsescale sucker 12. 5 459 0.44
(Antelope coarsescale sucker 12.0 443 0.49

coarsescale sucker 10.5 315 0.43Reservoir)
western squawfish 7. 5 100 0. 38

aLength rounded off to the nearest 0. 5 inches.

bWeight rounded off to the nearest g.



in the reservoir early each April, this sample included trout

which had been in the reservoir for 7, 19 and 31 months. Surpris-

ingly, no significant differences in mercury concentration existed

between year classes indicating that mercury concentration in

muscle tissue must reach a steady state condition sometime during

the fish1s first year in the reservoir (Table 7). No relationship

existed between condition factor [weight (g)/length (inchesfl and

mercury concentration in muscle for fish from a given year class.

Scott (1974) observed a similar lack of correlation between condi-

tion factor and mercury concentrations in fish sampled from

Clay Lake, Ontario.

Mercury concentrationsin livers from the Antelope Reservoir

trout were also examined to determine if any correlation existed

between the liver to muscle mercury ratio and time spent in the

contaminated environment. No such correlation was found. Liver

mercury concentrations remained approximately twice as high as

muscle mercury concentrations in fish from all three year classes

(Table 7). Subsequent fish samples were only analyzed for mercury

concentration in muscle.

The finding that fish sampled in 1972 appeared to have already

reached a steady mercury concentration led to an intensive sampling

program to investigate mercury uptake by trout during their first

year in the reservoir. Fish stocked in the reservoir on April 14,



Table 7. Total mercury concentration in lateral muscle tissue aiid liver from rainbow trout collected from Antelope Reservoir October 26, 1972.

Condition
factor Total Hg Total Hg

Fish Months in
b

Length Weight (Weight/ in Muscle Mean in Liver Mean Liver Hgf Mean
Number Reservoir (inches) (g) length) ( g Hg/g) + S.D. 4i.g Hg/g) ± S.D. Muscle Hg ± S.D.

1 7 10.0 160 16 1.19 1.99 1.67
2 7 9.5 175 18 1.48 2.10 1.42
3 7 8.5 111 13 1.34 2.21 1.65
4 7 9.5 149 16 1.29 2.62 2.02
5 7 9.5 184 19 1.66 1.36±0.27 2.89 2.23±0.55 1.74 1.650.26
6 7 9.0 136 15 1.57 3.22 2.04
7 7 8.0 90 11 1.79 2.29 1.28
8 7 9.0 123 14 0.99 1.59 1.59
9 7 9.5 163 18 1.04 1.81 1.74
10 7 9.0 159 18 1.20 1.56 1.31

11 19 11.5 255 22 1.21 1.61 1.33
12 19 12.0 330 28 0.89 1.33 1.50
13 19 12.0 312 26 1.21 2.63 2.18
14 19 12.0 297 25 1.07 2.35 2.18
15 19 12.0 280 23 1.16 1.14±0.19 2.85 2.37±0.61 2.45 2.04±0.52
16 19 11.5 312 27 1.23 3.37 2.75
17 19 13.0 342 26 0.98 2,57 2.64
18 19 12.0 319 27 1.41 2.24 1.59
19 19. 12.0 325 27 1.42 2.41 1.70
20 19 12.0 302 25 0.88

-J
C



Table 7. Continued.

Fish
Number

Months in
Reservoira

b
Length
(inches)

Weightc
(g)

Condition
factor

(Weight/
length)

Total Hg
in Muscle Mean

(}Jg Hg/g) + S.D.

21 31 16.0 454 28 1.45
22 31 14.0 355 25 1.53
23 31 14.0 410 29 1.12
24 31 14.5 440 30 1.02
25 31 14.5 449 31 1.15 1.28-f0.
26 31 15.0 388 26 1.53
27 31 16.0 587 37 1.27
28 31 14.0 483 35 0.95
29 31 15.0 524 35 1.40
30 31 14.0 533 38 1.39

aAge estimated on the basis of weight and length.

b
Length rounded off to the nearest 0.5 inches.

Cweight rounded off to the nearest g.

Total Hg
in Liver Mean

qjgHg/g) ±S.D.

1.65

- 2.54±1.02

2.36

3 .99
2.16

Liver Hg/ Mean
MuscleHg +S.D.

1 .47

-- 1.93+0.40

1 .86

2.85
1.55

J



1974 were sampled at various intervals through December, 1974.

Total mercury concentrations in lateral muscle tissue increased

linearly during the first five months of exposure and then leveled

off, approximating a steady state condition after 8 months (Table 8,

and Figure 12a). The growth curve for trout in the reservoir was

typically sigmoid with growth acceleration greatest during mid.-

summer (Figure lab). A derived curve relating time to total

amount of mercury in the fish was also sigmoid (Appendix XI and

Figure lZc). The shape of the latter curve is strictly a function of

the previous two relationships.

Pooled stomach contents from seven reservoir trout collected

in December, 1974, as well as water boatmen (Corixa sp. ) collected

in July, 1975 were analyzed for both total and inorganic mercury.

The difference between total and inorganic mercury was assumed to

be methylmercury. The only recognizable components of the

stomach contents were water boatmen. Table 9 lists the results of

these analyses.

Both stomach contents and the water boatmen contained total

mercury concentrations near 0. 2 g Hg/g. However, the stomach

contents contained nearly 50% methylmercury while the insects

contained almost entirely inorgafiic mercury. Since inorganic

mercury is not retained by fish to any great degree (JerneUv and

Lann, 1971; Hannerz, 1968) the water boatman collected in July



Table 8. Total mercury concentrations in lateral muscle tissue from rainbow trout collected at dif-
ferent time intervals after being stocked in Antelope Reservoir on April 14, 1974.

Date
Collected

aLength
(inches)

bWeight
(g)

Mean Weight
± S. D.

(g)

Total Hg
in Muscle
(g Hg/g)

April 14, 3. 5 9 0.02
4.0 10 0.04
3.5 8 9± 1 0.03
4.0 10 0.03

June 15, 1974 8.0 106 0.51
80 110 0.27
7.0 89 ± 23 0.31
6.5 62 0.22

August 30, 1974 10.5 254 0.71
13. 0 441 462 ± 152 0. 78
14.5 555 0. 57

October 16, 1974 11.0 334 0.63
11.0 305 0.80
12.0 350 0.86
11.0 301 0.80
12.0 353 348 ± 37 0.78
12.0 407 0.80
12.0 388 0.83
12.0 343 0.81

Mean
Total Hg
in Muscle

± S.D.
Hg/g)

0.03 ± 0.01

0. 33 ± 0. 13

0.69 ± 0. 11

0.79 ± 0.07

-J



Table 8. Continued.

Date
Collected

Lengtha Weightb
(inches) (g)

Mean Weight
± S.D.

(g)

Total Hg
in Muscle
(.Lg Hg/g)

December 16, 1974 12.0 401 0.83
11.0 287 0.93
12.0 396 0.92354± 5211.5 317 0.85
13.0 438 0. 82
12.0 373 0.89
11.5 346 0.81

aLength rounded off to the nearest 0. 5 inches.

bWeight rounded off to the nearest g.

cFSh collected from the hatchery on the date of stocking.

Mean
Total Hg
in Muscle

± S.D.
(.Lg Hg/g)

0. 86 ± 0. 05

-a
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Figure 12. Various trends observed in rainbow trout from
Antelope Reservoir during 1974. The relationship
between time spent in the reservoir (months) and
[al mercury concentration in muscle (g Hg/g),
mean ± S.D.; [b weight (g), mean ± S.D.; and
[c] total quantity of mercury accumulated per fish
(g Hg).

Note: Trout collected August 30, 1974 were not included in
the derivation of curve [b since only three fish were included in
the sample, two of which were unusually large. Curve { c] is
interpolated from curves [al and [b] assuming muscle to be an
average tissue with respect to mercury concentration.
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Table 9. Inorganic, organic and total mercury concentrations present in water boatmen (Corixa sp.
collected from Antelope Reservoir July 20,
rainbow trout collected December 16, 1974.

1975 and in pooled stomach contents from

Total Inorganic Methyl-'
Sample Insects Weight Mercury Mercury mercuryNumber Item in Sample '(g) (g Hg/g) (g Hg/g) (.ig Hg/g)

1 Insects 10 0. 160 0.36 0. 35 0.01

2 Insects 10 0. 165 0. 17 0. 17

3 Insects 10 0. 172 0. 14 0. 15

4 Insects 10 0. 194 0. 19 0. 19

5 Insects 12 0.222 0.15 0.15

6 Insects 20 0.350 0.23 0.23

7 Insects 10 0. 198 0.20 0. 16 0,04

1 Stomach
contents -- 1.82 0.24 0.12 0.12

2 Stomach
contents -- 2. 22 0. 25 0. 13 0. 12

-J
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could not have been an appreciable source of mercury to fish in the

reservoir.

For purposes of developing a comparison between food and

water as sources of methylmercury to fish, we chose to consider

0. 12 J.g Hg/g of methylmercury as an average methylmercury

concentration in trout diets, inherently realizing that more informa-

tion is desirable regarding methylmercury concentrations existing in

trout food organisms from the reservoir.

Direct measurement of all the conditions contributing to the

observed mercury uptake by these trout was impossible since the

analytical technology necessary to measure methylmercury concen-

trations existing in natural waters was not available. However, we

reasoned that knowledge of the food consumption rates of these fish

along with information on dietary methylmercury concentrations

could lead to an estimate of their methylmercury consumption rate

which could then be used to estimate foods relative role in contribut-

ing mercury to the fish. Furthermore, an estimate of the methyl-

mercury concentration in water that could have independently

resulted in the observed mercury accumulation rate could be esti-

mated from the laboratory experiments.

Estimating foods mercury contribution to the reservoir trout

involved the following steps: (1) Growth rates of the reservoir fish

were calculated for monthly intervals from the weight increase
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curve (Figure ha) by dividing the growth increment during each

month by the mean fish biomass over the same time interval (Table

10). Growth rates ranged from near 0. 4% of body weight per day

during April and gradually decreased to near zero growth by mid-

December, while at the same time trout increased in mean weight

from 9 to 365 g.

(2) Food consumption rates were then estimated from labora-

tory food consumption rate-growth rate relationships (Davis and

Warren, 1968; Seim, 1970; Phillips, 1972; Everson, 1973), taking

into account the effects of fish size (Brett, 1965; Brett, 1974),

water temperature and season (Averett, 1969). Estimated food

consumption rates ranged from 40 milligrams of food consumed per

gram of mean biocontent per day (mg/g per day) during late spring

and early summer to 10 mg/g per day during mid-December.

(3) Next, the mercury accumulation rate (micrograms of

mercury accumulated per gram of fish per day) was calculated for

during the phase of mercury uptake when mercury concentration in

fish from the reservoir increased linearly in time. This phase of

uptake corresponds to a single mercury accumulation rate. The

calculated value was 0. 005 .tg Hg/g per day.

(4) Reasoning that methylmercury is the only dietary mercury

form absorbed to an appreciable extent (Jernelv and Lann, 1971)

and further assuming that the 0. 12 p.g Hg/g of methylmercury found



Table 10. Estimated growth rates and food consumption rates for Antelope Reservoir rainbow trout
at monthly intervals after stocking.

Estimated
Growth Food

Time in Interpolated Average Rate ConsumptionReservoir Interval Weight Weight Change Biocontent (mg/g Rate
Date (days) (days) (g±S.D.) (mg) (g) per day) (mg/g per day)

April14 9± 1

31 3300 26 4.09 40
May 15 31 42

30 4700 65 2. 41 30
June 15 61 89 ± 23

31 7100 130 1.76 30
July 15 92 170

31 8000 210 1. 23 30
Aug 15 123 250

31 5800 279 0.67 20
Sept 15 154 308

31 4000 328 0.39 20
Oct 16 185 348 ± 37

30 353 0.08 10
Nov 15 215 357

31 800 361 0.07 10
Dec 16 246 365 ± 52



in pooled stomach contents from fish sampled in December, 1974

represents a typical concentration of methylmercury in the diet,

the methylmercury consumption rates for the reservoir fish then

can be derived from the estimated food consumption rates. The

estimated range of values is 4. 8 ng Hg/g per day (nanograms of

methylmercury consumed per gram of mean fish biomass per day)

at the highest food consumption rate and 1. 2 ng Hg/g per day at the

lowest food consumption rate.

(5) An estimate of the mercury accumulation rate that would

result from these methylmercury consumption rates can now be

derived from the relationship between mercury accumulation rate

and methylmercury consumption rate in the laboratory experiments

after first adjusting the laboratory data to account for the lower

availability of methylmercury when present in natural diets (10-20%

absorbed) (Jernelv, 1969; and Archer etal. , 1973) as compared to

the Oregon Test Diet (69-75% absorbed). A 15% dietary absorption

efficiency for methylmercury was chosen for these calculations.

The derived mercury accumulation rates were 0. 0007 tg Hg/g per

day at the maximum methylmercury consumption rate and 0. 00015

Hg/g per day at the minimum methylmercury consumption rate.

(6) Dividing the maximum mercury accumulation rate attribut-

able to food by the observed mercury accumulation rate for the

reservoir fish over the linear phase of uptake leads to the



prediction that food accounted for at most 15% of the mercury being

accumulated at the high methylmercury consumption rate and only

4% at the low methylmercury consumption rate.

A diet being consumed over the estimated range of rates

(10-40 mg/g per day) and containing about 3. 3 pg Hg/g at the low

food consumption rate or about 0. 9 1j.g Hg/g at the high food consump-

tion rate would produce the mercury consumption rate necessary to

account for the entire observed mercury accumulation rate. In

view of these high values, even canabalism among rainbow trout

from the reservoir could not have accounted for all the mercury

accumulated by these fish.

The range of methylmercury concentrations in water that could

have independently accounted for the observed mercury acciimulation

rate in fish from the reservoir was also derived from the laboratory

data. Derivation consisted of substituting the mercury accumulation

rate observed for the reservoir fish during the linear phase of uptake

into the regression equations derived from the laboratory experi-

ments after first assigning a value of zero to methylmercury con-

sumption rate. The calculated values ranged from 0. 051 to 0. 061

g HgLe. As would be expected, these values fall well below the

detection limits for measuring methylmercury in natural waters

(Bisogni and Lawrence, 1974; Stevens and Robertson, 1974).



DISCUSSION

Several workers have studied mercury uptake by fish with

respect to time in lentic environments. Fagerstr6m and Asell

(1973) observed a nearly asymtotic uptake curve for Swedish roach

similar to the uptake curve for Antelope Reservoir rainbow trout.

Bache, Guttenmann and Lisk (1971) sampling lake trout and

Fagerström and Asell (1973) looking at northern pike observed more

parabolic uptake curves. In spite of this difference, the mercury

uptake curves for all of these species can be divided into three

distinct phases: an initial linear phase during which mercury

concentration increases rapidly and uniformly in time; a definite

rounding phase when the rate of mercury accumulation rapidly

decreases; and a third phase during which mercury concentration in

the fish increases very slowly or remains relatively constant.

The shape of these mercury uptake curves is probably the

result of several factors. Computer induced perturbances in

various parameters from the mercury uptake model devised by

Fagerstr6m and Asell (1973) have shown that methylmercury concen-

tration in water and factors affecting metabolic rate, thus, the

amount of water fish pass over their gills (i. e. , temperature and

dissolved oxygen concentration) had the greatest influence on

mercury accumulation rate from water.



These factors are undoubtedly to a large degree responsible

for defining the steepness and eventual height of the mercury uptake

curve for fish in a given environment. However, the third phase of

mercury uptake was observed to be stable over several years. In

view of this finding, factors encompassing a larger time scale are

implicated over the more seasonal factors previously discussed.

Several authors have examined the influence of size on

metabolism. Brett (1965) has shown an inverse relationship between

standard metabolic rate and size in sockeye salmon, and Mishema

and Odum (1963) have demonstrated that zinc metabolism in

Littorina was inversely related to body weight. Based on these find-

ings, one would also expect mercury uptake rate to decrease with

increased fish size. However, the size-related metabolic changes,

as discussed by these authors, were not by themselves of a magnitude

great enough to have accounted for the observed rounding of the

mercury uptake curve, therefore suggesting that other factors are

in part responsible.

Hamelink, Waybrandt and Ball (1971) have explained DDT

accumulation thresholds in fish on the basis of exchange equilibria,

and Ferguson, Ludkê and Murphy (1966) have similarly described

endrin metabolism. Apparently the pesticide reaches a steady state

between the animal and its environment governed by equilibrium

conditions between water, blood and tissue.



Using this framework and assuming constant methylmercury

exposure conditions, methylmercury uptake would initially proceed

rapidly and uniformly because of an excess of methylmercury bind-

ing sites. At some point in time, mercury accumulation rate would

then begin to decrease, in part due to binding sites becoming

saturated and partly because of reduced metabolism associated with

increased fish size. This type of phenomenon could account for the

shape of the uptake curve observed for trout in Antelope Reservoir.

Of particular importance to this study is the finding that

mercury accumulation proceeds at a uniform rate for several

months before declining. We postulate that this phase of uptake

provides a convenient opportunity for making inferences concerning

the conditions responsible for mercury uptake by fish in nature from

laboratory experiments where fish experienced known mercury

exposure conditions.

Trout contained 0. 44 ig Hg/g after three months in Antelope

Reservoir. We predicted from laboratory experiments that con-

tinual exposure to a methylmercury concentration in water between

0. 051 and 0. 061 ig Hg/ewould have accounted for all the mercury

accumulated by these fish, assuming that the same degree of

exposure would result in the same amount of mercury accumulated

in both environments. Comparatively, brook trout contained 0. 5

g Hg/g after three months exposure to 0.05 g/.of methylmercury



in experiments conducted at the National Water Quality Laboratory

in Duluth, Minnesota (Mount, unpublished, as cited in EPA, 1972).

Thus, the Duluth experiments would have led to a similar prediction.

Regretfully, aialytical chemists have yet to devise methods sensitive

enough to measure methylmercury concentrations existing in natural

waters. Refinement of current analytical technology is a necessary

prerequisite to confirming the validity of mercury uptake comparisons

between laboratory and natural environments.

Rainbow trout sampled from Jordon Creek (Hill etal., 1975).

contained considerably less mercury (0. 32 J.g Hg/g on the average)

than trout from Antelope Reservoir (Tables 7 and 8). Other workers

have found a similar relationship between the concentrations of

mercury found in fish from impoundments and their respective

feeder streams (Gebhards, 1973; Buhler, Claeys and Shanks, 1973).

Higher mercury concentrations in the reservoir trout are

believed to result from the reservoir environment possessing a

greater capacity for methylmercury formation than Jordon Creek.

As was discussed earlier, temperatures, dissolved oxygen concen-

tration, and organic sediment load existing in the reservoir (Oregon

State Game Commission, 1960) provide what appears to be the

ideal conditions for methylation and subsequent mercury uptake by

fish (Jernel6v, 1972; Fágerstr5m and Jerne]13v, 1972).

Fish assimilated 69%-75% of all the methylmercury present in



the Oregon Test Diet, however, mercury consumption rates calcul-

ated for the reservoir fish were based on experiments during which

Xiphophorus maculatus and Carussius carussius were fed live forage

fish collected from a mercury contaminated environment (Jernel3v,

1969).

Various researchers have fed a variety of methylmercury

contaminated diets to fish or animals, reporting extraction effici-

encies ranging from 67% to 87%, (Hannerz, 1968; Stillings and

Lagally, 1974; Miettinen et al., 1970; Suzuki and Hatanka, 1975).

However, all of these workers, either artificially added methyl-

mercury to the diet or altered the diets natural state (i. e. making

dried pellets from fish protein). Jernel6v's (1967) work is therefore

the only report concerning a natl2rally contaminated food source.

In support of Jernel6vrs value (15%), Archer etal. (1973) have

stated that 80% of the methylmercury present in swordfish meat is

bound to tissue resistant to digestion and should therefore be

excreted. Methylmercury added to production diets may be loosely

bound and therefore readily absorbed by their consumer. Further-

more, methylmercury present in food organisms which had been

acutely exposed to inordinately high concentrations of methylmercury

in water, may be more readily available to a predator fish than if

methylmercury had gradually been accumulated by the prey. In

view of what is currently known, a methylmercury extraction



efficiency between 10-.20% appears most likely to apply to natural

food chains. The availability of methylmercury in various naturally

contaminated dietary matrices is one of the more important areas

requiring future attention.

Little if any detectable methylmercury existed in the water

boatman collected in July, 1975 although these insects contained

nearly 0. 2 jj.g Hg/g of total mercury. JerneP3v and Lann (1971) have

reported similarly low percentages of methylmercury (1% to 20%)

in selected benthic organisms from mercury contaminated rivers

and lakes. Benthic fauna from the most contaminated of these

environments ave raged 0. 07 i.g Hg/g of methylmercury. Paradoxic.

ally, stomach contents (consisting predominantly of water boatman)

from fish collected from Antelope Reservoir during December, 1974

contained 0. 24 ig Hg/g of which 50% (0. 12 g Hg/g) was methyl-

meicury. Conceivably, the higher concentrations of methylmercury

observed in water boatmen during December than during July could

represent a methylmercury uptake trend by the insects. The fact

that water boatmen reproduce in spring, mature during summer and

fall, and over winter as adults is agreeable with a possible uptake

trend (Usinger, 1968).

Regardless, insects from Antelope Reservoir and other methyl-

mercury contaminated environments appear to contain consistently

low concentrations of methylmercury. Calculations previously



discussed have indicated that food accounted for only a small per-

centage of the mercury present in fish from Antelope Reservoir.

The iotion that food is a negligible source of mercury to these fish

is further supported by the lack of correlation between condition

factor and mercury concentration in muscle for fish from the same

year class. For obvious reasons, one would expect a positive correla-

tion if food had been a major source of mercury to these fish.

Although methylmercury concentrations in aquatic insects are

reportedly low, concentrations of methylmercury present in fish

from contaminated environments are consistently high. The impli-.

catior is that dietary methylmercury would then be more important

in piscivorous fish species than to insectivorous ones.

A suggested hypothesis is that water accounts for essentially

all of the mercury observed in insectivorous species of fish such as

rainbow trout in Antelope Reservoir, and most of the mercury

observed in known piscivores. Fish eaters such as northern pike,

then acquire an add{tional increment of mercury through their diet.

This hypothesis accounts for northern pike having consistently

higher mercury concentrations than other fish species living in the

same environment (Johnels etal., 1967; Jernelöv and Lann, 1971;

and Walter, Brown and Hensley, 1973).

The observations that squawfish (Buhier, Claeys and Shanks,

1973), largemouth bass and walleyes (Standiford, Potter and Kidd,



1973) contain higher concentrations of mercury than cohabiting

species in some environments while in other environments contain

similar concentrations of mercury as cohabitbrs may reflect the

degree to which walleyes and squawfish depend on fish as opposed to

insects for food in different environments or the relative concentra-

tions of methylmercury in food and water in a given situation.

The results reported in this thesis suggest the following

research needs: (1) Field investigations in a mercury contaminated

aquatic environment such as Antelope Reservoir to determine (a) the

feeding habits of important fish species, (b) methylmercury concen-

trations in food organisms found to be important, and (c) seasonal

trends in methylmercury concentration present in these food

organisms; (2) Laboratory studies (a) to define the availability of

methylmercuryto fishwhen present in various natural dietary matrices

and (b) to examine water temperatures influence on availability of

methylmercury in food; and (3) Technological work to improve the

sensitivity of current analytical techniques used to measure methyl-

mercury concentration existing in water. If methylmercury could

be measured in natural waters, then studies to determine spatial

and seasonal variations in methylmercury concentrations existing in

water from a given environment could ultimately be conducted.
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Appendix I. Test water characteristics and flow rates during
methylmercury uptake Experiment 1, July 1- July 25,
1973.

Item Observations Mean ± S. D. Range

Dissolved O
(mg/e)

Tempe rature
(°C)

pH

Conc. of Methylmercury
in Watera

14 9.9 ± 0.2

24 14. 8 ± 0. 3

5 7.4±0.2

9.7 - 10. 1

14.5- 15.3

7.3 - 7. 5

97

(g HgH) 3 1. 28 ± 0. 20 1. 12 - 1. 50

- 0. 64 ± 0. 10 0. 56 - 0. 75

- 0.32 ± 0. 05 0. 28 - 0.38

- 0. 21 ± o.
03b 0. 18 - 0. 24

C 0nt r ol

Flow Rate C

(mi/mm)

Control System 24 380 ± 35 310 - 400

Mercury System 24 385 ± 10 375 395

aAll mercury is assumed to be present as methyimercury
although total mercury concentrations were measured. Results
then expressed as g Hg, as methylmercury.

bThe lower methyimercury concentrations were estimated from
the dilution volumes relative to the highest concentration.

C Flow rates are rounded off to the nearest 5 mI/mm.



Appendix II. Test water characteristics and flow rates during
methylmercury uptake
September 14, 1973.

Experiment 2, August 21-

Item Observations Mean ± S. D. Range

Dissolved 0
(mg/i) 2

10 10.0 ± 0. 1 9.7 10. 1

Temperature
(°C) 24 14.9 ± 0.2 14.5 - 15.0

pH 4 7.5 ±0.1 7.4 - 7.5

Conc. of methylmercury
in Watera
(g Hg/.e) 3 1. 33 ± 0. 16 1. 20 - 1. 51

- 0. 33 ± 0.04 0. 30 - 0.38

Control

Flow Rate c

(mi/mm)

Control System 24 380 ± 25 305 395

Mercury System 24 385 ± 10 370 - 400

aAll mercury is assumed to be present as methylmercury
although total mercury concentrations were measured. Results
then expressed as tg Hg, as methylmercury.

bThe lower methylmercury concentrations were estimated from
the dilution volumes relative to the highest concentration.

CF1 rates are rounded off to the nearest 5 ml/min.



Appendix III. Test water characteristics and flow rates during
methylmercury uptake Experiment 3, July 25-
August 15, 1974.

Item Observations Mean ± S. D. Range

Dissolved
(mgLP)

Temperature
(°C)

pH

Conc. of methylmercury
in Watera
(p.g Hg/pP)

10

21

4

3

9.8 ±0.1

15.1 ±0.2

7.5 ±0.1

0. 57 ± 0. 06

0. 29 ±

0. 14 ± 0. 02b

0.07 001b

Control-
Flow Rate c

(mi/mm)

Control System 21 375 ± 35

Mercury System 21 390 ± 10

9.6 - 9.9

14.8 - 15.5

7.3 7.6

0. 50 - 0. 62

0. 25 0. 32

0. 12 - 0. 16

0.06 - 0.08

310 - 400

380 - 406

aAll mercury is assumed to be present as methylmercury
although total mercury concentrations were measured. Results
then expressed as j.g Hg, as methylmercury.

bThe lower methylmercury concentrations were estimated from
the dilution volumes relative to the highest concentration.

CF1 rates are rounded off to the nearest 5 mi/mm.
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Appendix IV. Mercury contractions present in control fish
during each experiment.

Total Mercury
Experiment Time Concentration in Fish

(date) (Days) (g Hg/g)

1

(July 1- 8 0.04
July 25,

8 0.06
1973)

8 0.07

8 0.07

16 0.09

16 0.09

16 0.04

24 0.03

24 0.04

2

(August 21- 8 0. 11
September 14,

8 0.11
1973)

16 0.08

16 0.12
24 0.08

3

(July 25- 7 0. 03
August 15,

7 0.04
1974)

14 0.02

14 0.02
14 0.02

14 0.03

21 0.03

21 0.03

21 0.03



Appendix V. Growth rate food consumption rate data for rainbow trout during Experiment 1, july 1_july 23, 1973.

MeanMean Methyl-
mercury Concen- Average Wet Weight Mean Average Average Food

(g) Biomass of Growth Wet Weight Consumptiontration in Water
Growth Ave. Fish Rate Fed/Per Fish Rate(pg Hg/i)

Relative Ration Initial Terminal Change (mg) (g) (mg/g per day) (mg) (mg/g per day)

1.28 pg Hg/P
? 2.68 0.20 200 .58 3.2 2240 36.2low

med.

.48
2.54 3.68 1.14 1140 3.11 15.3 4900 65.6

high 2.69 5.09 2.40 2400 4.09 24.4 8470 86.3

0.64p.g Hg/p
2.53 2.95 0.42 420 2.74 6.4 2240 34.1low

med. 2.66 4.34 1.68 1680 3.50 20.0 5390 64.2

high 2.75 5.17 2.42 2420 3.96 25.5 8680 91.3

0.32 g Hg/P
2.73 3.03 0.30 300 2.88 4.3 2380 34.4low

med. 2.54 3.89 1.35 1350 3.22 17.5 4900 63.4

high 2.59 4.81 2.22 2220 3.70 25.0 8260 93.0

0.21 p.g Hg/i

2.74 3.18 0.44 440 2.96 6.2 2380 33.5low

med. 2.61 3.86 1.25 1250 3.24 16.1 5040 64.8

high 2.41 4.40 1.99 1990 3.41 24.3 7700 84.1

Control (Live Tubjfex)

2.48 2.4 2030 34.1low 2.41 2.55 0.14 140

3.22 18.5 4900 63.4med. 2.50 3.93 1.43 1430

25.4 7910 90.05high 2.54 4.77 2.23 2230 3.66

Control (Frozen Tubifex)

2.56 1.0 2100 33.6Low 2.53 2.59 0.06 60

5.5 4480 68.1med. 2.56 2.92 0.36 360 2.74

high 2.56 3.24 68 680 .90 9.8

aAfl mercury is assumed to be methylmercury and is expressed as p.g Hg, as methylmercury.



Appendix VI. Growth rate food consumption rate data for rainbow tout during Experiment 2, August 21-September 14, 1973.

Mean
Methylmercury
Concentration

in Water
(pg Hg,',e)

bRelative Ration Initial

Average Wet Weight
(g)

Terminal Change
Growth

(mg)

Mean
Biomass of
Ave. Fish

(g)

Mean
Growth
Rate

(mg/g per day)

Average
Wet Weight

Fed/Per Fish
(mg)

Meaui
Food

Consumption
Rate

(mg/g per day)

1.33 pg Hg/p
low 8,34 9.03 0.69 690 8.69 3.3 9380 45.0
med. 8.05 12.13 4.08 4080 10.09 16.9 20790 85.8
high 8.55 16.23 7.68 7680 12.39 25.8 36350 122.3

1.33
low 8.50 10.40 1,90 1900 9.45 8.4 9570 42.2
med. 8.36 12.48 4.12 4120 10.42 16.5 21300 85.2
high 8.55 15.50 6.95 6950 12.02 24.1 24800 120.6

0.33 p.gHg/f
low 8.15 8.83 0.68 6800 8.49 3.3 9330 45.8
med. 8.05 12.23 4.18 4180 10.14 17.2 20840 85.6
high 8.90 16.02 7.12 7120 12.46 23.8 38520 128.8

0.33 pg Hg!!
low 8.55 10.30 1.75 1750 9.43 7.7 10240 45.3
med. 8.33 12.70 4.37 4370 10.52 17.3 21400 84.8
high 8.59 15.25 6.66 6660 11.92 23.3 33740 118.8

C0.00 pg Hg/i
low 8.91 9.00 0.69 690 8.96 3.2 9960 46.3
med. 8.34 12.50 4.16 4160 10.42 16.6 21860 87.4
high 8.59 15.33 6.74 6740 11.96 23.5 35250 122.8

C



Appendix VI. Continued.

Mean
Methylmercury Mean
Concentration Average Wet Weight Mean Mean Average Food

in Watera (g) Biomass of Growth Wet Weight Consumption
(1jg HgJ) Growth Ave. Fish Rate Fed/Per Fish Rateb

Relative Ration Initial Terminal Change (mg) (g) (mg/g per day) (mg) (mg/g per day)

0.00 g Hg/i
low 9.20 9.30 0.72 720 9.25 3.2 10200 46.0
med. 8.43 12.70 4.27 4270 10.57 16.8 21700 85.5
high 8.40 14.65 6.25 6250 11.53 22.6 35000 126.5

aAll mercury is assumed to be methylmercury and is expressed as pg Hg, as methylmercury.

bCalculated as if diet were 20% dry and 80% wet.

CFed control diet at designated rations.

dFed diet containing 3.08 ig Hg/g as methylmercury.



Appendix VII. Mercury water levels and mercury accumulation rates for fish during Experiment 1.

Food
Consumption

Rate
(mg/g per

Day)

Methylmercury
Consumption

Rate
(ng Hg/g per

Day)a

Adjusted
Methylmercury
Concentrations

in Water
(jjg

Hg/,e)a
Time
(Days)

Total
b

Mercury
in Fish

(rig Hg/g)

Mercury
Accumulation

Rate
(J.g Hg/g per

Day)

Mean Mercury
Accumulation

Rate
jJ.g Hg/g per

Day)
Standard
Deviation

95%

Confidence
Interval

8 1.36 0.190
8 1.05 0.131

16 1.94 0.121
(34.3) 0 1.34 16 1.16 0.072 0.114 ±0.030 ±0.025

24 3.10 0.129
24 2.39 0.100
24 2.34 0.098
24 2.26 0.094

8 1.19 0.149
8 1.38 0.173

16 1.79 0.112
16 1.50 0.094

(64.9) 0 1.34 24 2.51 0.105 0.111 ±0.034 ±0.028
24 1.93 0.080
24 2.30 0.096
24 1.88 0.078

8 0.92 0.115
8 0.78 0.098

16 1.80 0.113
16 2.09 0.127

(91.7) 0 1.34 24 2.36 0.098 0.102 ±0.015 +0.013
24 2.15 0.090
24 2.16 0.088
24 2.03 0.085



Appendix VII. Experiment 1 (continued).

Food
Consumption

Rate
(mg/g per

Day)

Methylmercury
Consumption

Rate
(ng Hg/g per

Day)a

Adjusted
M ethylmercury
Concenations

in Water
(pg Hg/f)

Time
(Days)

Total
b

Mercury
in Fish

(pg Hg/g)

Mercury
Accumulation

Rate
(jg Hg/per

Day)

Mean Mercury
Accumulation

Rate
(pg Hg/g per

Day)
Stanthrd
Deviation

95%

Confidence
Interval

8 0.83 0.104

16 0.84 0.052
16 0.97 0.061

(34.3) 0 0.67 24 1.19 0.050 0.057 ±0.022 ±0.020
24 1.16 0.048
24 1.03 0.043
24 0.91 0.040

8 0.64 0.080
8 0.49 0.061

16 0.78 0.050
16 0.75 0.047

(64.9) 0 0.67 24 1.17 0.049 0.055 ±0.011 ±0.009
24 1.36 0.057
24 1.32 0.055
24 1.05 0.044

8 0.65 0.081
8 0.63 0.079

16 0.89 0.056
16 0.77 0.050

(91.7) 0 0.67 24 1.02 0.042 0.058 ±0.015 ±0.013
24 1.17 0.049
24 1.13 0.047
24 1.45 0.060

0
Ui



Appendix VII. Experiment 1 (continued).

Food
Consumption

Rate
(mg/g per

Day)

Methylmercury
Consumption

Rate
(ng Hg/g per

Day)a

Adjusted
Methylmercury
Concentrations

in Water
(pg Hg/I)

Time
(Days)

Total
b

Mercury
in Fish

(pg Hg/g)

Mercury
Accumulation

Rate
(pg Hg/u per

Day)

Mean Mercury
Accumulation

Rate
4g Hg/g per

Day)
Standard
Deviation

95%

Confidence
Interval

8 0.27 0.034
8 0.24 0.030

16 0.42 0.026
16 0.39 0.024

(34.3) 0 0.34 24 0.61 0.025 0.025 ±0.005
24 0.57 0.024
24 0.50 0.021
24 0.44 0.018

8 0.22 0.028
8 0.18 0.023

16 0.38 0.024
16 0.034 0.021

(64.9) 0 0.34 24 0.41 0.018 0.022 ±0.005 ±0.005
24 0.50 0.021
24 0.60 0.025
24 0.46 0.019

8 0.25 0.031
8 0.37 0.046

16 0.34 0.021
16 0.52 0.033

(91.7) 0 0.34 24 0.77 0.032 0.032 ±0.007 ±0.006
24 0.71 0.030
24 0.72 0.030
24 0.83 0.035



Appendix VII. Experiment 1 (continued).

Food Methylmercury Adjusted Mercury Mean Mercury
Consumption Consumption Methylmercury Total Accumulation Accumulation

Rate Rate Concentrations
b

Mercury Rate Rate 95%
(mg/g per (ng Hg/g per in Water Time In Fish (Jg Hg/g per (Jg Hg/g per Standard Confidence

Day) Day)a (1jg Hg/,)a (Days) 4jgHg/g) Day) Day) Deviation Interval

8 0.33 0.041
8 0.26 0.033

16 0.30 0.019
16 0.28 0.018

(34.3) 0 0.22 24 0.30 0013 0.021 ±0.010 ±0.008
24 0.43 0.018
24 0.33 0.014
24 0.37 0.015

8 0.14 0.018
8 0.38 0.048

16 0.31 0.019
16 0.24 0.015

(64.9) 0 0.22 24 0.54 0.023 0.020 ±0.012 ±0.010
24 0.30 0.013
24 0.21 0.011
24 0.36 0.015

8 0.29 0.036
8 - -

16 0.24 0.015
16 0.29 0.018

(91.7) 0 0.22 24 - - 0.022 ±0.008 ±0.008
24 0.39 0.016
24 0.60 0.025
24 0.51 0.021

aAll mercury in the water and in the diet is assumed to be methylmercury and is expressed as g Hg, as methylmercury. bEach value
corrected to an initial value of zero by subtracting the average mercury concentration in control fish.



Appendix VIII. Concentration of methylmercury in water, methylmercury consumption rates, and mercury accumulation rates for fish during
Experiment 2.

Food Methylmercury Adjusted Mercury Me an Mercury
Consumption Consumption Methylmercury Total Accumulation Accumulation

Rate Rate Concentration b
Mercury Rate Rate 95%

(mg/g per (ng Hg/g per in Water Time in Fish 4j.g Hg/g per (pg Hg/g per Standard Confidence
Day) Day)a (pg Hg/i) (Days) (pg Hg/g) Day) Day) Deviation Interval

8 1.31 0.164
8 1.25 0.156

15 1.83 0.122
15 1.90 0.128

(45.1) 0 1.34 24 2.48 0.103 0.127
24 2.48 0.103
24 1.48 0.062
24 3.57 0.149

8 1.07 0.134
8 1.14 0.143

15 2.13 0.142
15 1.64 0.109

(85.7) 0 1.34 24 2.80 0.177 0.125
24 3.04 0.127
24 2.75 0.115
24 2.74 0.144

8 1.54 0.193
8 1.42 0.178

15 1.80 0.120
15 1.84 0.123

(123.3) 0 1.34 24 2.70 0.113 0.135
24 2.93 0.122
24 2.66 0.111
24 2.79 0.116

±0.033 ±0.028

±0.013 ±0.011

±0.032 ±0.027



Appendix VIII. Experiment 2 (continued).

Food

Consumption
Rate

(mg/g per
Day)

Methylmercury
Consumption

Rate
(ng Hg/g per

Day)a

Adjusted
Methylmercury
Concentration

in Water
4J.g Hg/fl

a
Time
(Days)

Total
b

Mercury
In Fish

(pg Hg/g)

Mercury
Accumulation

Rate

(pg Hg/g per
Day)

Mean Mercury
Accumulation

Rate

(pg Hg/g per
Day)

Standard
Deviation

95%

Confidence
Interval

8 1.11 0.139
8 2.36 0.295

15 3.44 0.229
15 - -

(45.1) (139.2) 1.34 24 4.34 0.181 0.213 ±0.050 ±0.046
24 5.93 0.247
24 4.54 0.189
24 4.98 0.208

8 2.83 0.354
8 3.63 0.454

15 5.28 0.352
15 4.22 0.281

(85.7) (264.4) 1.34 24 6.46 0.269 0.316 ±0.070 ±0.058
24 7.73 0.322
24 6.03 0.251
24 5.90 0.246

8 4.56 0.570
8 3.65 0.456

15 7.09 0.473
15 5.42 0.361

(123.3) (380.5) 1.34 24 8.47 0.353 0.412 ±0.081 ±0.068
24 9.45 0.394
24 8.04 0.335
24 8.57 0.357

C



Appendix VIII. Experiment 2 (continued).

Food Methylmercury Adjusted Mercury Mean Mercury
Consumption Consumption Methylmerctiry Total Accumulation Accumulation

Rate Rate Concentration b
Mercury Rate Rate 95%

(mg/g per (ng Hg/g per in Watera Time in Fish ( Hg, per (j.g Hg/g per Standard Confidence
Day) Day) 4ig Hg/p) (Days) ( Hg/g) Day) Day) Deviation Interval

8 0.31 0.039
8 0.24 0.030

15 0.38 0.025
15 0.34 0.023

(45.1) 0 0.35 24 0.72 0.030 0.029 ±0.005 ±0.004
24 0.73 0.030
24 0.66 0.028
24 0.58 0.024

(85.7) 0 0.35

(123.3) 0 0.35

8 0.30 0.038
8 0.32 0.040

15 0.40 0.027
15 0.45 0.030
24 1.04 0.043
24 0.79 0.033
24 0.55 0.023
24 - -

8 0.23 0.029
8 0.24 0.030

15 0.41 0.027
15 0.31 0.021
24 0.84 0.035
24 0.66 0.028
24 1.05 0.044
24 0.73 0.030

0.033 ±0.007 ±0.006

0.031 ±0.007 ±0.006



Appendix VIII. Experiment 2 (continued).

Food

Consumption
Rate

(mg/g per
Day)

Methylmercury
Consumption

Rate
(ng Hg/g per

Day)

Adjusted
Methylmercury
Concentration

in Water

(pj.g Hg/I)

Time

(Days)

Total
b

Mercury
in Fish

(jjg Hg/g)

Mercury
Accumulation

Rate
(1jg Hg/g per

Day)

Mean Mercury
Accumulation

Rate
(jg Hg/g per

Day)

Standard
Deviation

95%

Confidence
Interval

8 1.13 0.141
8 1.11 0.139

15 1.62 0.108
15 2.55 0.170

(45.1) (139.2) 0.35 24 3.33 0.139 0.139 ±0.018 +0.017
24 3.15 0.131
24 3.42 0.143
24 - -

8 - -

8 1.73 0.216
15 2.91 0.194
15 3.17 0.211

(85.7) (264.4) 0.35 24 3.66 0.152 0.186 ±0.026 ±0.024
24 3.87 0.161
24 3.99 0.166
24 4.81 0.200

8 1.55 0.194
8 2.68 0.335

15 4.87 0.325
15 3.85 0.257

(123.3) (380.5) 0.35 24 5.15 0.215 0.251 ±0.053 ±0.044
24 5.16 0.215
24 5.16 0.215
24 6.04 0.252



Appendix VIII. Experiment 2 (continued).

Food Methylmercury Adjusted Mercury Mean Mercury
Consumption Consumption Methylmercury Total Accumulation Accumulation

Rate Rate Concentration b
Mercury Rate Rate 95%

(mg/g per (ng Hg/g per in Watera Time in Fish (1g Hg/g per (pg Hg/g per Standard Confidence
Day) Day) (1g Hg/f) (Days) (g Hg/g) Day) Day) Deviation Interval

8 0.87 0.109
8 0.99 0.124

15 1.78 0.119
15 1.93 0.129

(45.1) (139.2) 0 24 2.35 0.098 0.103 ±0.023 +0.019
24 1.65 0.069
24 2.51 0.105
24 1.73 0.072

8 1.41 0.176
8 1.59 0.199

15 2.62 0.175
15 2.88 0.192

(85.7) (264.4) 0 24 3.21 0.134 0.164 ±0.026 ±0.022
24 3.13 0.130
24 3.91 0.163
24 3.40 0.142

8 1.83 0.229
8 2.78 0.348

15 3.63 0.242
15 4.20 0.280

(123.3) (380.5) 0 24 5.85 0.244 0.255 ±°° ±0.&41
24 4.46 0.186
24 5.41 0.225
24 6.94 0.289

a bAll mercury in the Water and in the diet is assumed to be methylmercury and js expressed as pg Hg, as methylmercury. Each value
corrected to an initial value of zero by subtracting the average mercury concentration in control fish.



Appendix IX. Concentration of methylmercury in water and mercury accumulation rates for fish during Experiment 3

Food Methylmercury Adjusted Mercury Mean Mercury
Consumption Consumption Methylmercury Total Accumulation Accumulation

Rate Rate Concentration b
Mercury Rate Rate 95%

(mg/g per (ng Hg/g per in Water Time in Fish
(

Hg/g per (big Hg/g per Standard Confidence
Day) Day)

a
g Hg/J) (Days) (p.g Hg/g) Day) Day) Deviation Interval

7 0.29 0.041

7 0.31 0.044

7 0.31 0.044

7 0.32 0.046

7 0.26 0.037

14 0.66 0.047

14 0.70 0.050

(65.4) (8.0) 0.54 14 0.70 0.050

14 0.79 0.056

14 0.60 0.043

21 1.20 0.057

21 0.99 0.047

21 1.22 e.oss

21 1.30 0.062

21 1.16 0.055

0.049 ±0.007 ±0.004



Appendix IX. Experiment 3 (continued).

Food Methylmercury Adjusted Mercury Mean Mercury
Consumption Consumption Methylmercur)r Total Accumulation Accumulation

Rate Rate Concentration b
Mercury Rate Rate 95%

(mg/g per (ng Hg/g per in Water Time in Fish (.g Hg/g per (.g Hg/g per Standard Confidence
Day) Day) a

(rig Hg/, (Days) (g Hg/g) Day) Day) Deviation Interval

7 0.41 0.059

7 0.44 0.063

7 0.47 0.067

7 0.44 0.063

7 0.44 0.063

14 0.88 0.063

14 0.95 0.068
(65.4) (33.6) 0.54 14 0.94 0.067 0.066 ±0.010 +0.006

14 1.04 0.074

14 0.62 0.044

21 1.28 0.061

21 1.42 0.068

21 1.37 0.065

21 1.94 0.092

21. - -



Appendix IX. Experiment 3 (continued).

Food Methylmercury Adjusted Mercury Mean Mercury
Consumption Consumption M ethylmercury Total Ac cumulation Accumulation

Rate Rate Concentration
b

Mercury Rate Rate 95
(mg/g per (ng Hg/g per in Water Time in Fish 4jg Hg/g per 4j.g Hg/g per Standard Confidence

Day) Day) (jg Hg/p) (Days) (jJgHg/g) Day) Day) Deviation Interval

7 0.70 0.100

7 0.63 0.090

7 0.64 0.091

7 0.68 0.097

7 0.79 0.113

14 1.62 0.116

14 1.38 0.099
(65.4) (87.6) 0.54 14 1.38 0.099 0.102 ±0.011 ±0.006

14 1.54 0.110

14 1.28 0.091

21 1.80 0.086

21 2.36 0.112

21 2.55 0.121

21 2.21 0.105

21 1.97 0.094

01



Appendix IX. Experiment 3 (continued).

Food Methylmercury Adjusted Mercury Mean Mercury
Consumption Conmmption Methylmercury Total Accumulation Accumulation

Rate Rate Concentration
b

Mercury Rate Rate 95%

(mg/g per (ngHg/g per in Water Time in Fish (pg Hg/g per (pg Hg/g per Standard Confidence
Day) Day) 4jg Hg/p)a (Days) 4jg Hg/g) Day) Day) Deviation Interval

7 0.20 0.029

7 0.17 0.024

7 0.17 0.024

7 0.17 0.024

7 0.17 0.024

14 0.40 0.029

14 0.39 0.028

(65.4) (8.0) 0.27 14 0.38 0.027 0.029 ±0.006 +0.003

14 0.32 0.023

14 0.45 0.032

21 0.71 0.034

21 0.56 0.027

21 0.73 0.035

21 0.84 0.040

21 0.81 0.039



Appendix IX. Experiment 3 (continued).

Food Methylmercury Adjusted Mercury Mean Mercury
Consumption Consumption Methylmercury Total Accumulation Accumulation

Rate Rate Concentration
b

Mercury Rate Rate 95%
(mg/g per (ng Hg/g per in Watera Time in Fish (pg Hg/g per (pg Hg/g per Standard Confidence

Day) Day) (p.g Hg/,) (Days) (pg Hg/g) Day) Day) Deviation Interval

7 0.30 0.043

7 0.31 0.044

7 0.31 0.044

7 0.29 0.041

7 0.24 0.034

14 0.59 0.042

14 0.51 0.036

(65.4) (33.6) 0.27 14 0.71 0.051

14 0.64 0.046

14 0.54 0.039

21 1.06 0.050

21 0.93 0.044

21 0.92 0.044

21 0.97 0.046

21 0.99 0.047

0.043 ±0.005 ±0.003

-J



Appendix IX. Experiment 3 (continued).

Food Methylmercury Adjusted Mercury Mean Mercury
Consumption Consumption Methylinercury Total Accumulation Accumulation

Rate Rate Concentration b
Mercury Rate Rate 95%(mg/g per (ng Hg/g per in Water Time in Fish (pg Hg/g per (pg Hg/g per Standard ConfidenceDay) Day) aHg/i) (Days) (pg Hg/g) Day) Day) Deviation Interval

7 0.45 0.064

7 0.64 0.091

7 0.58 0.083

7 0.69 0.099

7 0.61 0.087

14 1.04 0.074

14 0.96 0.069
(65.4) (87.6) 0.27 14 1.27 0.091 0.082 ±0.011 ±0.007

14 1.44 0.103

14 1.13 0.081

21 1.45 0.069

21 1.74 0.083

21 1.57 0.075

21 1.71 0.081

21 - -

cx



Appendix IX,. Experiment 3 (continued).

Food Methylmercury Adjusted Mercury Mean Mercury
Consumption Consumption Methylmercury Total Accumulation Accumulation

Rate Rate Concentration b
Mercury Rate Rate 95%

(mg /g per (ng Hg/g per in Water Time in Fish (pg Hg/g per g Hg/g per 3tandard Confidence
Day) Day)

a
(pg Hg/i) (Days) 4j.g Hg/g) Day) Day) Deviation Interval

7 0.13 0.019

7 0.14 0.020

7 0.11 0.016

7 0.06 0.009

7 0.12 0.017

14 0.22 0.016

14 0.20 0.014

(65.4) (8.0) 0.14 14 0.29 0.021 0.017 +0.003 ±0.002
14 0.22 0.016

14 0.17 0.012

21 0.38 0.018

21 0.41 0.020

21 0.47 0.022

21 0.32 0.015

21 0.32 0.015

I-



Appendix IX. Experiment 3 (continued).

Food
Consumption

Rate
(mg/g per

Day)

Methylmercury
Consumption

Rate
(ng Hg/g per

Day)

Adjusted
Methylmercury
Concentration

in Water
a

4j.g Hg/p )

Time
(Days)

Total
b

Mercury
in Fish

(1jg Hg/g)

Mercury
Accumulation

Rate
(g Hg/g per

Day)

Mean Mercury
Accumulation

Rate
(jg Hg/g per

Day)

95%

Standard Confidence
Deviation Interval

7 0.31 0.044

7 0.17 0.024

7 0.19 0.027

7 0.39 0.056

7 - -

14 0.40 0.029

14 0.50 0.036

(65.4) (33.6) 0.14 14 0.57 0.041 0.034 ±0.008 +0.005

14 0.45 0.032

14 0.38 0.027

21 0.72 0.034

21 0.62 0.030

21 0.59 0.028

21 0.69 0.033

21 0.79 0.038

Ni



Appendix IX. Experiment 3 (continued).

Food Methylmercury Adjusted Mercury Mean Meronry
Consumption Consumption Methylmercury Total Accumulation Accumulation

bRate Rate Concentration Mercury Rate Rate 959'a
(mg/g per (ng Hg/g per in Water Time in Fish 4j.g Hg/g per (pg Hg/g per Standard Confidence

Day) Day) (pg Hg/i) (Days) (pgHg/g) Day) Day) Deviation Interval

7 0.64 0.091

7 0.44 0.063

7 0.59 0.084

7 0.62 0.089

7 - -

14 0.69 0.049

14 0.98 0.070

(65.4) (87.6) 0.14 14 0.85 0.061 0.071 +0.011 ±0.007

14 0.89 0.064

14 0.96 0.069

21 1.51 0.072

21 1.43 0.068

21 1.61 0.077

21 1.41 0.067

21 1.46 0.071



Appendix IX. Experiment 3 (continued).

Food Methylmercury Adjusted Mercury Mean Mercury
Consumption Consumption Methylmercury Total Accumulation Accumulation

Rate Rate Concentration
b

Mercury Rate Rate 95%

(mg/g per (ng Hg/g per in Water Time in Fish (Jg Hg/g per (Lg Hg/g per Standard Confidence
Day) Day)

a
(rig Hg/i) (Days) (pg Hg/g) Day) Day) Deviation Interval

7 0.09 0.013

7 0.08 0.011

7 0.07 0.010

7 0.07 0.010

7 0.06 0.009

14 0.12 0.009

14 0.14 0.010

(65.4) (8.0) 0.07 14 0.11 0.008

14 0.16 0.011

14 0.11 0.008

21 0.21 0.010

21 0.24 0.011

21 0.20 0.010

21 0.18 0.009

21 0.21 0.010

0.010 +0.001 +0.001

I-



Appendix IX. Experiment 3 (continued).

Food Methylmercury Adjusted Mercury Mean Mercury
Consumption Consumption Methylmercury Total Accumulation Accumulation

Rate Rate Concentration b
Mercury Rate Rate 95%

(mg/g per (ng Hg/g per in Water Time in Fish (pg Hg/g per 4i.g Hg/g per Standard Confidence
Day) Day) (pg Hgj9)a (Days) (jj.g HgJ Day) Day) Deviation Interval

7 0.27 0.039

7 0.12 0.017

7 0.26 0.037

7 0.08 0.011

7 0.24 0.034

14 0.14 0.010

14 0.35 0.025

(654) (33.6) 0.07 14 0.41 0.029 0.027 +0.009 ±0.005
14 0.55 0.039

14 - -

21 0.68 0.032

21 0.50 0.024

21 0.57 0.027

21 0.60 0.029

21 0.65 0.031



Appendix IX, Experiment 3 (continued).

Food
Consumption

Rate
(mg/g per

Day)

Methylmercury
Consumption

Rate
(ng Hg/g per

Day)

Adjusted
Methylmercury
Concentration

in Water
a

( Hg/fl
Time
(Days)

Total
b

Mercury
in Fish
4ig Hg/g)

Mercury
Accumulation

Rate
4g Hg/g per

Day)

Mean Mercury
Accumulation

Rate
(pg Hg/g per

Day)

95%

Standard Confidence
Deviation Interval

7 0.51 0.073

7 0.58 0.083

7 0.63 0.090

7 0.47 0.067

7 - -

14 0.99 0.071

14 1.12 0.080

(65.4) (87.6) 0.07 14 0.67 0.048 0.068 +0.013 +0.008

14 0.98 0.070

14 - -

21 0.94 0.045

21 1.35 0.064

21 1.13 0.054

21 1.67 0.080

21 1.36 0.065



Appendix IX. Experiment 3 (continued).

Food Methylmercury Adjusted Mercury Mean Mercury
Consumption Consumption Methylmercury Total Accumulation Accumulation

Rate Rate Concentration
b

Mercury Rate Rate 95%
(mg/g per (ng Hg/g per in Water Time in Fish ug Hg/g per (tg Hg/g per Standard Confidence

Day) Day)
a

J.g Hg/p) (Days) (J.g Hg/g) Day) Day) Deviation Interval

7 0.06 0.009

7 0.03 0.004

7 0.03 0.004

7 0.03 0.004

7 0.00 0.000

14 0.08 0.006

14 0.09 0.006

(65.4) (8.0) 0 14 0.07 0.005

14 0.05 0.004

14 0.08 0.006

21 0.12 0.006

21 0.10 0.005

21 0.11 0.005

21 0.10 0.005

21 0.13 0.006

0.005 ±0.002 ±0.001

Ui



Appendix IX. Experiment 3 (continued).

Food

Consumption
Rate

(mg/g per
Day)

Methylmercury
Consumption

Rate
(ng Hg/g per

Day)

Adjusted
Methylmercury
Concentration

in Water
a

(pg Hg/J)
Time
(Days)

Total
b

Mercury
in Fish

(pg Hg/g)

Mercury
Accumulation

Rate

(pg Hg/g per
Day)

Mean Mercury
Accumulation

Rate

(pg Hg/g per Standard
Day) Deviation

95%

Confidence
Interval

7 0.17 0.024

7 0.23 0.033

7 0.22 0.031

7 0.24 0.034

7 0.12 0.017

14 0.30 0.021

14 0.35 0.025
(65.4) (33.6) 0 14 0.34 0.024 0.025 ±0.0 ±0.003

14 0.33 0.024

14 0.41 0.029

21 0.57 0.027

21 0.64 0.030

21 0.42 0.020

21 0.42 0.020

21 0.39 0.019

I-.

N)



Appendix IX. Experiment 3 (continued).

Food Methylmercury Adjusted Mercury Mean Mercury
Consumption Consumption Methylmercury Total Accumulation Accumulation

Rate Rate Concentration b
Mercury Rate Rate 95%

(mg/g per (ng Hg/g per in Water Time in Fish g Hg/g per (pg Hg/g per Standard Confidence
Day) Day) i.g Hg/i) (Days) (pg Hg/g) Day) Day) Deviation Interval

7 0.51 0.073

7 0.36 0.051

7 0.59 0.084

7 0.46 0.066

7 - -

14 1.04 0.074

14 0.75 0.054
(65.4) (87.6) 0 14 1.03 0.074 0.063 ±0.011 ±0.007

14 0.97 0.069

14 0.73 0.052

21 1.30 0.062

21 1.04 0.050

21 1.34 0.064

21. 1.07 0.051

21 - -

aAll mercury in the water and in the diet is assumed to be methylmercury and is expressed as p.g Hg, as methylmercury.

bEach value coected to an initial value of zero by subtractig the average mercury concentration in control fish.



Appendix X. The relationship between mercury accumulation rate and food consumption rate in relation to the concentration of
methylmercury in water.

M ean Mercury
Mean Concentration of Food Accumulation

Methylmercury Consumption Mean Weight Rate
Experiment in Water Rate Increase (g Hg/g ±

(Date)
(rig Hg,') (mg/g per day) (% of initial weight) 95% Confidence Interval)

34.3 8 0.144+0.025
1.28 64.9 42 0.111±0.028

91.7 89 0.102+0.013

34.3 17 0.057±0.020
0.64 64.9 63 0.055+0.0091

91.7 88 0.058±0.013
(July 1 - July 25,

1973) 34.3 11 0.025±0.004
0.32 64.9 63 0.022±0.005

91.7 86 0.032±0.006

34.3 16 0.021±0.008
0.21 64.9 48 0.020±0.010

91.7 83 0.022±0.008

45.1 8 0.127±0.028
1.33 85.7 51 0.125±0.0112

123.3 90 0.135±0.027
(Aug 21 - Sept 14,

1973) 45.1 8 0.029±0.004
0.33 85.7 52 0.033±0.006

123.3 80 0.031±0.006

N)
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Appendix XI. Total body burden of mercury in Antelope Reservoir rainbow trout at monthly
intervals after stocking a

Date

Time in
Reservoir

(Days)

Interpolated
Weight

(g ± S.D.)

Mean Mercury
Concentrations

in Fish
(rig Hg/g)

Calculated Total
(rig of Hg)

April 14 0 94- 1 0.Q3 0.3

May
15a

31 42 0.18 7.6

June 15 61 89+23 0.33 29.4

July
15a

92 170 0.47 80.0

Aug
15a

123 250 0.62 155.0

Sept
15a

154 308 0.73 224.8

Oct 15 185 348 + 37 0.80 278.4

Nov
15a

215 362 0.83 300.5

Dec 16 246 365±52 0.86 313.9

aWeigh and mercury concentrations in fish listed for these dates are interpolated from the
curves fitting the actual data.




