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ABSTRACT

Fish and amphibian egg cultures were used to determine the embryo-
pathic effects of cadmium, mercury, and zinc released from natural and
metal-enriched sediments, and to develop egg culture bioassay procedures
suitable for monitoring bottom sediments for hazardous contaminants. Eggs
of the narrow-mouthed toad (Gastrophryne carclinensis), goldfish (Carassius
auratus), and rainbow trout (Salmo gairdneri) were cultured in contaminant-
free water added to natural and metal-enriched sediments. Exposure was
initiated after fertilization (toad, goldfish) or at 10 days prehatching
{(trout) and maintained continuously through 4-10 days posthatching.
Sedimentswere enriched with 0.1-100 ppm cadmium and mercury and 1.0~
1000 ppm zinc. ,

Natural contro! sediments contained average concentrations of 0,052
ppm mercury, 1.0 ppm cadmium, and 108.2 ppm zinc. Substantial frequencies
of mortality and teratogenesis occurred for all 3 animal species when eggs
were cultured over natural sediments further enriched with as little as
0.1-1.0 ppm cadmium or mercury and 1-10 ppm zinc. Survival of trout
embryos and alevins closely paralleled sediment test concentrations.

The sediment TLgy concentrations for trout stages cultured from 10 days
prehatching through 10 days posthatching were approximately 1 ppm for
mercury, 2.15 ppm for cadmium, and 210.6 ppm for zinc. Sediment metals
were substantially more lethal to eggs and embryos than to free-living
larvae or fry. '

Only small fractions of sediment-bound metals were released to
culture water during the 20-day trout culture period, with approximate
release rates of 5% for mercury, 4% for cadmium, and 1% for zinc. However,
culture water concentrations ranged from 0.11-6.40, 2.1-7.2, and 17.0-
122.8 ppb for sediment concentrations of 0.052-106.7, 1-121, and 108-

1157 ppm mercury, cadmium and zinc, respectively. The inverse relationship
between sediment release rates and aqueous retention Tevels 1likely
resulted from differential loss of the 3 metals from culture water by
volatilization, adsorption to glass surfaces, accumulation by test
organisms, and/or readsorption by sediment.

Trout embryos and alevins concentrated sediment-released mercury to
high tissue levels. At mercury sediment concentrations of 1, 12.1 and
106.7 ppm, tissue accumulation levels for the 20-day exposure period were
41, 269, and 902 ppb, respectively.

Trout eggs cultured over natural sediment collected from 4 Inner
Bluegrass streams gave hatching frequencies which correlated closely
with 1) levels of sediment metal contamination and 2) density and diversity
of aquatic fauna. As bioindicator results compared closely with independent
ecological indicators used to evaluate water quality, short-term egg
hatchability tests possibly may be used to predict long-term ecological
effects of aquatic and sediment-bound contaminants.

Descriptors: Sediment Metals, Bioassay, Bioindicator, Eggs and Embryos
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INTRODUCTION

It has been well established that many trace metal contaminants which
enter natural water resources accumulate to high Tevels in bottom sediments.
Cadmium, mercury, zinc, and various other heavy metals have been reported
at concentrations up to 100 ppm or more in bottom sediments of numerous
U.S. waterways (1-5). Jernelov (6) showed that fish exposed to bottom
sediments spiked to 100 ppm mercury, accumulated tissue mercury to 3 ppm
in 15 days. As bottom sediments serve as spawning substrates for many
aquatic species, it is essential to determine whether metal release
rates are sufficient to reduce egg hatchability or impair embryonic
development (e.g., lethality, teratogenesis). This is particularly
important as fish embryos are known to exhibit high bicaccumulation potentials
- for certain metals. For example, trout and catfish embryos treated with
0.1-3.0 ppb mercury for 5 days in a continuous flow system concentrated
tissue mercury at 500-2000 times the exposure levels (7).

The objectives of this studywere to determine 1) whether cadmium,
mercury, and zinc released from natural and spiked sediments affect hatch-
abi1fty and development of fish and amphibian eggs and 2) whether egg culture
bioassays may be used to monitor the release of hazardous substances from
bottom sediments.

LITERATURE REVIEW

During recent years environmental toxicologists have placed increased
emphasis on the distribution and cycling of trace contaminants among the
abiotic and biotic compartments of aquatic ecosystems. Such considerations
are essential to an understanding of the factors governing the biological
availability and assimilation of trace contaminants which enter water
resources. Studies in this area have been concentrated largely on a
Timited number of trace metal contaminants which originate from multiple
sources of pollution (e.q..cadmium, copper, mercury, zinc}. Investigations
on mercury have provided the greatest insight into mechanisms which regulate
the distribution of trace elements within water resources (6, 8-17).

When introduced into aquatic ecosystems, mercury is distributed among
the major compartments, including tripton (e.g., suspended solids, organic
detritus), bottom sediments, biomass (T1iving organisms) and water. Relative
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uptake by the various compartments will depend on such factors as the
oxidation state of the mercury, physical and chemical characteristics of
the water (e.g., redox potential, pH), and the availability of mercury
binding sites or adsorbing surfaces. In the oxygenated waters supporting
Tiving organisms, mercury generally predominates in the +2 state (12),
and is rapidly removed from solution as a result of 1) adsorption by
suspended solids and bottom sediments (e.g., clay minerals}, 2) binding
to organic detritus, and/or 3) assimilation by Tiving organisms (e.g.,
plankton). Prevailing fluxes among these various compartments subsequently
result in a progressive accumulation of mercury in bottom sediment and
biomass.

Bottom sediments generally constitute the principal "sink" for
mercury and numerous other trace metal contaminants. Sediment concen-
trations of 1-10 ppm Hg generally have been observed in contaminated
waters, and levels up to 100 ppm or more have been reported in various
instances (13, 15-21). For example, Hancock {2) recorded a maximum level
of 187 ppm Hg in sediment collected from the Tennessee River in Western
Kentucky. Sediment from contaminated aquatic resources may contain 10,000
times more mercury than found in the water (8, 22). The mercury content of
sediment-free water taken from most polluted regions usually does not
exceed 1 ppb. and seldom is greater than 5 ppb (12, 16, 23).

Though bottom sediments sequester a substantial fraction of the
mercury which enters aquatic ecosystems, sediment-accumulated mercury
may be remobilized back into overlying water. Jernelov (6) showed that
fish exposed to bottom sediment containing 100 ppm inorganic mercury
accumulated up to 3 ppm methyl mercury in their tissues after treatment
for 15 days. Estimates indicate that the resorption of mercury from
bottom sediments may continue for 10-100 years after pollution is curtailed
(10, 24). The rate of resorption depends on various factors, including
the composition of the sediment (e.g., sulfides, percent organic matter),
redox potential, microbial activity, and the depth at which the mercury
is stratified (10, 12, 21). Bothner and Carpenter (21) recently reported
a relatively short half-l1ife of 1.3 years for sediment-bound mercury.
Methylation of inorganic mercury by microbial action reportedly facilitates
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remobilization from sediments into water, contributing to the accumulation
- of methyl mercury by aquatic organisms (6, 9-12, 25-27).

Many other trace metals also are known to accumulate progressively
in bottom sediments (e.g., As, Cd, Cr, Cu, Ni, Mn, Pb, Zn). Sediment
concentrations up to 100 ppm or more are not uncommon for such metals
{2, 4, 5, 19, 28, 29). For example, bottom sediments from the Tennessee
River in western Kentucky contained arsenic and zinc up to 46.7 and 167
ppm {2), and cadmium has been reported to reach 50 ppm in sediment from the
Holston River in Tennessee, with sediment-bound zinc accumulating to
1000 ppm or more (4). Whether such metals are remobilized from sediment
in sufficient quantities to affect living organisms is not clear. However,
Sanchez and Lee (30) have shown that sediment binding of copper is affected
by changes in carbonate alkalinity, and there is evidence that arsenic,
selenium and tellurium may undergo methylation (31-33).

As noted above, mercury which enters aquatic resources is rapidly
redistributed from the water to other compartments, accumulating pro-
gressively in sediment and biomass. Bioassimilation of mercury involves
uptake directly from water or secondarily from bottom sediment (e.g.,
mercury remobilization) and tripton (e.g., organic detritus consumed as
food). The assimilation rate varies with such factors as the form and
concentration of mercury, physical and chemical characteristics of the
water, and the size and species composition of the biomass (8, 9, 12).
Bicaccumulation of mercury by 1iving organisms is a function of assimilation
rate/body elimination rate, and may vary according to animal species or
individual characteristics (e.q., age, size, metabolic rate). Generally,
the bioaccumulation potentials of different forms of mercury {(e.g.., Hgt,
Hg**, CH3Hg*) increase with chemical or physical properties which facilitate
bicassimilation {e.g., Tipid solubility) and physiological properties which
increase biological half-life (e.q., high tissue affinity, low excretion rate).

Organic forms of mercury exhibit longer biological ha]f-lifé and
accumulate to higher levels in animal tissues (8, 14-16). Depending on
temperature, which affects metabolic rate, the biological half-1ife of
methyl mercury may range up to 1 1/2 years in trout and 2 years in pike
(34, 35). Mercury accumulation ratios have been reported to be 1000 for
macrophytes and freshwater phytoplankton, 10,000-100,000 for certain fresh-
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water invertebrates, and 1000-10,000 for fish (8, 9, 17, 34, 36-38).
Pike (36) and trout {(38) are known to concentrate mercury above levels
found in water by factors of 5000 and 10,000, respectively. When
exposed for 2 months to water containing 0.05 ppb methyl mercury, brook
trout were found to accumulate 0.5 ppm mercury in their tissues (8, 38).
In the same series of experiments, methyl mercury administered at 1 ppb
was selectively concentrated 30,000 times in certain fish organs.

The progressive buildup of mercury in the biomass of aquatic
ecosystems results from both bioaccumulation at the okganisma1 level
and biomagnification through the food chain, in which species at higher
trophic levels (e.g., fish, fish-eating mammals) feed on other mercury-
concentrating organisms (8, 34, 36, 39). Tissue mercury at or above
0.5-1.0 ppm has been reported for numerous species of fishtaken from
U.S. waters (2, 15-18). The combination of bioaccumulation and biomag-
nification increases the prospects for chronic effects of mercury on the
health and reproduction of exposed animals. Furthermore, a human health
problem may result, since edible tissues of fish and other organisms may
concentrate mercury in excess of the FDA limit of 0.5 ppm (15-17). In
1970,18 states within the U.S. reported fish which exceeded the FDA limit
for mercury (17). Mercury at 0.5 ppm or more was observed in 73% of fish
collected from the Tennessee River in western Kentucky, with an upper range
of 10-34 ppm (2, 40). Though other trace elements have received far less
attention than mercury, initial data (41-43) indicate that a number of
them accumulate to significant levels in aquatic organisms (e.g.. Ag,

As, Cd, Cu, Ge, Mn, Pb, Se, Sn, T1, V, W, Zn).

Certain investigators (31) have de-emphasized the environmental risk
 of coal-derived mercury, largely because of the low concentration found in
the majority of coal deposits (e.g., 0.1-0.2 ppb). However, this circum-
stance is offset, at least in part, by the ability of aguatic organisms to
concentrate appreciable quantities of mercury from environmental levels
as low as 30 parts per trillion (8, 38).

As inorganic trace elements vary significantly in physical and
chemical properties (44), their behavior in aquatic ecosystems may be
expected to differ substantially. Pending further definition of their
aquatic chemistry, we may assume that biological availability will increase
with properties which facilitate bioaccumulation (e.g., methylation, 1ipid
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solubility, long biological half-1ife) and decrease with characteristics
which promote selective accumulation and long environmental half-Tife in
abiotic components of water resources (e.g., sediment binding).

MATERIALS AND METHODS

Test animals. Studies were undertaken to determine the effects of
metals remobilized from bottom sediments on hatchability and development
of fish and amphibian eggs. The species selected for study included
rainbow trout (Salmo gairdneri), goldfish (Carassius auratus), and narrow-
mouthed toad (Gastrophryne carolinensis). This choice was based in part
on seasonal availability, suitable egg production, and good handling |
characteristics for in vitro propagation. In addition, this selection of
test animals included species with representative patterns of reproduction,
involving a number of important developmental variables which may respond
differentially to sediment-borne toxicants (e.g., egg type, yolk quantity,
hatching time, reproductive habitat).

Trout and goldfish were obtained from Federal fish hatcheries in Erwin,
Tennessee, and Frankfort, Kentucky, respectively, and the toads were
purchased from Charles Sullivan, Nashville, Tennessee.

Trout and toad eggs and sperm were collected for test purposes from
gravid animals by artificial spawning procedures previously described
(45-47). Fertilization was accomplished by mixing sperm and eggs in
spawning trays for fifteen minutes. Freshly fertilized goldfish eggs
were collected from hatchery ponds.

Test sediments. Sediments used for test purposes were collected from
2nd and 3rd order Inner Bluegrass streams of the Elkhorn and Hickman divisions
of the Kentucky River drainage system. The major source of sediment was
Steele's Run, at a site near the junction of 01d Frankfort Pike and Redd Road,
and 0.7 mile upstream from the mouth of South Elkhorn Creek. Steele's Run,

a 2nd order limestone-bed stream of the Elkhorn drainage, supports a healthy
aquatic biota and is essentially free of major sources of pollution.

Samples were restricted to the upper 5 cm of sediment and were collected
3 to 5 feet from shore at water depths of 1 to 2 feet. Texture and physico-

chemical characteristics of the sediment are given in Table 1.
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Texture analysis was conducted by Bouyoucos' hydrometer procedure,
as modified by Cox (48). Determination of pH was made on a 1:1 mixture
of sediment and distilled water, according to the procedure reported by
Jackson {49). Specific gravity values were obtained by the method of
Carlisle and Caldwell (50), and percent volatile solids was analyzed by
the procedure given in Standard Methods (51). Total iron and calcium were
determined by atomic absorption spectrophotometry, after digestion of sedi-
ment samples with equal proportions of nitric and sulfuric acid (52).
Extractable iron was determined by AAS analysis, following the HC1/H5S04
extraction procedure of Perkins {52, 53). Exchangeable calcium was analyzed
by AAS, subsequent to extraction of sediment samples with anmonium acetate
(52, 54).

In evaluating the use of egg culture bioassays for monitoring sediment-
accumulated toxicants, a 1imited number of samples were collected from Shelby
Branch, Town Branch, and Wolf Run at sites previously described (55). As
noted by Birge et al. (55}, these streams have suffered significant degrees
of trace metal pollution in recent years, resulting in marked reductions in
aquatic biota in Town Branch and Wolf Run, and moderate decreases in density
and diversity of fish and macroinvertebrates for Shelby Branch {56).

, Bioassay procedures. Cultures were established in 500 ml pyrex chambers.
Sediment to be tested was layered to a depth of 2 cm and covered with 350 ml
of sterile, synthetic culture water. Water was added using a surface-
oriented inlet tube to minimize disruption of the bottom sediment. After
culture dishes were filled, the inverted iniet was used to provide moderate,
continuous aeration, maintaining dissolved oxygen at or near saturation.
Synthetic culture water was prepared from distilled, double deionized water,
having a conductivity of 0.25 umhos or less. Routine monitoring was
conducted for background contaminants. Calcium, magnesium, sodium and
potassium salts were added as given in Table 2. This basic stock was pre-
pared to give a water hardness Tevel of 200 ppm CaCO3 and a pH of 7.5-8.0.
Other physicochemical characteristics are shown in Table 2, and a more
detailed account of the culture water may be found in earlier publications
(46, 57). During the bioassay treatment period, variation in test water

parameters generally did not exceed 10%.
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Using a sample size of 100, treatment was initiated at fertilization for
the narrow-mouthed toad, 2-4 hours post-fertilization for the goldfish,
and on the 15th day of development for trout embryos. All cultures
were continuous through 4-10 days posthatching. Hatching occurred on develop-
mental days 3, 3.5 and 24 for narrow-mouthed toad, goldfish, and trout
embryos, respectively. Cultures were maintained under subdued 1ight in
walk-in environmental rooms, with temperatures regulated at 20-21° C for
toad and goldfish embryos and 13-14% C for trout. A1l cultures were
monitored at regular daily intervals for temperature, dissolved oxygen,
ammonia, water hardness and pH, using a YSI tele-thermometer with thermo-
couple, YSI oxygen meter (mode] 51A), Orion ammonia and water hardness
electrodes, and a Corning digital pH meter {model 110, with expanded
millivolt scale). In addition, cultures were inspected to gauge extent
of embryonic development and to remove dead organisms. At 3-4 day
intervals culture water alsoc was anaTyzéd for trace metals (e.g., Cd,
Hg, Zn) by atomic absorption spectrophotometry. .

In Table 3, bioassay data were summarized by giving percent mortality
at hatching and 4 days posthatching and by stating parenthetically the
percent of teratogenic animals appearing in surviving populations at hatching.
Frequencies of mortality and teratogenesis both were control adjusted in
Table 3, with values determined as frequency of response in metal-enriched
cultures over freguency of response in Steele's Run control cultures. In
all other tables, bijoassay results were not control adjusted and were
expressed at percent embryonic and post-embryonic survival. Control
bioassays were performed using non-spiked Steele’'s Run sediment. Analyses
for teratogenesis were performed only at hatching and 4 or 10 days posthatching.
In Tables 4 and 8, grossly teratogenic survivors were counted as lethals
in computing survival values at hatching and 4-10 days posthatching.
Frequencies of teratogenesis were not included in data expressed in Tables 5-7.

In addition to using natural sediments as collected from the designated
sites, Steele's Run sediments were enriched by concentrations of 0.1-1000 ppm
cadmium, mercury or zinc. Metals used to spike culture sediments were
administered as chloride salts using the following procedure. After decanting
excess water, 30 gm of wet sediment were dried at 100° C for 24 hours and



TABLE 1

SEDIMENT CHARACTERISTICS

TEXTURE ANALYSIS_(%)

Sand 50.8 + 1.44
Silt 28.6 + 1.5
Clay 20.6 % 1.2

PHYSICOCHEMICAL CHARACTERISTICS

Volatile Solids (%) 5.82 + 0.24
pH 7.60 & 0.03
Specific Gravity (g/ml) 2.55 + 0.08
Total Iron (ppm) 66,461 + 1007
Extractable Iron (ppm) 283.0 + 23.2
Total Calcium {ppm) 44,899 + 974
+ 167

Exchangeable Calcium (ppm) 6,747

dMeasurements were made at 229C. Figures represent mean * standard error
for at least seven measurements,
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TABLE 2

SYNTHETIC CULTURE WATER

DISSOLVED SALTS! (mg/1)

cacl, 150
M9504-7H20 150
NaHCO3 100
KC1 5
CHEMICAL COMPOSITION (mg/T)
Ca 54.2
Mg 4.8
Na 27.4
K 2.6
C1 98.2
HCO3 72.6
S0, ~ 58.5
Total dissolved solids 328.3
PHYSICOCHEMICAL CHARACTERISTICSZ
Hardness (as mg/1 CaCO3) 200.0
Total alkalinity (as mg/1 CaC03) 82.0
Conductivity (umhos/cm) 300.0
Osmolarity (mOsm/Kg HZO) 12.0
pH 7.9

TPrepared in distilled, deionized water (specific conductivity

of 0.2 umhos).

2Measurements made at 22° C. Above figures represent mean

values for six measurements.
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weighed to determine percent moisture content. A sample of drained

sediment equivalent to 250 gm dry weight was placed in a 500 ml Erlen-

meyer flask. Using a 25 m1 aliquot of distilled, deionized water, the
selected test metal was added at a sufficient concentration to obtain the
desired sediment enrichment level {i.e., 0.1, 1.0, 10.0, 100.0, 1000.0 ppm).
Control cultures received a 25 ml aliquot of metal-free distilled, dejonized
water. Flasks were sealed with parafilm and maintained on a shaker for

5 days, after which contents were filtered under vacuum using no. 1 Whatman
paper. During filtering, each sediment sample was rinsed with three 50 ml
aliquots of distilled, deionized water. After removal of all excess water,
the prepared sediment was placed in the bioassay culture dishes. Subsequent
to filtration, the moisture content of the sediment was approximately
15-20%. '

In all cases, natural and enriched sediments were analyzed for cadmium,
mercury and zinc by atomic absorption spectrophotometry, using a Perkin-
Elmer model 503 unit equipped with a mercury cold vapor kit and a graphite
furnace (model HGA 2100). Sediment analyses were performed at the initiation
~and at the completion of all bioassays. Prior to analysis, sediment samples

were digested using a mixture of sulfuric and nitric acid (51, 52). Ten-
day posthatched trout alevins were analyzed for mercury tissue concentrations
by cold vapor atomic absorption spectrophotometry. One-gram tissue samples
were digested with a 1:1 mixture of concentrated nitric and perchloric acid,

following the procedure by Feldman (58).

RESULTS AND CONCLUSIONS

Bioassays with metal-enriched sediments. Bioassays with metal-enriched
cultures are presented in summary form in Table 3. Each of the 3 animal
test species was exposed to Steele's Run sediments enriched with each of
3 test metals (i.e., Cd, Hg, Zn). Each test metal was administered at 4
enrichment levels starting at 0.1 ppm and increasing at 10-fold intervals
to 100 ppm. The only exception included zinc treatment of rainbow trout
embryos, in which sediments were spiked at 1-1000 ppm.
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In all 36 bioassays using metal-spiked sediments, embryonic mortality
was appreciably higher than for controls cultured over non-spiked sediments.
In addition, frequencies of teratogenic animals appearing in surviving
populations ranged from 5-31% in 26 of the bioassays performed on metal-
enriched sediment, compared to teratogenic freguencies of less than 1% for
controls. As seen in Table 3, embryonic mortality and teratogenesis
produced by sediment metals decreased sharply in the following order:
mercury, cadmium, zinc.

Comparing values at hatching and 4 days posthatching, it is evident
that embryonic stages suffered higher rates of mortality. During the 4-
day posthatching exposure period, further increases in mortality generally
were under 10% and did not exceed 18%. Therefore, we may conclude that
. sediment metals are more lethal to eggs and embryos than to free-living
larvae and fry.

With respect to the trout, frequencies of mortality and teratogenesis -
increased proportionately with sediment concentrations of mercury, cadmium,
and zinc. This correlation was not evident for the toad and goldfish which
exhibit considerably shorter, sensitive embryonic periods (i.e., 3-3.5
days). As seen in Table 3, developmental stages of these species generally
were more sensitive than trout embryos to sediment enrichment levels of
0.1-1 ppm Hg, Cd, and Zn, but mortality usually did not increase substan-
tially for the sediment enrichment levels of 10-100 ppm. In comparing
sensitivity of the three test species, it should be noted that treatment
of trout eggs was not initiated until 15 days of development. The fact
that early trout stages were omitted from treatment Tikely resulted in
Tower frequencies of mortality and teratogenesis. Even so, trout stages
were equally or more sensitive than other species at sediment metal enrich-
ment Tevels of 10 ppm or more.

Results of continuous bioassay treatment of rainbow trout embryos and
alevins from 10 days prehatching through 10 days posthatching are given in
Table 4, and survival frequencies for this 20-day exposure period are
compared with metal concentrations of sediment and test water. Background
metal concentrations for Steele's Run control sediment averaged 0.052, 1.0,
and 108.2 ppm for mercury, cadmium, and zinc, respectively. Experimental
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cultures were performed using Steele's Run sediment which was further
enriched with 0.1-100 ppm mercury and cadmium, and 1-1000 ppm zinc.

Comparing initial sediment metal concentrations with final values
determined upon completion of the bioassays, it is apparent that only
small guantities of sediment-bound metals were released into the culture
water (Table 4). Of the 12 trout bioassays performed with metal-enriched
sediments, decreases in sediment metal during the 20-day exposure period were
generally less than 5 percent, and exceeded 7% in only 2 instances. The
greatest decrease observed was 11% for sediment spiked with 10 ppm Hg.

No substantial differences were observed in the release rates for mercury,
cadmium and zinc. Averaging data for all enrichment levels, percent metal
retained in the sediment after 20 days was 94.8 for mercury, 95.6 for
cadmium, and 98.9 for zinc.

In all instances, a distinct inverse correlation existed between
sediment metal concentration and percent survival of trout stages. For
example, in trout bioassays on mercury-spiked sediment, survival at 10
days posthatching was 94% for control cultures (Steele's Run sediment),
and 70%, 45%, and 0% for enrichment levels of 0.1, 1.0, and 100 ppm
mercury, respectively (Table 4). Trout survival freguencies for cadmium-
spiked sediment were 80%, 53%, and 11% at enrichment levels of 0.1, 1.0
and 100 ppm. Zinc was less toxic to trout embryos and alevins, with
survival frequencies of 88%, 56%, and 28% for sediment spiked with 1,

100 and 1000 ppm zinc, respectively.

Though the metal content of bioassay test water increased with sediment
metal content, a close linear correlation generally was not obtained.
Steele's Run control sediment which initially contained 0.052 ppm mercury
gave a mean test water mercury level of 0.11 ppb, amounting to 0.21% of the
sediment concentration. As sediment mercury was enriched to 0.18-1.05 ppm,
average test water content increased to approximately 0.2 ppb. Thus, 3.5-
20-fold increases in sediment mercury produced an approximate 2-fold increase
in aqueous mercury. However, when sediment mercury was raised from 1.05 to
12.10 ppm, the culture water concentration increased proportionate1y to
1.83 ppb. With a further increase in sediment mercury from 12.1 to 106.7 ppm,
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the mean culture water level rose to 6.4 ppb. This represented 8.8- and
3.5-fold increases in the mercury content of sediment and culture water,
respectively, and the aqueous mercury level of 6.4 ppb was only 0.006% of
the sediment concentration.

Sediment cadmium concentrations of 1.00 (control}, 1.45, and 2.15 ppm
gave test water cadmium levels averaging 2.1, 4.7 and 6.8 ppb. Within this
range, increases in aqueous cadmium were approximately proportional to
those for sediment cadmium, with aqueous levels averaging 0.21-0.32% of the
corresponding sediment cadmium concentrations. However, when sediment
cadmium was further increased to 12.7 ppm, the concentration in culture
water rose only slightly to 7.5 ppb, and no further elevation of aqueous
cadmium was noted when the sediment level was enriched to 121 ppm.

The closest correlation between increases in sediment and test
water metal was noted for zinc. Steele's Run control sediment which
contained '108.2 ppm zinc gave an average aqueous concentration of 15.4
ppb for the 20-day culture period. When sediment zinc was increased to
121.4, 210.6, and 1157 ppm, average test water concentrations increased
nearly proportionately to 21.2, 32.3, and 122.8 ppb. Over the wide
range of enrichment levels tested, zinc culture water values averaged
0.011-0.020% of corresponding, initial sediment concentrations.

' As presented in Table 4, agueous metal concentrations increased in the
following order: mercury, cadmium, zinc. For example, at a sediment level of
1 ppm, aqueous mercury and cadmium averaged 0.15 and 2.1 ppb, and sediment
concentrations of 106.7 ppm mercury, 121 ppm cadmium, and 108.2 ppm

zinc gave mean culture water levels of 6.4, 7.2, and 19.4 ppb, respectively.
As noted above, a comparison of initial and final sediment metal concen-
trations showed no great differences in release rates for the three metals.
. However, averaging data for all sediment concentrations, reductions in
sediment metal during the 20-day bioassay period were approximately

5% for mercury, 4% for cadmium, and 1% for zinc. It is evident from

these data that release rates for the three metals varied inversely

with their agueous retention levels. This Tikely resulted from differential
loss of the three metals from bioassay culture water, probably through

1) volatilization, 2} adsorption to glass surfaces, 3) bioaccumulation in
test organisms, and/or 4) readsorption by sediment. It also should be
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noted that for metals such as mercury and cadmium, water retention
levels do not provide a reliable index from which to estimate the
high concentrations which may accumulate in sediment or the magnitude
of embryopathic effects of sediment-borne metals (Table 4).

In Table 5, tissue mercury levels for trout alevins are compared
with initial sediment and average test water mercury values. The
data clearly showed that trout embryos and alevins accumulated high
levels of mercury within the 20-day exposure period, and that tissue
accumulation levels correlated closely with sediment mercury concentra-
tions. As sediment mercury was increased from 0.052 to 1.050 ppm,
tissue mercury for 10-day trout alevins rose from 0.024 to 0.041 ug/g
(ppm)}. When sediment mercury concentrations were further increased to
12.10 and 106.70 ppm, tissue accumulation Tevels rose sharply to 0.269
and 0.902 ug/g. ’

It also is evident that both agueous and tissue mercury levels
increased substantially and proportionately when sediment mercury con-
centrations were elevated above 1 ppm (Table 5). However, below a 1eve1
of 1 ppm, fluctuations in sediment mercury content prbduced less profound
effects on aqueous and tissue mercury levels. As also seen in Table 5,
tissue mercury levels ranged from 140-270 times aqueous mercury concentra-
tions. For example, trout embryos and alevins exposed to culture water
containing 6.4 ppb mercury concentrated tissue mercury to 902 ppb in
20 days.

We should note further that tissue mercury levels for trout alevins
correlated closely with survival (Table 5). Exposure for 20 days to
sediment containing 1 ppm mercury reduced survival of trout alevins to
the TLgg range, and gave tissue accumulation levels averaging 0.041 ng/q.
When sediment mercury was increased to 12.1 and 106.7 -ppm, survival dropped
to 33% and 7%, correlating with average tissue mercury levels of 0.269
and 0. 902 ug/g. '

To provide a more accurate comparison of embryonic and post-
embryonic sensitivity to sediment-borne metals, percent suryival for
populations of trout embryos and alevins was determined at 1-2 day
intervals during the 20-day exposure period. The latter was initiated
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on the 15th day of development, with hatching occurring on day 24,
and these bioassays provided a basis for comparing test responses
during the last 10 days of embryonic development to those for the first
10 days posthatching. As seen in Table 5, sediment mercury produced
a near linear decrease in survival during the 10-day embryonic period,
with substantially less mortality recorded after hatching on day 24.
A similar response also was noted for sediment-bound cadmium and zinc
(Tables 6,7}. This further supports the precept that eggs and embryos
supported on a sediment substrate are more subject to the toxic actions
of sediment-borne metals than are free-living juvenile stages.

Trout egg bioassays on natural sediments. In order to evaluate
the use of fish eggs as bioindicators for detecting sediment contamination,
trout egg cultures were maintained from 10 days prehatching to 10 days
posthatching over sediments collected from 4 Inner Bluegrass streams
which have suffered various levels of trace metal pollution during
recent years (Table 8). As noted above, Steele's Run supports a healthy
aquatic ecosystem, and Shelby Branch shows moderate reductions in
diversity and density of macroinvertebrate and piscine species. By
comparison, Wolf Run supports only a Timited piscine fauna and the
sediment collecting site on Town Branch was nearly abiotic. In a
previous study by Birge et al. (55), fish and amphibian egg cultures
were used to perform bioindicator studies on water samples from these
and other B]Uegrass streams (Table ). Combining fish and amphibian
data, hatchability frequencies for water samples taken from Town Branch,
Wolf Run, Shelby Branch, and Steele's Run were 0%, 23%, 87%, and 94%,
respectively. Decreases in hatchability correlated closely with
reductions in the diversity of fish fauna which have occurred over

the past two decades.
In the present study, bioassay cultures were established by adding

contaminant-free water to natural, non-spiked sediments. Trout eggs cultured
over sediment samples collected from Town Branch, Wolf Run, Shelby Branch,
and Steele's Run gave posthatching survival values of 1%, 30%, 81%, and

94%, respectively (Table 8). Generally, sediment and agueous metal ’
concentrations were higher for cultures which displayed Tower survival



- 19 -

frequencies. The survival freguencies obtained for sediment cultures
compared closely with those previously reported for egg hatchability tests
on water samples collected from these same streams. In addition, results
of the sediment bioassays correlated closely with independent ecological
indicators used to evaluate water quality (Table 9; ref. 55), providing
further evidence that short-term eqg hatchability tests may be used to
predict long-term ecological effects of aquatic and sediment-accumulated
contaminants.



*(pg Aep) buryszeyasod sAep gf ybnouyz sSnonuULIUOD B4nsodxa
YItM pz Aep e padunddo butysjey - (obe3s paka) juswdo|aAdp JO sAep G| Je pIIBLILUL SeMm Juawledd |,

"S|RAUDUL Aep p A|2jewixoadde 3B 93edt|di4} ui pawdojsad aJdam sashAeue 493 eHe
*JudwlLJadxd 4O uoljeLtul 3B JuBwWipds b Gz 40) pazAjeue UOLIRAIUIIUOD 1en3dy,

'quauipas b 0§z JO uoLIe|NDOUUL |PIdW AQ pauLe]Iqo SEM [AD| JuSWYDLUUT|

S 206'0 L 8 Ll ¥l 12 92 €€ v €5 09 L9 9L ¥8 L6 99°¢ ¥ O°9 0L'S ¥ 0L°90L 0°001

" 69270 €6 €€ Y€ 8€ EV LS 65 89 ¥ 6L ¥8 68 6 L6 60°L F €8°1 58°0 ¥ 0L 2l 0°01
170°0 bS bS 95 85 €9 /9 2L LL 6L 98 88 16 t6 [6 90°0 F §1°0 G20'0 ¥ 050°1 0'L
9€0°0 b/ vL SL SL 08 S8 [8 68 €6 S6 L6 L6 L6 L6 60°0 ¥ §2°0 210°0 ¥ 08L°0 L*0
%200 ¥6 ¥6 v6 6 S6 G6 96 96 86 86 86 66 66 00l ¥0°0 ¥ LL°0 10070 ¥ 250°0 0°0

onH@MMmezoo vE ¢E OF 82 92 v2 fe ez 1z O¢ 6L 8L (L S ¢ (qdd) 10T LA INFOND) Nﬁaaaww?wquumeuzou _hzmyﬁmmw 0
NSSIL pSAYQ NI 39v TVINIWAOT3IAI0 HLIM TWAIAYNS LNID¥Id WLIN ¥ILYN WLIW INIWIQIS  030aY L3

AdNJYIW ANNOF-1NIWIA3S OL 03S0dX3 SNIAZTY ONY SOAYEWI LnodLl Y04
IWIL FUNS0dX3 HLIM TYAIAANS IN3JY3d 40 NOILVT3I¥H0)

§ . 31avl



- 2] -

*(ve Aep) Buryojeyzsod sAep | ybnoayz SNONULIUGD auansodxa
UILM 2 Aep 1e padauandno Bulyajey *(9beys pads) juswdoiaaap jo shep G| 1e pPOjeLILUL SEM p:mEpmmLH¢

"s|eaqsiut Aep ¢ A ajewrxoddde 3e a3eoL|dlul ut pauMofsad a43m sash|eue 493eMe
‘JusuwiM3dxe JO uoLjelILul 3R JuBWLPeS B (GZ 404 PIZA{BUR UOLIRAIUDIUOD Len3DY,

"Judwlpas 6 Gz 40 uopje|noouul [ejsw AY pauULRIGO SeM |8Ad| JuBwyo L3,

b2 SZ 82 L€ [E 2v 8 95 G9 €L 8/ S8 €6 86 'L F 2L 'LF 0°L2L 0001

Ly Ly 67 25 LS ¥9 69 ¥L LL 18 I8 L6 v6 86 6°LF§°L 20F L2 0°0L

19 19 29 €9 49 ¥/ L 6/ €8 8 98 83 26 86 L1789 90°0 ¥ §1°2 0L

18 18 28 28 98 68 06 L6 ¥6 S6 96 (6 L6 86 PZF LY 90°0 F St°1 10

%6 ¥6 v6 ¥6 96 56 96 96 86 86 86 66 66 00 9°0 F L2 €0°0 ¥ 00°1 00

=& O B % ve €2 gz 1z oz 6L BL 4L 9L manaav.mmwhﬂaﬂmwwzou Nﬁsagwuszwunmuuzou _Fzm&%mmw 0L
pSAYQ NI 39Y TVINIWAOTIA3Q HLIM WAIAYNS INIDNId TW13W YLV LW INIWIGIS  'd300Y TYLIW

WNIWAYD ONAOE~LNIWIC3S OL G3S0dXI SNIAITY ONY SOAYSWI LNodL ¥0d
FWIL F¥NSOdXI HLIM TYAIAUNS INIIHIA 40 NOILVTIINNOD

9 379Vl



- P2 -

*(pe Aep) bBuryojeyzsod sAep g ybnouyj SNONULIUOD B4NSOAX3
Yaim pz Aep e pasadanddo Butyojzed - (abeis pada) juswdo|3Asp J0 sAep G| 1€ pIajellluLl sem p:wspmmLhw

*s|leAddluL Aep £ A[ajewlxosdde 3e 33edi[did) ul paudojiad 243M SaSA|eue A97eMe
*Juaul4adxa JO uoLjetliul 3@ JUBWLPRS B QGZ 404 pazA|eur UOLIRAIUSDIUOD Len3oy,

"juBwLpas 6 QG2 $0 uotje|ndouul |e3dw AQ paule}qo Sem |BAB| JuSWYILUUZ,

6€ OF b € [t €5 19 L9 G/ 9/ 08 £8 26 66 £°G1¥ 8221 62 F 0°/5L1 0°0001
09 09 {9 29 99 2/ G/ 8/ 18 28 S8 68 £6 66 2°L F gt L"L # 9°0t2 0001
6/ 6/ 6/ 6/ 18 G8 98 (8 68 06 26 €6 S6 66 0y 7 2°12 2'LF pUL2L 0'0L
88 88 83 88 68 26 26 26 G6 96 96 I6 [6 66 9% F 0°LL 9°0 ¥ 6°GlL 0L
v6 ¥6 ¥6 ©¥6 G6 S6 96 96 86 86 86 66 66 00| 6°L F t°6L 2°1 ¥ 2°801 0'0
b€ 2¢ 0f 82 92 V2 €2 22 1Z 02 6L 8L L 91 R AL E ERERE (wdd)
, mﬁnogv NOI LYY INIINDD Nﬁaaav NOILYYINIINOD | LNIWIO3S 0L
$SAYQ NI 39V TWLNIWAOTIAIA HLIM TYAIAYNS LNIDH3d TVLIW ¥ILYM TvL3W INIWIAIAS Q30Qy VLI

INIZ ONNO9-1IN3WIAIS 01 Q3S0dX3 SNIAITY ANV SOAYEWI LNOHL 404
dWIL 34NS0dX3 HLIM TYAIAMNS LN3IJ¥3d 40 NOILv13H¥0D

{ 118yl



‘ *Aesseolq 9ayz 40O 33SU0 3@
FUSUWLPAS |BJANJRU O] PIPPR UIJBM 3UNI{ND DILIBYJUAS UO S|eAUdIUL Aep p-£ e pawaojaad aJam sask|eue 493 e

*sAep 0Z jo poldad auansodxa ue 404 °ABSSEOL] JO UOLIBULUMIY pue UoLleLjlul je pazhkieue SEM |33l p:ws_vmmw

‘SLBYIS| Se pajunod 3Iuem SILFLUMOJDP | e} Ludbuod $Soub Buldeaq spewluy
*(Hd) bButrysjeyisod sAepQl pue (H) Bulydjey e paulwialsap SEM S{PWLUE |PWAOU 4O Aouanbaul LEALAUNGe

‘uny s,919915 ‘youedg AqLays ‘uny 41O0M “youeag umo] sem A3L|enb Jajem Bulsesuout
30 13p.10 3Y3 “sdoqedlpul |BIL60[039 JuIpuadaput uo paseg “uoiBad sseabenig AYONUSY SY] UL UOLIBZL|BLUGSNPUL pup
UOLIBZLURGAN UL SO5@AJDUL JUBDDL WOJ4 Buly[NSas uoLIn|jod J49)em SO S|IA3| USUDS4LP JU3SAUdIL 0} PIFIDLIS SWeau3s,

~BuLyojeyisod sAepQl ybnoayz snonuruod aunsodxa
Y3tm 2 Aep 1e paJadnddo Bulysjey *(9bels pads) qusudo(aAaap 4o sAep Gl e pajeLiLul Sem p:mspmwghw

- 23 -

0°2¢€-0°9 6°L ¥ b'61 P00 F 9901 2°LF 27801 INIZ
"5-0"0 9°0F {2 £0°0 F G670 €0°0 F 00°1 WNIWAY?)
*0-0°0 $0°0 F LL'0 L00°0 ¥ 150°0 100°C ¥ 250°0 ASNIY 3N 6 96 NNY S,37331S
92-0°0 2°¢€ ¥ 9701 0°LF 04 9'LF 0708 INIZ
*8-0"0 60 F L'€ 2000 F IE°1 €0°0 F S¥°L WNIKWAYD
"0-0°0 2L°0 7 22°0 G000 F ¥H0'0 ©  800°0 F ¥50°0 AUNDY I L8 8 HONYYE A913HS
L1-0°¢ L'LF £01 voF  zozl S0 F vl INIZ
£L-0" 1 £'1LF €6 90'0 F OL°tL G0'0F Op'L WNIWQYD
“0-0°0 EL'0 F £1°0 S00°0 ¥ 290°0 ¥00°0 ¥ 0£0'0 ANDYAN 0¢ 9% NNd 4710M
0°92-0°€1 72 F 6'61 1’9 F 07462 S'LF 0662 INIZ
0°9-0°0 ['0F 2°¢ 80°0 ¥ §9'9 2U'0 F [0°2 WNIWAY2
$°0-0"0 90°0 * 8170 200°0 ¥ 062°0 200°0 F 0£2'0 AUNDY 3N L 7l HONYYS NMOL
I9NVY "3'S T NYaW TYNIA WILINI Hd H
(qdd) ‘35 T o GIZATYNY LIS QM%%WMJNm
qdd) NOILVYINIINGD dd WL W
g WLIK Y3LYM p(wdd) NOILYYINIINOD ¢ TVAIAANS IN3IY3d

TYL3W LNIWIG3S

(AMITVND Y¥3LYM 40 SITYIIC DNIAUYA 40 SWYIULS WOYJ SINIWIQIS WOLLOS TVMNLYN ¥IAO QIYALIND
S993 1N0¥L 40 (Hd)-ONIHOLYHLISOd SAYA OLGNY (H) ONIHOLYH Lv TYAIAYNS
8 31avL



- 24 -

*S3SNSUID JBL[4Rd UL PalJL0dad $aLdads 30 J42qunu/sa3Ls Buraoltuow je Bulisissad saLdads Lmnsszw

*(GZ,) L1ews pue *{G/,) uewdalsapm pue uewualssy *(G/,) o4puy pue

A0BaUnIeN ¢ (0L, ) ULLIRT €(GL,) duyany (£, ) SAUOL *(pG,) 4934e] WOUS udy el Sdedhk zz Ised 4O} euney ysljy uo eege

_ _ *(peo3 pejjods-pas ‘bouy bHid

‘pe0} pPaYINOW-ModdeU ‘6044034T Aeab “B04JDB4T [3J44inbs) sueiqlydwe j0 sa123ds 3AL4 pue (USLIIeD |IUUBYD
‘ysLyplob ©sseq yinowsbue| ©IN0A3 MOQULRU) YSL4 4O $31D9dS anoy 404 pabeuaAe pue paulquod ejep A3L|Llqeydiey mmmm
"(GG) G/6L T1e 38 9bALg wodp udyel -uorboua sseaban|g AMOnjudy SY3 ul UOLRZL|eL4ISNPUL pue uoLjezluegun ul
S35ea40UL JUBIAA WoA) BuL[nses uorjnp|od J49IBM JO S|DAI| SNOLJABA Judsaddoad 03 pa3dIads SUBALJ pue SWed43s)

00L - §L/s1 v6 L6 16 uny s,9[®935
06 8y/EY 63 Zb 98 A834) UJAOYY |3
8 - s2/1e L8 68 £8 49ty Ayonjusy
28 Li/pt 8 06 (8 Youeag Aqiays
89 22/61 _ 08 Z8 174 294 UBWAILH
0L oL/L £L 74 0L youedg AemsauLen
69 9L/ 1L : 09 85 £9 49840 URUR{ILH 353
Ly Li1/8 8y Gt _ 9g 884 ueudILH 3sed
£l §1/2 ve 8l 0t uny JLoM
0 SL/0 0 0 -0 youedq umol
0 G1/0 0 0 0 uny aue)
ONINIVWIY S3IJ3dS % $03LIAdXI/SITIAMS #  SNYIGIHWY % HSId  SNYIGIHdWY  HSI4 (3LIS
cUNNY4 HSI4 40 ALISY3AIQ SALITIAYHOLYH 993 INIY3d ONIYOLINOW

VYNRYd 3INIJSId 40 ALISHIAIG NI NOILING3H Q3NANI-NOILNTT0d
HLIM ALITIEVHILYH 993 IN3JY3d 40 NOILYIIHH0D

& 37yl



- 25 .

BIBLIOGRAPHY

. Perhac, R.M. and €.J. Whelan. 1972. J. Geochem. Explor., 1:
47-53. ,

. Hancock, H.M. 1970. Kentucky Project Report No. 4-48-R.

. Bondietti, E.A., F.H. Sweeton, T. Tamura, R.M. Perhac, L.D. Hulett

and T.J. Kneip. 1974. First Annual NSF Trace Contaminants Conference
(compiled by W. Fulkerson, W.D. Shults and R.I. Van Hook}, vol. 1:
211-224,

. Bondietti, E.A., R.M. Perhac, F.H. Sweeton and T. Tamura. 1973. 1In
Ecology and Analysis of Trace Contaminants, Oak Ridge MNational
Laboratory, pp. 161-196.

. Reynolds, W.R. and D.A. Thompson. 1975. Occurrence and distribution
of clay minerals and trace metals in the bottom sediment of Biloxi
Bay, Mississippi. Water Resources Research Institute, Miss. State
University, State College, Miss.

. Jernelov, A. 1970. Limnol. Ocean., 15 (6): 958-960.

. Birge, W.J., J.A. Black, A.G. Westerman, J.E. Hudson and R.A. Freeman.
1975. Lethal and Teratogenic Effects of Metallic Pollutants on
Embryogenesis and Use of Vertebrate Embryos as Sensitive Indicators

of Environmental Quality. Progress Report, Phases 1I, III NSF (RANN),
grant no. GI-43623, University of Kentucky, Lexington, KY.

. NAS-NAE Committee on Water Quality Criteria. 1972. Water Quality
Criteria 1973. U.S. Govt. Print. Off., Washington, D.C. 593 pp.

. Hannerz, L. 1968. Experimental Investigations on the Accumulation
of Mercury in Freshwater Organisms. Institute Freshwater Research,
Drottningholm, Sweden, Report No. 48: 120-176.

. Jernelov, A. 1969. Conversion of Mercury Compounds. In Chemical
Fallout, Chapter 4 (Miller and Berg, eds.), C.C. Thomas, Pub.,
Springfield, I11. pp. 68-74.

1969. The natural conversion of mercury and some comments
on its importance to ecologic and toxicologic effects. Paper
presented at the Swedish-Finnish Mercury Symposium, Helsinki.

. Gavis, J. and J.F. Ferguson. 1972. Water Research, 6: 989-1008.
. Kudo, A. and J.5. Hart. 1974. J. Environ. Quality, 3 (3): 273-279.

. Huckabee, J.W. and R.A. Goldstein. 1974. In First Annual Trace Contaminants
Conference (compiled by Fulkerson, Shults and Van Hook), ORNL, Oak Ridge,
Tenn. pp. 626-639.



15.

16.

17.

18.

19.
20.

21.

22.
23.
24.
25.
26.

27.
28.

29.
30.
31.

32.

- 26 -

D'Itri, F.M. 1972. The Environmental Mercury Problem. The Chemical
Rubber Co. Press, Cleveland, Ohio. 124 pp.

Wallace, R.A., W. Fulkerson, W.D. Shults and W.S. Lyon. 1971.
Mercury in the Environment, The Human Element. 0Oak Ridge
National Laboratory {(ORNL-NSF-EP-1), Oak Ridge, Tenn. 61 pp.

Krenkel, P.A., E.B. Shin, W.D. Burrows, K.I. Taimi and E.D. McMullen.
1973. Mechanisms of Mercury Transformation in Bottom Sediments,
Part II. Technical Report No. 32, Environ. and Water Resources
Engineering, Vanderbilt University, Nashville, Tenn. 319 pp.

Richins, R.T. and A.C. Risser, Jr. 1975. Pesticides Monitoring
Journal, 9(1): 44-54.

Oliver, B.G. 1973. Environ. Sci. Tech., 7 (2): 135-137.

Applequist, M.D., A. Katz and K.K. Turekian. 1972. Environ.
Sci. Tech., 6 (13)}: 1123-1124.

Bothner, M.H. and R. Carpenter. 1974. In First Annual NSF Trace
Contaminants Conference {compiled by Fulkerson, Shults and Van
Hook), ORNL, Oak Ridge, Tenn. pp. 198-210.

Jernelov, A. 1972. Environmental Mercury Contamination (R. Hartung,
ed.), Ann Arbor Science Pub., Ann Arbor, Mich.

Wershaw, R.L. 1970. Sources and Behavior of Mercury in Surface Water.
U.S. Geol. Survey Prof. Paper, 713: 29.

Lofroth, G. 1970. Methylmercury. Swedish Natural Sci. Research
Council, Ecological Research Committee, Bull. No. 4 (2nd ed.),
5% pp. _
Wood, J.M., C.G. Rosen and F.S. Kennedy. 1969. Nature, 220: 173-174.
Jensen, S. and A. Jerneloy. 1969. Nature, 223: 753-754.
Matsumura, F., Y. Gotoh and G.M. Boush. 1971. Science, 173: 49-51,

Fulkerson, W. and H.E. Goeller. 1973. Cadmium, the Dissipated Element.
Oak Ridge Mational Lab. (ORNL-NSF-EP-1), Oak Ridge, Tenn. 473 pp.

Pita, F.W. and N.J. Hyne. 1975. Water Research, 9: 701-706.

Sanchez, I. and G.F. Lee. 1973. Water Research, 7: 587-593.

Hall, H.J., G.M. Varga and E.M. Magee. 1974. 1In EPA Symposium
Proceedings. U.S. Dept. Commerce, National Technical Information

Service, PB-238-304: 35-48.
Wood, J.M. 1974. Science, 183: 1049.



33.

34.

35.

36.

37.

38.

39.

40.

4].

42.

43.

44,

45.

- 27 -

Yamamoto, M. 1975. Soil Sci. Soc. Amer. Proc. 39: 859-861.

Miettinen, V., E. Blankerstein, K. Rissanen, M. Tillander,
J.K. Miettinen and M. Valtonen. 1970. In Marine Pollution
and Its Effects on Living Resources and Fishing (Food and
Agr?cultura] Organization of the United Nations, Rome), paper
E-91, p. 171.

Ruohtula, M. and J.K. Miettinen. 1971. Retention and excretion of 203Hg
Tabelled methyl mercury in rainbow trout. IAEA Progress Report Nos.
3 and 4.

Johnels, A.G., T. Westermark, W. Berg, P.I. Persson and B. Sjostrand.
1967. O0Oikos, 18 (2): 323-333.

Chapman, W.H., H.L. Fisher, M.W. Pratt. 1968. Concentration factors
of chemical elements in edible aquatic organisms. UCRL-50564,
Lawrence Radiation Laboratory, University of California, Livermore,
Calif. 50 pp. -

Mount, D.I. 1971. Unpublished data. National Water Quality
Lab., Duluth, Minn.

Huckabee, J.W. and B.G. Blaylock. 1973. 1In Metal Ions in Biological
Systems (S.K. Dhar, Ed.), Plenum Pub. Corp., N.Y., N.Y. pp. 125-160.

Bowers, C.C., Jr. 1973. Fisheries Director, Dept. of Fish and
Wildlife Resources, Commonwealth of Kentucky. Personal Communi-
cation. (Official report in press).

Vaughan, B.E., K.H. Abel, D.A. Cataldo, J.M. Hales, C.E. Hane,
L.A. Rancitelli, R.C. Routson, R.E. Wildung and E.G. Wolf. 1975.
Review of Potential Impact on Health and Environmental Quality from
Metals Entering the Environment as a Result of Coal Utilization.
Pacific Northwest Lab., Battelle Memorial Institute, Richland, Washington.

Freeman, R.A. 1974, The ecological kinetics of silver in an alpine
lake ecosystenm. Ph.D. thesis, Colorado State University, Ft. Collins,

Colorado.

Thompson, S.E., C.A. Burton, D.J. Quinn and Y.C. Ng. 1972.
Concentration Factors of Chemical Elements in Edible
Aquatic Organisms, UCRL-50564, Rev. 1, Lawrence Livermore
Laboratory, University of California, Livermore.

Piperno, E. 1975. In Trace Elements in Fuel (S.P. Babu, ed.).
Advances in Chemistry Series 141, Washington, D.C. pp. 192-209.

Leitritz, E. 1972. Trout and Salmon Culture (Fish. Bull. #107},
State of Calif., Dept. of Fish and Game.



- 28 -

46. Birge, W.J. and J.A. Black. 1976. Protocol: A Continuous Flow
Bioassay System Using Sensitive Life Cycle Stages of Fish and
Amphibians as Test Organisms. EPA (Office of Toxic Substances),
pp. 1-59. 1In Press.

47.Birge, W.J. and J.d. Just. 1975. U.S. Dept. Interior, Research
Report #84. 36 pp.

48. Cox, G.W. 1972, Laboratory Manual of General Ecology (2nd ed.)
William C. Brown Co., Dubuque, Iowa. pp. 174-179.

49. Jackson, M.L. 1958. Soil Chemical Analysis. Prentice-Hall,
Inc., Englewood Cliffs, N.J. pp. 41-49.

50. Carlisle, V.W. and R.E. Caldwell. 1964. A Laboratory Manual for
Introductory Soil Science. John S. Swift Co., Inc., St. Louis, Mo.
pp. 38-39.

51. Standard Methods for the Examination of Water and Wastewater {13th
ed.). 1971. APHA, AWWA, WPCF, Washington, D.C.

52. Analytical Methods for Atomic Absorption Spectrophotometry. 1973.
Perkin-Elmer Co., Norwalk, Connecticut.

53. Perkins, H.F. 1970. Soil Sci. and Plant Analysis, 1: 35.

54. David, D.J. 1960. Analyst, 85: 495,

55. Birge, W.J., A.G. Westerman and J.A. Black. 1975. U.S. Dept. Interior,
Research Report No. 81. 27 pp.

56. Kuehne, R.A. 1975. U. S. Dept. Interior, Research Report No. 85.
33 pp.

57. Birge, W.J. and J.A. Black. 1976. Sensitivity of Vertebrate Embryos
to Boron Compounds. Completion Report, EPA-560/1-76-008, pp. 1-62.

58. Feldman, C. 1974. Analytical Chem., 46: 1606-1609.



	Embryopathic Effects of Waterborne and Sediment-Accumulated Cadmium, Mercury and Zinc on Reproduction and Survival of Fish and Amphibian Populations in Kentucky
	Repository Citation

	tmp.1670014149.pdf.qYjOZ

