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FOREWORD

Section 304(a){l) of the Clean Water Act of 1977 (P.L. 95-217) requires
the Administrator of the Environmental Protection Agency to publish water
quality criteria that accurately reflect the latest scientific knowledge on
the kind and extent of all identifiable effects on health and welfare that
might be expected from the presence of pollutants in any body of water,
including ground water. This document is a revision of proposed criteria
based upon consideration of comments received from other Federal agencies,
State agencies, special interest groups, and individual scientists. Criteria
contained in this document replace any previously published EPA aquatic life
criteria for the same pollutant(s).

The term "water quality criteria” is used in two sections of the Clean
Water Act, section 304(a)(1) and section 303(c)(2). The term has a different
program impact in each section. [n section 304, the term represents a
non-regulatory, scientific assessment of ecological effects. Criteria
presented in this document are such scientific assessments. If water quality
criteria associated with specific stream uses are adopted by a State as water
quality standards under section 303, they become enforceable maximum
acceptable pollutant concentrations in ambient waters within that State.

Water quality criteria adopted in State water quality standards could have the
same numerical values as criteria developed under section 304. However, in
many situations States might want to adjust water quality criteria developed
under section 304 to reflect local environmental conditions and human exposure
patterns before incorporation into water quality standards. It is not until
their adoption as part of State water quality standards that criteria become
regulatory.

Guidance to assist States in the modification of criteria presented in
this document, in the development of water quality standards, and in other
water-related programs of this Agency has been developed by EPA.

William A. Whittington
> . Director
Office of Water Regulations and Standards
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Introduction

Selenium is unique among pollutants because of its following attributes:

1. Selenium is located immediately below sulfur in group 6A in the periodic
table. Thus selenium is a metalloid, not a metal. More importantly, the
chemical and physical properties of selenium and sulfur are so similar
that these elements are related in a variety of ways. For example,
selenium can replace sulfur in some minerals and biologically important
compounds (Callahan et al. 1979; Cooper et al. 1974; Ewan 1979; Shamberger
1983). Also, sulfate reduces the toxicity of selenium to some species
(Bennett et al. 1986; Ewan 1979; Halverson and Monty 1960; Kumar and
Prakash 1971; Martin 1973; Sarma and Jayaraman 1984; Shrift 1954a,b,1961;
Wheeler et al. 1982). However, if selenium and sulfur were

1
physiologically and toxicologically interchangeable, selenium would not be
more toxic than sulfur (Brown and Shrift 1982; Shamberger 1983; Shrift
1973). Some of the pfopoéed'modes of action of selenium involve reaction
with or substitution for the sulfur in such biologically relevant natural
compounds as sulfur-containing amino acids (Foe and Knight, Manuscript;
Magos and Webb 1980).

2. Substantial quantities of selenium enter surface waters from both natural
and anthropogenic sources. It is abundant in the drier soils of North
America from the Great Plains to the Pacific Ocean. Some ground waters in
California, Eolorado. Kansas, Oklahoma, South Dakota, and Wyoming contain
elevated concentrations of selenium due to weathering of and leaching from
rocks and soils. Selenium also occurs in suifide deposits of copper,
lead, mercury, silver, and zinc and can be released during the mining and
smelting of these ores. In addition, selenium occurs in high concen-

trations in coal and fuel oil and is emitted in flue gas and in fly



ash during combustion. Some selenium then enters surface waters in

drainage from fly-ash ponds and in runoff from fly-ash deposits on land.

Three oxidation states (selenide = -2, selenite = +4, and selenate +6)
can exist simultaneously in aerobic surface water at pH = 6.5 to 9.0. A
fourth oxidation state (elemental = 0) exists in sediment, but is
insoluble in water. Chemical conversion from one oxidation state to
another often proceeds at such a slow rate in aerobic surface water that
thermodynamic considerations do not determine the relative concentrations
of the oxidation states. Thus although selenium(VI) is thermodynamically
favored in oxygenated alkaline water, substantial concentrations of both
selenium(-I1) and selenium(IV) are not uncommon (Burton et al. 1980;
Cutter and Bruland 1984; Measures and Burton 1978; North Carolina
Department of Natural Resources and Community Development 1986; Robberecht
and Van Gricken 1982; Takayanagi and Cossa 1985; Takayanagi and Wong
1984a,b; Uchida 1980).

Living orgahisms can affect selenium in a variety of ways, and Shrift
(1964) postulated a selenium cycle in which some species reduce the most
oxidized form and others oxidize the reduced form(s); For example,
organisms can oxidize elemental selenium to selenium(IV) (Sarathchandfa
and Watkinson 1981), reduce selenium(VI) to selenium(IV) (Lipinski et al.
1986), produce gaseous dimethyl selenide and dimethyl diselenide (Chau et
al. 1976; Do;an 1982; Reamer and Zoller 1980), and reduce selenium(IV) and
selenium(VI) to selenium(-I1) and incorporate it into amino acids and
proteins, such as selenomethionine (Bottino et al. 1984; National Research
Council 1976; Stadtman 1974; Wrench 1978,1979).

Although selenium can be quite toxic, it has been shown to be an essential

trace nutrient for many aquatic and terrestrial species and it



ameliorates the effects of a variety of pollutants. Selenium deficiency
has been found to affect humans (Fishbein 1984; Frost and Ingvolstad
1975; Raptis et al. 1983; Wilber 1980,1983), sheep and cattle (Shamberger
1983)} fish (Bell et al. 1984,1985,1986; Fjolsand and Heyarass 1985;
Gatlin 1983; Gatlin and Wilson 1984; Heisinger and Dawson 1983; Hilton et
al. 1980; Hodson and Hilton 1983; Ostroumova 1986; Poston et al. 1976;
Wilson et al. 1984), an aquatic invertebrate (Cowgill et al. 1985,1986;
Keating and Dagbusan 1984), and algae (Lindstrom 1984; Wehr and Brown
1985). In addition, selenium protects biota from the toxic effects of
arsenic, cadmium, copper, inorganic and organic mercury, silver, and the
herbicide paraquat in both aquatic and terrestrial environments (Beijer
and Jernelov 1978; Eisler 1985; Ganther 1980; Heisinger and Scott 1985;
Heisinger et al. 1979; Hutchinson and Stokes 1975; Kim et al. 1977;
Levander 1977; Magos and Webb 1980; Pelletier 1986b; Shamberger 1983;
Skerfving i978; Van Puymbroeck et al. 1982; Wilber 1983; Winner 1984).
Birge et al. (1978,1979a,b,1981) and Huckabee and Griffith (1974),
‘however, reported that selenium and mercury acted synergistically toward
fish embryos. Selenium pretreatment protected 128-hr old, but not 6-hr
old, embryos of Oryzias latipes from cadmium and mercury (Heisinger
1981), whereas prior exposure to selenium did not affect the sensitivity
of white suckers to cadmium (Duncan and Klaverkamp 1983). Selenium is
reported to }educe the uptake of mercury by some aquatic species
(Klaverkamp et al. 1983; Moharram et al. 1987; Rudd et al. 1980; Turner
and Rudd 1983; Turner and Swick 1983), to have no effect on uptake of
mercury by a mussel (Pelletier 1986a), and to increase the uptake of
mercury by mammals and some fish (Heisinger et al. 1979; Kim et al. 1977;

Luten et al. 1980; MacKay et al. 1975; Ringdal and Julshamn 1985; Shultz



and Ito 1979). Selenium augmented accumulation of cadmium in some tissues

of the shore crab, Carcinus maenas (Bjerregaard 1982,1985). The available

data do not show whether the various inorganic and organic compounds and
oxidation states of selenium are equally effective sources of selenium as
a trace nutrient or as protection against pollutants.

Not only has selenium been demonstrated to be toxic to aquatic species
when it is dissolved in water, it has also been demonstrated that uptake
of selenium from food can adversely affect aquatic species (e.g., Bennett
et al. 1986; Goettl and Davies 1978; Hicks et al. 1984; Hilton et al.
1980; Hodson and Hilton 1983) and mallard ducks (Heinz et al. 1987;
Hoffman and Heinz 1987).

In some situations aquatic organisms accumulate more selenium from food
than from water (Birkner 1978; Fowler and Benayoun 1976a,b,c; Rudd et al.
1980; Sandholm et al. 1973; Turner and Swick 1983). Turner and Swick
(1983) also found that under some conditions pike’accumulated equal
amounts from food anﬁ water. Shrimp lost selenium that had been
accumulated from water faster than that accumulated from food (Fowler and
Benayoun 1976a).

Selenium(-11) as selenomethionine is sometimes more biologically active
than either selenium(IV) or selenium(VI). Fish accumulated
selenomethionine more efficiently than selenium(iV) or selenium(VI) from
both the gas;rointestinal tract (Kleinow 1984; Kleinow and Brooks 1986a)
and from water (Sharma and Davis 1980). Sandholm et al. (1973) found that
algae accumulated selenomethionine much more than selenium(IV), but the
opposite was true for daphnids and fish. Also, Kumar and Prakash

(1971) and Niimi and LaHam (1976) reported that selenium as

selenomethionine was more toxic to algae and fish, respectively, than



were selenium(1V) and selenium(VI). Selenopurine was as toxic to algae as
selenomethionine (Kumar and Prakash 1971), but selenocystine was less
toxic to fish (Niimi and LaHam 1976). Heinz et al. (1987) and Hoffman and
Heinz (1987) found that selenium as selenomethionine is more toxic to
mallards than selenium(I1V) and that mallards contained more selenium in
eggs, liver, and breast muscle when fed selenomethionine than when fed
selenium(1V).

The concentration of selenium in specific tissues can depend on the
eiposure route, concentration, and form of selenium. For example, Lemly
(1982) found relatively low concentrations of selenium in gonads of
centrarchids exposed to selenium(1V) in laboratory tests, whereas Cumbie
and Van Horn (1978) found high concentrations in gonads of centrarchids
from Belews Lake, which contained a moderately high concentration of
selenium. In another case, at low levels of selenium(IV) in food or
water, the kidneys of rainbow:trout contained more selenium,fhaﬁ the
livers, whereas the converse was true at higher concentrations (Hilton et
al. 1982; Hodson and Hilton 1983; Hodson et al. 1980). Similarly, -he
relative distribution of selenium in tissues of shrimp depended on whether
the selenium was accumulated from water or from food (Fowler and Benayoun
1976b). Also, Heinz et al. (1987) found that when mallards were fed
selenium(IV), more selenium was deposited in the egg yolk than in the egg
white. Whenjmallards were fed selenomethonine, however, more selenium was
found in the white than in the yolk. In addition, the relative
distribution between tissues might depend on the duration of the exposure
and on whether the organisms are in the uptake or depuration phase

(Kleinow and Brooks 1986a).



10. Selenium occurs in a variety of forms in organisms. Because of "alkali
disease” and "blind staggers” among livestock, the characterization of
selenium in terrestrial plants has received much attention. The
water-soluble fraction from plants contained selenite, selenate,
seleno-amino acids, and possibly other compounds. After treatment of the
insoluble fraction with proteolytic enzymes, various seleno-amino acids
were found (Allaway et al. 1967;. Brown and Shrift 1982; Olson et al.
1970). Selenium in algae has been found in free and combined amino acids
(Bottino et al. 1984; Burton et al. 1980; Wrench 1978) and bound to lipids
(Gennity et al. 1984). Similarly, saltwater animals contained selenium in
proteins and lipids (Braddon-Galloway and Sumpter 1986; Lunde 1973; Maher
1985; Wreneh 19?9). Cappon (1984) and Cappon and Smith (1981,1982a,b)
found that 8 to 47% of the selenium in the edible portions of various
freshwatgr and saltwater species was selenium(VI) and that 35 to 80% was

" water-soluble.

Although other pollutants possess some of these attriﬁutes, selenium is the

only pollutant for which all of these have been demonstrated. Many of these

attributes make it difficult to design and conduct tests on selenium and to
decide how the data should be interpreted and used to derive aquatic life
water quality criteria for selenium. On the other hand, comparison of the
form and location of selenium in affected and unaffected organisms from
laboratory and field exposures might be helpful in determining the route by
which aquatic organisms in field situations accumulate toxic amounts of
selenium.

Unless otherwise noted, all concentrations of selenium in water reported
herein from toxicity and bioconcentration tests are expected to be essentially

equivalent to acid-soluble selenium concentrations. All concentrations are



expressed as selenium, not as the chemical tested. Although VI is expected to
be the predominant oxidation state at chemical equilibrium in oxygenated
alkaline water, the rate of conversion of IV to VI seems to be slow in most
natural waters. Therefore, it was assumed that when [V was introduced into
stock or test solutions, it would persist as the predominate state throughout
the test, even if no analyses specific for the IV oxidation state were
performed. Similarily, it was assumed that when VI was introduced into stock
or test solutions, it would persist as the predominant state throughout the
test,<even if no analyses specific for VI were performed.

An understanding of the "Guidelines for Deriving Numerical National Water
Quality Criteria for the Protection of Aquatic Organisms and Their Uses”
(Stephan et al. 1985), hereinafter referred to as the Guidelines, and the
response to public comments (U.S. EPA 1985a) is necessary in order to
understand the following text, tables, and calculations. Results of such
intermediate calculations as recalculated LC50s and.Species Mean Acute Values
are given to four significant figures to prevent roundoff error in subsequent
calculations, not to reflect the precision of the value. The criteria
presented herein supersede previous national aquatic life water quality
criteria for selenium (U.S. EPA 1976,1980a) because these new criteria were
derived using improved procedures and additional information. The latest
comprehensive literature search for information for this document was

~

conducted in July, 1986; some more recent information was included.

Acute Toxicity to Aquatic Animals

Selenium(1V)

Data that may be used, according to the Guidelines, in the derivation of

Final Acute Values for selenium(IV) and selenium(Vl) are presented in Table



1. The LC50 for selenium(IV) sometimes decreased substantially as the
duration of the test increased. For example, Halter et al. (1980) reported

the LC50 for the amphipod, Hyalella azteca, to be 940 ug/L at 2 days,

340 pg/L at 4 days, and 70 ug/L at 14 days. (Although Halter et al.

(1980) did not specify the oxidation state used in their studies, Adams and
Johnson (1981) stated that the tests were conducted on sodium selenite.)
Similarly, Adams (1976) reported that the average LC50 for the rainbow trout,

Salmo gairdneri, was 4,350 ug/L at 4 days, 500 ug/L at 48 days, and

280 ug/L at 96 days, and for the fathead minnow, Pimephales promelas, the

average LC50 was 10,900 ug/L at 4 days and 1,100 at 48 days.

Adams (1976) found that the acute toxicity of selenium(IV) to the fathead
minnow was related to water tempegature with average 96-hr LC50s of
10,900 ug/L at 13°C, 6,700 ug/L at 20°C, and 2,800 ug/L at
25°C. A daphnid, a midge, and the striped bass, Morone saxatilis were more
sensitive to selenium(IV) in soft than in hard water (Mayer and Ellersieck
1986; Palawski et al. 1985). These results might be explained.by the fihdings
of Lemly (1982) that both temperature and hardness influenced the rate of
uptake of selenium by centrarchids in short exposures, but that neither
temperature nor hardness had a significant effect on the final concentration
in any tissue after exposure to selenium(IV) for 120 days.

Invertebrates are both the most sensitive and most resistant freshwater
species to sele;ium(IV) with acute values ranging from 210 pg/L for the
crustacean, Daphnia magna (Adams and Heidolph 1985) to 203,000 ug/L for the
leech, Nephelopsis obscura (Brooke et al. 1985). The acute values for fishes

range from 620 ug/L for the fathead minnow (Kimball, Manuscript) to

35,000 pg/L for the common carp, Cyprinus carpio (Sato et al. 1980).



Boyum (1984) reported a 48-hr LC50 of 6 ug/L for Daphnia pulicaria.
Other acute values reported for species in the genus Daphnia ranged from
210 pg/L (Adams and Heidolph 1985) to 3,870 ug/L (Reading 1979; Reading
and Buikema 1983), so the value of 8 ug/L is surprisingly low. Boyum
(personal communication, 14 February 1986) Qtated that the survival of Daphnia
pulicaria in the lowest concentration tested was only 47% in the test that
produced the LC50 of 6 ug/L. Because of the high mortality at the lowest
concentration, the value of 6 ug/L was not considered acceptable for use in
calculating a criterion. However, the results of this and similar unreported
tests by Boyum (personal communication, 14 February 1986) indicate that the
acute value for this species might be less than 100 ug/L.

Just as the nine acute values for Daphnia magna cover a rather large
range from 210 to 2,500 ug/L, the acute values for the fathead minnow range
from 620 to 11,300 ug/L. The values reported by Kimball (Manuscript) were
the lowest for the fathegd minnqw. but not for Daphnia magna. The seven'acute
values for the rainbow‘trouf range from 1,800 to 12,500 ug/L.

Freshwater Species Mean Acute Values (Table 1) were caléulated as
geometric means of the availableracute values for selenium(IV), and Genus Mean
Acute Values (Table 3) were then calculated as geometric means of the Species
Mean Acute Values. Of the twenty-two genera for which freshwater mean acute
values are available, the most sensitive genus, Hyalella, is 597 times more
sensitive than tﬂe most resistant, Nephelogsis. The range of sensitivities of
the four most sensitive genera is a factor of 5. The freshwater Final Acute
Value for selenium(1V) was calculated to be 371.8 ug/L using the procedure
described in the Guidelines and the Genus Mean Acute Values in Table 3. The

Final Acute Value is higher than the lowest Species Mean Acute Value.



Acute toxicity data that can be used to derive a saltwater criterion for
selenium(1V) are available for eight species of invertebrates and eight
species of fish that are resident in North America (Table 1). The range of
acute values for saltwater invertebrates extends from 850 ug/L for adults

of the copepod, Acartia tonsa (Lussier 1986) to greater than 10,000 ug/L

for embryos of the blue mussel, Mytilus edulis (Martin et al. 1981) and
embryos of the Pacific oyster, Crasspstrea gigas (Glickstein 1978; Martin et
al. 1981). The range of acute values for fish is slightly wider than that for
inverfebrates. extending from 599 ug/L for larvae of the haddock,
Melanogrammus aeglefinus, to 17,350 ug/L for adults of the fourspine
stickleback, Apeltes guadracus (Cardin 1986). No consistent relationship was
detected between life stage of invertebrates or fish and their sensitivity to
selenium(1V), and few data are available concerning the influence of
temperature or salinity on the toxicity of selenium(IV) to saltwater animals.
Acute tests with the copepod, Acartia tonsa, at-5 ahd‘10°C gave gimilar
results (Lussier 1986).

Of the fifteen genera for which saltwater mean acute values are available
(Table 3), the most sensitive genus, Melanogrammus, is nearly 29 times more
sensitive than the most resistant, Apeltes. The sensitivities of the four
most sensitive genera differ by a factor of only 2.1, and these four include
three invertebrates and one fish, which is the most sensitive of the four.

The saltwater Fi;al Acute Value for selenium(1V) is 587.7 ug/L, which is
slightly lower than the lowest Species Mean Acute Value.

Selenium(VI)

Among freshwater invertebrates, amphipods and cladocerans are quite

sensitive to selenium(VI). Gammarus pseudolimnaeus, with a mean acute value

of 65.38 ug/L, is the most sensitive tested freshwater species, and another

10



amphipod, Hyalella azteca, with an LC50 of 760 ug/L, is the third most

sensitive species. The EC50 for Daphnia pulicaria is 246 ug/L (Boyum 1984)
whereas the EC50s for Daphnia magna range from 570 to 5,300 ug/L from three
independent studies.

The fathead minnow is the most sensitive freshwater fish species with
which an acute test has been conducted on selenium(VI). Five 96~hr exposures
resulted in LC50s ranging from 2,300 to 12,500 ug/L. One test (Spehar
1986) was a flow-through test in which the concentrations were measured. The
tests.conducted with the fathead minnow in the hardest water (323 mg/L as
CaCO;5) gave 96-hr LC50s from 11,000 to 12,500 pg/L (Table 1) and a 48-day

LC50 of 2,000 ug/L (Table 6). The hydroid, Hvdra sp., was about as

sensitive to seleni?m(Vl) as the fathead minnow (Table 1). Other species were
quite resistant with LC50s ranging from 20,000 ug/L for a midge,
Paratanytarsus parthenogeneticus, to 442,000 ug/L for a leech, Nephelopsis
obscura.’

Of the eleven genera for which freshwater mean acute values are available
for selenium(Vl), the most sensitive, Gammarus, is 6,760 times more sensitive
than the most resistant, Nephelopsis. The range of sensitivities of the four
most sensitive genera is a factor of 84. The freshwater Final Acute Value for
selenium(VIl) was calculated to be 25.65 ug/L. This Final Acute Value is
substantially below the acute value of the most sensitive freshwater species,
because data are“available for only eleven genera and because of the large
differences between the values for the four most sensitive genera.

The only species with which acute tests have been conducted on
selenium(VI) in salt water is the striped bass (Table 1). Klauda (1985)
obtained 96-hr LC50s of 9,790 and 85,840 ug/L with prolarvae and juvenile

striped bass, respectively.
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Species Mean Acute Values have been determined for both selenium(IV) and
selenium(VI) with ten freshwater species (Table 3) and one saltwater species
(Table 1). For ten of these eleven species selenium(fV) is 1.6 to 6.3 times
more toxic than selenium(VI). For the freshwater Gammarus pseudolimnaeus,
however, selenium(VI) is 41 times more toxic. Acute tests were conducted on
both selenium(IV) and selenium(VI) with this gammarid by the same
investigators in 1985 and in 1987 (B;ooke 1987; Brooke et al. 1985). This
species is moderately sensitive to selenium(IV) but is very sensitive to
seleniﬁm(Vl). The Final Acute Value for selenium(VI) is fourteen times lower
than that for selenium(IV) because fewer Genus Mean Acute Values are available

for selenium(VI) and because of the low acute value obtained with Gammarus

pseudolimnaeus. .

Chronic Toxicity to Aquatic Animals

Selenium({IV)

The available data that are usable according to the Guidelinés concerning
the chronic toxicity of selenium(IV) and selenium(Vl) are presented in Table
2. Chronic toxicity tests have been conducted on selenium(IV) with five
freshwater species, four of which are acutely sensitive species (Table 3).
The rainbow trout is both the most acutely resistant of these five species,
and the most chronically sensitive, and thus has a much larger acute-chronic
ratio than the o%her four spécies. Goettl and Davies (1977) exposed rainbow
trout to selenium(IV) for 27 months, and they found that survival of fish
exposed to 60 ug/L was similar to survival of control fish. Survival of
fish exposed to 130 ug/L was about 507% of that of the controls and about
16% of these survivors were deformed, even though no control fish were

deformed. Hodson et al. (1980) found that 47 to 53 ug/L caused a small

12



reduction in percent hatch of rainbow trout, but did not reduce survival of
sac or swim-up fry. The small reduction in percent hatch is not considered
unacceptable for the purposes of deriving water quality criteria. The data of
Goettl and Davies (1977) indicated that the acute-chronic ratio was less than
187.2, and the data of Hodson et al. (1980) gave a ratio of 141.5.

In 90-day exposures starting with newly hatched fry, Hunn et al. (1987)
found that selenium(IV) at concentrations of 12 ug/L and greater
significantly reduced the concentration of calcium in bone of rainbow trout.
Howevér, the expected resulting decrease in the toughness and/or strength of
the bone did not occur. A 90-day LC50 of 55.2 ug/L was calculated from the
published data on percent survival, allowing for 8.9% spontaneous mortality
(Table 6). The Guidelines (page 17) specify division of an LC50 by 2 to
calculate a concentration that will not severely affect too many of the
organisms. Division of 55.2 pg/L by 2 results in 27.6 ug/L.

The other four freshwater”speciés with which chronic tests have been
conducted oﬁrselenium(IV); including one fish species, are all acutely more
sensitive, and chronically more resistant, than the rainbow trout. Kimball
(Manuscriét) conducted an early life-stage test on selenium(IV) with fathead
minnows. A selenium(IV) concentration of 153 ug/L reduced survival by 32%
and reduced weight by 18.5%. At a concentration of 83 ug/L, survival was
reduced by 2% and weight was reduced by'9.6%. The resulting chronic value and
acute-chronic ri&io were 112.7 ug/L and 6.881, respectively.

Kimball (Manuscript) also studied the effects of selenium(IV) on survival
and reproduction of Daphnia magna in a 28-day renewal test. Survival and
reproduction of Daphnia magna exposed to 70 ug/L were similar to those of
control animals. Survival at 120 ug/L was 100%, but reproduction,

expressed as mean young per adult, was reduced 27% compared to the control

13



animals. The chronic value and acute-chronic ratio were 91.65 ug/L and
13.31, respectively. Adams and Heidolph (1985) also reported results of a
life-cycle test with Daphnia magna on selenium(IV). The test was at a
hardness of 240 to 310 mg/L and the chronic value was 161.5 ug/L. An
acute-chronic ratio cannot be calculated from this chronic value, however,
because it appears that the acute test reported by Adams and Heidolph (1985)
was conducted in a different water.

Owsley (1984) and Owsley and McCauley (1986) reported the results of an

exposure of four successive generations of the cladoceran, Ceriodaphnia

affinis, to selenium(IV), but the concentrations in the test solutions were
not adequately measured. A concentration of 200 ug/L severely affected all
four generations, and the amount of effect increased with each successive
‘generation. A concentration of 100 pg/L caused an unacceptable effect on
only the second generation. The chronic value from this test would probably
be close to ldO pg/L..and the acute-chronic rétio would be close to 6.

Reading (1979) and Reading and Buikema (1983) reported the chronic
effects of selenium(IV) on the survival, growth, and reproduction of Daphnia
pulex in a 28-day renewal test. At the end of the test, survival, total
number of young per adult, and mean brood size at 600 ug/L were equal to or
greater than those of the control daphnids, even though some differences were
observed for some broods during the test. A concentration of 800 ug/L
caused about a 40% reduction in the méan total ﬁumber of live young per
adult. The resulting chronic value was 692.8 ug/L and the acute-chronic
ratio was 5.586.

Data on the chronic toxicity of selenium(IV) are available for two

saltwater species, the mysid, Mysidopsis bahia, and the sheepshead minnow,

Cyprinodon variegatus (Table 2). The life-cycle test with Mysidopsis bahia

14



was started with 48-hr post-release juveniles and lasted for 28 days (Ward et
al. 1981). Exposure to concentrations of 320 pug/L or greater significantly
reduced survival of the first-generation mysids. No offspring were produced
by mysids that survived exposure to 580 ug/L, and the number of offspring
produced per female was significantly lower in 320 ug/L than in the control
treatment. All offspring produced in all treatments survived until the end of
the test. At 140 ug/L, survival and reproduction were reduced 18% and 22%,
respectively, compared to the controls, bﬁt these reductions were not
statiétically significant. The chronic value for Mysidopsis bahia is

211.7 pg/L and the acute-chronic ratio is 7.085.

An early life-stage test was performed with the sheepshead minnow (Ward
et al. 1981). The test was started with newly-fertilized eggs and extended
for two weeks after hatch to mea§ufe survival and growth of juveniles.
Percent hatch was reduced 0 to 4% by concentrations of 970, 1,900, and
3,600 ug/L. Survival ofrjuveniles was rgduced'4%‘by 470 ug/L, 24% by
97b pg/L, and more than 90% at higher concentrations. Growth was reduced
8% by selenium concentrations of 470 and 970 ug/L. The resulting chronic
value for Cyprinodon variegatus is 675.2 ug/L and the acute-chronic ratio
is 10.96.

Acute-chronic ratios have been determined for selenium(IV) with three of
the seven most acutely sensitive freshwater species. These ratios range from
5.586 to 13.31 (}able 3). The two acute~chronic ratios that were determined
with saltwater species also fall within this range. The Final Acute-Chronic
Ratid of 8.314 was calculated as the geometric mean of these five ratios. The
high acute-chronic ratio obtained with the rainbow trout was not used in the
calculation of the Final Acute-Chronic Ratio because this is an acutely

resistant species. Division of the Final Acute Values by the Final
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Acute-Chronic Ratio results in freshwater and saltwater Final Chronic Values
of 44.72 and 70.69 ug/L, respectively. Based on the data reported by Hunn

et al. (1987) for rainbow trout, the freshwater Final Chronic Value is lowered
to 27.8 ug/L to protect this important species. The saltwater Final

Chronic Value is quite a bit lower than the two saltwater chronic values, but
neither of the saltwater species with which chronic tests have been conducted
is acutely sensitive to selenium(IV)f

Selenium(VI)

Chronic tests have been conducted on selenium(VI) with three freshwater
species (Table 2). Some additional chronic tests have been conducted by
exposing freshwater animals to selenium(VI) in food and water simultaneously.
Dunbar et al. (1983) conducted a 32-day renewal life-cycle test with D.
magna. Selenium(Vl; at concentrations of 1,730 and 2,310 ug/L reduced the
total young production by 3.3 and 25%, respectively. The chronic value was
1,999 and the acute-chronic rati§ was 2.651.

‘Boyum (1984) conducted three life-cycle tests on selenium(VI) with
daphnids but did not measure the concentrations of selenium in any of the
tests. In all three tests, the nominal concentrations of selenium were 0, 50,
100, 500, and 1,000 ug/L. In one test with Daphnia magna and in one test
with D. pulicaria, the animals were fed algae that had grown for 48 hours in
the same concentration of selenium(VI) to which the daphnids themselves were
exposed. In the‘third test, D. magna was fed algae that had been raised in
control water. In this third test, the intrinsic growth rate was reduced 527
at the concentration of 50 ug/L. 1In the tests in which the algae contained
selenium, the intrinsic growth rates of D. magna and D. pulicaria were reduced
8.6 and 13%, respectively, by 50 ug/L. When the daphnids were fed algae
that contained selenium, D. pulicaria was affected more than D. magna at each
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concentration of selenium. Also at each concentration of selenium, D. magna
was affected less when it received selenium from both food and water than when
it received selenium from only water. Separate tests showed that
selenomethionine in water and selenium in algae independently reduced the
uptake of selenium(VI) from water by D. magna.

Daphnia magna was much more sensitive to selenium(VI) in the tests
reported by Boyum (1984) than in those reported by Dunbar et al. (1983). It
is interesting that the dilution water used by Boyum contained 21.5 mg
sulfafe/L, whereas that used by Dunbar et al. contained about 174 mg
sulfate/L.

Spehar (1988) reported results of a 90-day early life-stage test with
rainbow trout. No fish survived at 6,300 ug/L or higher concentrations. A
concentration of 3,800 ug/L reduced survival and weigﬁt by 937 and 247%,
respectively. Survival and weight were reduced 7% and 12% by 2,200 ug/L.

The chronic value was 2,891 ug/L and the acute-chronic ratio was 16.26.

Spehar (1986) alsé reported results of a 32-day early life-stage test with
- the f#thead minnow. No fish survived at 2,900 pg/L, and 1,520 pug/L
reduced both survival and weight by more than 60%. At 820 ug/L, survival
was as good as in the control treatment, but weigﬁt was reduced by 347.

Weighf was reduced only 3% by 390 ug/L. Thus this test resulted in a

chronic value of 565.5 ug/L and an acute-chronic ratio of 9.726. Brooks et
al. (1984) expog;d fathead minnows throughout a life cycle to selenium(Vi) in
the range of 40 to 50 ug/L. The fish were fed a food that was specially
prepared (see also Bertrém and Brooks 1986) to simulate a food chain in water
that contained the same concentration of selenium(VI). Although a malfunction
of the diluter caused the concentration of selenium to be 2 to 5 times higher
for up to one week, no adverse effects on survival, growth, or reproduction
were observed.
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The three available acute-chronic ratios for selenium(VI) show a
consistent pattern in that the more acutely sensitive species have a lower
ratio (Table 3). Because it is meant to apply to sensitive species, the Final
Acute-Chronic Ratio was set equal to 2.651, the ratio obtained with the most
acutely sensitive species with which a chronic test has been conducted.
Division of the freshwater Final Acute Value for selenium(VI) by the Final
Acute-Chronic Ratio results in a freghwater Final Chronic Value of
9.676 ug/L, which is substantially below the three available experimentally
determined chronic values.

No data are available concerning the chronic toxicity of selenium(VI) to
saltwater animals.

Chronic toxicity tests have been conducted on both selenium(IV) and
selenium(VI) with three species (Table 2). With all three species,
selenium(IV) was 5 to 32 times more toxic than selenium(VI), which is similar
to the relative acute:toxicities of these two oxidation states. Nine Species
Mean Acute-Chronic Ratios are available for the two oxidation states (Table
3).: The ratio determined for selenium(IV) with rainbow trout is 141.5, but

the other eight ratios are all between 2.6 and 17.

Toxicity to Aquatic Plants

Selenium([V)

Data are available on the toxicity of selenium(IV) to nine species of

freshwater algae (Table 4). Results ranged from an LC50 of 30,000 ug/L for
the blue-green alga, Anacystis nidulans (Kumar and Prakash 1971) to

522 ug/L for incipient inhibition of the green alga, Scenedesmus
gquadricauda (Bringmann and Kuhn 1977a,1978a,b,1979,1980b). Foe and Knight

(Manuscript) found that 75 ug/L decreased the dry weight of Selenastrum
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capricornutum (Table 6). Wehr and Brown (1985) reported that 320 ug/L

increased the growth of the alga Chrysochromulina breviturrita. Thus the

sensitivities of freshwater algae to selenium(IV) cover about the same range
as the acute and chronic sensitivities of freshwater animals.

The 96-hr EC50 for the saltwater diatom, Skeletonema costatum, is
7,930 ug/L, based on reduction in chlorophyll a (Table 4). Growth of
Chlorella sp., Platymonas subcordiformis, and Fucus spiralis increased at
selenium(IV) concentrations from lO'to 10,000 ug/L (Table 6).- These data
suggest that saltwater plants will not be adversely affected by concentrations
of selenium(IV) that do not affect saltwater animals.

Selenium(VI)

Growth of several species of green algae were affected by concentrations
ranging from 10 to 300 ug/L (Table 4). Blue~green algae appear to be much
more resistant to selenium(VI) with 10,000 ug/L being the lowest
concentration reported to affect growth. Kumar (1964) found thgt a blue-green
alga developed and lost resistance to selenium(VI). The differénce iﬂ the
sengsitivities of green ahd blue-green algae to selenium(VI) might be of
ecological significance, particularly in bodies of water susceptible to
nuisance algal blooms. For example, Patrick et al. (1975) reported that a
concentration of 1,000 pg/L'caused a natural assemblage of algae to shift
to a community dominated by blue-green algae.

At 10,000 uéyL, selenium(Vl) is lethal to four species of saltwater
phytoplankton and lower concentrations increase or decrease growth (Table 6).
Concentrations as low as 10 ug/L reduced grdwth of Porphyridium cruentum
(Wheeler et al. 1982).

Although selenium(IV) appears to be more acutely and chronically toxic

than selenium(VI) to most aquatic animals, this does not seem to be true for
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aquatic plants. Selenium(IV) and selenium(VI) are about equally toxic to the
freshwater algae Anabaena cylindrica, Anabaena variabilis, Anacystis nidulans,
and Scenedesmus dimorphus (Kumar and Prakash 1971; Moede et al. 1980). The
two oxidation states equally stimulated growth of Chrysochromulina

breviturrita (Wehr and Brown 1985.) On the other hand, selenium(VI) is more

toxic than selenium (IV) to the freshwater Selenastrum capricornutum (Richter
1982) and the saltwater Chorella sp..and Platymonas subcordiformis (Wheeler et
al. 1982). In addition, Fries (1982) found that growth of thalli of the brown
macroilga. Fucus spiralis, was stimulated more by exposure to selenium(IV) at
2.605 pg/L than to the same concentration of selenium(VI).

A Final Plant Value, as defined in the Guidelines, cannot be obtained
because no test in which the concentrations of selenium(IV) or selenium(VI)
were measured and the endpoint was biologically important has been conducted

with an important aquatic plant species.

Bioaccumulation

Selenium(IV)

Bioconcentration factors (BCFs) for selenium(IV) that have been obtained
with freshwater species range from 2 for the muscle of rainbow trout to 452
for the bluegill (Table 5). Adams (1976) studied both uptake and elimination
of selenium-75 by fathead minnows at average concentrations of 12, 24, and
‘50 pg/L. He foﬁ;d that concentrations in whole fish and in individual
tissues increased at a rapid rate during the first eight days and at a slower
rate for the next 88 days. Steady-state was approached, but not reached, in
96 days. The highest concentrations were found in viscera, possibly due to
uptake_ofvselenium adhering to food. Elimination of selenium was curvilinear

and became asymptotic with the time axis after 96 days. Elimination was most
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rapid from the viscera with a half-life of 5.1 days, but the half-life of
selenium in other tissues was greater than 50 days.

Adams (1976) also conducted uptake studies with rainbow trout exposed for
48 days to selenium(IV) at concentrations ranging from 310 to 950 ug/L.

Some of the trout died, and concentrations were somewhat higher in dead fish
than in survivors. As with the fathead minnow, the viscera contained more
selenium than gill or muscle. Based on his tests with the two species, Adams
(1976) conciuded that there was an iﬁverse relationship between BCF and the
concentration of selenium(IV) in water.

Hodson et al. (1980) exposed rainbow trout to selenium(IV) from
fertilization until 44 weeks posthatch. At 53 ug/L in the water the BCF
ranged from 8 for whole body to 240 for liver. They concluded that selenium
in tissues did not ;ncrease in proportion to selenium(iV) in water.

Barrows et gl. (1980) exposed bluegills to selenious acid for 28 days.
They reported a maximum BCF in the whole fish of 20 and a half-life of between
one And seven déys. If bluegills bioconcentrate selenium in 'the same manner
as the rainbow trout used by Adams (1976), the 28-day exposure might not have
been long enough to reach steady-state.

Lemly (1982) exposed bluegills and largemouth bass to 10 ug/L for 120
days to determine the effect of hardness and témperature on uptake and
elimination. For bluegills, the geometric mean whole-body BCF at 20° and
30°C was 452. For largemouth bass in similar tests, the BCF was 295. For
both species, the spleen, liver, kidney, and heart had higher concentrations
than the whole body. Neither water temperature nor hardness had a significant
effect on concentrations in tissue after 90 days, although earlier values were
influenced. After 30 days in clean water, selenium concentrations remained
unchanged in spleen, liver, kidney, and white muscle, but the half-life for
selenium in gills and erythrocytes was less than 15 days.
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Steady-state BCFs with two saltwater species ranged from 2.88 in chela

muscle of adult shore crab, Carcinus maenas (Bjerregaard 1982,1985) to 200 in

whole adult euphausiids, Meganyctiphanes norvegica (Fowler and Benayoun
1976¢c). Selenium was accumulated to a higher concentration in gill than in
hepatopancreas or muscle of the shore crab during exposure to 250 ug/L.
The authors suggested that much of the selenium associated with the gill might
be sorbed to the gill surface.

Ingestion of food organisms that hﬁd been exposed to selenium(IV) can be
an imbortant source of exposure of fish to selenium (Hodson and Hilton 1983;
Sandholm et al. 1973; Turner and Swick 1983). Addition of selenium(IV) to
food reduced survival of rainbow trout (Goettl and Davies 1978). Rudd and
Turner(1983a,b) found that the bioaccumulation of selenium by fish was reduced
by sediment and by increased primary productivity. Fowler and Benayoun (1976)
reported that the BAF for selenium(IV) from food plus water was four times |
higher for an euphgusiid than the BCF (uptake from water aldpe). The blue

mussel, Mytilus edulis, accumulated selenium at a slow rate when exposed to

selenium(1V), but did not accumulate selenium when exposed to bis(2-carboxy-
benzyl)selenium (Pelletier 1986a).

Selenium(VI)

Bertram and Brooks (1986) exposed adult fathead minnows to sodium selenate
in water, in food, and in food and water together. The food was specially
prepared by rai;ing algae in a medium containing selenium(VI), feeding the
algae to daphnids, mixing the exposed daphnids with unexposed daphnids,
dewatering to form a "cake”, and freezing. Uptake of selenium(VI) from only
water reached steady-state within 28 days. The whole-body BCFs ranged from 21
to 52 and decreased as the concentration in water increased (Table 5). Uptake

of selenium(VI) from food alone or from food and water together did not reach
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steady-state in eight and eleven weeks, respectively. Uptake from food and
water were additive.

When juvenile striped bass were exposed in salt water for 60 days to
seleniuh(VI) at concentrations of 90 and 1,290 ug/L, the whole-body
concentrations were within a factor of two of the concentrations in control
fish (Klauda 1985).

Selenium(IV) was bioconcentrated more than selenium(VI) by saltwater
phytoplankton communities (Wrench and Measures 1982), a freshwater duckweed
(Bultér and Peterson 1967), and two saltwater invertebrates (Fowler and
Benayoun 1976a).

No U.S. FDA action level or other maximum acceptable concentration in
tissue, as defined in the Guidelines, is available for selenium and,

therefore, no Final Residue Value can be calculated.

M
Selenium([V)

: Additional data on the lethal and sublethal effects of selénium on
aquatic species are presented in Table 6. Bringmann and Kuhn (1959a,b,1976,
1977a,1979,1980b,1981), Jakubczak et al. (1981), and Patrick et al. (1975)
reported the concentrations of selenium(IV) that caused incipient inhibition
(defined variously, such as the concentration resulting in a 3% reduction in
growth) for alga;. bacteria, and protozoans (Table 6). Although incipient
inhibition might be statistically significant, its ecological importance is
unknown. Jones and Stadtman (1977) reported stimulation of growth of an
anaerobic bacterium exposed to 49 ug/L. Selenium(IV) at a concentration of
100 ug/L did not affect crustacean communities in enclosures in a lake

contaminated by mercury (Salki et al. 1985).
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Short and Wilbe; (1980) reported that the calcium balance in the
crayfish, Orconectes immunis, was altered by a 30-day exposure to a selenium
concentration of 10 ug/L. Hodson et al. (1980) found delayed mortality
during a 4-day period following cessation of exposure to selenium(IV). Hilton
et al. (1982) studied the uptake from food, distribution, and elimination of
selenium(I1V) by rainbow trout. Mancini (1983) calculated detoxification rates
for selenium in various fishes.

Selenium(VI)

bunbar et al. (1983) exposed fed D. magna to selenium(VI) for seven days
and obtained an LC50 of 1,870 pg/L. This value is in the range of the
48-hr EC50s in Table 1.

Watenpaugh and Beitinger (1985a) found that fathead minnows did not avoid
11,200 ug/L during 30-minute exposures (Table 6). These authors also
reported (1985b) a 24-hr LCS0 of 82,000 ug/L for the same species and they
found (1985c) that the thermal tolerance of the species was reduced by
22,200 pg/L. Bennett et al. (1986) raised rotifers on algae that had been
exposed to selenium(VI). Fathead minnow larvae that were fed the contaminated
rotifers weighed less than larvae that were fed control rotifers. Westerman
and Birge (1978) exposed channel catfish embryos and newly hatched fry for 8.5
to 9 days to an unspecified concentration of selenium(VI). Albinism was
observed in 12.1 to 36.9% of the fry during the five years of such exposures.

Y

The respiratory rate of the eastern oyster, Crassostrea virginica, was

unaffected by exposure to selenium(VI) at 400 ug/L for 14 days (Fowler et
al. 1981). Embryos of the striped bass were quite resistant to selenium(VI)
in dilute salt water (Klauda 1985). There was a 93% successful hatch of
embryos at 200,000 pug/L, but 50% of 72-day-old juveniles died after four

days at 87,000 ug/L. Exposure of juvenile fish for up to 65 days to

24



concentrations of selenium(VI) between 39 and 1,360 ug/L caused

developmental anomalies and pathological lesions.

Field Studies

Studies on Belews Lake in North Carolina (e.g., Cumbie as quoted in
Hodson et al. 1984; Cumbie and Van Horn 1978; Finley 1985; Lemly 1985a,b;
Sorensen et al. 1984) and Hyco and Catfish Reservoirs in North Carolina
(Baumann and Gillespie 1986; Gillespie and Baumann 1986; Sager and Cofield
1984) suggest that selenium might be more toxic to certain species of
freshwater fish than has been observed in chronic toxicity tests. Other
bodies of water in which the effects of selenium on aquatic organisms have
been studied include a farm pond in New York (Furr et al. 1979; Gutenmann et
al. 1976), various lakes and reservoirs in Colorado and Wyoming (Birkner 1978;
Kaiser et al. 1979), a drainage system in South Carolina (Cherry and Guthrie
1978; Cherry et al. 1976.1979a.b,1984; GuthrieAand Cherry 1976,1979), Martin
Creek Rese;vbir in Texas (Garrett and Inman 1984; Sorensen and Bauer 1984a,b;
Sorenson et al. 1982), and Kesterson Reservoir in Californi; (Burton et al.
1987; Ohlendorf et al. 1986a,b; Saiki 1986a,b).

Such studies, however, have provided circumstantial, rather than
definitive, data on the effects of selenium on aquatic life for two major
reasons:

1. Few, if anfi data are available concerning the oxidation state of
selenium in the water. Because there are, as yet, no data to show that
selenium(IV) and selenium(VI) are toxicologically or ecologically
equivalent, it is difficult to interpret the results of field studies
that do not use analytical methods (e.g.; Oppenheimer et al. 1984;

Robberecht and Van Grieken 1982; Uchida et al. 1980) that can separately
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measure selenium(IV) and selenium(VI). On the other hand, it is likely
that most ambient waters contain substantial concentrations of two or
more oxidation states of selenium (see item 3 on page 2).

Unless the investigator controls the addition of the test material,
rarely can a field study conclusively pinpoint the cause of any observed
effects, because it is possible that the effects were caused by a
combination of agents or by an unmeasured agent. However, if
circumstantjal evidence from a number of dissimilar situations points in

the same direction, the inference becomes stronger.

In spite of the limitations of the available results of field studies, they do

raise such important questions as:

a.

What are the highest concentrations in water of selenium(-II),
?

‘_selenium(lV), selenium(Vl), and their combinations that do not

unacceptably reduce reproduction, and survival of the resulting young, of
sensitive warmwater fishes?

What are the relative toxicities of selenium(—ll).'selenium(lV),
selenium(VI), and their combinations in food and in water and are the two
sources additive?

Are selenium(-II), selenium(IV), and selenium(VI) toxicologically or

ecologically equivalent in aquatic ecosystems?

Such questions are important and can be answered with properly designed field

and laboratory studies.

The severe effects that were observed on the fish community in Belews

Lake have been attributed, with differing degrees of certainty by various

authors, to the 10 ug selenium/L in the lake. Although selenium is

certainly a good candidate for the cause of the observed effects, studies on

Belews Lake cannot establish a cause-effect relationship because a variety of
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other inorganic and organic materials undoubtedly entered the lake with the
selenium. Studies on other bodies of water that contain selenium at
concentrations in the range of | to 30 ug/L could help confirm or refute

the theory that selenium is the primary cause of the effects observed in
Belews Lake, especially if the selenium in the other bodies of water did not
come from fly ash.

Several laboratory studies have attempted to confirm that selenium
affected the fish community in Be!eﬁs Lake. For example, Lemly (1982) exposed
bluegills and largemouth bass to selenium(IV) at a concentration of 10 ug/L
for 120 days. No mortality occurred in the test, whereas bluegills stocked
into Belews Lake died in 3 to 4 months when kept in cages and died almost
immediately when released into the lake (Cumbie as quoted in Hodson et al.
1984).

In a novel experiment, Gillespie and Baumann (1986) mated male and female
bluegills from Hyco Reservoir, which contained a high concentration of
selenium, with blhegills from‘beboro City Lake, which contained very little
selenium. The young survived when females from Roxboro City Lake were mated
with males from either source. When females from Hyco Reservoir were mated
with males from either source, the young hatched but died before attaining the
swim-up stage. The young that died also contained high concentrations of
selenium, which they must have received from their mothers. [t is, of course,
possible that the young also received one or more toxicants in addition to
selenium from their mothers because Hyco Reservoir is a cooling reservoir for
a coal-fired electric power plant.

For 44 days Finley (1985) fed mayfly nymphs obtained from Belews Lake to
four bluegills and fed cultured mealworms to four other bluegills. The nymphs

contained 13.8 pg selenium/g (wet weight). The four fish fed mealworms
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appeared healthy throughout the test, whereas three of the four fish fed the
nymphs died. It is possible that bluegills were affected by Finley (1985) but
not Lemly (1982) because the nymphs also contained one or more toxicants in
addition to selenium, because the nymphs provided proportionately more
selenium, or because the nymphs contained a more toxic form of selenium.

Several feeding studies have shown that aquatic species can be adversely
affected by consuming food that csntains 10 to 13 ug selenium/g. Thus
these studies support the idea that. the effects observed by Finley (1985) were
caused by selenium. In two 42-week feeding studies, mortality of rainbow
trout increased when their food contained selenium(IV) at a concentration of
9 pg/g (Goettl and Davies 1978). Hilton et al. (1980) reported that when
rainbow trout were fed a food containing selenium(IV) at a concentration of
13 ug/g for twenty weekQ. growth decreased and mortality increased. Hilton
and Hodson (1983) obtained similar effects when trout consumed food containing
11 to 12 pg/g_for sixteen weeks. In a fourth feeding study with rainbow
trout, selenium(IV) at 11.4 ug/g (on a freeze-dried basis) reduced growth
and increased mortality in a sixteen-week test (Hicks et al. 1984).

Although theif tests on early life stages and smoltification of chinook
salmon were possibly confounded by the presence of other pollutants, the
results reported by Hamilton et al. (1986) support the results of other
investigators that concentrations greater than 13 ug/g (reportedly as
organoselenium) zn food will unacceptably affect salmonids.

Heinz et al. (1987) fed_aduit mallards and their ducklings feed that
contained selenium(IV) or selenomethionine. The number of 21-day old
ducklings per hen was 9.7 for the controls and 2.0 for the animals that
received food containing 10 ug selenium/g as selenomethionine. The

treatments receiving 10 and 25 ug/g as selenium(1V) produced 8.1 and 0.2
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ducklings per hen, respectively. Food containing 10 ug selenium/g as
selenomethionine resulted in nearly ten times as much selenium in eggs as did
food containing 10 ug/g as selenium(IV). Selenomethionine resulted in more
selenium in egg white than yolk, but the opposite was true with selenjium(1V).

These data indicate that rainbow trout, chinook salmon, and mallard ducks
were affected when they consumed food that contained seleniuﬁ in the range of
10 to 13 ug/g. Most of these studies were conducted by adding selenium(1V)
to food, but it is likely that at le;st some of the selenium accumulated in
food chain organisms would be in a more toxic form. These studies strongly
indicate that the effects observed by Finley (1985) were indeed caused by
selenium and that the 10 ug/L in Belews Lake caused the effects observed
there. The concentration of selenium in an unaffected upper arm of Belews
Lake was near or below the detection limit of 5 ug/L (North Carolina
Department of Natural Resources and Community Development 1986).

The freshyater Criterion Continuous Concentration {CCC) should be between
10 pg/L and the concentration in thevunaffected p;rtion of Belews Lake,
whigh is near or below 5 ug/L. Therefore, the CCC will be set at
5.0 ug/L. Eight of the nine Acute-Chronic Ratios in Table 3 are between
2.651 and 16.26, with a geometric means of 7.993. If the Final Acute-Chronic
Ratio is assumed to be 7.993, the Final Acute Value would be 39.96 ug/L,
and the Criterion Maximum Concentration would be 19.98 pug/L.
Unused Data

Some data on the effects of selenium on aquatic organisms were not used
because the studies were conducted with species that are not resident in North
America (e.g., Asanullah and Brand 1985; Asanullah and Palmer 1980; Fowler and

Benayoun 1976a,b; Gotsis 1982; Hiraoka et al. 1985; Juhnke and Ludemann 1978;
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Niimi and LaHam 1975,1976; Ringdal and Julshamn 1985; Shultz and Ito 1979;
Srivastava and Tyagi 1983/1984; Wrench 1978). Results (e.g., Okasako and
Siegel 1980) of tests conducted with brine shrimp, Artemia sp., were not used
because these species are from a unique saltwater environment. Adams and
Johnson (1981), Biddinger and Gloss (1984), Brooks (1984), Chapman et al.
(1968), Davies (1978), Eisler (1985), Hall and Burton (1982), Hodson and
Hilton (1983), Hodson et al. (1984),.Jenkins (1980), Kay (1984), LeBlanc
(1984), McKee and Wolf (1963), National Research Council (1976), North
Carolina Department of Natural Resources and Community Development (1986),
Phillips and Russo (1978), Thompson et al. (1972), and Versar (1975) compiled
data from other sources.

Greenberg and Kopec (19868) and Hutchinson and Stokes (1975) did not
specify the oxidation state of the seleniumAused in their tests. Data were
not used when selenium was a component of aﬁ effluent, fly ash, formulation,
mixture, sediment, or sludge (e.gf. Burton et al. 1983; Fava et al. 1985; Hall
et al. 1984} Hamilton et al. 1986; Hildeﬁfand et al. 1976; Jay and Muncy 1979;
MacFarlane et al. 1986; Phillips and Gregory 1980; Ryther et al. 1979; Seelye
et al. 1982; Specht et al. 1984; Thomas et al. 1980b; Wong et al. 1982)
unless data were available to show that the toxicity was the same as for
selenium alone.

Braddon (1982), Christensen and Tucker (1976), Freeman and Sangalang
(1977), and Olso; and Christensen (1980) exposed eﬁzymes, excised tissue, or
tissue extracts. Results were not used when the test procedures, test
material, or fesults were not adequately described (e.g., Bovee 1978;
Gissel-Nielsen and Gissel-Nielsen 1973,1978; Greenberg and Kopec 1986; Nassos
et al. 1980). Kaiser (1980) calculated the toxicities of selenium(IV) and

selenium(VI) to Daphnia magna based on physiochemical parameters. Kumar
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(1964) did not include a control treatment in the toxicity tests. The
daphnids were probably stressed by crowding in the tests reported by Schultz
et al. (1980). Siebers and Ehlers (1979) exposed too few test organisms, as
did Owsley (1984) in some tests. Data were not used when the organisms were
exposed to selenium by gavage or injection (Hilton et al. 1982; Kleinow 1984;
Kleinow and Brooks 1986a,b; Sheline and Schmidt-Nielson 1977).

BCFs and BAFs from laboratory tests were not used when the tests were
static or when the concentration of-selenium in the test solution was not
adequately measured or varied too much, (e.g., Nassos et al. 1980; Sharma and
Davis 1980). Reports of the concentrations of selenium in wild aquatic
organisms (e.g., Baumann and Gillespie 1986; Baumann and May 1984; Brezina and
Arnold 1977; Birkner 1978; Cappon 1984; Cappon and Smith 1981,1982a,b; Cumbie
and Van Horn 1978; bavoren 1986; Fowler et al. 1975; Froslie et al. 1985;
Gillespie and Baumann 1986; Greig and Jones 1976; Heit and Klusek 1985; Heit
et al. 1980; Johnson 1987; Kaiser et al. 1979; Lemly 1985a; Lowe et al. 1985;
Lucas et al. 1970; Lytle and Lytle 1982; May and McKinney 1981; Mehrie et al.
1982; Moharram et al. 1987; Ohlendorf et al. 1986a,b,c; Okazaki and Panietz
1981; Pakkala et al. 1972; Payer and Runkel 1978; Payer et al. 1976;
Pennington et al. 1982; Sager and Cofield 1984; Saiki 1986a,b; Shultz and Ito
1979; Seelye et al. 1982; Sorensen and Bauer 1984a,b; Sorensen et al.
1982,1983,1984; Speyer 1980; Uthe and Bligh 1971; Walsh et al. 1977, Weber
1985; Winger and Andreasen 1985; Winger et al. 1984; Woock and Summers 1984;
Zatta et al. 1985) were not used to calculate BAFs when either the number of
measurements of the concentration in water was too small or the range of the

measured concentrations was too large.
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Summary
Selenium(1V)

Acute values for 23 freshwater fish and invertebrate species in 22 genera

range from 340 pug/L for the amphipod, Hvalella azteca, to 203,000 ug/L
for the leech, Nephelopsis obscura. Although twelve of the twenty-three
species are fishes, both the two most sensitive and the two most resistant
species are invertebrates. Chronic values are available for two fishes and
two invertebrates and range from >47 to 692 ug/L. In a separate test, a
90-daf LC50 of 54 ug/L was obtained with rainbow trout. The acute-chronic
ratios for the acutely more sensitive species range from 5.6 to 13.3.
Toxicity values for nine species of freshwater algae range from 500 to
30,000 ug/L. Uptake of selenium(1V) by fish takes about 100 days to reach
steady-state and bioconcentration factors from 2 to 452 have béen reported.
Acute toxicity values are available for 16 species of saltwater animals,
includiﬁg 8 invertebrates and 8 fishes, and range-frqm 599 Lg/L for larvae -
of the haddock, Melanogrammus ;eglefinu , to 17,350 ug/L for adults of the
fourspine stickleback, Apeltes gquadracus. Fish and invertebrates have similar
ranges of sensitivities, and the acute values for the seven most sensitive
species differ only by a factor of 3.2. There was no consistent relationship
between life stage of invertebrates or fish and their insensitivity to
selenium(IV).

3

Chronic toxicity data are available for two saltwater animals, the mysid,

Mysidopsis bahia, and the sheepshead minnow, Cyprinodon variegatus. The
chronic values and the acute-chroﬁic ratios are 211.7 pg/L and 7.085 for
the mysid, and 675.2 ug/L and 10.96 for the sheepshead minnow. At a
concentration of 7,930 ug/L, selenium(IV) caused a 50% reduction in

chlorophyl!l a in a test with the saltwater diatom, Skeletonema costatum, but
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growth of three species of algae was stimulated by concentrations of 10 to
10,000 ug/L. The steady-state bioconcentration factors for two saltwater

species range from 3.88 in chela muscle of adult shore crabs, Carcinus maenas,

to 200 in whole adult euphausiids, Meganyctiphanes norvegica.

Selenium(VI

The acute toxicity of selenium(Vl) has been determined with twelve

freshwater animal species. The acute values range from 75 ug/L with the
amphipod, Gammarus pseudolimnaeus, to 442,000 ug/L with the leech,
Nephefogsis obscura. Chronic toxicity tests have been conducted with Daphnia
magna, the fathead minnow, and the rainbow trout. The chronic values range
from 565.5 to 1,999 ug/L, and the acute-chronic ratios range from 2.651 to
16.26. Selenium(VI) affected nine algal species at concentrations ranging
from 10 to 39,000 ug/L. Bioaccumulation factors obtained with the fathead
minnow ranged from 21 to 52 pg/L.

Few data are available concerning the effecfs of selenium(VI) on
saltwater species. Acﬁte toxicity tests with prolarvae and juvenilés of

striped bass, Morone saxatilis, resulted in 98-hr LC50s of 9,790 and

85,840 pg/L, respectively. No chronic tests have been conducted on
selenium(VI) with saltwater animals. The growth of an alga was increased by
10 ug/L. Steady-state bioconcentration factors of 1 to 16 were obtained
with juvenile striped bass.

Other )

For ten of the eleven freshwater and saltwater fish and invertebrate
species for which comparable acute data are available, selenium(IV) is 1.6 to
3.8 times more toxic than selenium(VI). For the eleventh species,

selenium(IV) is 57 times less toxic. Chronic toxicity tests have been

conducted on both selenium(1V) and selenium(VI) with three freshwater species
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and no saltwater species. For all three animals selenium(IV) was 5 to 32
times more toxic than selenium{VI). Eight of the nine acute-chronic ratios
available for the two oxidation states are between 2.6 and 17; the ninth ratio
is 141.5 and was obtained with an acutely resistant species. In contrast to
the data obtained with aquatic animals, selenium(VI) is either as toxic as or
more toxic than selenium(IV) to aquatic plants. Selenium(IV) seems to be
bioconcentrated more than selenium(VI) by aquatic plants and animals.
Salmonids and mallard ducks were severely affected when they consumed
food that contained selenium at concentrations of 10 to 13 pg/eg. It is
likely that the populations of several species of warmwater fishes were

destroyed by selenium at a concentration of 10 ug/L in Belews Lake.

National Criteria

The procedures described in the “"Guidelines for Deriving Numerical
National Water Quality Criteria for the Protection of Aquatic Organisms and
Theif Uses” indicate that, except possibly where a locally important speéies
is very sensitive, freshwater aqu;tic organisms and their uses should not be
affected unacceptably if the four-day average concentration of selenium does
not exceed 5.0 ug/L more than once every three years on the average and if
the one-hour average concentration dbes not exceed 20 ug/L more than once
every three years on the average.

The procedu;es described in the "Guidelines for Deriving Numerical
National Water Quality Criteria for the Protection of Aquatic Organisms and
Their Uses” indicate that, except possibly where a ldcally important species
is very sensitive, saltwater aquatic organisms and their uses should not be

affected unacceptably if the four-day average concentration of selenium does

not exceed 71 ug/L more than once every three years on the average and if
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the one-hour average concentration does not exceed 300 ug/L more than once
every three years on the average. I[f selenium is as toxic to saltwater fishes
in the field as it is to freshwater fishes in the field, the status of the
fish community should be monitored whenever the concentration of selenium

exceeds 5.0 ug/L in salt water.

Implementation
Because of the yariety of forms of selenium in ambient water and the lack
of definitive information about their relative toxicities to aquatic species,
no avajlable analytical measurement is known to be ideal for expressing
aquatic life criteria for selenium. Previous aquatic life criteria for metals
and metalloids (U.S. EPA 1980b) were expressed in terms of the total
recoverable measurement (U.S. EPA 1983a), but newer criteria for metals and
metalloids have been expressed in terms of the acid-soluble measurement
(-1985b). Acid-soluble selenium (operationally defiﬁed as the selenium that
passes through a 0.45 um membrane filter after the sample has been
acidified to a pH between 1.5 and 2.0 with nitric acid) is probably the best
measurement at the present for the following reasons:
1. This measurement is compatible with nearly all available data concerning
toxicity of selenium to, and bioaccumulation of selenium by,
aquatic organisms. [t is expected that the results of tests used in the
derivation ;f the criteria would not have changed substantially if they
had been reported in terms of acid-soluble selenium.
2. On samples of ambient water, measurement of acid-soluble selenium will
probably measure all forms of selenium that are toxic to aquatic life or

can be readily converted to toxic forms under natural conditions. In

addition, this measurement probably will not measure several forms, such
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as selenium that is occluded in minerals, clays, and sand or is strongly
sorbed to particulate matter, that are not toxic and are not likely to
become toxic under natural conditions.
Although water quality criteria apply to ambient water, the measurement
used to express criteria is likely to be used to measure selenium in
aqueous effluents. Measurement of acid-soluble selenium is expected to
be applicable to effluents. lf desired, dilution of effluent with
receiving water before measurement of acid-soluble selenium might be used
to determine whether the receiving water can decrease the concentration
of acid-soluble selenium because of sorption.
The acid-soluble measurement is expected to be useful for most metals and
metalloids, thus minimizing the number of samples and procedures that are
:
necessary.
The acid-soluble measurement does not require filtration of the sample at
the time_of collection, as does the dissolved measurement.
For the measurement'of total acid-soluble selenium the only treatment
required at the time of collection is preservation by acidification to a
pH between 1.5 and 2.0, similar to that required for the total
recoverable measurement.
Durations of 10 minutes to 24 hours between acidification and filtration
of most samples of ambient water probably will not substantially affect
the result‘of the measurement of total acid-soluble selenium. However,
acidification might not prevent oxidation or reduction of selenium(-I1),
selenium(Vl), or selenium(IV) (May and Kane 1984). Therefore,
measurement of acid-soluble selenium(IV) and/or acid-soluble
selenium(VI) might require separation or measurement at the time of
collection of the sample or special preservation to prevent conversion of

one oxidation state of selenium to the other.
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8. Ambient waters have much higher buffer intensities at a pH between 1.5

and 2.0 than they do at a pH between 4 and 9 (Stumm and Morgan 1981)

9. Differences in pH within the range of 1.5 to 2.0 probably will not affect
the result substantially.

10. The acid-soluble measuremeht does not require a digestion step, as does
the total recoverable measurement.

11. After acidification and filtration of the sample to isolate the
acid-soluble selenium, the analysis for total acid-soluble selenium can

Se performed using either furnace or hydride atomic absorption

spectrophotometric or [CP-atomic emission spectrometric analysis (U.S.

EPA 1983a), as with the total recoveréble measurement. It might be

possible to separately measure acid-soluble selenium(IV) and acid-soluble

selenium(VI) using the methods described by Oppenheimer et al. (1984),

Robberecht and Van Grieken (1982), and Uchida et al. (1980).

Thus, expressing aquatic life criteria for selenium in terms of the
acfd-soluble measﬁrement has both toxicological and practical Advantages. The
U.S. EPA is considering development and approval of a method for a measurement
such as acid-soluble.

Metals and metalloids might be measured using the total recoverable
method (U.S. EPA 1983a). This would have two major impacts because this
method includes a digestion procedure. First, certain species of some metals
and metalloids c;nnot be measured because the total recoverable method cannot
distinguish between individual oxidation states. Second, in some cases these
criteria would be overly protective when based on the total recoverable method
because the digestion procedure will dissolve selenium that is not toxic and

cannot be converted to a toxic form under natural conditions. Because no

measurement is known to be ideal for expressing aquatic life criteria for
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selenium or for measuring selenium in ambient water or aqueous effluents,
measurement of both acid-soluble selenium and total recoverable selenium in
ambient water or effluent or both might be useful. For example, there might
be cause for concern when total recoverable selenium is much above an
applicable limit, even though acid-soluble selenium is below the limit.

In addition, metals and metalloids might be measured using the dissolved
method, but this would also have several impacts. First, whatever analytical
method is specified for measuring selenium in ambient surface water will
probaﬁly also be used to monitor effluents. If effluents are monitored by
measuring only the dissolved metals and metalloids, the effluents might
contain some selenium that would not be measured but might dissolve, due to
dilution or change in pH or both, when the effluent is mixed with receiving
water. Second, measurement of dissolved selenium requires filtration of the
sample at the time of collection. Third, the dissolved measurement is
_esbecially inappropriaté for use with such metals as aluminum thaf can exist
as hydroxide and carbonate precipitates in toxicity tests and in effluents.
Use of different methods for different metals and metalloids would be
unnecessarily complicated. For these reasons, it is recommended that aquatic
life criteria for selenium not be expressed as dissolved selenium.

As discussed in the Water Quality Standards Regulation (U.S. EPA 1983b)
and the Foreword to this document, a water quality criterion for aquatic life
has regulatory {ﬁpact only after it has been adopted in a State water quality
standard. Such a standard specifies a criterion for a pollutant that is

consistent with a particular designated use. With the concurrence of the U.S.

EPA, States designate one or more uses for each body of water or segment

thereof and adopt criteria that are consistent with the use(s) (U.S.EPA
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1983¢c,1987). In each standard a State may adopt the national criterion, if
one exists, or, if adequately justified, a site-specific criterion.

Site-specific criteria may include not only site-specific criterion
concentrations (U.S. EPA 1983c), but also site-specific, and possibly
pollutant-specific, durations of averaging periods'and frequencies of allowed
excursions (U.S. EPA 1985c). The averaging periods of "one hour” and "four
days” were selected by the U.S. EPA on the basis of data concerning how
rapidly some aquatic species react to increases in the concentrations of some
pollufants, and "three years” is the Agency's best scientific judgment of the
average amount of time aquatic ecosystems should be provided between
excursions (Stephan et al. 1985; U.S. EPA 1985c). However, various species
and ecosystems react and recover at greatly differing rates. Therefore, if
adequate justification is provided, site-specific and/or pollutant-specific
concentrations, durations, and frequencies may be higher or lower than those
given in national water quality criferii for aquatic life.

Use of criteria, which have beenradopted in State waﬁer quality
standards, for developing water quality-based permit limits and for designing
waste treatment facilities requires selection of an appropriate wasteload
allocation ﬁodel. Although dynamic models are preferred for the application
of these criteria (U.S. EPA 1985¢c), limited data or other considerations might
require the use of a steady-state model (U.S. EPA 1986). Guidance on mixing
zones and the d;;ign of monitoring programs is also available (U.S. EPA 1985c,

1987).
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Species

Hydro {adult),
Hydra sp.

teech {adult),
Nephelopsis obscura

Snail {adult),
Aplexa hypnorum

Snail (adult),
Aplexa hypnorum

Snail,
Physa sp.

Cladoceran (<24 hr),
Ceriodaphnia offinis

Cladoceran (36-60 hr),
Ceriodaphnia affinis

Cladoceran (84-108 hr),

Ceriodaphnia affinis

Cladoceran {72-120 hr),

Ceriodaphnia affinis

Method®

Table 1. Acute Toxicity of Selenium to Aquatic Animals

Chemical

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

“crdnes§
(mg/L as
CoCOS)_

FRESHWATER SPECIES

Selenium(1V)

49.3
50.6
49 . 8
45.7
100.8"
100.8
100.8

100.8

LC50
or EC50

( [l]b

1,700
203,000
53,000
23,000
24,100
600
720
640

<480

Species MWean
Acute Value

{ug/L)

1,700

203,000

34,910

24,100

<603.6

Reference

Brooke et al.

Brooke et al.

Brooke et al.

Brooke et al.

Reading 1979

1985

1985

1985

1985

Owsiey 1984, Owsley
and McCaouley 1986

Owsley 1984

Owsley 1984

Owsley 1984
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Toble 1. (continued)

Species

Cladoceran,
Daphnig magne

Cladoceraon,

Daphaig magqno

Clodoc?ron,
Daphnia magqna

Cladoceran,
Daphnia maqna

Cladoceran (<24 hr),
Daphnia magna

Cladoceran (<24 hr}),
Daphnia magqna

Cladoceran (<24 hr),
Dophnia magna

Cladoceran,
Daphnie magna

Claodoceran,
Daphnia pulex

Method® Chemical

s, U Sodium
selenitle

s, v Selenious

. .C

ocid

S, M Sodium
selenite

S. M Sodium
selenite

S, U Sodium
selenite

S, v Sodium
selenite

s, VU Sodium
selenite

S, M Selenious
acid

S, M Sodium
selenite

Hardness
(mg/L os
CaCO;)
214
72

129.5

138

40

280

220

46.4

LC50
or EC50

2,500

430

1,100

450

25

870

2,370

1,220

3,870

Species Mean
Acute Value

{uqft})

Reference

855.8

3,870

8ringmann and Kuhn
1959¢

LeBlanc 1980
Qunbar et af. 1983
Boyum 1984

Adams and Heidolph
1985

Mayer and Ellersieck
1986

Mayer and Ellersieck
1986

Kimball, Manuscript

Reading 1979; Reading
and Buikema 1983
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Table 1. (continued)

Species

Amphipod (eodult),
Gammarus pseudolimnaeus

Amphipod (odult),
Gammarus pseudolimnaeus

~Amphipod,

Hyolello ozteco

Midge,
Chironomus plumosus

Midge,

Chironomus plumosus

Midge,
Tanytarsus dissimilis

Rainbow trout,
Salmo gqairdneri

Rainbow trout,
Salmo gairdneri

Rainbow trout,
Salmo goirdneri

Rainbow trout,
Salmo gairdneri

Rainbow trout,
Salmo gqairdneri

Method?
S, M
s, W
("
S, U
s, U
"
s, U
S, U
s, ¥
F, M
F, M

Chemical

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Selenium
dioxide

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Hardness
(mg/L as
CaC0;)
48.3
53.6

329
39
280
8.0
330
330
272

30

135

LCSO
or ECS50

4,300

1,700

Jao

24,150

27,850

42,500

4,500

4,200

1,800

12,500

8,800

Species Meaa
Acute Value

(pa/L)

2,704

340

25,930

42,500

10,490

Reference

Brooke et al. 1985
Brooke 1987

Holter et al. 1980
Mayer and Ellersieck

1986

Mayer and Ellersieck
1986

Call et ol. 1983
Adams 1976

Adams 1976

Hunn et al. 1987
Goettl and Davies

1976

Hodson et al. 1980
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Table 1. (continued)

Species

Brook trout (adult),
Salvelinus fontinalis

Goldfish,
Corossius guratus

Common carp,
Cyprinus carpio

Fathead minnow,
Pimephales promelas

Fathead minnow,
Pimephales promelas

fFathead minnow,
Pimephales promelas

Fathead minnow,
Pimephales promelas

fathead minnow,
Pimephales promelas

Fathead minnow,
Pimephales promelas

fathead minnow (30 days),

Pimephales promelas

Method®
F. M
f. h
R, U
S, U
S. U
S. v
S,V
S, U
S, U
S, M

Chemical

Selenium
dioxide

Selenium
dioxide

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
Selenite

Sodium
selenite

Hardaess
(mg/L as
C¢C031~

157

157

32
{13°%c)

32
(13°C)

303
(20°c)

303
(20°C)

292
(25°C)

292
(25°¢C)

511

LCSD
or £ECS0

( [L]b
10,200
26,100
35,000
10,500
11,300

6,000
7,400
3.400

2,200

1,700

Species Mean
Acute Value

—Apaft)
10,200

26,100

35,000

Reference

Cardwell et ol.
1976a,b

Cardwell et al.

t976a,b

Sato et al. 1980

Adams 1976

Adams 1976

Adoms 1976

Adams 1976

Adoms 1976

Adams 1976

Brooke et al. 1985
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Table 1. (continued)

Species

fathead minnow (juvenile),
Pimephales promelas

Fathead minnow (fry),
Pimephales promelas

fathead minnow {juvenile),
Pimephales promelas

fathead minnow,
Pimephales promelas

Fathead minnow,
Pimephales promelas

White sucker,

Caotostomus commersoni

White sucker,
Catostomus commersoni

Striped bass {63 days),
Morone saxatilis

Striped bass {63 days},
Morone saxatilis

Channel catfish (juvenile),

lctalurus punctatus

Nethod?
s, U
"
("
F, M,
"
F, M
F, M
S, U
s, U
S, M

Chemical

Sodium
selenite

Selenium
dioxide

Selenium
dioxide

Selenious
acid

Selenious
acid

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Horduessv

(mg/L as
€aC0;)
40
157
157
220

220

10.2

40

285

49.8

LCS50
or EC50

7.760

2,100

5,200

620

970

29,000

31,400

1,325

2,400

16,000

Species Mean
Acute Value

{peft)

1,601

30,180

1,783

Reference

Mayer and Ellersieck
1986

Cardwell et al.
1976a,b

Cardwell et al.
1976a,b

Kimball,
Manuscript

Kimball,
Manuscript

Klaverkamp et al.
1983a

Duncan and
Klaverkamp 1983
Palaowski et al. 1985

Palawski et al. 1985

Brooke et al. 1985



Sy

Table 1. {contiaued)

Species

Channel cotfish (juvenile), S, U

Ictalurus punctatus

Channel catfish,
Ictalurus punctatus

Flagfish,
Jordanella floridae

Mosquitofish,
Gambusia affinis

Bluegill (juvenile),
Lepomis macrochirus

Bluegill,
Lepomis macrochirus

Yellow perch,
Perca flavescens

Hydra (adult),
Hydra sp.

Leech {adult}),
Nephelopsis obscura

_gthod° Chemical
Sodium
selenite

F, Selenium
dioxide
F, Selenium
dioxide
S, Sodium
selenite
S, Sodium
selenite
f, Selenium
dioxide
F, Sodium
selenite
S, Sodium
selenate
S, Sodium
selenate

Hardaess LCs50 Species Mean
(mg/L s or £C52 Acute Value
CaC0,) (uq/1) (ugfL)

41 E 4,110 -
157 13,600 13,600
157 . 6,500 6,500
45.7 12,600 12,600
30.5 12,000 -
157 28,500 28,500
10.2 1,700° 11,700
Selenium{VI
53.6 7,300 7,300
49.3 442 000 442,000

Reference

Mayer and Eflersieck
1986

Cardwell eof al.
1976a,b

Cardwell et al.
1976a,b

Reading 1979

Brooke et al. 19895

Cardwell et al.

1976a,b

Klaverkamp et al.
19834

Brooke et al. 1985

Brooke et al. 1985
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Toable 1. (continued)

Species

Snail,

Aplexa hypnorum

Clodoceran,
Daphnia magna

Cladoceran,
Daphnia maqena

Cladoceran,
Daphnia magna

Cladoceran,

Daphnia puliceria

Amphipod (edult),
Cammarus pseudolimnaeus

Amphipod {adult),
Gammarus pseudolimnaoeus

Amphipod,

Hyalella azteca

Midge (3rd instar),

. Paratanytarsus
parthenogeneticus

Rainbow trout (juvenile),
Salmo qairdneri

Rainbow trout,
Salmo qairdneri

Nethod® Chemical

S. N Sodium
selenate

s, M Sodium
selenate

S, M Sodium
. selenate

S, M Sodium
selenate

S, M Sodium
selenate

S, M Sodium
selenate

S, M Sodium
selenate

F, U Sodium
selenate

S, M Sodium
selenate

S, N Sodium
selenate

F, M Sodium
selenate

Hardaess
(wmg/L as
€oC0;)
51.0
129.5
138
48 .|
138
46.1
51.0

336.8

49 4

51.0

45

LC50
or £C50
{uefr)®
193,000
5,300
1,010
570

246

75

57

760

20,000

24,000

47,000

Species Mean
Acute Value

—Apaft)

193,000

1,450

246

65.38

760

20, 000

47,000

Reference

Brooke et al.

Dunbar et al.

Boyum 1984

Brooke et al.

Boyum 1984

Brooke et al.

Brooke 1987

Adams 1976

Brooke et al.

Brooke et al.

Spehar 1986

1985

1983

1985

1985

1985

1985
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Toble §I. (continued)

Sgecie;

Fathead minnow,
Pimephales promeles

Fathead minnow,
Pimephales promejes

Fathead minnow,
Pimephales promeles

fathead minnow {juvenile),

Pimephales promelas

fathead minnow,
Pimephales promelgs

Chaonnel catfish
{juvenile),
lctalurus puactatus

Bluegill (juvenile),
Lepomis macrochirus

Method®

s, U
s, 0
S, U
S, M
"
S, M
S, M

Chemical

Sodium
selengte

Sodium
selenate

Sodium
selenate

Sodium
selenate

Sodium
selenate

Sodium

selencote

Sodium
selenate

Horduess.
(mg/L as
CaCO,}

—=3

323

323

323
47.9
46

51.0

50.4

LCS0
or ECS0

( [L]b
11,800
11,000
12,500

2,300

5,500

66,000

63,000

Species Mean
Acute Value

— (ugft)

5,500

66,000

63,000

Refereace

Adams 1976

Adams 1976

Adoms 1976

Brooke et al.

Spehar 1986

Brooke et al.

Brooke et al.

1985

1985

1985
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Table §. (continued)

Species

Blue mussel (embryo),
Mytilus edulis

Pacific oyster {embryo),
Crassostreo gigas

Pacific oyster (embryo),
Crassostrea giqos

Copepod (adult),
Acartia clausi

Copepod (adult),
Acartia tonsa

Mysid (juvenile},
Mysidopsis bahia

Mysid (juvenile),
Mysidopsis bahia

Brown shrimp (juvenile),
Penaeus aztecus

Dungeness crab (zoea 1),
Concer magister

Method®

Chemical

Selenium
oxide

Selenium
oxide

Sodium
selenite

Selenious
acid

Selenious
acid

Selenious
acid

Selenious
acid

Sodium
selenite

Selenium
oxide

Salinity

Aafte)

SALTWATER SPECLES

Seleniu-]lVl

33.79
33.79
33;79,
30

30

15-20
30

33.79

LCSO
or EC50

>10,000

>10,000

>10,000

2,110

839

600

1,500

1,200

1,040

Species Mean
Acute Value

—lpafrt)

>10,000

>10,000

2,110

839

1,500

1,200

1,040

Reference

Mortin et al. 1981
Glickstein 1978;
Mortin et al. 1981
Glickstein 1978
Lussier 1986
Lussier 1986

U.S. EPA 1978
Ward et al. 1981

Ward et al. 1981

Glickstein 1978
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Table 1. (continued)

Species

Blue crab (juvenile),
Collinectes sapidus

Haddock {larva),
Melanogrammus ageqleflinus

Sheepshead minnow
(juvenile),
Cyrinodon variegotus

Sheepshead minnow
{juvenile),
Cyrinodon varieqatus

Atlantic silverside
{juvenile),
Menidia menidia

Fourspine stickleback
(odult),
Apeltes quadracus

Striped bass,
Morone saxatilis

Pinfish (juvenile),
Lagodon rhomboides

Summer flounder (embryo},
Paralichthys dentatus

Sodium
selenite

Selenious
acid

Selenious

acid

Sodium
selenite

Seleniaus
acid

Selenious
acid

Sodium
selenite

Sodium
selenite

Selenious
acid

Salinity

(q/kq)

30

30

30

30

30

30

30.2

LC50
or EC50

4,600

599

6,700

7,400

9,725

17,350

1,550

4,400

3,497

Species Mean
Acute Value

{paft)

4,600

599

7,400

9,725

17,350

t,550

4,400

3,497

Reference

Ward et al. 1981

Cardin 1986

Heitmuller et al.
1981

Ward et al. 198!

Cardin 1986

Cardin 1986

Palawski et al.
1985

Ward et al 1981

Cardin 1986
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Table 1. (continued)

LCS50 Species Mean

Salinity or EC50 Acute Value
Species Method’ Chemical {qfkq) ]gg[llb {ugft) Reference
Winter (lounder (larva), S, v Selenious 30 : 14,240 - ‘Cardin 1986
Pseudopleuronectes acid .
americanys
Winter flounder (larva), S, U Selenious 28 15,070 14,650 Cardin 1986
Pseudopleuronectes acid
americanus

Selenium{VI}
Striped bass (prolervae), F M Sodium 3.5-4.2 9,790 - Klauda 1985
Morone saxatilis selenate
Striped boss (juvenile), F.M Sodium 6.0-6.5 85,840 9,790 Klauda 1985
Morone saxatilis selenate
a

S = Static; R = Renewal; F = Flow-through; M = Measured, U = Unmessured.

b Concentration of selenium, not the chemical.

a

Reported by Barrows et al. (1980) in work performed in the same laboratory under the same contract.

From Smith et al. (1976).

Calculated from regression equation.

..

f Not used in colculation of Species Meon Acute Value because data are available Tor a more sensitive life stoge.
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Species

Cladoceran,
Daphnia magna

Cladoceran,
Daphnia magqna

Cladoceran,
Daphnia pulex

Rainbow trout,
Salmo qairdneri

Rainbow trout,
Salmo qairdneri

Fathead minnow,
Pimephales promeias

Cladoceran,
Daphnia magna

Rainbow trout,
Salmo qairdneri

Fathead minnow,
Pimephales promelas

Yable 2.

Test® Chemical
LC Sodium
selenite
tc Selenious
acid
LC Sodium
selenite
ELS Sodium
selenite
ELS Sodium
selenite
ELS Selenious
acid
LC Sodium
selenate
ELS Sodium
selenate
ELS Sodium
selenote

Hardness Chronic
(mg/L as - Iiniisb
c«coxl_ {pqfL)

FRESHWATER SPECIES

Seleniu-llV!

240-310 | 110-237
220¢ 70-120
46.4 " 500-800
30 60-130
135 Y Ta
220° | 83-153

Seleniun]Vll

129.5 1,730-2,310
45 2,200-3,800

45-47 390-820

Chromic Toxicity of Selenium to Aquatic Animals

Chronic Vpluo

_Apaft)

161.5

91.65

692.8

88.32

>47

112.7

1,999

2,891

565.5

Reference

Adams and Heidoiph 1985

Kimboll, Manuscript

Reading 1979; Reading

ond Buikema 1983

Goett! and Davies
1977

Hodson et al. 1980

Kimball, Manuscript

Dunbar et al.

1983
Spehar 1986
Spehar 1986



49

Table 2. (contiaued)
Species

Mysid, Le
Mysidopsis bahia

Sheepshead minnow, ELS

Cyprinodon varieqatus

Chemical

Selenious
acid

Sodium
selenite

Chroaic
Salinity limits
N (ug/1)®

SALTWATER SPECIES

Selenium(1V})

26 : 140-32Q,

27 470-970

Chronic Vc]uo

(paft)

1.7

675.2

Reference

U.S. EPA 1978; Ward
et al. 1981

Word et al. 1981

% Le = life-cycle or partial life-cycle; ELS = early life-stage.

b Measured concentrations of selenium.

€ From Smith et al. (1976).

d None of the tested concentrations caused effects that were considered unacceptable.

Species

Cladoceran,

Daphnia magna

Cladoceran,

Daphnia pulex

Acute-Chronic Ratio

Haordness :
{mg/L as Acute Value

CoCOJL_ {uq/L)
Seleniuu[lVI

220 1,220

46.4 3,870

Chronic Value

(uqfL)

91 .65 !

692.8

atio

3.3

5.586
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Table 2. (continued)

Hardness

{mg/L @s Acute Value
Species CaC0y) {ugft)
Roinbow trout, 30 12,500
Solmo gairdneri
Rainbow trout, 135 8,800
Salmo gairdneri .
Fathead minnow, 220 775.5°
Pimephales promelas
Mysid, 26° 1,500
Mysidopsis bahio :
Sheepshead minnow, 27b 7.400

Cyprinodon variegatus

Selenium{VI})

Cladoceran, 129.5 5,300
Daphnic magna

Rainbow trout, 45 47,000
Salmo goirdneri )

.

Fathead minnow, 45-47 5,500
Pimephales promelas

Chroaic Yalue

— {pqfr)

88.32

>47

2.7

2117

675.2

1,999

2,891

565.5

Ratio

141.5

<187.2

6.881

7.085

10.96

2.651

16.26

9.726

9 Geometric mean of two values in Table f.

b Salinity {g/kg). not hardness.



29

Table 3.

Raank®

22

2t

20

Genus Mean
Acute Value

(ugqfL)

]

203,000

42,500

35,000

34,910

30,180

28,500

26,100

25,930

24,100

Species Mean
Acute Value

Species ]gg[llb

FRESHWATER SPECIES

Selenium{1V)

Leech, 203,000
Nephelopsis obscuro

Midge, ‘ 42,500
Tanytarsus dissimilis

Common carp, 35,000
Cyprinus carpio

Snail, ' 34,910
Aplexa hypnorum

White sucker, 30,180
Cotostomus commersoni

Bluegill, 28,500
Lepomis macrochirus

Goldfish, 26 100
Carassius quratus-

Midge, 25,930
Chironomus plumosys

Snail, ) 24,100
Physa sp.

Roaked Genus Meaa Acute Values with Species Mean Acute-Chromic Ratios

Species Mean
Acute-Chronic
Ratio®
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Table 3. (continued)
Geaus Mean
Acute Value
Rank® _{pqfL})
13 13,600
12 * 12,600
1 11,700
i 10,490
9 10,200
8 6,500
7 2,704
6 1,820
5 1,783

Species Mean
Acute Value

Species ‘gg[llb

Channel cotfish, 13,600
lctalurus punctotus

Mosquitofish, 12,600
Gambusia offinis

Yellow perch, 11,700
Perca flavescens

Rainbow trout, 10,490
Salmo goirdneri

Brook trout, 10,200
Salvelinus fontinalis

Flagfish, ) 6,500
Jordonella floridae

Amphipod, 2,704
Gammaruys pseudolimngeus

Clodoceran, 855.8
Daphnio magna

Clodoceran, . 3,870
Daphnia pulex

Striped bass, 1,783
Morone saxatilis

Species lNean
Acute-Chronic
_Ratio®

141.5

13.31

9.586
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Table 3. (continued)

Genus Mean Species Mean Species Meaa
Acute Value ’ Acute Value Acute-Chronic
Ronk® (uaftL) Species {pafr)® Ratio®
4 1,700 Hydro, 1,700 -
Hydra sp.
3 1,601 Fathead minnow, 1,601 6.381

Pimephales promelas

2 <603.6 Cladoceran, . <603.6 -
Ceriodaphnio aflinis

| 340 Amphipod, 340 -
Hyolella azteca

Seleniu;]VIl

i 442,000 Leech, ’ 442,000 -
Nephelopsis obscura

10 193,000 Snail, 193,000 -
Aplexa hypnorum

9 66,000 Channel catfish, 66,000 -
lctalurus punctatus

8 63,000 Bluegill, 63,000 -
Lepomis macrachirus

7 47,000 Rainbow trout, : 47,000 16.26
Salmo gairdneri
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Table 3.

(continued)

Genus UHean
Acute Value

{pq/L)

20,000

7,300

5,500

760

597.2

65.38

Species

Midge,

Paratanytarsus
parthenogeneticus

Hydra,
Hydro sp.

Fathead minnow,
Pimephales promelas

Amphipod,
Hyalellg azteca

Cladoceron,
Daphaig magna

Cladoceran,
Daphnig pulicaria-

Amphipod,
Gammarus pseudol imnaeus

Species Meon
Acute Value

( [l]b
20,000

- 7,300
5,500
760
1,450
246

65.38

Species Mean
Acute-Chronic
Ratio®

9.726

2.651
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Table 3. (continued)

Genus Mean Species Mean Species Mean
Acute Value ‘ Acute Value Acute-Chronic
Rank® (pg/L) _Species : ]gg[l)b Ratio®

SALTWATER SPECIES

Selenium {1V}

15 17,350 fourspine stickleback, 17,350 -
Apeltes quadracus

14 14,650 Winter flounder, 14,650 -
Pseudopleuronectes

omericanus

13 >10, 000 Blue mussel, >10, 000 -
Mytilus edulis

12 >10,000 Pacific oyster, >10,000 -
Crassostreo qigas

B 9,725 Atlantic silverside, 9,725 -
Menidic menidia

10 7,400 Sheepshead minnow, 7,400 10.96
Cyprinodon variegqatus

9 4,600 Blue crab, 4,600 -
Colligecfes sapidus

8 4,400 Pinfish, , 4,400 -
Lagodon rhomboides
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Table 3. (coatinued)

Genus Mean
Acute Value

Rank? (uqfL)

7 3,497
6 " 1,550
5 1,500
4 1,330
3 1,200
2 1,040
! 599

Species Mean
Acute Value

Species Mean
Acute-Chronic

Species ngll)b " Ratio®
Summer flounder, 3,497 -
Paralichthys dentatus

Striped bass, t,550 -
Morone saxotilis

Mysid, 1,500 7.085

Mysidopsis bahia

Copepod, 2,110

Acartio clausi

Copepod, : 839

Acartia tonsa

Brown shrimp, 1,200
Penoeus aztecus

Dungeness crab, t,040
Cancer magister

Haddock, 599
Melanoqrammus aeqlefinus

b

<

Ranked from most resistant to most sensitive based on Genus Mean Acute Value.
Inctusion of "greater thon" and "less than" values does not necessarily imply a true
~ ranking, but does allow use of all geﬂero for which data are available so that the
final Acute Value is not unnecessarily lowvered.

From Table .

from Tabie 2.
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Table 3. (continued)

Selenium(1V)

Fresh water
Final Acute Value = 371.8 ug/L
Criterion Maximum Concentration = (371.8 pug/L) / 2 = 185.9 ug/L

final Acute-Chronic Ratio = 8.314 (see text)

Final Chronic Value

(371.8 pgfL) [ 8.314 = 44.72 pg/L

Final Chronic Value = 27.6 ug/L (lowered to protect rainbow trout; see text)

Salt water
Final Acute Value = 587.7 ug/L
Criterion Moximum Concentration = (587.7 ugfL) [/ 2 = 293.8 ug/L
Final Acute-Chronic Ratio = é.JlA {see text)

Final Chronic Value = (587.7 ugfL) / 8.314 = 70.69 pg/L

Selenium{Vl

fresh water
Final Acute Value = 25.65 pg/L
Criterion Moximum Concentration = (25.65 pg/L) [ 2 = 12.82 ug/L
Final Acute-Chronic Ratio = 2.651 (see text)

Final Chronic Value = (25.65 ug/L) / 2.651 = 9.676 pug/L
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Table 4. Toxicity of Selenium to Aquatic Plants

Hardness _
(mg/L as Duration Concentration
Species Chemical CqCOsl_ {days) Effect ]gg[l[c Reference
FRESHWATER SPECIES
) Selenium{1V)
Green alga, Sodium - 90-120 Reduced 5,480 De Jong 1965
Chlorellq vulgqaris selenite growth
Green alga, Sodium - T4 Reduced 24,000 Moede et ol . 1980
Scenedesmus dimorphus selenite . growth
Green alga, Sodium - 8 Incipient 522 Bringmann and Kuhn
Scenedesmus quodricauda selenite inhibition 1977a;1978a,b;1979;
' 1980b
Green alga, Sodium - 8 Incipient 2,500 Bringmann and Kuhn
Scenedesmus guadricauda selenite inhibition 1959a
Blue-green alga, Sodium - 8 Incipient 9,400 Bringmann and Kuhn
Microcystis aeruqinisa selenite ' inhibition (9,300} 1976:1978a,b
Blue-green alga, Sodium - 14 .+ Reduced 24,000 Moede et al. 1980
Anabgena cylindrica selenite growth
Blue-green alga, Sodium - 6-18 LCS50 |5.000b Kumar and Prakash
Anaboena variabilis selenite 19714
Blue-green ofgqa, Sodium - (0-18 Les0 30, pog® Kumar and Prakash
Anacystis nidulans selenite 1971
Green alga, Sodium - 4 £CSO 2,900 Richter 1982

Selenastrum capricornutum selenite
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Table 4. (continued)

Hardness

(mg/L as Duration’ Concentration
Species Chemical CaCO;) {days) . Effect (pg/L)° Reference
Alga, ' - - 15 Reduced 5,920 Barioud and Mestre
fugqlena gracilis : growth 1984
Duckweed, ' - - 4 £cs0 2,400 Wang 1986
Lemna minor “

Selenium{Vl

Blue-green alga, Sodium - 14 Reduced 22,100 Moede et a). 1980
Angboena cylindrico selenate growth
Biue-green alga, Sodium - 14 Reduced 10,000 ' Vocke et al. 1980
Microcoleus vaqinatus selenate growth
Green alga, Sodium - 14 Did not re- 10 Vocke et al. 1980
Ankistrodesmus : selenate duce growth
falcatus
Green alga, Sodium - 14 Reduced 22,100 Moede et al. 1980
Scenedesmus selenate growth
dimorphus
Green alga, Sodium - i 4 Reduced - 100 Vocke et al. 1980
Scenedesmus selenate growth
gbliquus
Green alga, Sodium - 14 Reduced 300 Vocke et al. 1980
Selenastrum selenate i growth

capricornutum
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Toble 4. (continued)

Species

Green alga,
Selenastrum

capricornutum

Blue-green alga,
Angcystis nidulans

Blue-green alga,
Anabaena viriabilis

Diatom,
Skeletonema costotum

Dinoflagellate,
Peridinopsis borgei

Chemical

Sodium
selenate

)

Sodium
selenate

Sodium
selenate

Selenious
. €
acid

Selenium
oxide

Hardness
{mg/L as

CcCOsl_ .

Duratios Conceatration
{doys) Effect — {ugf1)®
4 £CS0 199
6-18 £CS50 39, 000®
10-18 £C50 17, 000°

SALTWATER SPECIES

Seleng§u‘VIl

4 £€50 (reduction 7,930
in chlorophyll a)

70-75 Maximum 0.01-0.05
growth

Reference

Richter 1982

Kumar and Prokash
1971

Kumar and Prakash
1971

U.S. EPA 1978

Lindstrom 1985

9 Concentration of selenium, not the chemical.

b Estimated from published groph.

¢ Reported by Barrows et al. (1980) in work performed under the same contract.
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Species

Rainbow trout,
Salmo gqairdneri

Rainbow trout,
Salmo qairdaeri

Rainbow trout (embryo),
Salmo gairdneri

fathead minnow,
Pimephales promelas

fathead minnow,
Pimephales promelas

Bluegill,
Lepomis macrochirus

Bluegill,
Lepomis macrochirus

Largemouth bass,
Micropterus salmoides

Table S.
Hardness
{wgfL as
Chemical CoCOSI_
Sodium 325
selenite
Sodium 325
selenite
Sodium 135
selenite
Sodium 320-360
selenite
Sodium 320-360
selenite
Selenious -
acid
Sodium 25
selenite 25
200
200
Sodium 25
selenite 25
200
200

Concentration

in Water (gg[llo

FRESHWATER SPECIES

Bioaccumulation of Selenium by Aquatic Organisms

Selenium(1V)

10
10
10
10

10 -

10
10
10

Duration 8CF or
(days) Tissue sar®
48 Muscle 2
48 Whole body  10°

308 Whole body 8
{post hatch) (estimate)
96 Muscle t1.6
96 Whole body 17.6
28 Whole body 20
120 Whole body 450
120 Whole body 470
120 Whole body 430
120 Whole body 460
120 Whote body 310
120 Whole body 300
120 Whole body 300
120 Whole body 270

Reference

Adams 1976

Adams 1976

Hodson et al.

1980

Adams 1976

Adams 1976

Barrows et al.

1980

Lemly 1982

Lemly 1982
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Toble 5. (continued)

Species Chemical
Fathead minnow Sodium
(6-9 mo), selenate

Pimephales promelas

fathead minnow Sadium
(6-9 mo), selenate
Pimephales promelas

Fathead minnow Sodium
{6-9 mo), selenate
Pimephales promelas

Cuphousiid {adult), Sodium
Meganyctiphanes norvegica selenite
Cuphausiid (adult), Sodium
Neqonyctiphanes norvegica selenite
Shore crab (odult), Sodium
Carcinus maenas selenite
Shore crab (adult), Sodium
Carcinus maenas selenite
Shore crab (adult), Sodium

Carcinus maenas selenite

Hardness
(mg/L as
CaC0y)

Concentration

ian Water ]gg[tl“

Selenium VI

10.7

43 .5

SALTWATER SPECIES

Selenium{1V)

250
250

250

Duration .
{days) Tissue
56 Whoile

body
56 Whole
body
56 Whole
body
28 Whole
animal
28 Whole
animal
29 Giltl
29 Hepato-
pancreas
29 Muscle

BCF or
par?

52

26

21

200

sog®

14.40

4. 080' 9

2 880l 9

f

Refereace

Bertram and Brooks
1986

Bertrom and Brooks
1986

Bertram and Brooks

1986

Fowler and Benayoun
1976¢

fowler and Benayoun
1976¢
Bjerregaard 1982

Bjerregaard 1982

Bjerregaard 1982
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Table 5. (continued)

Species

Striped bass
(juvenile, fed),
Morone saxatilis

Striped bass
(juvenile, starved),
Morone soxafilis

Striped bass
(juvenile, fed),
Marone saxatilis

Striped bass
(juvenile, starved),
Morone saxatilis

Seienium VI

Salinity Concentration

Chemical {q/kq) in Water {uqft)°®
Sodium - S0
s.lenote

Sodium - 90
selenate

Sodium - 1,290
selenate

Sodium - 1,290

selenate

Duration

(dn!sl

60

60

60

60

BCF or
Tissue gar®
Whole No Increase
body
Whole 11.78
body
Whole D.68
body
Whole 0.69
body

Refereace

Kiguda 1985

Klquda {985

Klauda 1985

Kauda 1985

and in tissue.

foctor was converted from dry weight to wet weight basis (see Guidelines).

“w

Estimated from graph.

Measured concentraotion of selenium.

Includes uptake from food.

Concentration of selenium was the same in exposed and control animals.

Bioconcentration factors {BCFs) and bioaccumulation factors (BAFs) are based on measured concentrations of selenium in water

Calculated by dividing the reported equilibrium concentration in tissue (steady-state body burden) by the everage measured
concentration in water.
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Species

Green alga,
Scenedesmus quadricauda

Green alga,
Selenostrum capricornutum

Green algo,
Selenastrum capricornutum

Green alga,
Selenastrum capricornutum

Alga,
Chrysochromulina

breviturrita

Algae (diatoms),
Mixed population

Bacterium,
Escherichia coli

Bacterium,
Pseudomonus putida

Table 6.

Chemical

’

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Selenious
acid
Sodium

selenite

Sodium
selenite

Sodium
selenite

Other Data on Effects of Selenium on Aquatic Organisas

Hardness
(mg/L as
c«cosl_

Durotion

FRESHWATER SPECIES

Selenium{1V)

96

72

72

72

30

hr

hr

hr
hr

days

days

hr

Conceatration

Effect (ugfL)°

Incipient inhi- 2,500
bition (river

water)

Decreased dry 75

weight ond
chlorophyll a

BCF = 12-21° 16-100
BCF = 11,164° 150

Increased 320

growth

Inhibited 11,000

growth

Incipient 90, 000

inhibition

Incipient 11,400
inhibition (11,200)

Reference

Bringmann and Kuhn
1959q,b

foe and Knight,
Manuscript

foe and Knight,
Manuscript

foe and Knight,
Manuscript

Wehr and Brown 1985

Patrick et al. 1975

Bringmann and Kuhn
19590

Bringmann and Kuhn
1976;,1977a,1979;1980b
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Toble 6.

Species

Protozoan,
Entosiphon

continued)

sulcatum

Protozoan,

Microreqma heterostoma

Protozoan,
Chilomonas

paramecium

Protozoan,

Uronemo parduezi

Snail,

Lymnaea staqnalis

Cladoceran,

Daphnia maqne

Cladoceran,

Daphnia magna

Cladoceran,

Daphnia magng

Cladoceran,

Daphnig magna

Chemical

Hardness

(mg/L as
CaCOll.

Sodium
selenite

]

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sedium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

214

214

329

72

28

48

20

7.5

48

24

24

48
96
14

Duration

hr

hr

hr

hr

days

hr

hr

hr

hr
hr
days

Effect

Incipient
inhibition

Incipient
inhibition

Incipient
inhibition

Incipient
inhibition

L7150
€CSO (river
water)

LCsSo

€Cs0
(swimming)

£Cs0
(fed)

Concentration

—Apa))?
|8
(1.9)
183,000
62
118
J.000

2,500

16,000

no
430
430

Reference
Bringmann 1978;
Bringmann and Kuhn

1979;1980b; 1981

Bringmann and Kuhn
1959b

Bringmonn and Kuhn 1981,
Bringmann et al. 1980

Bringmann and Kuhn
1980q; 1981

Van Puymbroeck et al.
1982

Bringmann ond Kuhn
195%q,b

Bringmann and Kuhn
1977a

Bringmann and Kuhn
1977b

Halter et al. 1980
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Table 6. (continued)

Species

Cladoceran (<24 hr),
Daphnia magna

Cladoceran,
Daphnia magna

Ostracod,
Cyclocypris sp.

Amphipod,
Hyalella azteco

Coho salmon (fry),
Oncorhynchus kisutch

Rainbow trout (fry),
Salmo qairdneri

Rainbow trout (fry),
Salmo qairdneri

Rainbow trout,
Salmo gqairdneri

Rainbow trout,
Salmo qairdneri

Rainbow trout,
Salmo gqairdneri

Chemical

Sodium
selenite

Selenious
acid

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenite

Hardness

(mg/L as

_tac05)
220
100.8
329
325
334
334
330

325

325

Duration

48
21

48

48

43

21

48

96

hr
days
hr
hr
days

days

days

doysl

days

days

days

£cso
{fed)

LCSO
(fed)

LCS50

LC50
{fed)
LCSO
LCS0
Reduced
growth
LCS50

Lcse

LC50

Conceatration

— lugf1)?
685
160
1,200
130,000
70
160
460
250
2,700
2,750

500

280

Reference

Adams and Heidolph

1985

Kimball, Manuscript

Owsley 1984

Halter et al. 1980

Adams 1976

Adams 1976

Adams 1976

Adoms 1976

Adams 1976

Adems 1976
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Table 6. (continued)

Species

Rainbow trout,
Salmo gairdneri

Rainbow trout,
Salmo qairdneri

Rainbow trout,

Salmo gairdneri

Rainbow trout,
Salmo gairdperi

Rainbow trout,
Salmo qairdneri

Rainbow trout (embryo),
Salmo qairdneri

Rainbow trout,
Salmo qairdneri

Northern pike,
Esox lucius

Goldfish,
Cargssius aurotus

Chemical

Sodium
selenite
SSdium
selenite

Sodium
selenite

Sodium
selenite
Sodium
selenite
Sodium
selenite
Sodium

selenite

Sodium
selenite

Selenium
dioxide

Hardaess

(mg/L as

CaC0;)
135
135

135

135

135

272

10.2

157

9

96

96

4\

50

120

90

76

Duration

doys
hr
days

hr
days

days

wk

hr

days
hr

days

LC50
(fed)

LCSO
(fed)

Reduced
hatch of eyed

embryos

Decreased iron
in blood

Did not reduce
survival or

time to hatch

LC50

LC50

LCSO

Conceatration

( [llﬁ

7,020

53

10,000

55.2°%

11,100

6,300

Reference

Hodson et al. 1980

Hodson et al. 1980

Hodson et al. 1980

Hodson et al. 1980

Hodson et al. 1980

Kiaverkamp et al.
1983b

Hunn et al. 1987

Klaverkamp et al.
1983a

Cardwell et al.
1976a,b



‘1L

Table 6. (continued)

Species

Goldlish,
Carassius auratus

Goldfish,
Corassius auratus

Goldfish,
Cargssius auratus

Goldfish,

‘Carassius auratus

Goldfish,
Carassius auratus

Fathead minnow,
Pimephales promelas

Fathead minnow,

Pimephales promelas

fathead minnow,
Pimephales promelas

Fathead minnow,
Pimephales promelos

Fathead minnow,
Pimephales promelas

Chemicol

Sodium
selenite

Sodium
selenite
Selenium
dioxide

Selenium
dioxide

Sodium
selenate

Sodium
selenate

Selenium
dioxide

Sodium
selenite

Sodium
selenite

Selenious
acid

Hardaess
(mg/L as
CoCOSI_

338

157

329

329

220

Duration

10 days

46 days

7 days
48 hr

24 hr

48 déys
9 days
96 hr

14 days

8 days

Effect

Mortality

Gradual
anorexia and
mortality

LCs0

Conditional
ovoidance

1.42
1.15
1.47
0.88
1.54

BCF
BCF
8CF
BCF
BCF

LC50
LC5G6
LCS0

(fed)

LC50
(fed)

LCS50
(fed)

Concep'rciiou

S 17 V18

5,000

2,000

12,000

250

1,100

2,160

1,000

600

420

» oo - 00

.45

.35

25

Relerence

Ellis 1937; Ellis
et ol. 1937

Ellis et al. 1937

Weir and Hine 1970

Weir and Hine 1970

Sharma and Davis

1980

Adams 1976

Cardwell et al.

1976a,b

Halter et al. 1980

Halter et al. 1980

Kimball, Manuscript
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Table 6. (continued)

Species

Creek chub,
Semotilys atromaculatus

Bluegill,
Lepomis macrochirus

Bluegill,
Lepomis macrochirus

Yellow perch,
Perca flavescens

Africon clawed frog,
Xenopus laevis

African clawed frog,
Xenopus laevis

Alga,
Chrysochromulinag

breviturrita

Snail,
Lymnaea staqnalis

Cladoceran,
Daphnia magna

Chemicaol

Selenium
dioxide
gl
Sodium
selenite

Selenium
dioxide

Sodium
selenite

Sodium
selenite

Sodium
selenite

Sodium
selenate

Sodium
selenate

Hardaess
(mg/L os
CaC0,) Duration
- 48 hr
318 48 days
157 14 days
10.2 10 days
- 7 days
- t-7 days
Selenium(Vl)
- 30 days
- 6 days
129.5 7 days

Conceairation

Effect — wef1)®

Mortality 212,000
LCs0 400
LéSU 12,500
LC50 4,800
LCs0 1,520
Cellular domage 2,000
Increased 50
growth

LTS50 15,000
LCSO (fed) 1,870

Reference

Kim et al. 1977

Adams 1976

Cardwell et al.

1976a,b

Klaverkamp et al.
1983

Browne and Dumont
1979

Browne and Dumont
1980

Wehr and Brown 1985

Van Puymbroeck et al.
1982

Dunbor et ol. 1983
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Table 6. (continued)

Species

Rainbow trout
(embryo, larva),
Saimo gairdneri

Goldfish
(embryo, larva),
Carassius auratus

Fathead minnow,
Pimephales promelas

fathead minnow,
Pimephales promelas

fothead minnow,
Pimephales promelas

fathead minnow,
Pimephales promelas

Channel catfish
(embryo, fry),
lctalurus punctatus

Narrow-mouthed toad
{embryo, larva),
Gastrophryne carolinensis

Chemical

Sodium
selenate

1

Sodium
selenate

Sodium
selenate

Sodium
selenate

Sodium
selengte

Hardness
(mg/L as
CnCOJLP

104
(92-110)

195

337.9

51

90

195

Duration

28 days

7 days

48 days

-30 min

24 br

24 hr

8.5-9 days

7 doys

Concentration

Effect (uafL)®

£C50 (death 5,000
and deformity) (4,180)

(5.170)
ECS0 (death 8,780

and deformity)

LCcso 2,000

No avoidonce 11,200

LCS0 82,000
Reduced thermal 22,200
tolerance

Induced albinism -

EC50 (death and 90
deformity)

Refereace

Birge 1978; Birge and
Black 1977; Birge et al.
1980

Birge 1978

Adoms 1976

Watenpaugh and
Beitinger 1985q

Wotenpaugh and
Beitinger 1985b

Watenpaugh and
Beitinger 1986¢

Westerman and
Birge 1978

Birge 1978; Birge and
Black 1977, Birge et al.
19794
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Table 6. (continued)

Species

Angerobic bacterium,
Methanococcus vannielli

Green alga,

Chlorella sp.

Green alga,
Platymones subcordiformis

Green alga,
Duncgliella primolecta

Diatom,
Thellassiosira gestivalis

Brown alga,
fucus spiralis

Red alga,
Porphyridium cruentum

Salinity ,
Chemical {q/kq) Duration
Sodium - 10 br .
selenite
Sodium 32 14 days
seienite
Sodium 32 14 days
selenite
Sodium 32 20 days
selenite '
Selenium 29-30 72 hr
oxide
Sodium - 60} days
selenite
Sodium 32 27 days
selenite

SALTWATER SPECIES

SelepiuullVl

Stimulated
growth

5-12% increase
in growth

23% increase
in growth

Increased
growth; induced
glutathione
peroxidase

No effect on
cell morphology

13557 increase
in growth
of thalli

Increase
growth; induced
glutathione
peroxidase

Concentration

S V7Y%

79.01

10-10,000

100-10,000

4,600

78.96

2.605

4,600

Reference

Jones and Stadiman
1977
Wheeler et al. 1982

Wheeler et al. 1982

Gennity et al. 19850,b

Thomas et al. 1980q

fries 1982

Gennity et al. 1985a,b
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Toble 6. (continued)

Species

Green alga,
Chlorella sp.

Green alga,
Chlorella sp.

Green alga,
Dunaliella primolecta

Green alga,
Dunaliella primolecta

Green olgo,
Dunaliella primolecta

Green alga,

Platymonas subcordiformis

Green alga,

Platymonas subcordiformis

Green alga,

Platymonas subcordiformis

Chemicol

Sodium
selenate

Sodium
selenate

Sodium
selenate

Sodium

selenate
Sodium
selengte

Sodium
selenate

Sadium
selenate

Sodium
selenate

Salinity

Lafkq)

32

32

32

32

32

32

32

32

Duration

Seleniun]Vll

14 doys
4-5 days

14 days

14 days

4-5 days

14 days

14 days -

14 days

Concentration

No effect on 10-1000
rate ol cell

100X mortality 10,000

Ko effect on 10-100
rate of cell
population growth

71% reduction 1,000
in rate of cell
population growth

100% mortality 10,000

No effect 10
on rate of

cell population

growth

16% decrease 100
ir rate of

celi population

growth

50% decrease in 1,000
rate of cell

population

growth

Reference

Wheeler

Wheeler

Wheeler

Wheeler

Wheeler

Wheeler

Wheeler

Wheeler

ot

et

et

et

et

et

et

et

al.

al.

al .

al.

al .

al .

1982

1982

1982

1982

1982

1982

1982

1982
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Table 6. (continued)

Salinity Concentration
Species Chemical {q/tq) Durotion Effect ]gg[ll‘ Refereace
Green algo, Sodium ' 32 4-5 doys 100% mortality 10,000 Wheeler ot ol. 1982
Platymonas subcordiformis selenate
Brown alga, Sodium’ - 60 days 160% increase 2.605 fries 1982
Fucus spiralis selenate ' in growth

rate of thalli

Red alga, Sodium 32 14 days 23-352 reduction 10-1000 Wheeler et al. 1982
Porphridium cruentum selenate . in rate of cell

population growth

Red alga, Sodium 32 4-5 doys 100X mortality 10,000 Wheeler et ol. 1982

Porphyridium cruentum selenate
tastern oyster (aduit}, Sodium 34 14 days No significant 400 fowler et al. 1981
Crassostreg virginica selenate effect on respir-

ation rate of qill

tissue
Striped bass (embryo), Sodium 7.2-7.5 4 days 93X successful 200, 000 Klauda 1985
Morone saxatilis selenate hatch and

' survive

Striped bass (larva), Sodium 4.0-5.0 4 doys ' LCS0 (control 13,020 Klaudo 1985
Morone saxgtilis selenate survival=77%)
Striped bass (juvenile), Sodium 3.5-5.5 9-65 days Significant 39-1,360 Klauda 1985
Morone saxatilis selenate . incidence of

development ano-
malies of lower
jow
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Table 6. (continued)

Saliaity . . Conceatration

Species Chemical {qfkq} Durotion Effect Igg[l]'

Reference

Striped bass (juvenile), Sodium 3.5-5.5 45 days Significant 1,290 Klouda 1985
Morone saxatilis selenate incidence of

severe blood

cytopathology
a

Concentration of selenium, not the chemical.

Converted from dry weight to wet weight bosis (see Guidelines).
Growth of algoe was inhibited.

From Smith et al. (1976).

Calculated from the published data using probit analysis and allowing for 8.9% spontoneous mortality.



REFERENCES

Adams, W.J. 1978. The toxicity and residue dynamics of selenium in fish and
aquatic invertebrates. Ph.D. thesis. Michigan State University, East Lansing,

MI. Available from: University Microfilms, Ann Arbor, MI. Order No. 76-27056.

Adams, W.J. and B.B. Heidolph. 1985. Short-cut chronic toxicity estimates
using Daphnia magna. In: Aquatic toxicology and hazard assessment: Seventh
symposium. Cardwell, R.D., R. Purdy and R.C. Bahner (Eds.). ASTM STP 854.

American Society for Testing and Materials. Philadelphia, PA. pp. 87-103.

Adams, W.J. and H.E. Johnson. 1981. Selenium: A hazard assessment and a water
quality criterion calculation. In: Aquatic toxicology and hazard assesment:
Fourth symposium. Branson, D.R. and K.L. Dickson (Eds.). ASTM STP 737.
American Society for Testing and Materials} Philadelphia, PA. pp. 124-137.
Ahsanullah, M. and G.¥. Brand. 1985. Effect of selenite and seleniferous

fly-ash leachate on growth and viability of the marine amphipod Aliorchestes

compressa. Mar. Biol. B89:245-248.

~

Ahsanullah, M. and D.H. Palmer. 1980. Acute toxicity of selenium to three
species of marine invertebrates, with notes on a continuous-flow test system.

Aust. J. Mar. Freshwater Res. 31:795-802.

Allaway, W.H., E.E. Cary and C.F. Ehlig. 1967. The cycling of low levels of
selenium in soils, plants, and animals. In: Selenium in biomedicine. Muth,

0.H. (Ed.). Avi Publishing Company, Westport, CT. pp. 273-296.

78



Bariaud, A. and J.C. Mestre. 1984. Heavy metal tolerance in a
cadmium-resistant population of Euglena gracilis. Bull. Environ. Contam.

Toxicol. 32:597-601.

Barrows, M.E., S.R. Petrocelli, K.J. Macek and J.J. Carroll. 1980.
Bioconcentration and elimination of.selected water pollutants by bluegill
sunfish (Lepomis macrochirus). In: Dynamics, exposure and hazard assessment of
toxic chemicals. Hague, R. (Ed.). Ann Arbor Science Publishers, Ann Arbor, MI.

pp. 379-392.

Baumann, P.C. and R.B. Gillespie. 1986. Selenium bioaccumulation in gonads of
largemouth bass and bluegill from three power plant cooling reservoirs.

Environ. Toxicol. Chem. 5:695-701.

Baumann, P.C. and T.W. May. 1984. Selenium residues in fish from inland waters
of the United States. In: Workshop proceedings: The effects of trace elements
on aquatic ecosystems. Electric Power Research Institute, Palo Alto, CA. pp.

7-1 to 7-16.

Beal, A.R. 1974. A study of selenium levels in freshwater fishes of Canada’s

central region. Technical Report Series No. CEN/T-74-6. Environment Canada.

Beijer, K. and A. Jernelov. 1978. Ecological aspects of mercury-selenium

interactions in the marine environment. Environ. Health Perspect. 25:43-45.

Bell, J.G., C.B. Cowey and A. Youngsen. 1984. Rainbow trout liver microsomal
lipid peroxidation. The effect of purified glutathione peroxidase,

glutathione S-transferase and other factors. Biochim. Biophys. Acta 795:91-99.
79



Bell, J.G., C.B. Cowey, J.W. Adron and A.M. Shanks. 1985. Some effects of
vitamin E and selenium deprivation on tissue enzyme levels and indices of
tissue peroxidation in rainbow trout (Salmo gairdneri). Br. J. Nutr.

53:149-157.

Bell, J.G., B.J.S. Pirie, J.W. Adron and C.B. Cowey. 1986. Some effects of
selenium deficiency on glutathione peroxidase (EC 1.11.1.9) activity and

tissue pathology in rainbow trout (Salmo gairdneri). Br. J. Nutr. 55:305-311.

Bennett, W.N., A.S. Brooks and M.E. Borass. 1986. Selenium uptake and transfer
in an aquatic food chain and its effects on fathead minnow larvae. Arch.

Environ. Contam. Toxicol. 15:513-517.

Bertram, P.E. and A.S. Brooks. 1986. Kinetics of accumulation of selenium from

food and water by fathead minnows. Water Res. 20:877-884.

Biddinger, G.R. and S.P. Gloss. 1984. The importance of trophic transfer in
the bioaccumulation of chemical contaminants in aquatic ecosystems. Residue
Rev. 91:103-145.

Birge, W.J. 1978. Aquatic toxicology of trace elements of coal and fly ash.
In: Energy and environmental stress in aquatic systems. Thorp, J.H. and J.W.
Gibbons (Eds.). CONF-771114. National Technical Information Service,

Springfield, VA. pp. 219-240.

Birge, W.J. and J.A. Black. 1977. A continuous-flow system using fish and

amphibian eggs for biocassay determinations on embryonic mortality and

80



teratogenesis. EPA-560/5-77-002 or PB-285191. National Technical Information

Service, Springfield, VA.

Birge, W.J., J.E. Hudson, J.A. Black and A.G. Westerman. 1978. Embryo-larval
bioassays on inorganic coal elements and in situ biomonitoring of coal-waste
effluents. In: Surface mining and fish/wildlife needs in the eastern United
Statesj Samuel, D.E., J.R. Stauffer, C.H. Hocutt and W.T. Mason (Eds.).
PB-298353. National Technical Information Service, Springfield, VA. pp.

97-104.

Birge, W.J., J.A. Black and A.G. Westerman. 1979a. Evaluation of aquatic
pollutants using fish and amphibian eggs as bioassay organisms. In: Animals as
monitors of environmental pollutants. Nielson, S.W., G. Migaki and D.G.

Scarrelli (Eds.). National Academy of Sciences.'Washington, DC. pp. 108-118.

Birge, W.J., J.A. Black, A.G. Westerman and J.E. Hudson. 1979b. The effects of
mercury on reproduction of fish and amphibians. In: The biogeochemistry of
mercury in the environment. Nriagu, J.0. (Ed.). Elsevier, New York, NY. pp.
629-655.

Birge, W.J., J.A. Black, A.G. Westerman and J.E. Hudson. 1980. Aquatic
toxicity tests on inorganic elements occurring in oil shale. In: 0il shale
symposium: Sampling, analysis and quality assurance. Gale, C. (Ed.).
EPA-600/9-80-022. National Technical Information Service, Springfield, VA. pp.

919-534.

Birge, W.J., J.A. Black and B.A. Ramey. 1981. The reproductive toxicology of

aquatic contaminants. In: Hazard assessment of chemicals: Current

81



developments. Vol. I. Saxena, J. and F. Fisher {(Eds.). Academic Press, New

York, NY. pp. 59-115.

Birkner, J.H. 1878. Selenium in aquatic organisms from seleniferous habitats.
Ph.D. thesis. Colorado State University, Fort Collins, CO. Available from:

University Microfilms, Ann Arbor, MI. Order No. 78-20841.

Bjerregaard, P. 1982. Accumulation of cadmium and selenium and their mutual

interaction in the shore crab Carcinus maenas (L.). Aquat. Toxicol. 2:113-125.

Bjerregaard, P. 1985. Effect of selenium on cadmium uptake in the shore crab
. 4

Carcinus maenas (L.). Aquat. Toxicol. 7:177-189.

Bottino, N.R., C.H. Banks, K.J. Irgolick, P. Micks, A.E. Wheeler and R.A.
Zingaro. 1984. Selenium-containing amino acids and proteins in marine algae.

Phytochemistry 23:2445-2452.
Bovee, E.C. 1978. Effects of heavy metals especially selenium, vanadium and
zirconium on movement, growth and survival of certain aquatic life.

PB-292563/4SL. Nafional Technical Information Service, Springfield, VA.

Boyum, K.W. 1984. The toxic effect of selenium on the zooplankton, Daphnia

magna and Daphnia pulicaria, in water and the food source (Chamydomonas
reinhardii). Ph.D. thesis. University of Wisconsin-Milwaukee, Milwaukee, WI.

Available from: University Microfilms, Ann Arbor, MI. Order No. 85-09248.

Braddon, S.A. 1982. Investigations into the mechanism of action of Se on Hg

toxicity using a sea bass model. Abstract No. 5585. Fed. Proc. 41:1227.
82



Braddon-Galloway, S. and C.R. Sumpter. 1986. A unique selenoprotein isolated

from yellowfin tuna (Thunnus albacares) liver. Comp. Biochem. Physiol.

83C:13-17.

Brezina, E.R. and M.V. Arnold. 1977. Levels of heavy metals in fishes from
selected Pennsylvania waters. Publication 950. Bureau of Water Quality

Management, Department of Environmental Resources, Harrisburg, PA.

Bringmann, G. 1978. Determination of the biological toxicity of waterbound
substances towards protozoa. 1. Bacteriovorous flagellates (model organism:

Entosiphon sulcatum Stein). Z. Wasser Abwasser Forsch. 11:210-215.

Bringmann, G. and R. Kuhn. 195%a. The toxic effects of waste water on aquatic

bacteria, algae, and small crustaceans. Gesundh.-Ing. 80:115-120.

Bringmann, G. and R. Kuhn. 1959b. Water toxicology studies with protozoans as

test organisms. Gesundh.-Ing. 80:239-242.

Bringmann, G. and R. Kuhn. 1976. Comparative results of the harmful effects of
water pollutants on bacteria (Pseudomonas putida) and blue algae (Microcvstis

aeruginosa). Gas-Nasserfach, Wasser-Abwasser 117:410-413.

Bringmann, G. and R. Kuhn. 1977a. Limiting values for the damaging action of

water pollutants to bacteria (Pseudomonas putida) and green algae (Scenedesmus

quadricauda) in the cell multiplication inhibition test. Z. Wasser Abwasser

Forsch. 10:87-98.

83



Bringmann, G. and R. Kuhn. 1977b. Results of the damaging effect of water

pollutants on Daphnia magna. Z. Wasser Abwasser Forsch. 10:161-166.

Bringmann, G. and R. Kuhn. 1978a. Limiting values for the noxious effects of

water pollutant material to blue algae (Microcvstis aeruginosa) and green

algae (Scenedesmus gquadricauda) in cell propagation inhibition tests. Vom

Wasser 50:45-60.

Bringmann, G. and R. Kuhn. 1978b. Testing of substances for their toxicity

threshold: Model organisms Microcystis (Diplocystis) aeruginosa and

Scenedesmus guadricauda. Mitt. Int. Ver. Theor. Angew. Limnol. 21:275-284.

Bringmann, G. and R. Kuhn. 1979. Comparison of toxic limiting concentrations
of water contamination toward bacteria, algae and protozoa in the cell-growth

inhibition test. Haustech. Bauphys. Umwelttech. 100:249-252.

Bfingmaﬁn. G. and R. Kuhn. 1980a. Determination of the harmful biological
effect of water pollutants on protozoa. II. Bacteriovorous ciliates. Z. Wasser

Abwasser Forsch. 13:26-31.

Bringmann, G. and R. Kuhn. 1980b. Comparison of the toxicity thresholds of
water pollutants to bacteria, algae, and protozoa in the cell multiplication

inhibition test. Water Res. 14:231-241.
Bringmann, G. and R. Kuhn. 1981. Comparison of the effects of harmful

substances on flagellates as well as ciliates and on halozoic bacteriophagous

and saprozoic protozoa. Gas-Wasserfach, Wasser-Abwasser 122:308-313.

84



Bringmann, G., R. Kuhn and A. Winter. 1980. Determination of biological damage
from water pollutants to protozoa. IIl. Saprozoic flagellates. Z. Wasser

Abwasser Forsch. 13:170-~173.

Brooke, L. 1987. University of Wisconsin -~ Superior, Superior, WI. (Memorandum

to C. Stephan, U.S. EPA, Duluth, MN. July 20.)

Brooke, L.T., D.J. Call, S.L Harting, C.A. Lindberg, T.P Markee, D.J. McCauley
and S.H. Poirier. 1985. Acute toxicity of selenium(IV) and selenium(VI) to
freshwater organisms. Center for Lake Superior Environmental Studies,

University of Wisconsin-Superior, Superior, WI.

Brooks, A.S. 1984. Selenium in the environment: An old problem with new
concerns. In: Workshop proceedings: The effects of trace elements on aquatic
ecosystems. EA-3329. Electric Power Research Institute, Palo Alto, CA. pp. 2-1

to 2-17.

Brooks, A.S., P.E. Bertram, D.C. Szmania, D.B. Seale and M.E. Boraas. 1984.
The effect of selenium on the reproductive potential of the fathead minnow.
Final report on research project 1631-1. Center for Great Lakes Studies,

University of Wisconsin-Milwaukee, Milwaukee, WI.

Brown, T.A. and A. Shrift. 1982. Selenium: Toxicity and tolerance in higher

plants. Biol. Rev. 57:59-84.

Browne, C.L. and J.N. Dumont. 1979. Toxicity of selenium to developing Xenopus

laevis embryos. J. Toxicol. Environ. Health 5:699-709.

Browne, C. and J.N. Dumont. 1980. Cytotoxic effects of sodium selenite on

tadpoles (Xenopus laevis). Arch. Environ. Contam. Toxicol. 9:181-191.

85



Burton, D.T., L.W¥. Hall, Jr., R.J. Klauda and S.L. Margrey. 1983. Effects of
treated bleached kraft mill effluent on eggs and prolarvae of striped bass

(Morone saxatilis). Water Resour. Bull. 19:869-879.

Burton, G.A., Jr., T.H. Giddings, P. DeBrine and R. Fall. 1987. High incidence
of selenium-resistant bacteria from a site polluted with selenium. Appl.

Environ. Microbiol. 53:185-188.

Burton, J.D., W.A. Maher, C.I. Measures and P.J. Statham. 1980. Aspects of the
distribution and chemical form of selenium and arsenic in ocean waters and

marine organisms. Thalassia Jugosl. 16:155-164.

Butler, G.W. and P.J. Peterson. 1967. Uptake and metabolism of inorganic Se-75

by Spirodela olingorrhiza. Aust. J. Biol. Sci. 20:77-86.

Call, D.J., L.T. Brooke, N. Ahmad and J.E. Richter. 1983. Toxicity and
metabolism studies with EPA (Environmental Protection Agency) priority
pollutants and related chemicals in freshwater organisms. PB83-263685 or

EPA-600/3-83-095. National Technical Information Service, Springfield, VA.

Callahan, M.A., M.W. Slimak, N.W. Gabel, [.P. May, C.F. Fowler, J.R. Freed, P.
Jennings, R.L. D;rfee, F.C. Whitmore, B. Maestri, W.R. Mabey, B.R. Holt and C.
Gould; 1979. Water-related environmental fate of 129 priority pollutants. Vol.
I. EPA-440/4-79-029a. National Technicai Information Service, Springfield, VA.

pp. 16-1 to 16-13.

Cappon, C.J. 1984. Content and chemical form of mercury and selenium in Lake

Ontario salmon and trout. J. Great Lakes Res. 10:429-434.

86



Cappon, C.J. and J.C. Smith. 1981. Mercury and selenium content and chemical

form in fish muscle. Arch. Environ. Contam} Toxicol. 10:305-319.

Cappon, C.J. and J.C. Smith. 1982a. Chemical form and distribution of mercury

and selenium in edible seafood. J. Anal. Toxicol. 6:10-21.

Cappon, C.J. and J.C. Smith. 1982b. Chemical form and distribution of mercury

and selenium in canned tuna. J. Appl. Toxicol. 2:181-189.

Cardin, J.A. 1986. U.S. EPA, Narragansett, Rl. (Memorandum to D.J. Hansen,

U.S. EPA, Narragansett, RI.)

L]
H

Cardwell, R.D., D.G. Foreman, T.R. Payne and D.J. Wilbur. 1976a. Acute
toxicity of selenium dioxide to freshwater fishes. Arch. Environ. Contam.

Toxicol. 4:129-144.

Cardwell, R.D., D.G. Foreman, T.R. Payne and D.J. Wilbur. 1976b. Acute
toxicity of selected toxicants to six species of fish. PB-252488 or

EPA-600/3-76-008. National Technical Information Service, Springfield, VA.

Chapman, W.H., H.L. Fisher and M.W. Pratt. 1986. Concentration factors of
chemical elements in edible aquatic organisms. UCRL-50564. National Technical

Information Service, Springfield, VA.

Chau, Y.K. and J.P. Riley. 1965. The determination of selenium in sea water,

silicates, and marine organisms. Anal. Chim. Acta 33:36-49.

Chau, Y.K., P.T.S. Wong, B.A. Silverberg, P.L. Luxon and G.A. Bengert. 1976.

Methylation of selenium in the aquatic environment. Science 192:1130-1131.

87



Cherry} D.S. and R.K. Guthrie. 1978. Mode of elemental dissipation from ash

basin effluent. Water Air Scil Pollut. 9:403-412.

Cherry, D.S., R.K. Guthrie, J.H. Rodgers, Jr., J. Cairns, Jr. and K.L.
Dickson. 1978. Responses of mosquitofish (Gambusia affinis) to ash effluent

and thermal stress. Trans. Am. Fish. Soc. 105:686-694.

Cherry, D.S., R.K. Guthrie, F.F. Sherberger and S.R. Larrick. 1979a. The
influence of coal ash and thermal discharges upon the distribution and

bioaccumulation of aquatic invertebrates. Hydrobiologia 62:257-267.

Cherry, D.S., S.R. Larrick, R.K. Guthrie, E.M. Davis and F.F. Sherberger.
1979b. Recovery of invertebrate and vertebrate populations in a coal ash

stressed drainage system. J. Fish. Res. Board Can. 36:1089-1096.

Cherry, D.S., R.K. Guthrie, E.M. Davis and R.S. Harvey. 1984. Coal ash basin
effects (particulates, metals, acidic pH) upon aquatic biota: An eight year

evaluation. Water Resour. Bull. 20:535-544.

Christensen, G.M. and J.H. Tucker. 1976. Effects of selected water toxicants
on the in vitro activity of fish carbonic anhydrase. Chem.-Biol. Interact.

13:181-192.
Cooper, W.C., K.G. Bennett and F.C. Croxton. 1974. The history, occurrence,

and properties of selenium. In: Selenium. Zingaro, R.A. and W.C. Cooper

(Eds.). Van Nostrand Reinhold Company, New York, NY. pp. 1-30.

88



Cowgill, U.M., H.W. Emmel and I.T. Takahashi. 1985. Inorganic chemical
composition of trout food pellets and alfalfa used to sustain Daphnia magna

Straus. Bull. Environ. Contam. Toxicol. 34:890-896.

Cowgill, U.M., H.W. Emmel, D.L. Hopkin, S.L. Applegath and I.T. Takahashi.
1986. The influence of water on reproductive success and chemical composition
of laboratory reared populations of Daphnia magna. Water Res. 20:317-323.
Cumbie, P.M. and S.L. Van Horn. 1978. Selenium accumulation associated with
fish mortality and reproductive failure. Proc. Annu. Conf. Southeast. Assoc.

Fish Wildl. Agencies 32:612-824.

Cushman, R.M., S.G. Hildebrand, R.H. Strand and R.M. Anderson. 1977. The
toxicity of 35 trace elements in coal to freshwater biota: A data base with
automated‘retrieval capabilities. ORNL/TM-5793. National Technical Information

Service, Springfield, VA.

Cutter, G.A. and K.W. Bruland. 1984. The marine biogeochemistry of selenium: A

re-evaluation. Limnol. Oceanogr. 29:1179-1192.

Davies, A.G. 1978. Pollution studies with marine plankton. Part II. Heavy

metals. Adv. Mar. Biol. 15:381-508.
Davoren, W.T. 1986. Selenium and San Francisco Bay. In: Selenium and
agricultural drainage: Implications for San Francisco Bay and the California

environment. The Bay Institute of San Francisco, Tiburon, CA. pp. 150-162.

De Jong, L.E.D.D. 1965. Tolerance of Chlorella vulgaris for metallic and

non-metallic ions. Antonie Leeuwenhoek J. Microbiol. Serol. 31:301-313.
89



Doran, J.W. 1982. Microorganisms and the biological cycling of selenium. Adv.

Microb. Ecol. 6:1-32.

Dunbar, A.M., J.M. Lazorchak and W.T. Waller. 1983. Acute and chronic toxicity

of sodium selenate to Daphnia magna Straus. Environ. Toxicol. Chem. 2:239-244.

Duncan, D.A. and J.F. Klaverkamp. 1983. Tolerance and resistance to cadmium in
white suckers (Catastomus commersoni) previously exposed to cadmium, mercury,

zinc, or selenium. Can. J. Fish. Aquat. Sci. 40:128-138.

Eisler, R. 1985. Selenium hazards to fish, wildlife, and invertebrates: A
synoptic review. Contaminant Hazard Reviews. Report No. 5. Biological Report

)
85(1.5). U.S. Fish and Wildlife Service, Laurel, MD.

Ellis, M.M. 1937. Detection and measurement of stream pollution. Bulletin No.

22. Bureau of Fisheries, U.S. Department of Commerce, Washington, DC.

Ellis, M.M., H.L. Motley, M.D. Ellis and R.0. Jones. 1937. Selenium poisoning

in fishes. Proc. Soc. Exp. Biol. Med. 36:519-522.v

Ewan, R.C. 1979. Toxicology and adverse effects of mineral imbalance with
emphasis on seléhium and other minerals. In: Toxicity of heavy metals in the
environment. Part 1. Oehme, F.W. (Ed.). Marcel Dekker, New York, NY. pp.

445-489.

Fava, J.A., J.J. Gift, A.F. Maciorowski, W.L. McCulloch and H.J. Reisinger II.
1985. Comparative toxicity of whole and liquid phase sewage sludges to marine
organisms. In: Aquatic toxicology and hazard assessment: Seventh symposium.
Cardwell, R.D., R. Purdy and R.C. Bahner (Eds.). ASTM STP 854. American

Society for Testing and Materials, Philadelphia, PA. pp. 229-252.
90



Finley, K.A. 1985. Observations of bluegills fed selenium-contaminated
Hexagenia nymphs collected from Belews Lake, North Carolina. Bull. Environ.

Contam. Toxicol. 35:816-825.

Fishbein, L. 1984. Overview of analysis of carcinogenic and/or mutagenic
metals in biological and environmental samples. [. Arsenic, beryllium,

cadmium, chromium and selenium. Inti J. Environ. Anal. Chem. 17:113-170.

Fjolsfand, M. and A.L. Heyeraas. 1985. Muscular and myocardial degeneration in

cultured Atlantic salmon, Salmo salar L., suffering from 'Hitra disease’. J.

Fish Dis. 8:367-372.

Foe, C. and A.W. Knight. Manuscript. Selenium bioaccumulation, regulation, and

toxicity in the green alga, Selenastrum capricornutum, and dietary toxicity of

the contaminated alga;to Daphhia magna. Department of Land, Air and Water

Resources, University of California, Davis, CA.

Fowler, B.A., R.C. Fay, R.L. Walter, R.D. Willis and W.F. Gutknecht. 1975.
Levels of toxic metals in marine organisms collected from southern California

coastal waters. Environ. Health Perspect. {2:71-76.

Fowler, B.A., N.b. Carmichael, K.S. Squibb and D.W. Engel. 1981. Factors
affecting trace metal uptake and toxicity to estuarine organisms. II. Cellular
mechanisms. In: Biological monitoring of marine pollutants. Vernberg, J., A.
Calabrese, F.P. Thurberg and W.B. Vernberg (Eds.). Academic Press, New York,

NY. pp. 145-163.

Fowler, S.W. and G. Benayoun. 1976a. Influence of environmental factors on

selenium flux in two marine invertebrates. Mar. Biol. (Berl.) 37:59-68.
91



Fowler, S.¥. and G. Benayoun. 1976b. Accumulation and distribution of selenium

in mussels and shrimp tissue. Bull. Environ. Contam. Toxicol. 16:339-346.

Fowler, S.¥. and G. Benayoun. 1976c. Selenium kinetics in marine zooplankton.

Mar. Sci. Commun. 2:43-67.

Freeman, H.C. and G.B. Sangalang. 1977. A study of the effects of methy!
mercury, cadmium, arsenic, selenium, and a PCB (Aroclor 1254) on adrenal and
testicular steroidogeneses in vitro, by the gray seal Halichoerus gvrpus.

Arch. Environ. Contam. Toxicol. 5:369-383.

Fries, L. 1982. Selenium stimulates growth of marine macroalgae in axenic

culture. J. Phycol. 18:328-331.

Froslie, A., G. Norheim and 0.T. Sandlund. 1985. Levels of selenium in
relation to levels of mercury in fish from Mjosa, a freshwater lake in

southeastern Norway. Bull. Environ. Contam. Toxicol. 34:572-577.

Frost, D.V. and D. Ingvoldstad. 1975. Ecological aspects of selenium and

tellurium in human and animal health. Chem. Scr. 8A4:96-107.
Furr, A.K., T.Ff Parkinson, W.D. Youngs, C.0G. Berg, W.H. Gutenmann, [.S.
Pakkala and D.J. Lisk. 1979. Elemental content of aquatic organisms inhabiting

a pond contaminated with coal fly ash. N. Y. Fish Game J. 26:154-161.

Ganther, H.E. 1980. Interactions of vitamin E and selenium with mercury and

silver. Ann. N. Y. Acad. Sci. 355:212-226.

92



Garrett, G.P. and C.R. Inman. 1984. Selenium-induced changes in fish
populations in a heated reservoir. Proc. Annu. Conf. Southeast. Assoc. Fish

Wildl. Agencies 38:291-301.

Gatlin, D.M. 1983. Dietary magnesium, zinc, selenium and manganese
requirements of fingerling channel catfish. Ph.D. thesis. Mississippi State
University, Mississippi State, MS. Available from: University Microfilms, Ann

Arbor, MI. Order No. 84-13943.

Gatlin, D.M. and R.P. Wilson. 1984. Dietary selenium requirement of fingerling
channel catfish. J. Nutr. 114:627-633.

[ ]
Gennity, J.M., N.R. Bottino, R.A. Zingaro, A.E. Wheeler and K.J. Irgolic.
1984. The binding of selenium to the lipids of two unicellular marine algae.

‘Biochem. Biophys. Res. Commun. 118:176-182..

Gennity, J.M., N.R. Bottino, R.A. Zingaro, A.E. Wheeler and K.J. Irgolic.
1985a. A selenium-induced peroxidation of glutathione in algae. Phytochemistry

24:2817-2821.

Gennity, J.M., N.R. Bottino, R.A. Zingaro, A.E. Wheeler and K.J. Irgolic.
1985b. A selenite-induced decrease in the lipid content of a red alga.

Phytochemistry 24:2823-2830.

Gillespie, R.B. and P.C. Baumann. 1986. Effects of high tissue concentrations

of selenium on reproduction by bluegills. Trans. Am. Fish. Soc. 115:208-213.

Gissel-Nielsen, G. and M. Gissel-Nielsen. 1973. Ecological effects of selenium

application to field crops. Ambio 2:114-117.
93



Gissel-Nielsen, M. and G. Gissel-Nielsen. 1978. Sensitivity of trout to

chronic and acute exposure to selenium. Agric. Environ. 4:85-91.

Glickstein, N. 1978. Acute toxicity of mercury and selenium to Crassostrea

gigas embryos and Cancer magister larvae. Mar. Biol. (Berl.) 49:113-117.

Goettl, J.P., Jr. and P.H. Davies. 1976. Water pollution studies. Job Progress
Report, Federal Aid Project F-33-R-11. Colorado Division of Wildlife, Fort

Colliﬂs, CO. pp. 31-34.

Goettl, J.P., Jr. and P.H. Davies. 1977. Water pollution studies. Job Progress
Report, Federal Aid Project F-33-R-12. Colorado Division of Wildlife, Fort

Collins, CO. pp. 39-42.

Goettl, J.P., Jr. and P.H. Davies. 1978. Water pollution studies. Job Progress.
Report, Federal Aid Project F-33-R-13. Colorado Division of Wildlife, Fort

Collins, CO. pp. 12-13.

Gotsis, 0. 1982. Combined effects of selenium/mercury and selenium/copper on

the cell population of the alga Dunaliella minuta. Mar. Biol. (Berl.)

71:217-222.

Greig, R.A. and J. Jones. 1976. Nondestructive neutron activation analysis of
marine organisms collected from ocean dump‘sites of the middle eastern United

States. Arch. Envifon. Contam. Toxicol. 4:420-434.

Greenberg, A.J. and D. Kopec. 1986. Decline of Bay-Delta fisheries and

increased selenium loading: Possible correlation? In: Selenium and

94



agricultural drainage: Implications for San Francisco Bay and the California

environment. The Bay Institute of San Francisco, Tiburon, CA. pp. 69-81.

Gutenmann, W.H., W.D. Youngs and D.J. Lisk. 1976. Selenium in fly ash. Science

191:966-967.

Guthrie, R.K. and D.S. Cherry. 1976. Pollutant removal from coal-ash basin

effluent. Water Resour. Bull. 12:889-902.

Guthrie, R.K. and D.S. Cherry. 1979. Trophic level accumulation of heavy

metals in a coal ash basin drainage system. Water Resour. Bull. 15:244-248.

L]
4

Hall, L.W., Jr. and D.T. Burton. 1982. Effects of power plant coal pile and
coal waste runoff and leachate on aquatic biota: An overview with research

recommendations. Crit. Rev. Toxicol. 10:287-301.

Hall, L.W., Jr., L.O. Horseman and S. Zeger. 1984. Effects of organic and
inorganic chemical contaminants on fertilization, hatching success, and
prolarval survival of striped bass. Arch. Environ. Contam. Toxicol.
13:723-729.

Halter, M.T., W.J. Adams and H.E. Johnson. 1980. Selenium toxicity to Daphnia

magna, Hyallela azteca, and the fathead minnow in hard water. Bull. Environ.

Contam. Toxicol. 24:102-107.

Halverson, A.W. and K.J. Monty. 1960. An effect of dietary sulfate on selenium

poisoning in the rat. J. Nutr. 70:100-102.

95



Hamilton, S.J., A.N. Palmisano, G.A. Wedemeyer and W.T. Yasutake. 1986.
Impacts of selenium on early life stages and smoltification of fall chinook
salmon. In: Transactions of the fifty-first North American wildlife and
natural resources conference. McCabe, R.E. (Ed.). Wildlife Management

Institute, Washington, DC. pp. 343-356.

Heinz, G.H., D.J. Hoffman, A.J. Krynitsky and D.M.G. Weller. 1987.

Reproduction in mallards fed selenium. Environ. Toxicol. Chem. 6:423-433.

Heisinger, J.F. 1981. Antagonism of selenium and cadmium pretreatments to
subsequent embryotoxic doses of mercury and cadmium in fish embryos.

PB82-256645. National Technical Information Service, Springfield, VA.

Heisinger, J.F. and S.M. Dawson. 1983. Effect of selenium deficiency on liver
and blood glutathione peroxidase activity in the black bullhead. J. Exp. Zool.
225:325-327.

Heisinger, J.F. and L. Scott. 1985. Selenium prevents mercuric chloride
induced acute osmoregulatory failure without glutathione peroxidase

involvement in the black bullhead (lctalurus melas). Comp. Biochem. Physiol.

80C:295-297.

Heisinger, J.F., C.D. Hansen and J.H. Kim. 1979. Effect of selenium dioxide on
the accumulation and acute toxicity of mercuric chloride in gbldfish. Arch.

Environ. Contam. Toxicol. 8:2?9-283.>

Heit, M. and C.S. Klusek. 1985. Trace element concentrations in the dorsal
muscle of white suckers and brown bullheads from two acidic Adirondack lakes.

Water Air Soil Pollut. 25:87-96.
96



Heit, M., C.S. Klusek and K.M. Miller. 1980. Trace element, radionuclide, and
polynuclear aromatic hydrocarbon concentrations in Unionidae mussels from

northern Lake George. Environ. Sci. Technol. 14:465-468.

Heitmuller, P.T., T.A. Hollister and P.R. Parrish. 1981. Acute toxicity of 54

industrial chemicals to sheepshead minnows (Cyprinodon variegatus). Bull.

Environ. Contam. Toxicol. 27:596-604.

Hicks, B.D., J.W. Hilton and H.E. Ferguson. 1984. Influence of dietary
selenium on the occurrence of nephrocalcinosis in the rainbow trout, Salmo

gairdneri Richardson. J. Fish Dis. 7:379-389.

Hildebrand, S.G., R.M. Cushman and J.A. Carter. 1976. The potential toxicity
and bioaccumulation in aquatic systems of trace elements present in aqueous
coal conversion effluents. In: Trace substances in environmental health - X.

Hemphill, D.D. (Ed.). University of Missouri, Columbia, MO. pp. 305-312.

Hilton, J.W. and P.V. Hodson. 1983. Effect of increased dietary carbohydrate

on selenium metabolism and toxicity in rainbow trout (Salmo gairdneri). J.

Nutr. 113:1241-1248.

Hilton, J.W., P.V. Hodson and S.J. Slinger. 1980. The requirement and toxicity

of selenium in rainbow trout (Salmo gairdneri). J. Nutr. 110:2527-2535.

Hilton, J.W., P.V. Hodson and S.J. Slinger. 1982. Absorption, distribution,

half-life and possible routes of elimination of dietary selenium in juvenile

rainbow trout (Salmo gairdneri). Comp. Biochem. Physiol. 71C:49-55.

97



Hiraoka, Y., S. Ishizawa, T. Kamada and H. Okuda. 1985. Acute toxicity of 14
different kinds of metals affecting medaka fry. Hiroshima J. Med. Sci.

34:327-330.

Hodson, P.V. and J.W. Hilton. 1983. The nutritional requirements and toxicity

to fish of dietary and waterborne selenium. Ecol. Bull. 35:335-340.

Hodson, P.V., D.J. Spry and B.R. Blunt. 1980. Effects on rainbow trout (Salmo
gairdneri) of a chronic exposure to waterborne selenium. Can. J. Fish. Aquat.

Sei. 37:233-240.

Hodson, P.V., D.M. Whittle and D.J. Hallett. 1984. Selenium contamination of
the Great Lakes and its potential effects on aquatic biota. In: Toxic
contaminants in the Great Lakes. Nriagu, J.0. and M.S. Simmons (Eds.). Wiley,

New York, NY. pp. 371-391.

Hoffman, D. and G. Heinz. 1987. Developmental toxicity of excess selenium in

mallard (Anas platyrhvnchos) ducks. Fed. Proc. 46:1154.

Huckabee, J.W. and N.A. Griffith. 1974. Toxicity of mercury and selenium to

the eggs of carp (Cyprinus carpio). Trans. Am. Fish. Soc. 103:822-825.

-

Hunn, J.B., S.J. Hamilton and D.R. Buckler. 1987. Toxicity of sodium selenite

to rainbow trout fry. Water Res. 21:233-238.

Hutchinson, T.C. and P.M. Stokes. 1975. Heavy metal toxicity and algal
bioassays. In: Water quality parameters. Barabas, S. (Ed.). ASTM STP 573.

American Society for Testing and Materials, Philadelphia, PA. pp. 320-343.

98



Jakubezak, E., C. Delmaere and H. Leclerc. 1981. Sensitivity of bacteria in an
aquatic environment to some toxic substances. INSERM (Inst. Nat. Santa Rech.

Med.) Colloq. 106:93-104.

Jay, F.B. and R.J. Muncy. 1979. Toxicity to channel catfish of wastewater from

an [owa coal beneficiation plant. Iowa State J. Res. 54:45-50.

Jenkins, D.W. 1980. Biological monitoring of toxic trace metals. Vol. 2. Toxic
trace metals in plants and animals of the world. Part I11. EPA-600/3-80-092 or

PB81-103509. National Technical Information Service, Springfield, VA.
Johnson, M.G. 1987. Trace element loadings to sediments of fourteen Ontario
lakes and correlations with concentrations in fish. Can. J. Fish. Aquat. Sci.

44:3-13.

Jones, J.B. and T.C. Stadtman. 1977. Methanococcus vanielii: Culture and

effects of selenium and tungsten on growth. J. Bacteriol. 1977:1404-1406.

Juhnke, I. and D. Ludemann. 1978. Results of the investigation of 200 chemical
compounds for acute fish toxicity with the golden orfe test. Z. Wasser
Abwasser Forsch. 11:161-164.

]
Kaiser, I.I., P.A. Young and J.D. Johnson. 1979. Chronic exposure of trout to
waters with naturally high selenium levels: Effects on transfer RNA

methylation. J. Fish. Res. Board Can. 36:689-694.

Kaiser, K.L.E. 1980. Correlation and prediction of metal toxicity to aquatic

biota. Can. J. Fish. Aquat. Sci. 37:211-218.

99



Kay, S.H. 1984. Potential for biomagnification of contaminants within marine
and freshwater food webs. ADA150747. National Technical Information Service,

Springfield, VA.

Keating, K.I. and B.C. Dagbusan. 1984. Effect of selenium deficiency on
cuticle integrity in the Cladocera (Crustacea). Proc. Natl. Acad. Sci.

U. S. A. 81:3433-3437.

Kim, J.H., E. Birks and J.F. Heisinger. 1977. Protective action of selenium
against mercury in northern creek chubs. Bull. Environ. Contam. Toxicol.
17:132-136.

1
Kimball, G. Manuscript. The effects of lesser known metals and one organic to

fathead minnows- (Pimephales promelas) and Daphnia magna. (Available from C.E.
Stephan, U.S. EPA, Duluth, MN.)

Klauda, R.J. 1985. Acute and chronic effects of arsenic and selenium on the
early life stages of striped bass. Report to Maryland Power Plant Siting
Program, Maryland Department of Natural Resources. Publication JHU/APL

PRPR-98. The Johns Hopkins University, Applied Physics Laboratory, Laurel, MD.

A ]

Klaverkamp, J.F., D.A. Hodgins and A. Lutz. 1983a. Selenite toxicity and
mercury-selenium interactions in juvenile fish. Arch. Environ. Contam.

‘ Toxicol. 12:405-413.

Klaverkamp, J.F., W.A. Macdonald, W.R. Lillie and A. Lutz. 1983b. Joint
toxicity of mercury and selenium in salmonid eggs. Arch. Environ. Contam.

Toxicol. 12:415-419.

100



Kleinow, K.M. 1984. The uptake, disposition, and elimination of selenate,

selenite and selenomethionine in the fathead minnow (Pimephales promelas)

Ph.D. thesis. University of Wisconsin-Milwaukee, Milwaukee, WI. Available

from: University Microfilms, Ann Arbor, MI. Order No. 85-09260.

Kleinow, K.M. and A.S. Brooks. 1986a. Selenium compounds in the fathead minnow
(Pimephales promelas) - I. Uptake, distribution, and elimination of orally
administered selenate, selenite and l-selenomethionine. Comp. Biochem.

Physiol. 83C:61-69.

Kleinow, K.M. and A.S. Brooks. 1986b. Selenium compounds in the fathead minnow

(Pimephales promelas) - Il. Quantitative approach to gastrointestinal

absorption, routes of elimination and influence of dietary pretreatment. Comp.

Biochem. Physiol. 83C:71-76.

Koeman, J.H., -W.H.M. Peeters, C.H.M. Koudstaal-Hol, P.S. Tjioe and J.J.M. de
Goeij. 1973. Mercury-selenium correlations in marine mammalg. Nature 245:

385-386.

Kumar, H.D., and G. Prakash. 1971. Toxicity of selenium to the blue-green
algae, Anacystis nidulans and Anabaena variabilis. Ann. Bot. (Lond.)

k]

35:697-705.

LeBlanc, G.A. 1980. Acute toxicity of priority pollutants to water flea

(Daphnia magna). Bull. Environ. Contam. Toxicol. 24:684-691.

LeBlanc, G.A. 1984. Interspecies relationships in acute toxicity of chemicals

to aquatic organisms. Environ. Toxicol. Chem. 3:47-60.

101



Lemly, A.D. 1982. Response of juvenile centrarchids to sublethal
concentrations of waterborne selenium. I. Uptake, tissue distribution, and

retention. Aquat. Toxicol. 2:235-252.

Lemly, A.D. 1985a. Toxicology of selenium in a freshwater reservoir:
Implications for environmental hazard evaluation and safety. Ecotoxicol.

Environ. Saf. 10:314-338.

Lemly, A.D. 1985b. Ecological basis for regulating aquatic emissions from the

power industry: The case with selenium. Regul. Toxicol. Pharmacol. 5:465-486.

Levander, O0.A. 1977. Metabolic interrelationships between arsenic and

selenium. Environ. Health Perspect. 19:159-164.
Lindstrom, K. 1984. Selenium and algal growth. In: Proceedings of the third
international symposium on industrial uses of selenium and tellurium.

Selenium-Tellurium Development Association, Darien, CT. pp. 441-469.

Lindstrom, K. 1985. Selenium requirement of the dinoflagellate Peridinopsis

borgei (Lemm). Int. Rev. Gesamten Hydrobiol. 70:77-85.

Lipinski, N.G., P.M. Huang, W.K. Liaw and U.T. Hammer. 1986. The effects of
chemical treatments on the retention and redox reactions of selenium by
selected freshwater sediments. In: Proceedings of the twelfth annual aquatic
toxicity workshop; Ozburn, G.W. (Ed.). Canadian Technical Report of Fisheries
and Aquatic Sciences No. 1462. Department of Fisheries and Oceans, Ottawa,

Ontario, Canada. pp. 166-184.

102



Lowe, T.P., T.W. May, W.G. Brumbaugh and D.A. Kane. 1985. National contaminant
biomonitoring program: Concentrations of seven elements in freshwater fish,

1978-1981. Arch. Environ. Contam. Toxicol. 14:363-388.

Lucas, H.F., Jr., D.N. Edgington and P.J. Colby. 1970. Concentrations of trace

elements in Great Lakes fishes. J. Fish. Res. Board Can. 27:677-684.

Lunde, G. 1973. The presence of lipid-soluble selenium compounds in marine

oils. Biochim. Biophys. Acta 304:76-80.

Lussier, S.M. 1986. U.S. EPA, Narragansett, RI. (Memorandum to D.J. Hansen,

U.S. EPA, Narragansett, RI.)

Lytle, T.F. and J.S._Lytle. 1982. Heavy metals in oysters and clams of St.

Louis Bay, Mississippi. Bull. Environ. Contam. Toxicol. 29:50f57.‘

MacFarlane, R.D., G.L. Bullock and J.J.A. McLaughlin. 1986. Effects of five

metals on susceptibility of striped bass to Flexibacter columnaris. Trans. Am.

Fish. Soc. 115:227-231.

MacKay, N.J., M.N. Kazacos, R.J. Williams and M.I. Leedow. 1975. Selenium and

heavy metals in Black marlin. Mar. Pollut. Bull. 6:57-61.

Magos, L. and M. Webb. 1980. The interactions of selenium with cadmium and

mercury. Crit. Rev. Toxicol. 8:1-42.

Maher, W.A. 1985. Characteristics of selenium in marine animals. Mar. Pollut.

Bull. 16:33-34.

103



Mancini, J.L. 1983. A method for calculating effects, on aquatic organisms, of

time varying concentrations. Water Res. 17:1355-1362.

Martin, J.L. 1973. Selenium assimilation in animals. In: Organic selenium
compounds: Their chemistry and biology. Klayman, D.L. and W.H.H. Gunther

(Eds.). Wiley-Interscience, New York, NY. pp. 663-691.

Martin, M., K.E. Osborn, P. Billig and N. Glickstein. 1981. Toxicities of ten

metals to Crassostrea gigas and Mytilus edulis embryos and Cancer magister

larvae. Mar. Pollut. Bull. 12:305-308.

May, T.W. and D.A. Kane. 1984. Matrix~dependent instability of selenium(I[V)
L]

stored in teflon containers. Anal. Chim. Acta 161:387-391.

May, T,W..and G.L. McKinney. 1981. Cadmium, lead, mercury, arsenic, and
selenium concentrations in freshwater fish, 1976-77 - National Pestici&e

Monitoring Program. Pestic. Monit. J. 15:14-38.

Mayer, F.L., Jr. and M.R. Ellersieck. 1986. Manual of acute toxicity:
Interpretation and data base for 410 chemicals and 66 species of freshwater
animals. Resource Publication No. 160, U.S. Fish and Wildlife Service,

Washington, DC. p. 438.

McKee, J.E. and H.W. Wolf. 1963. Water quality criteria. 2nd ed. Publication

No. 3-A. State Water Qualtiy Control Board, Sacramento, CA. pp. 253-254.

Measures, C.I. and J.D. Burton. 1978. Behaviour and speciation of dissolved

selenium in estuarine waters. Nature 273:293-295.

104



Mehrle, P.M., T.A. Haines, S. Hamilton, J.L. Ludke, F.L. Mayer and M.A.
Ribick. 1982. Relationship between body centaminants and bone development in

east-coast striped bass. Trans. Am.. Fish. Soc. 111:231-241.

Moede, A., R.W. Greene and D.F. Spencer. 1980. Effects of selenium on the

growth and phosphorus uptake of Scenedesmus dimorphus and Anabaena cvlindrica.

Environ. Exp. Bot. 20:207-212.

Mohar;am, Y.G., S.A. El-Sharnouby, E.K. Moustaffa and A. El-Soukkary. 1987.
Mercury and selenium content in bouri (Mugil cephalus). Water Air Soil Pollut.
32:455-459.

'
Nassos, P.A., J.R. Coats, R.L. Metcalf, D.D. Brown and L.G. Hansen. 1980.
Model ecosystem, toxicity, and uptake evaluation of 75Se-selenium. Bull.

Environ. Contam. Toxicol. 24:752-758.

National Research Council. 1976. Selenium. PB-251318 or EPA-600/1-76-014.

National Technical Information Service, Springfield, VA.

Niimi, A.J. and Q.N. LaHam. 1975. Selenium toxicity on the the early life

stages of zebrafish (Brachydanio rerio). J. Fish. Res. Board Can. 32:803-806.

-

Niimi, A.J. and Q.N. LaHam. 1976. Relative toxicity of organic and inorganic

compounds of selenium to newly hatched zebrafish (Brachvdanio rerio). Can. J.

Zool. 54:501-509.

North Carolina Department of Natural Resources and Community Development.

1986. North Carolina water quality standards documentation: The freshwater

105



chemistry and toxicity of selenium with an emphasis on its effects in North

Carolina. Report No. 86-02. Raleigh, NC.

Ohlendorf, H.M. 1986a. Aquatic birds and selenium in the San Joaquin Valley.
In: Selenium and agricultural drainage: Implications for San Francisco Bay and
the California environment. The Bay Institute of San Francisco, Tiburon, CA.

pp. 15-24.

Ohlendorf, H.M., D.J. Hoffman, M.K. Saiki and T.W. Aldrich. 1986b. Embryonic
mortality and abnormalities of aquatic birds: Apparent impacts of selenium

from irrigation drainwater. Sci. Total Environ. 52:49-63.

.

Ohlendorf, H.M., R.W. Lowe, P.R. Kelly and T.E. Harvey. 1986c. Selenium and

heavy metals in San Francisco Bay diving ducks. J. Wildl. Manage. 50:64-71.

Okasako, J. and S. Siegel. 1980. Mercury antagonists: Effects of sodium
chloride and sulfur group (Vlia) compounds on encystment of the brine shrimp

Artemia. Water Air Soil Pollut. 14:235-240.

Okazaki, R.K. and M.H. Panietz. 1981. Depuration of twelve trace metals in

tissues of the oysters Crassostrea gigas and C. virginica. Mar. Biol. (Beri.)

"

63:113-120.

Olson, D.L. and G.M. Christensen. 1980. Effects of water pollutants and other

chemicals on fish acetylcholinesterase (in vitro). Environ. Res. 21:327-335.

Olson, 0.E., E.J. Novacek, E.I. Whitehead and [.S. Palmer. 1970.

Investigations on selenium in wheat. Phytochemistry 9:1181-1188.

106.



Oppenheimer, J.A., A.D. Eaton and P.H. Kreft. 1984. Speciation of selenium in
groundwater. EPA-600/2-84-190 or PB85-125979. National Technical Information

Service, Springfield, VA.

Ostroymora, I.N., Z.1. Abramora and V.M. Amelyutin. 1986. The influence of
phosphatides and selenium on the efficacy of the substitution of protein
products from microbiosynthesis for fish meal in feed for carp, Cyprinus
carpio in warm waters. J. Ichthol. (Engl. Transl. Vopr. Ikhtiol.)

26(1):98-105.

Owsley, J.A. 1984. Acute and chronic effects of selenite-selenium on

Ceriodaphnia affinis. M.S. thesis. Vanderbilt University, Nashville, TN.

Owsley, J.A. and D.E. McCauley. 1986. Effects of extended sublethal exposure

to sodium selenite on Ceriodaphnia affinis. Bull. Environ. Contam. deicol.

36:876-880.

Pakkala, 1.S., W.H. Gutenmann, D.J. Lisk, G.E. Burdick and E.J. Harris. 1972.
A survey of the selenium content of fish from 49 New York state waters.

Pestic. Monit. J. 6:107-114,

Palawski, D., J.B. Hunn and F.J. Dwyer. 1985. Sensitivity of young striped
bass to organic and inorganic contaminants in fresh and saline waters. Trans.

Am. Fish. Soc. 114:748-753.

Patrick, R., T. Bott and R. Larson. 1975. The role of trace elements in
management of nuisance growths. PB-241985. National Technical Information

Service, Springfield, VA.

107



Payer, H.D. and K.H. Runkel. 1978. Environmental pollutants in freshwater alga
from open-air mass cultures. Arch. Hydrobiol. Beih. Ergebn. Limnol.

11:184-198.

Payer, H.D., K.H. Rundel, P. Schramel, E. Stengel, A. Bhumiratana and C.J.
Soeder. 1976. Environmental influences on the accumulation of lead, cadmium,
mercury, antimony, arsenic, selenium, bromine and tin in unicellular algae

cultivated in Thialand and in Germany. Chemosphere 6:413-418.

Pelletier, E. 1986a. Modification of the bioaccumulation of selenium by

Mytilus edulis in the presence of organic and inorganic mercury. Can. J. Fish.

Aquat. Sci. 43:203-210.

Pelletier, E. 1986b. Mercury-selenium interactions in aquatic organisms: A

review. Mar. Environ. Res. 18:111-132.

Pennington, C.H., J.A. Baker and M.E. Potter. 1982. Contaminant levels in

fishes from Browns Lake, Mississippi. J. Miss. Acad. Sci. 27:139-147.

Phillips, G.R. and R.WN. Gregory. 1980. Accumulation of selected elements (As,
Cu, Hg, Pb, Se, Zn) by northern pike (Esox lucius) reared in surface coal mine

decant water. Pfsc. Mont. Acad. Sci. 39:44-50.
Phillips, G.R. and R.C. Russo. 1978. Metal bioaccumulation in fishes and

aquatic invertebrates: A literature review. EPA-600/3-78-103. National

Technical Information Service, Springfield, VA.

108



Poston, H.A., G.G. Combs, Jr. and L. Leibovitz. 1976. Vitamin E and selenium

interrelations in the diet of Atlantic salmon (Salmo salar). Gross

histological and biochemical deficiency signs. J. Nutr. 106:892-904.

Raptis, S.E., G. Kaiser and G. Tolg. 1983. A survey of selenium in the
environment and a critical review of its determination at trace levels. Z.

Anal. Chem. 316:105-123.

Readiﬁg, J.T. 1979. Acute and chronic effects of selenium on Daphnia pulex.
M.S. thesis. Virginia Polytechnic Institute and State University, Blacksburg,

VA.

Reading, J.T. and A.L. Buikema, Jr. 1983. Chronic effects of selenite-selenium

on Daphnia pulex. Arch. Environ. Contam. Toxicol. 12:399-404.

Reamer, D.C. and W.H. Zoller. 1980. Selenium biomethylation products from soil

and sewage sludge. Science 208:500-502.

Richter, J.E. 1982. Center for Lake Superior Environmental Studies, University
of Wisconsin-Superior, Superior, WI. (Memorandum to C.E. Stephan, U.S. EPA,
Duluth, MN. June 30.)

Rihgdal, D. and K. Julshamn. 1985. Effect of selenite on the uptake of

methylmercury in cod (Gadus morhua). Bull. Environ. Contam. Toxicol.

35:335-344.

Robberecht, H. and R. Vah Grieken. 1982. Selenium in environmental waters:

Determination, speciation and concentration levels. Talanta 29:823-844.

109



Rudd, J.W.M. and M.A. Turner. 1983a. The English-Nabigoon River system: II.
Suppression of mercury and selenium biocaccumulation by suspended and bottom

sediments. Can. J. Fish. Aquat. Sci. 40:2218-2227.

Rudd, J.W.M. and M.A. Turner. 1983b. The English-Wabigoon River system: V.
Mercury and selenium bioaccumulation as a function of aquatic primary

productivity. Can. J. Fish. Aquat. Sci. 40:2251-2259.

Rudd, J.W.M., M.A. Turner, B.E. Townsend, A. Swick and A. Furutani. 1980.
Dynamics of selenium in mercury-contaminated experimental freshwater

ecosystems. Can. J. Fish. Aquat. Sci. 37:848-857.

Ryther, J., T.M. Losordo, A.K. Furr, T.F. Parkinson, W.H. Gutenman, [.S.
Pakkala and D.J. Lisk. 1979. Concentration of elements in marine organisms
"cultured in seawater flowing through coal-fly ash. Bull. Environ, Contan.

Toxicol. 23:207-210.

Sager, D.R. and C.R. Cofield. 1984. Differential accumulation of selenium
among axial muscle, reproductive and liver tissues of four warmwater fish

species. Water Resour. Bull. 20:359-363.

Saiki, M.K. 1986;. A field example of selenium contamination in an aquatic
food chain. In: Proceedings of the first annual environmental symposium:
Selenium in the environment. California Agricultural Technology Institute,

Fresno, CA. pp. 67-76.

Saiki, M.K. 1986b. Concentrations of selenium in aquatic food-chain orgénisms

and fish exposed to agricultural tile drainage water. In: Selenium and

110



agriculture drainage: Implications for San Francisco Bay and the California

environment. The Bay Institute of San Francisco, Tiburon, CA. pp. 25-33.

Satki, A., M. Turner, K. Patalas, J. Rudd and D. Findlay. 1985. The influence
of fish-zooplankton-phytoplankton interactions on the results of selenium
toxicity experiments within large enclosures. Can. J. Fish. Aquat. Sci.

42:1132-1143.

Sandhdlm. M., H.E. Oksanen and L. Pesonen. 1973. Uptake of selenium by aquatic

organisms. Limnol. Oceanogr. 18:496-499.

Sarathchandra, S.U. and J.H. Watkinson. 1981. Oxidation of elemental selenium

to selenite by Bacillus megaterium. Science 211:600~-601.

Sarma, Y.S.R.K. and S. Jayaraman. 1984. Observations on sulphur-selenium
antagonism on the growth of two desmids. Acta Bot. Indica 12:57-60.
Sato, T., Y. Ose and T. Sakai. 1980. Toxicological effect of selenium on fish.

Environ. Pollut. 21A:217-224.

Schultz, T.W., S.R. Freeman and J.N. Dumont. 1980. Uptake, depuration, and
distribution of‘selenium in Daphnia and its effects on survival and

ultrastructure. Arch. Environ. Contam. Toxicol. 9:23-40.

Seelye, J.G., R.J. Hesselberg and M.J. Mac. 1982. Accumulation by fish of
contaminants released from dredged sediments. Environ. Sci. Technol.

16:459-464.

111



Shamberger, R.J. 1983. Biochemistry of selenium. Plenum Press, New York, NY.

Sharma, D.C. and P.S. Davis. 1980. Behaviour of some radioactive compounds of
mercury and selenium in aquarium water and their direct uptake by the goldfish

Carassius auratus. Ind. J. Exp. Biol. 18:69-71.

Sheline, J. and B. Schmidt-Nielsen. 1977. Methylmercury-selenium: [nteraction

in the killifish, Fundulus heteroclitus. In: Physiological responses of marine

biota to pollutants. Vernberg, F.J., A. Calabrese, F.P. Thurberg, and W.B.

Vernberg (Eds.). Academic Press, New York, NY. pp. 119-130.

Short, T.M. and C.G. Wilber. 1980. Effects of chronic exposure to sodium
selenite on calcium balance in the crayfish Orconectes immunis. Am. Zool.

20:801.

Shrift, A. 1954a. Sulfur-selenium antagonism. I. Antimetabolic action of

selenate on the growth of Chlorella vulgaris. Am. J. Bot. 41:223-230.

Shrift, A. 1954b. Sulfur-selenium antagonism. II. Antimetabolic action of

seleno-methionine on the ‘growth of Chiorella vulgaris. Am. J. Bot. 41:345-352.

Shrift, A. 1961. Biochemical interrelations between selenium and sulfur in

plants and microorganisms. Fed. Proc. 20:695-702.
Shrift, A. 1964. A selenium cycle in nature. Nature 201:1304-1305.

Shrift, A. 1973. Metabolism of selenium by plants and microorganisms. In:
Organic selenium compounds: Their chemistry and biology. Klayman, D.L. and

W.H.H. Guntherr(Eds.). Wiley-Interscience, New York, NY. pp. 763-814.

112



Shultz, C.D. and B.M. Ito. 1979. Mercury and selenium in blue marlin, Mahaira

nigricans, from Hawaiian Islands. Fish. Bull. 76:872-879.

Siebers, D. and U. Ehlers. 1979. Heavy metal action in transintegumentary

absorption of glycine in two annelid species. Mar. Biol. (Berl.) 50:175-179.

Skerfving, S. 1978. Interaction between selenium and methylmercury. Environ.

Health Perspect. 25:57-65.

Smith, L.L., Jr., D.M. Oseid, G.L. Kimball and S.M. El-Kandelgy. 1976.
Toxicity of hydrogen sulfide to various life history stages of bluegill

(Lepomis macrochirus). Trans. Am. Fish. Soc. 105:442-449.

Sorensen, E.M.B. and T.L. Bauer. 1984a. Planimetric analysis of redear sunfish

(Lepomis microlophus) hepatopancreas following selenium exposure. Environ.

“Toxicol. Chem. 3:159-165.

Sorensen, E.M.B. and T.L. Bauer. 1984b. A correlation between selenium
accumulation in sunfish and changes in condition factor and organ weight.

Environ. Pollut. 34A:357-366.

Sorensen, E.M.B.,, T.L. Bauer, J.S. Bell and C.W. Harlan. 1982. Selenium
accumulation and cytotoxicity in teleosts following chronic, environmental

exposure. Bull. Environ. Contam. Toxicol. 29:688-696.

Sorenson, E.M.B., C.¥. Harlan, J.S. Bell, T.L. Baver and A.H. Prodzynski.
1983. Hepatocyte changes following selenium accumulation in a freshwater

teleost. Am. J. Forensic Med. Pathol. 4:25-32.

113



Sorensen, E.M.B., P.M. Cumbie, T.L. Bauer, J.S. Bell and C.W. Harlan. 1984.
Histopathological, hemotological, condition-factor, and organ weight changes
associated with selenium accumulation in fish from Belew Lake, North Carolina.

Arch. Environ. Contam. Toxicol. 13:153-162.

Specht, W.L., D.S. Cherry, R.A. Lechleitner and J. Cairns, Jr. 1984.
Structural, functional, and recovery responses of stream invertebrates to fly

ash effluent. Can. J. Fish. Aquat. Sci. 41:884-896.

Spehar, R.L. 1986. U.S. EPA, Duluth, MN. (Memorandum to D.J. Call, Center for
Lake Superior Environmental Studies, University of Wisconsin-Superior,

Superior, Wl. September 16.)

Speyer, M.R. 1980. Mercury and selenium concentrations in fish, sediments, and
-water of two northwestern Quebec lakes. Bull. Environ. Contam. Toxicol.

24:427-432.

Srivastava, D.K. and R.K. Tyagi. 1983/1984. Toxicity of selenium and vanadium
to the striped gourami, Colisa fasciatus (Bloch and Schneider). Acta

Hydrobiol. 25/26:481-486.

Stadtman, T.C. 1974. Selenium biochemistry. Science 183:915-922.

Stephan, C.E., D.I. Mount, D.J. Hansen, J.H. Gentile, G.A. Chapman and W.A.
Brungs. 1985. Guidelines for deriving numerical national water quality

criteria for the protection of aquatic organisms and their uses. PB85-227049.

National Technical Information Service, Springfield, VA.

114



Stumm, W. and J.J. Morgan. 1982. Aquatic chemistry. Wiley, New York, NY. pp.

176-177.

Takayanagi, K. and D. Cossa. 1985. Speciation of dissolved selenium in the
upper St. Lawrence estuary. In: Marine and estuarine geochemistry. Sigleo,

A.C. and A. Hattori (Eds.). Lewis Publishers, Chelsea, MI. pp. 275-284.

Takayanagi, K. and G.T.F. Wong. 1984a. Organic and colloidal selenium in

southern Chesapeake Bay and adjacent waters. Mar. Chem. 14:141-148.

Takayanagi, K. and G.T.F. Wong. 1984b. Total selenium and selenium(IV) in the
James River estuary and southern Chesapeake Bay. Estuarine Coastal Shelf Sci.

18:113-119.

Thomas, W.H., J.T. Hollibaugh and D.L.R. Siebert. 1980a. Effects of heavy

metals on the morpﬁology of some marine phytoplankton. Phycologia 19:202-209.

Thomas, W.H., J.T. Hollibaugh, D.L.R. Siebert and G.T. Wallace, Jr. 1980b.
Toxiéity of a mixture of ten metals to phytoplankton. Mar. Ecol. Prog. Ser.

2:213-220.

Thompson, S.E., E.A. Burton, D.J. Quinn and Y.C. Ng. 1972. Concentration
factors of chemical elements in edible aquatic organisms. UCRL-50564. Rev. 1.

National Technical Information Service, Springfield, VA.

Traversy, W.J., P.D. Goulden, Y.M. Sheikh and J.R. Leacock. 1975. Levels of
arsenic and selenium in the Great Lakes region. Scientific Series No. 58.

Environment Canada, Burlington, Ontario, Canada.

115



Turner, M.A. and J.W.M. Rudd. 1983. The English-Wabigoon River system: III.
Selenium in lake enclosures: Its geochemistry, bioaccumulation, and ability to

reduce mercury bioaccumulation. Can. J. Fish. Aquat. Sci. 40:2228-2240.

Turner, M.A. and A.L. Swick. 1983. The English-Wabigoon River system: [V.
'Interaétion between mercury and selenium accumulated from waterborne and
dietary sources by northern pike (Esox lucius). Can. J. Fish. Aquat. Sci.

40:2241-2250.

Uchida, H., Y. Shimoishi and K. Toei. 1980. Gas chromatographic determination
of selenium(-I11,0), -(IV), and -(VI) in natural waters. Environ. Sci. Technol.

14:541-544.

U.S. EPA. 1976. Quality criteria for water. PB-263943 or EPA-440/9-76-023.

National Technical Information Service, Springfield. VA.

U.S. EPA. 1978. In-depth studies on health and environmental’ impacts of
selected water pollutants. (Table of data available from C.E. Stephan, U.S.

EPA, Duluth, MN.)

U.S. EPA. 1980a. Ambient water quality criteria for selenium.

EPA-440/5—80—070? National Technical Information Service, Springfield, VA.

U.S. EPA. 1980b. Water quality criteria documents. Federal Regist.

45:79318-79379. November 28.

U.S. EPA. 1983a. Methods for chemical analysis of water and wastes.
EPA-600/4-79-020 (Revised March 1983). National Technical Information Service,

Springfield, VA.
116



U.S. EPA. 1983b. Water quality standards regulation. Federal Regist.

48:51400-51413. November 8.

U.S. EPA. 1983c. Water quality standards handbook. Office of Water Regulations

and Standards, Washington, DC.

U.S. EPA. 1985a. Appendix B - Response to public comments on "Guidelines for
deriving numerical national water quality criteria for the protection of

aquatic organisms and their uses.” Federal Regist. 50:30793-30796. July 29.

U.S. EPA. 1985b. Water quality criteria. Federal Regist. 50:30784-30792. July

R9.

U.S. EPA. 1985c. Technical support document for water quality-based toxics
control. EPA-440/4-85-032 or PBB6-150067. National Technical Information

Service, Springfield, VA.

U.S. EPA. 1986. Chapter I - Stream design flow for steady-state modeling. In:
Book VI - Design conditions. In: Technical guidance manual for performing

waste load allocation. Office of Water, Washington, DC. August.

U.S. EPA. 1987. Permit writer’'s guide to water quality-based permitting for

toxic pollutants. EPA-440/4-87-005. Office of Water, Washington, DC.

Uthe, J.F. and E.G. Bligh. 1971. Preliminary survey of heavy metal
contamination of Canadian freshwater fish. J. Fish. Res. Board Can.

28:786-788.

117



Van Puymbroeck, S.L.C., W.J.J. Stips and 0.L.J. Vanderborght. 1982. The
antagonism between selenium and cadmium in a freshwater mollusc. Arch.

Environ. Contam. Toxico{. 11:103-1086.

Versar. 1975. Preliminary investigation of effects on the environment of
boron, indium, nickel, selenium, tin, vanadium and their compounds. Volume [V,
Selenium. PB-245987 or EPA-560/2-75-005D. National Technical Information

Service, Springfield, VA.

Vocke, R.W., K.L. Sears, J.J. 0'Toole and R.B. Wildman. 1980. Growth responses
of selected freshwater algae to trace elements and scrubber ash slurry

generated by coal-fired power plants. Water Res. 14:141-150.

Waish, D.F., B.L. Berger and J.R. Bean. 1977. Mercury,'arsenic. lead, cadmium,
and selenium residues in fish, 1971-1977 - National Pesticide Monitoring

Program. Pestic. Monit. J. 11:5-34.

Wang, W. 1986. Toxicity tests of aquatic pollutants by using common duckweed.

Environ. Pollut. 11B:1-14.
Ward, G.S., T.A. Hollister, P.T. Heitmuller and P.R. Parrish. 1981. Acute and
chronic toxicity’of selenium to estuarine organisms. Northeast Gulf Sci.

4:73-78.

Watenpaugh, D.E. and T.L. Beitinger. 1985a. Absence of selenate avoidance by

fathead minnows (Pimephales promelas). Water Res. 19:923-926.

118



Watenpaugh, D.E. and T.L. Beitinger. 1985b. Oxygen consumption in fathead
minnows (Pimephales promelas) following acute exposure to water-borne

selenium. Comp. Biochem. Physiol. 80C:253-256.

Watenpaugh, D.E. and T.L. Beitinger. 1985¢c. Se exposure and temperature

tolerance of fathead minnows, Pimephales promelas. J. Therm. Biol. 10:83-86.

Weber, 0. 1985. Concentration of metals in fish from the River Rednitz. Z.

Lebensm. Unters. Forsch. 180:463-4686.

Wehr, J.D. and L.M. Brown. 1985. Selenium requirement of a bloom-forming
planktonic alga from softwater and acidified lakes. Can. J. Fish. Aquat. Sci.

42:1783-1788.

 Weir, P.A. and C.H. Hine. 1970. Effects of various metals on behavior of

cdnditioned goldfish. Arch. Environ. Health 20:45-51.

Westerman, A.G. and W.J. Birge. 1978. Accelerated rate of albinism in channel

catfish exposed to metals. Prog. Fish-Cult. 40:143-146.

Wheeler, A.E., R.A. Zingaro, K. Irgolic and N.R. Bottino. 1982. The effect of
selenate, selenite, and sulfate on the growth of six unicellular marine algae.

J. Exp. Mar. Biol. Ecol. 57:181-194.

Wilber, C.G. 1980. Toxicology of selenium: A review. Clin. Toxicol.

17:171-230.

Wilber, C.G. 1983. Selenium: A potential environmental poison and a necessary

food constituent. Charles C. Thomas Publishing Company, Springfield, IL.
119



Wilson, R.D., P.R. Bowser and W.E. Poe. 1984. Dietary vitamin E requirement of

fingerling channel catfish. J. Nutr. 114:2053-2058.

Winger, P.V. and J.K. Andreasen. 1985. Contaminant residues in fish and
sediments from lakes in the Atchafalaya River basin (Louisiana). Arch.

Environ. Contam. Toxicol. 14:579-586.

Winger, P.V., C. Sieckman, T.N. May and W.W. Johnson. 1984. Residues of
organochlorine insecticides, polychlorinated biphenyls, and heavy metals in
biota from Apalachicola River, Florida. 1978. J. Assoc. Off. Anal. Chem.

67:325-333.

¢
Winner, R.W. 1984. Selenium effects on antennal integrity and chronic copper
toxicity in Daphnia pulex (deGeer). Bull. Environ. Contam. Toxicol.

33:605-611.

Wong, P.T.S., Y.K Chau and D. Patel. 1982. PHysiological and biochemical
responses of several freshwater algae to a mixture of metals. Chemosphere

11:367-376.

Woock, S.E. and P.B. Summers, Jr. 1984. Selenium monitoring in Hyco Reservoir
(NC) waters (1977-1981) and biota (1977-1980). In: Workshop proceedings: The
effects of trace elements on aquatic ecosystems. EA-3329. Electric Power

Research Institute, Palo Alto, CA. pp. 8-1 to 6-27.

Wrench, J.J. 1978. Selenium metabolism in the marine phytoplankters

Tetraselmis tetrathele and Dunaliella minuta. Mar. Biol. (Berl.) 49:231-236.

120



Wrench, J.J. 1979. Uptake and metabolism of selenium by oysters. Mar. Sci

Commun. 5:47-59.

Wrench, J.J..and C.I. Measures. 1982. Temporal variations in dissolved

selenium in a coastal ecosystem. Nature 299:431-433.

Zatta, P., P. Buso and G. Moschini. 1985. Selenium distribution in the tissues

of Carcinus maenas. Comp. Biochem. Physiol. 81C:469-470.

121





