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FOREWORD

Section 304(a)(1) of the Clean Mater Act of 1377 (P L 33-217' ra;.ic2s
-ne Administrator of the Environmental Protection Agency t3 publish wai:r )
quality criterta that accurately reflect the latest scientific knowledze :-
~ne kind and extent of all identifiable effects on health and weifare =74t
night e expected from the presence of pollutants i1n any body af watar
1acluding ground water. This document is a revision of proposed criter:a
based upon consideration of comments recetved from other Federal agenc.2s
State agencies, special interest groups. and individual scientists. CriT2cia
contatned in this document replace any previousiy published EPA aguat:: ..7:
criterta for the same pollutant(s).

The term "water quality criteria” is used in two gsections of the Cizan
Water Act. section 304(al)(l) and section 303(c¢)(2). The term has a differens
program impact in each section. [n section J04. the term represents a
non-regulatory. scientific assessment of ecological effects. Criteria
presented in this document are such scientific assessments. [f water qual:ty
criteria assocrated with specific stream uses are adopted by a Stdte as water
quality standards under section 303, they become enforceable maximum
acceptable pollutant concentrations in ambient waters within that State.

Wacer quality criteria adopted in State water quality standards could have the
same numerical values as criteria developed under section 304. However. 1n
many situations States might want to adjust water quality criteria developed
under section 304 to reflect local environmental conditions and human exposure
patterns before tncorporation into water quality standards. [t is not yntt !
their adoption as part of State water quality standards that criteria decome

regulatory.

Guidance to assist States in the modification of criteria presented 110
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
s Director ! ,
Office of Water Regulations and Standards
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Jyctlg
Selenium is unique among pollutants because of 1ts following azs-izuzes
L R |

Selenium is located 1mmediately below sulfur tn group €A (n the ner:s:i.:
- 2 [ R

table. Thus selenium 1s a metalloid. not a metal. More imporsans:v -2
TRyt

chemical and physical praperties of selenium and sulfur are s3 sim..ar
that these elements are related 1n a variety of ways. F;r exampie
selenium can replacg sulfur in some minerals and biologically .mperzan:
compounds (Callahan et al. 1979: Cooper et al. 197¢; Euin 1979:. Shamoergzar-
1983). Also. sulfate reduces the tozicity of selenium to some spec:i:s
(Bennect et al. 1986: Ewan 1979: Halverson apd Monty -1980: Kumar and
Prakash 1971: Martin 1973: Sarma and Jayara;;n 1984: Shrift 195¢a.b.1341.
Wheeler et al. }982}. However, if s;leniua and sulfur were
physiologically and toxicologically interchangeable. selenium would not de
more toxic than sulfur (Brown and Shrift 1982: Shamberger 1983: Shrift
1973). Some of the proposed modes of action of selenium involve react:on
‘with or substitution for the sulfur in such biologically relevant natura.
compounds as sulfur-containing amino acids (Foe and Knight. Manuscript:
Magos and Webb 1980).

Substantial quantities of selenium enter gurface waters from both natural
and anthropogenic sources. It is aﬁundant in the dri;r sotls of North
America from the Great Plains to the Pacific Ocean. Some ground waters if
Calitorlls.'kolorado. Kansas., Oklahoma. South Dakota. and Wyoming con:a(n
elevated concentrations of selenium due to weathering of and leaching fro
‘roéks‘lnd goils. Selenium also occurs in sulfide 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 1n (1Y



ash during combustion. Some selenium then enters surface waters ;3
drainage from (ly-ash ponds and in runoffl from fly-ash deposits 3n .a1=d
Three oxidation states (selenide = -2. selenite = r&.‘;nd T
can exist simultaneously in aerobic surface water at pH = 8.3 to 3_1 A
fourth otxidation state (elemental = 0) exists in sediment. DUt i3
insoluble in water. Chemical conversion from one oxidation state <
another often proceeds at such a slow rate in aerobic surface water -hat
thermodynamic considerations do not determine the relative concentratians
of the aogidation states. Thus although selenium(Vl) is thermadynamical.y
favored in_oty;enated elkaline water. suhsttﬁiial concentrations of both
selenium(-f[) and selenium(1V) 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 organisms 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 ozxidize elemental selenium to selenium(lV) {Snrathchandra
and Watkinson 1981), reduce selenium(Vi) to selenium{IV) (Lipinski et al.
1986). produce gaseous dimethy! selenide and dimethyl diselenide (Chau et
al. 1976; Do}ln 1982: Reamer and Zoller 1980). and reduce selenium( (V) an
seleniom(VI) teo selenium{-Il) and incorporate it into amino acids and
‘proteins, such as selenomethionine (Bottino et al. 1984: National Researc
Couneil 1976; Stadtmen 197¢; Wrench 1978,1979).

Aithou(h.scleniul can be quite toxic, it has been shown to be an essentid

trace nutrient for many aquatic and terrestrial species and it



ameliorates the effects of a variety of pollutants. Selenium 327 : s2-:.
has been found to affect humans (Fishbein 1984: Frost and ingvolsrad

- 1979; Raptis et al. 1983: Wilber 1980.1983). sheep an; cattle ' Ihampergzs-
1583), fish (Bell et al. 1984.1985.1988: Fjolsand and Hevarass !38§
Gatlin 1383. Gatlin and Wilson 1984: Hetsinger and Dawson 1383, Hili:an 2=
al. 1980: Hodson and Hilton 1983: Ostroumova 1988: Poston et al 1373,
Wilson et al. 1984)., an aquatic invertebrate (Cowgill et al. 1385 .349%
Keating and Dagbusan 1984). and algae (Lindstrom 1384: Wehr and 8rown
1985). [n addition., selenium protects biota from the toxic effects af
arsenic. cadmium, copper. inorganic and orgfﬁic 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 1973: Kim et al. 1977:
Levander 1977: Magos and Webb 1980; Pelletier 1986b: Shamberger 1983:
Sker{ving 1978: Van Puymbroeck et al. 1982: Wilber 1983: Winner 1984).
Birge et al. (1978.19794.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 Qryzias latipeg from cadsium and mercury (Heisinger
.1981). whereas prior exposure to selenium did not affect the sensitivity
‘of white suckers to cadmium (Duncan and Kiaverkamp 1983). Selenium s

- reported teo }educc 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 Sy mammals and some [ish (Heisinger et al. 1979; Kim et al. 1977

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



and [to 1979). Selenium augmented accumulation of cadmium in some =,s5s:%25

of the shore crab. Carcinus maenay (Bjerregaard 1982.1983). The avaiiat.:
‘data do noet show whether the various inorganic and erganic compounds and
ogidation states of selenium are equally effective sources of selen:us as
a trace nutrient or as protection against pollutants. |

Not only has selenium been demonstrated to be toxic to aquatic spec:es
when 1t is dissolved in water. it has also been demonstrated that uptake
of selenium from food can adversely affect aquatic species le.g.. Benner~
et al. 1988; Goettl and Davies 1978: Hicks et al. 1984;: Hilton et al. |
1980; Hodson and Hilton 1983) and mailard dugis (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 Benmayoun 1976a.b.c: Rudd et al.
1980: Sandholm et al. 1973: Turner and Swick 1983). Turner and Swick
[1935} also found that under some conditions pike accumulated equal
amounts from food and water. Shrimp lost selenium that had been
accumulated from water faster than that accumulated frow food (Fowler and
Benayoun 1978a).

Selenium(-11) as selenomethionine is sometimes more biologically active
than either selenium(IV) or selenium(Vl). Fish accumulated
selenomethionine more efficiently than gelenium( (V) or selenium(Vl) from
both the gestrointestinal tract (Kleinow 1984; Kleinow and Brooks 1986a)
and from water (Sharme and Davis 1980). Sandholm et al. (1973) found tha
algae accumulated selenomethionine much more than selenium{ (V). but the
opp;zite'-;: true for daphnids and (ish. Also. Kumar and Prakash

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

selenomethionine was more toxic to slgae and fish, respectively. than



were seieniumi (V) and selentumiVI). Selenopurine was as -ox;: -

5 PO
oA gy

selenomethionine (Kumar and Prakash 1971). but selenocvstine was RCR T .

“tozic to fish (Niimi and LaHam 1976). Heinz et al. (13870 and Hof<ma- .-
Hetnz (1987) found that selenium as selenomethionine 1s more Laxiz a2
maliards than selenium{[V) and that mallards contained more selespni:n -
eggs. liver. and breast muscle when (ed selenomethionine than wnen “s3j
selenium( [V).

The concentration of selenium in specific tissues can depend on the
exposure route, concentration, and form of selenium. For example. Lemlv
(1982) found relatively low concentrations 6? selenium in gonads of
centrarchids exposed to selenium(IV) 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. [n another case, at low levels of selenium([V) in foed or
water, the kidneys of rainbow trout contained more selenium than 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. (19871 found that when mallards were fed
selenius(lV), more selenium was deposited in the egg yolk than in the egg
white. lhon~-gllards were fed selenomethonine. however., more selenium was
found im the white than in the yolk. [n addition, the relative
distribution between tissues might depend on the duration of the exposure

and on whgtﬁer the organisms are in the uptake'or depuration phase

(Kleinow and Brooks-IBBGn).



10. Selenium occurs in a variety of forms tn organisms. Because of ‘alxal.
disease’ and "blind staggers among livestock. the cha;actertzattan 5t
selenium in terrestrial plants has received much attention. The
water-soluble fraction from plants contained selenite. sefenate.
seleno-amino acids, and possibly other compounds. After treatment s{ :n:
;nsoluble fraction with proteolytic enzymes. various seleno-amino actids
were found (Allaway et al. 1967: Brown and Shrift 1982; 0Olson et al.

1970). Selenium in algae has been found in free and combined amino acids
(Bottino et al. 1984: Burton et al. 1980: lréﬁ;h 1978) and bound to lipiis
(Gennity et al. 1984). Similarly. saltwater animalg*contained selenium 1n
proteins and lipids (Braddon-Galloway and Sumpter 1986: Lunde 1973: Maher
1985: Wrench 1979). Cappon (1984) and Cappon and Smith (1981.1982a.b)
found that 8 to 47% of the selenium in the edible portions of various
freshwater and saltwater species was selenium(VIl) and that 35 to 807 was
water-soluble.

Although other pollutants possess some of these attributes. selenium s the

anly 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
fors and location of selenium in affected and wnaffected organisms from

laboratory and fleld exposures might be helpful in determining the route bY

which aqﬁnttc organisms in field situations accumulate toxic amounts of

-

selenium.
Unless otherwise noted, all concentrations of selenium in water reported
herein {rom togzicity and bioconcentration tests are expected to be essenttall

equivalent to acid-soluble selenium concentrations. All concentrations are



expressed as selenium. not as the chemical tested. Although v[ .3 sy¢za:=a:
be the predominant oxidation state at chemical qu:lnbrlum in oxvzenarad
alkaline watep, the rate of conversion of [V to VI seems to be slaw in w3
natural waters. Therefore. 1t was assumed that when [V was introduced :a=:
stack ar test solutionsg, it would persist as the predominate state th:ou;::;t
the test, even 1f no analyses specific for the [V oxidation state were
performed. Similarily. 1t was assumed that when VI was introduced into s:3:x
or test solutions. 1t would persist as the predominant state throughout =he
test. even if{ no analyses specific for VI were performed.

An understanding of the "Guidelines for Deriwvitng Numerical National Water
Quality Criteria for the Profection of Aqutti§ Organisms and Their Uses”
(Scephan et al. 1985). hereinafter referred to as the Guidelines: and the
response to public comments (U.S. EPA 198Sa) is necessary in order to
understand the following text, tab{es. and calculations. Results of such
intermediate calculations as recalculated LCSOs and Species Mean Acute Values
are given to four significant figures te prev;nt roundoff error i1n 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 1978,1980a) because these new criteria were
derived using improved procedures and additional information. The latest
comprehensive literature search for information for this document was

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

Seleniua(iV)
ﬁatt th‘t may be used, according to the Guidelines., in the derivation of

Final Acute Values for seleniua(1V) and selenium(V1) are presenced in Table



1. The LCSO far selentumi V) sometimes decreased substantialiy as :ne
duration of the test increased. For example. Halter et al 11980 reportai
the LCSO for the amphipod. Hvalella azteca. to be 940 ug/L at 2 days

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

{1980) di1d not specify the oxidation state used in their studies. \dam: and
Johnson (1981) stated that the tests were conducted on sodium selenicte -
Similarly. Adams {19768) reported that the average LCS0 for the rainbow trout

Salmo gairdneri. was 4,350 pg/L at & days. $00 ug/L at 48 days. and
280 ug/L at 96 days. and for the fathead minnow. Pimephales promelas. the
average LCS0 was 10,900 pg/L at ¢ days and l.lOéﬁlt 48 days.

Adams (1978) found that the acute toxicity of selenium(I(V) to the fathead
minnow was related to water temperature with average 96-hr LCS0s of
10,900 pg/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(1V) in soft than in hard water (Mayer and Ellersieck
1986: Palawski et al. 1985). These results might be explained by the finding:
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 hafdness had a significant effect on the final concentration
in any tissue after exposure to selenium(IV) for 120 days.

{nvertebrates are both the most sensitive and most resistant freshwater
species to lolc;iul(lV) with acute values ranging from 210 ug/L for the
crustacean. Daphnia megns (Adams and Heidolph 1985) to 203.000 wg/L for the
leech, Nephelongig obscura (Hrookc et al. 1989).. The acute values for [ishe

range from 620 pg/L for the fathead minnow (Kisball, Manuscript) to

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



Boyum (1984) reported a 48-hr LC30 of 8 ug/L for Qaphnia pulicar:

Other acute values reported for species i1n the genus Daphnia ranged from

210 ug/L (Adams and Heidolph 1983) to 3.870 ug/L (Reading 1979: Reading

and Buikema 1983). so the value of 8 ug/L s surprisingly low. Boyum _

' sersonal communication. 14 February 19868) stated that the survival of Zap=-:\
pulicarig in the lowest concentration tested was only 47% i1n the test that
pro¢ucgd che LCSO of 8 ug/L. Because of the high mortality at the lowest
concentration. the value of 8 ug/L was not considered acceptable for use :n
calculating a criterion. However. the results of this and similar unreportzd
tests by Boyum (personal communication, 14 Pebruaty 1986) indicate that the
acute value for this species might be less than 100 ug/L.

Just as the nine acute values for Daphnia @mALNA cover a rz:her large
range from 210 to 2.500 pg/L. the acute values for the fathead minnow range
trom 620 to 11,300 ug/L. The values reported by Kimball (Manuseript) were
che lowest for the fathead minnow, but not for n;ghnL;-!;gn;. The seven acute
values for the rainbow trout range from 1.aoo'co 12,500 wg/L.

Freshwater Species Mean Acute Values (Table 1) were caléulated as
geometric means of the available acute values for selenlunllV]. and Genus Mean
Acute V;lucs (Table 3) were then calculated as ;eolctrle means of the Specties
Vean ‘Acute Values. Of the twenty-two generd for which freshwater mean acute
valués are available, the most sensitive genus. Hyalells. is 597 times more
sensitive tham tic sost resistant. Nephelopsis. The range of sensitivities o'
the four mest semsitive gemera is a factor of 5. The freshwater Final Acuce
Value for selenium(1V) was calculated to be 371.8 wg/L using the procedure
descrided 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 criter:izn f:r
selenium( (V) are available for eight species of invertebrates and eighs
spectes of fish that are resident 1n North America (Table ;l. The range af
acute values for saltwater invertebrates egtends from 850 ug/L for adulcrs
5f the copepod. Acartia tonsa (Lussier 1988) to greater than"10.000 .g. L
for embryos of the blue mussel, Mvgilug edulig (Martin et al. 1981) and
embryos of the Pacific oyster. Cragsostres gigay (Glickstein 1978: Mart:in =t
al. 1981). The range of acute values for fish is slightly wider than that 7ar
invertebrates, extending fron 599 ug/L for larvae of the haddock.
Melanogrammyy aeglefinus. to 17.350 ug/L for adufis of the fourspine
stickleback. Apeltes guadracus (Cardin 1988). No consistent relationship was
detected between life stage of invertebrates or fish and their sensgitivity to
\ selenium( V), and few data are available concerning the influence of
temperature or salinity on the togzicity of selenium([V) to saltwater animals.
Acute tests with the copepod. Acartia fonsa. at 3 and 10°C gave similar
results (Lussier 1986).

0f the fifteen genera for which saltwater mean acute values are available
(Table 3). the most sensitive genus. Mglanogrameuyg, is nearly 29 times more
gensitive than the most resistant. Apeltes. The gensitivities of the four
most sensitive geners 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 ll;;l Acute Value for selenium(iV) is 587.7 wg/L. which 1s
slightly lower than the lowest Species Mean Acute Value.

Selenium(Vi)

Among freshwater invertebrates. amphipods and cladocerans are quite
sensitive to selenius(Vl). Gasmarus pseudolimnaeys. with a mean acute value

of 65.38 ug/L. is the most sensitive tested f{reshwater gpecies, and another

10



amphipod. Hvalella azgeca. with an LC30 of 780 .gs/L. 1s the =hird mos:
sensitive species. The ECSO for Daphnia gulicaria 1s 246 .g/L 'Sayum 1334
whereas the ECS0s for Daphnia magna range from 570 to s 300 JE7L Toah, Thoan
\ndependent studies. }

The fathead minnow 1s the most sensitive freshwater fish species wisn
which an acute test has been conducted on selenium(Vl). Five 96-hr expasuira;
resulted in LCS0s ranging from 2.300 to 12.500 pg/L. One test {Spehar
1986) was a flow-through test in which the concentrations were measured. Tnh:
tests conducted with the fathead minnow in fhc hardest water (323 mg/L as
CaCOq) gave 96-hr LCS0s from 11,000 to 12.500 ug/E (Table 1) and a 48-day
LCSO of 2.000 wg/L (Table 6). The hydroid. Hrdra sp.. was about as
sengitive to seleni?niV!] ai the fathead minnow (Table 1). Other species were
quite resistant with LCS0s ranging {ron 20.000 wg/L for a midge.
ElLl&lﬂlllLlﬂi n;nshanaxan;;iggl. to 442,000 ug/L for a leech. Nephelopsis
ebscura.

0f the eleven genera for which fresh-ate; mean acute values are avarladiz
for selenium(Vl), the most sensitive, Gammarug. 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 8¢. The freshwater Final Acute Value fof
selenium(VI) was calculated to be 25.65 ug/L. This Final Acute Value is
substantially below the acute value of the most sensitive [reshwater species.
because data nr;.availlble for only eleven genera and because of the large
~ differences between the values for the four most sensitive geners.

The only species with which acute tests have been conducted on
selen:ullvl) in salt water is the strtpcd bass (Table 1). Klauda 11985)

obtained 968-hr LCSOs of 9.790 and 85.840 pg/L with prolarvae and juventle

striped bass. respectively.

i1



Species Mean Acute Values have been determined for both selenizmi .V 1-:
selenium(Vl) with ten freshwater species (Table 3) and one saltwater sne: s
(Table 1). For ten of these eleven species selenium([V) és 1.6 to 8 1 7:meas
more toxic than selenium(VI). For the freshwater Gammarys pseudolimnaeus.
however. selenium(V[) is 4l times more toxic. Acute tests were conduc:ei in
both selentum([V) and selenium(VI) with this gammarid by the same
investigators in 1983 and in 1987 (Brooke 1987; Brooke et al. 1985). This
species is moderately sensitive to selenium([V) but is very sensitive t2
selenium{Vl). The Final Acute Value for selenium(VI) is fourteen times |awer
than that for selenium(1V) because fewer Genus Méan Acute Values are availabi:

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

pseudolimnacus.

Chronic Toxicity to Aquatic Animals

Selenjum([V)

The available data that are usable according to the Guidelines conceraing
the chronic toxicity of seienium([V) and selenium(VI) are presented in Table
2. Chronic tozicity tests have been conducted on selenium( (V) 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 thanm the oihtr four species. Goettl and Davies (1977) exposed rainbow
trout to selemium(1V) for 27 months, and they found that survival of fish
expoied to .80 ug/L was similar to survival of control fish. Survival of
fish exposed to 130 ug/L was about 50X of that of the controls and about
18% of‘these iurvivors were defo;ped. even though no control [ish were

deformed. Hodson et al. (1980) found that 47 to $3 ug/L caused a small

12



reduction 1n percent hatch of rainbow trout., but d1d aet reduce surv. w1,
sac or swims=up (ry. The small reduction in percent hatch 15 NOT :3ns;iesra:
unacceptable for the purposes of deriving water quality criterta. The 3=y -~
Joettl and Davies (1977) 1nd1§ated that the acute-chronic ratio was iess ==i:

| 197 2. and the data of Hodson et al. (1980) gave a ratio of T4l 5.

In 90-day exposures starting with newly hatched fry. Hunn et al 133"
found that selenium{[V) at concentrations of 12 ug/L and greater
significantly reduced the concentration of calcium in bone of rainbow trau:
However., the e:pectedlresultin( decrease in the toughness and/or strength 3¢
the bone did not occur. A 90-day LCS0 of $5.2 ﬁ%/L was calculated from the
published data on percent survival, allowing for 8.9% spontaneous mortality
(Table 8). The Guidelines (page 17) specify division of an LCSQO by 2 to
calculate a concentration that will not severely affect too many of the
organisms. Division of §5.2 ug/L by 2 results in 27.8 ug/L.

The other four freshwater species with which chronic tests have been
conducted on selenium([Vj. including one (ish species. are all acutely more
sengitive. and chronically more resistant, than the rainbow trout. Kimball
{Hunuscript).conducted an early life-stage test on selenium( (V) with f:thead
minnows. A selenium(IV) concentration of 153 wg/L reduced survival by 327
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%. Tﬁc resulting chronic value an
acute-chroaie r‘klo were 112.7 pg/L and 8.881, respectively.

‘Kisball (Manuscript) also studied the effects of selenium([V) on surviva
and reproduction of Daphnia magna in & 28-day remewal test. Survival and
reprodu?tion of Daphnia magna exposed to 70 ug/L were similar to those of
contrel aniu;ls. Survival at 120 wg/L was 100%. but reproduction.
expressed as mean young per adult, was reduced 27% compared to the control
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animals. The chronic value and acute-chronic ratio were 91.6§% ug/L and
13.31, respectively. Adems and Heidolph (1983) also reported results sf a

life-cycle test with Daphnia magng on selenium([V). The test was at a
hardness of 240 to 310 mg/L and the chronic value was 181.5 ug/L. An
acute=chronic ratio cannot be calculated from this chronic value. na.,:,,
because it appears that the acute tést reported by Adams and Heidolph ::33%:
was conducted in a different water.

Owsley (1984) and Owsley and McCauley (19868) reported the results of an
exposure of four successive generations of the cladoceran, Cericdaphnia
affinig., to gselenium(IV), but the concentrations ?; 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 wg/L caused an unacceptable effect on
only the second generation. The chronic value from this test would probably
be close to 100 ug/L. and the acute-chronic ratio would be close to 8.

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 800 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 caneontration of 800 ug/L
caused about a 40% reduction in the mean total number of live young per
adult. The resulting chronic value was 692.8 ug/L and the acute-chronic
ratio was $.586.

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

saltwater species, the mysid. Mysidopsig bahia. snd the sheepshead minnow.
Cyprinedon variegatus (Table 2). The life-cycle test with Mygidopsis bahia
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was started with ¢8-hr post-.r.e_teue juventles and lasted for 29 days wy-4 .- °
al. 1981). Ezposure to concentrations of 320 ug/L or greater signif;zan-. -
re@uced survival of the first-generation mysids. No off(brnn; were prad;;;f
by mysitds that survived exposure to 580 ug/L. and the number of of fspring
produced per female was significantly lower in 320 ug/L than 1n the c:n:r:.
creatment. All offspring produced in all treatments survived until the a~i 3¢
the test. At 140 ug/L. survival and reproduction were reduced 18% and 227
respectively. compared to the controls. but these reductions were not
statistically significant. The chronic value for Mygidopsis bahia s

211.7 upg/L and the acute-chronic ratio is 7.085;

An early life-stage test wag performed with the sheepshead minnow (Ward
et al. 198l). The test was started -ithlnevly-rertilized eggs and extended
for two weeks after hatch to measure survival and growth of juveniles.
Percent hatch was reduced 0 to 4% by concentrations of 970, 1,900, and
1 3.800 pg/L. Survival of juveniles was reduced 4% by 470 ug/L. 24% by
970 upg/L. and more than 90% at higher concentrations. Growth was reduced
8% by sglenium concentrations of 470 and 970 ug/L. The resulting chronic
value for Cyprinedon variegatus i:\875.2 ug/L and the acute-chronic ratio
_is 10.98.

Acute-chronic ratios have been determined for selenium([V) with three of
the seven most acutely sensitive freshwater species. These ratios range from
5.586 to 13.31 (}tbll 3). The t;o scute=chromic ratios that were determined
with saltwater species also fall within this range. The Final Acute-Chronic

Ratio of 8.31¢ was calculated as the geometric mean of these five ratios. Th
high acute-chronic ratio obtained with the rainbow trout was not used in the

calcuiltion Jf the Final Aeute?Chronic Ratio because this is an acutely

resistant species. Division of the Final Acute Values by the Final
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scute-Chronic Ratio results 1n freshwater and saltwater Final Chroniz 71..i2s
of ¢4.72 and 70.89 ug/L. respectively. Based on the data reported »v Huma

et al. (1987) for rainbow trout. the freshwater Final Chrdhtc Value 135 i(awer=:
ts 27.6 wg/L to protect this important species. The saltwater Final

Chronitc Yalue 1s quite a bit lower than the two saltwater chranic valu:s. 35

neither of the saltwater species with which chronic tests have been :3nducted

is acutely sensitive to selenium((V).

§=|ggjgm|'¢'“

Chronic tests have been conducted on selenium{VI[) with three freshwater
species (Table 2). Some additional chronic testd have been conducted by
exposin( freshwater animals to selenium(Vl) in food and water simuitaﬁeously
Dunbar et al. (1983) conducted a 32-day renewal life-cycle test with D.
nagna- Seleniun(VI; 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 ratio was 2.651.

Boyum (1984) conducted three life=cycle Qests 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. 30
100, 500. and 1.000 wg/L. In one test with Daphnia magna and in one test
with ). pulicaria. the animals were fed algae that had grown for 8 hours ia
the same concentration of selenium(Vl) te which the daphnids themseivei were
exposed. [n tho‘thlrd test. D. magna wes fed algae that had been raised in
contrel water. [n fhil third test, the intrinsic ‘growth rate was reduced 52"
at the concentration of S0 pg/L. [n the tests in which the algae contained
selenium: the intringic growth rates of D. magna and D. pulicaria vwere reduc

8.6 and 13%. respectively. by S0 pg/L. When the daphnids were fed algae

that contained selenium, D. pulicaria wes affected more than Q. magna at eac
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concentration of selenium. Also at each concentration of selenium. 2 =zaz-1

——a

was affected less when it received selenium from both food and water =min ~-2-
1t received selenium from only water. Separate tescs showed *hat -
éetenonethionine in water and selenium 1n algae independently reduced -ne
uptake of selenium(Vl) from water by D. magna.

Dapghnia magna was much more sensitive to'seleniuaivli in the zests
reported by Boyum (1984) than in those reported by Dunbar et al. (1387 i
s interesting that the dilution water used by Boyum contained 21.5 mg
sulfate/L. whereas that used by Dunbar et al. contained about 17¢ mg
sulfate/L. ' if

Spehar (1986) reported results of a 90-day early life-stage test with
rainbow trout. No fish survived at 8,300 ug/L or higher concentrations. A
concentration of 3.800 ug/L reduced survival and weight by 93% and 24%.
respectively. Survival and weight were reduced 7% and 127% by 2.200 ug/L.

The chronic value was 2,891 ug/L and the acute-chronic ratio was 16.28.

Spehar (1986) also reported results of a 52-d|7 early life-stage test witn
the fathead minnow. No fish survived at 2,900 ug/L. and 1.520 pe/L
reduced both survival and weight by more than 60%. At 820 ug/L. survival
was as good as in the control treatment. but weight was reduced by J4%.
Weight was reduced only 3% by 380 pg/L. Thus this test resulted in a
chronic value of 565.5 wg/L and an acute-chromic ratio of 9.728. Brooks et
sl. (198¢) ogpo;;d fathead minnows throughout a life cycle to gelenium{ VL) 0
the range of 40 to S0 pg/L. The fish were fed o food that was specially
prepared (see also Bertram and Brooks 1986) to simulate a food chain in water
that contained the same concentration of sclcniui('l]. Although a malfunctic

of thé_dilutir caused the concentration of seleniua to be 2 to $ times highe:

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 selentumiVl) show a
consistent pattern in that the more acutely sensitive jpecies have a .awer
ratio (Table 3). Because it i1s meant to apply to sensitive species. the 7. -;
Acute-Chronic Ratio was set equal to 2.651. the ratio obtained with the mos:
acutely sensitive species with which a chronic test has been'tonduc:r;
Division of the freshwater Final Acute Value for selenium(VI[) by the 7:na:
Acute=-Chronic Ratio results in a freshwater Final Chronic Value of
9.876 ug/L. which is substantially below the three available experimentallr
determined chronic values.

No data are available concerning the chroniggtoxicity of selenium(VI[) ta
saltwater animals.

Chronic toxicity tests have been conducted on both selenium((V) and
selenium{VI) with three species (Table 2). With all three species,.
selenium([V) 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 14!1.5, but

the other eight ratios are all between 2.8 and 17.

Toxicity to Aquatic Plants

Selenium(iV)

Data are available on the tozicity of selenium( (V) to nine species of
freshwater algae (Table ¢). Results ranged from an LCSO of 30,000 ug/L for
the blue-green alga. Anacystis nidulang (Kumar and Prakash 1971) to
s22 ug/L.Tor ineipient inhibition of the green alga., Sgcenedesmug
m (Bringmann and Kuhn 1977a.1978a,b,1979,1980b). Foe and Knight
(Manuscript) found that 7S ug/L decreased the dry weight of Selenggtrum
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capricorautum (Table 8). Wehr and Brown (1985) reported that 320 wug/L

increased the growth of the alga Chrvsochromuling brevityrrita. Thus the

sensitivities of freshwater algae to selenium([V) cover about the same range
as the acute and chronic sensitivities of f;eshrtter animals.

The 96-hr ECSO for the saltwater diatom. JSkeletonemg ¢costatum. 1s
7.930 ug/L. based on reduction in chlorophyll g (Table ¢). Growth of

Chlorella sp.. Platymonas 1213;;11123511. and fucug gpiralis tncreased at
selenium(1V) concentrations from 10 to 10,000 upg/L (Table 8). These data
suggest that saltwater plants will not be adversely affected by concentratians
of selenium(IV) that do not affect saltwater anidals.

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 apyear to be much
more resistant to selenium(Vl) with 10,000 pg/L bdeing the lowest
concentration reported to affect growth. Kumar (1964) found that a blue-green
alga developed and lost resistance to selenium(Vl). The difference in the
sengitivities of green and blue-green algae to selenium(Vl) 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 wg/L caused a natural assemblage of algae to shift
to a comaunity dominated by blue-green algae.

At 10,000 niyL. selenium(Vi) is lethal to four species of saltwater
phytoplankten and lower concentrations increase or decrease growth (Table 6).
Concentrations as low as 10 ug/L reduced growth of Porphyridium SCUENIum
(Wheeler-et al. 1982).

"Afthough ;eloniul(lv) appears to be more acutely and chronically toxic

than selenium(Vi) to most aquatic animals, chis does not seem to be true for
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aquatic plants. Selenium{ V) and selenium(VI) are about equally zazic

T3 Thae
freshwater algee Apabaena cvlindrica. Anabaena variabilis. Anacvsc:is niduia-s
and §Scenedesmus dimorphus (Kumar and Prakash 1971: Moede et al. 1980) The
two oxidation states equally stimulated growth of Chrvsochromylina

-

br-v:gggrtfg ( Nehr and Brown 1985.) On the other hand. selentum(Vl) (5 mars
toxic than selenium ([V) to the freshwater Selenastrum capricornytum ' Rich=ar

1382) and the saltwater Chorella sp. and Platymonas subcordiformis (Wheeler ==
al. 1982). [n addition. Fries (1982) found that growth of thalli of the brawn

macroalga. Fucug spiralig. was stimulated more by exposure to selentum([V) ac

z 3

2.605 wg/L than to the same concentration of sel&iiua(?l}.

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

with an important aquatic plant species.

Bioaccumulation

Selenium( (V)

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 §). Adams (1970) studied both uptake and elimination
of selenium=79 by fathead minnows at average concintrutions of 12, 2¢. and
50 pg/L. He foi;d that concentrations in whole fish and in individual
tissues inereased at a rapid rate during the first eight days and at a slower
rate for the next Ba.dlys. Steady-state was approached, but not reached. in
98 days. -The highest conecnt;ntions were found in viscera, possibly due to
uptake ;f sele;iul adhering to food. Elimination of selenium was curvilinear

and became asymptotic with the time azis after 96 days. Elimination was most
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rapid from the viscera with a half-life of 3.1 days. but the haif-i.fe 2!
selenium in other tissues was greater than 50 days.

Adams (1876) also conducted uptake studies with rainbow trout exposei I:-
48 days to selenium([V) at concentrations ranging from 310 to 950 .g /L.
Some of the trout died. and concentrations were somewhat higher i1n dead {ish
than 1n survivors. As with the fathead minnow, the viscera c;nraxned more
selenium than gill or muscle. Based on his tests with the two gpecles. Adams
(1976) concluded that there was an inverse relationship between BCF and the
concentration of lelen;ullivi in water.

Hodson et al. (1980) exposed rainbow trout te selenium((V) from
fertilization until ¢4 weeks posthatch. At $3 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 {ncreale in proportion to gelenium([V) in water.

Barrows et al. (1980) exposed bluegills to selenious acid for 28 days.
They reported a3 maximum BCF in the whole fish of 20 and a half-life of between
one and seven days. [l bluegills bioconcentrite gelenium 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 §tteet of hardness and temperature on uptake and
elinination. For bluegills, the geometric mean whole-body BCF at 20° and
10°C was 488. Por largemouth bass in similar tests. the BCF was 295. For
both species, the spleen, liver, kidney. and heart had higher concentrations
than the whele body. Neither water temperature nor hardness had a significan
effect on concentrations in tissue after 90 days; although earlier values wer
influénced. 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 13 days.
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Steady-state BCFs with tio.!lit'lter species ranged from 2.88 1n zheia
muscle of adult shore crab, Carcinug macnas (Bjerregaard 1982.198%) to 2C0 .n
whole adult euphausiids. Meganyvctiphanes NOCVEELcd {Fowler and Benayoun
1978¢). Selenium was accumulated to 8 higher concentration 1n gtll thandn
hepatopancreas or muscle of the shore crab during exposure to 550 g/l
The authors suggested that much of the selenium associated with the gull n;;:ﬁ
pe sorbed to the gill surface.

Ingestion of food organisms that had been exposed to selenium( V] can de
an important source of ezposure of fish te seleniqg (Hodson and Hilton 19832
Sandholm et al. 1973; Turner and Swick 1983). Ad;;tion of selenium((V) to
food reduced gurvival of rainbow trout (Goettl and Davies 1978). Rudd and
Turner(19832.b) found that the bioaccumulation of selenium by fish was reduced
by sediment and by increased primary productivity. Fowler and Benayﬁun (1978)
reported that the BAF for seleniua( V) from food plus water was four times

higher for an euphausiid than the BCF (uptake from water alone). The blue

mussel. Mygilus edulis. accumulated selenium at a slow rate when exposed to
selenium({ [V), but did not accumulate selenium whcﬁ exposed to big{2-carboxy-
benzyl)selenium (Pelletier 1986a).
; e

Bertram and Brooks (1986) ezpased adult fathead minnows to sodium selenate
in water, in feod, and in food and water together. Th;ﬁfood was specially
pfcptr‘ﬂ by rsl;ln‘ algae in a medium containing selenium(Vl), feeding the
alito to daphaids, sizing the exposed daphnids with unegposed daphnids.
dewatering to form 8 “ctkc”.-nnd treezing. Uptake of selenium(Vl) from only
water‘renchcdfstcndy-stttc within 28 days. The whole-body BCFs ranged from 2
to 52 and decreased as the concentration in water increased (Table 5). Uptak

of selenium(Vl) from food aslone or from food and water together did not react
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steady-gtate 1a erght and eleven weeks. respectively Uptake fram “3si ard
water were additive. ”

‘When juvenile striped bass were exposed in salt water for §0 davs =3
selenium{Vl) at concentrations of 90 and 1.290 ug/L. the whole-body -
zancentrations were within a factor of two of the concentrations in :antra;
fish iKlauda 198S5). —

Selenium( [V) was biocoﬁcentrlted more than selenium(VI) by saicwater
phytoplankton communities (Wrench and Measures 1982). a freshwater duckweed
(Bulter and Peterson 1967), and two saltwater invertebrates (Fowler and
Benayoun 1978a). By

N; U.S. FDA asction level or other mazimum acceptable concentration in

tissue., as defined in the Guidelines. is available (or selenium and.

therefore, no Final Residue Value can be calculated.

g |

Selenium( (V)

Additional data on the lethal and sublethal effects of selenium on
aquatic'species are presented in Table 6. Brinin;nn and Kuhn (1959a.b.1978.
1977a.1979,1980b,1981), Jakubezak et al. (1981), and Patrick et al. (1975)
reported the concentrations of selenium(lV) tha? caused incipient inhibition
(defined variously, such as the concentration resulting in a 3% reduction in
growth) for l]‘l;. bacteria, and protozoans (Table 8). Although incipient
inhibition might be statistically significant. its ecological importance 1s
uﬁkne-u. Jones and Stadtman (1977) reported stimulation of growth of an
.anncrohic’bacteriun egposed to 49 ug/L. Seleniul(i?} at a concentration of

100 ug/L did not affect crustacean communities in enclosures in a lake

contaminated by mercury (Salki et al. 1988).
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Short and Wilber (1980) Eeﬁorted that the calcium balance 1n the
cragfish, Qpeconectes immunig. was altered by a 30-day exposure to a sei2n::n
soncentration of 10 pg/L. Hodson et al. (1980) found delayed mortaiizy
during a ¢-day period rollovtn( cegsation of exposure to selentum( (V) = H..7:7

et al. (1982) studied the uptake from food. distribution. and eliminat:ian =7
se]enluuliV} by rainbow trout. Mancini (1983) calculated detoxifizat:an ratss
for selenium in various fishes.

Selenium{VI)

Dunbar et al. (1983) exposed fed D. magna tqiseleniunivl} for seven davs
and obtained an LCSO of 1.870 ug/L. This value ;; in the range of the
48-hr ECSO0s in Table 1.

Watenpaugh and Beitinger (1985a) found that fathead minnows did not avold
11.200 ug/L during 30-minute exposures (Table 8). These authors also
reported (1985d) a 2é<hr LCSO of 82.000 u(/L'for the same species and they
found (1985¢) 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 larvee that were fed control rotifers. Westerman
and Birge (1978) exposed channel catfish e-bryoi and newly hatched fry for 3.3
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 ycirs of such exposures.

The rcl’ir;iory pate of the eastern oyster, Cragsostrea virginica. “as
unaffected by egzposure to selenium{Vl) at 400 pg/L for 14 days (Fowier et
al. lOGIj.‘ Embryos of the striped bass were quite resistant Co gelentum( VI}
in dilute saft water (Klauda 1983). There was s 93% successful hatch of

embryos at 200,000 wg/L. but 30% of 72-day-old juveniles died after four

days at 87,000 ug/L. CExposure of juvenile fish for up to 85 days to
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concentrations of seleniumiVl) between 39 and 1.3680 ug/L caused

developmental anomalies and pathological lesions.

fleld Studi

Studies on Belews Lake 1n North Carolina (e.g.. Cumbie as quoted 1n

Hodson et al. 1984: Cumbie and Van Horn 1978: Finley 1985: Lemly 1385a.%
Sorensen et al. 1984) and Hyco and Catfish Reservoirs in North Caroiina
Baumann and Gillespie 1986: Gillespie and Baumann 1988: Sager and Cofield
1984) suggest that selenium might be more toxic to certain species of
freshwater fish than has been observed in chroni% togicity tests. (Qther
bodies of water in which the effects of :eleniunkon 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 gystea in South Carolina (Cherry and Guthrie
1978; Cherry et al. 1976.1979a.b,1984; Guthrie and Cherry 1976,1979). Martin
Creek Reservoir in Texas (Garrett and Inman 1984: Sorensen and Bauer 1984a.3:
Sorenson et al. 1982). and Kesterson Reservoir in Californis (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 nnf. data are available conmcerning the oxidation state of

selenium in the water. Because there are, 2% vet, no data to show that

-sclcplnl(lV) end selenium(Vl) are togicologically 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:

Robbericht and Van Grieken 1982: Uchida et al. 1980) that can separatel
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measure selentumi[V) and-selenium{VI). On the other hand. it :s

Y
that most ambient waters contain substantial concentrations of two or

“more oxidation states of selenium (see item 3 on page 2).

na

Unless the investigator controls the addition of the test material.
rarely can a field study conclugively pinpoint the causé of any c;ser?ej
effects. because i1t s possible that the effects were caused by a
combination of agents or by an unmeasured agent. However. 1f
circumstantial evidence from a number of dissimilar gituations points :n
the same direction. the inferenée becomes stronger.

In spite of the limitations of the available resiﬁts of field studies, they 42

raise such important questions as:

a. What are the highest concentrations in water of selenium{-11).
selenium( V). ;eleniua(?I). and their combinations that do not
un;ccepfnbly reduce reproduction, and survival of the resulting young, of
sensitive warmwater (ishes?

b. What are the relative toxicities of selenium({-11), selenium(1V),
selenium(VI), and their combinations in food and in water and are the twa
sources additive?

c. Are selenium(-I1), selenium(iV), and leleniul(Vi}.toxicﬁlo‘icaliy or
ecologically equivalent in aquatic ecosystems?

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

and laberatery aiudies.

Thp gevere effects that were observed on the fish community in Belews

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

authors, to the 10 pg selenius/L in the lake. Although selenium 19

certainly a good candidate for the cause of the observed effects. !tudleslan

Belews Lake cannot establish 8 cause-effect relationship because & variety o
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other 1norganic and organic matertals undoubtedly entered the lake wi=q --»
selenium. Studies on other bodies of water that contain selenium at
concentrations in the range of | to 30 uwg/L could help cor;ftrrn or refuce
the theory that selenium is ;he primary cause aof the effects observed in
Gelews Lake. especially if the.seleaium in the other bodies of water 1:j =3=
come from fly ash.

Several laboratory studies have attempted to confirm that selenium
affected the fish community in Belews Lake. For ezample. Lemly (1382) expase:
bluegills and largemouth bass to selenium([V) at a concentration of 10 .z L
for 120 days. No mortality occurred in the tesf? whereas bluegills stocked
into Belews Lake died in 3 to 4 months when kept in cages and died almosc
immediately when released into the lake (Cumbie as quoted in Hodson et al.
198¢).

[n a novel experiment, Gillespie and Baumann (1986) mated male and female
bluegills from Hyco Reservoir. which contained a high concentration of
selenium, with bluegills from Roxboro 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. Thg young that died also contained high concentrations of
selenium, which they must have received (rom their mothers. It 19, of course.
possible that thd young also received one or Sore toxicants in addition to
selenium fre@ their mothers because Hyco Reservoir is a cooling reservoir far
a coal=fired electric power plant.

For- 44 days Finley (1985) fed may{ly nyaphs obtained from Belews Lake to
four ;lucgil{s and fed cultured mealworms to four other bluegills. The nymph

contained 13.6 ug selenium/g (wet weight). The four fish fed mealworms
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appeared healthy throughout the test. whereas three of the faour fish 721 =ne
nymphs died. [t is possible that bluegills were affected by Fuinley 1333 =.:
not Lemly (1982) because the nymphs ;lso contained one or Fore toxicants .o
addition to selenium, because the nymphs provided proportionately more
selenium. or because the nymphs contained a more toxic form &f selenium

Several feeding studies have shown that aquatic species can be adverse.:
affected by consuming food that contains 10 to 13 ug selentum/g. Thus
these studies support the idea that the effects observed by Finley {19831 wer=
caused by selenium. [n two 42-week feeding studies, mortality of rainbow
trout increased when their food contained seleniﬁzllVl at a concentration aof
9 ug/g (Goett!l and Davies l??&l. Hilton et al. (1980) reported that when
rainbow trout were fed a food containing gelenium{IV) at a concentration of
13 pg/g for twenty weeks. growth decreased and mortality increased. Hilton
and Hodson (1983) obtained similar effects when trout consumed food containing
11 to 12 ug/g for sixteen weeks. [n a fourth feeding study with rainbow
crout. selenium(IV) at 11.4 ug/g (on & freeze-dried basis) reduced growth
and increagsed mortality in a sittcin--eek test (Hicks et al. 1984).

Although their tests on early life stages and smoltification of chinook
salmen were possibly confounded by the priscnce of other pollutants, the
results reported by Hemilton et al. (1988) :upport.the results of other
investigators that comcentrations greater than 13 pg/g (reportedly as
orgnnosolculll)lxn food will unacceptably affect salmonids.

Heins et al. (1987) fed adult mallards and their ducklings feed that
contained selenium(1V) or selenomethionine. The number of 2l-day old
ducklings per hen was 9.7 for the controls and 2.0 for the animals that

received food containing 10 xg gselenium/g as gelenomethionine. The

treatments receiving 10 and 25 ug/g as selenium( V) produced 8.1 and 0.2

28



ducklings per hen, respectively. Food containing 10 ug selenium/g as
selenomethionine resulted in nearly ten times as much selenium i1n eggs as {.:
food-coatnining 10 ug/g 88 selenium( V). Selenomethionine resuited 12 more
selenium in egg white than yolk, but the opposite was true with seleniam iV

These data tndicate that rainbow trout. chinook salmon. and mallard iic«s
were affected when they consumed food that contained seleni .: tn the r;n;e :f
10 to 13 wg/g. Most of these studies were conducted by adding selentum iVv:
to food, but it is likely that at least some of the selenium accumulated :n
food chain organisms would be in a more toxic form. These studies strongiy
indicate that the effects observed by Finley (lQé?) were indeed caused by
selenium and that the 10 ug/L in Belews Lake caused the effects observed
chere. The concentration of selenium in an unaffected upper arm of Belews
Lake was near or below the detection limit of S ug/L (North Carolina
Department of Natural Reiburces and Community Development 1986).

The freshwater Criterion Continuous Concentration (CCC) should be between
10 wg/L and the concentration in the unaffected portion of Belews Lake.
which is near or below 5 ug/L. Therefore. the CCC will be set at
5.0 ug/L. Eight ﬁf the nine Acute=Chronic Ratios in Table 3 are betw;en
2.651 and id.zs. with a geometric means of 7.993. [[ the Final Acute-Chronic
Ratio is assumed to be 7.993, the Final Acute Value would be 39.96 ug/L.

and the Criterion Magzimum Concentration would be 19.98 ug/L.

a

Unused Data

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

Benayoun 1976a.b: Gotsis 1982: Hiraoka et al. 1983: Juhnke and Ludemann 197§:
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Viim: and LaHam 1975.1976: Ringdal and Julshamn 1985: Shultz and [z3 1373
Srivastava and Tyagi 1983/1984; Wrench 1978). Results {e.g . Ckasako and
Siegel 1980) of tests conducted with brine shrimp. Artemia sp.. were nat :se:
because thegse species are from a unique saltwater environment. Adams and
Johnson (1381). 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 (1978), North
Carolina Department of Natural Resources and Coz:unity Development (1988).
Phillips and Russo (1978}, Thompson et al. (19753. and Versar (1975) compiled
data from other sources.

Greenberg and Kopec (19868) and Hutchinson and Stokes (1973) did net
specify the oxidation state of the selenium used in their tests. Data were
not used when selenium was a component of an effluent, fly ash, formulation,
miiturc. sediment, or sludge (?.g.. Burton et ll; 1983; Fava et al. 1985: Hal
et al. 1984; Hamilton et al. 1986; Hildebrand et al. 1976; Jay and Muncy 1979
VacFarlane et al. 1986; Phillips and Gregory 1980; Ryther et al. 1979: Seelye
et al. 1982; Specht et al. 1964E Thomas et al. 1980b: Wong et al. 1982)
unless data were available to show that the tozicity was the same as for
selenium alone.

Braddon (1982), Christensen and Tucker (1978), Freeman and Sangalang
(1977). and "l;; and Christensen (1980) expospd enzymes. excised tissue. or
cissue egtrests. Results were not used when the test procedures. test
-atcrllf.'or results were not adequately degcribed (e.g.. Bovee 1978:
GisseJ-Nielsen and Gissel-Nielsen 1973,1978: Greenberg and Kopec 1988: Nassc¢

et al. 1980). Kaiser (1980) calculated the toxicities of selenium({1V) and

selenium(Vl) to Daphnia magna based on physiochemical parameters. Kumar
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{1984) di1d not include a control treatment i1n the togicity tests  Tx,
daphnids wers probably stressed by crowding 1n the tests reported sy Scay.-:
et al. (1980). Siebers and Ehlers (1979) exposed too few test organisms. 315
did Owsley (1984) in some tests. Data were not used when the organisms wers
'e:posed to selenium by gavage or injection (Hilton et al. 1982; Klenn;; 13934
Kletnow and Brooks 1986a.b: Sheline and Schmidt-Nielson 1977

BCFs and BAF} 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 1;Ieniun in wild aquatic
organisms (e.g.. Baumann and Gillespie 1986:; Ba;;nnn and May 1984: Brezina and
Arnold 1977: Birkner 1978; Cappon 1984: Cappon and Smith 1981,1982a.b: Cumbie
and Van Horn 1978: Batorcn 1986; Fowler et al. 1979; Froslie et al. 1989;
Gillespie and Baumann 1988: Greig and Jones L976: Hcit-aud Klugek 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: Mehrle et al
1982: Moharram et al. 1987: Ohlendorf et al. 1986a.b,c: Okazaki and Paniet:
1981: Pakkala et al. 1972: Payer and Runkel 1978: Payer et al. 1978:
Pennington et al. 1082 Seger and Cofield 1984; Saiki 1988a.b: Shultz and [to
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
1983: Winges qpi Andreasen 198S; Winger et al. 1984: Woock and Summers 1984:
Zatts et abs 1988) were not used to calculate BAFs when either the number of

acasurements of the concentration in water was too small or the range of the

measured concentrations wes too large.
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Summary

Selenium{lV)

Acute valwss for 23 freshwater fish and invertebrate sﬁ?cles in 22 gere-,
range (rom 340 ug/L for the amphipod, Hyalella azteca. to 203.000 ug/L

for the leech., Nephelopgig 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 892 ug/L. [n a separate test. a
90-day LCSO of 54 pg/L was obtained with rainbow trout. The acute-chronic
ratios for the acutely more sensitive species range from 5.8 to 13.3.
Toxicity values for nine species of freshwater algae range from S00 to
30.000 pg/L. Uptake of selenium((V) by fish takes about 100 days to reach
steady-state and bioconcentration factors from 2 to 452 have been reported.
Acute tozicity values are available for 18 species of saltwater animals.
including 8 invertebrates and 8 fishes, and range from 599 ug/L for larvae
of the haddock, Melanogrammus aeglefinug. to 1?.350 ug/L for adults of the
fourspine stickleback. Apeltes aquadracus. Fish and invertebrates have similar
ranges of sensitivities, and the acute values for the seven most sensitive
species differ only iy a factor of 3.2. There was no consistent relationship
between life stage of invertebrates or fish and their insensitivity to
selenium( (V).

k]

Chrouigip?:lctty date are available for twe saltwater animals, the mysid.
WE[. and the sheepshead minnow, mm variegatug. The
chronic velues end the acute-chronic ratios are 211.7 pg/L and 7.085 for

the mysid, and 675.2 ug/L and 10.98 for the sheepshead minnow. At 2
concenirntien:ot 7.930 ug/L. selenium(1V) caused a 50% reduction in

chlorophyll & in a test with the saltwater diatom, Skeletonesa gostatum. but
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growth of three species of algae was stimulated by concentrations af '3 =-
10.000 pg/L. The steady-state bioconcentratlonlfactor: for two saitwater
species range from 3.88 in chela muscle of adult shore cr;bs. Carcinuys maenys
to 200 in whole adult euphausiids., Meganvctiphanes norvegica.
Selentum( V1)
The acute tozxicity 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,
Nephelopgig obscura. Chromic togzicity tests have been conducted with Daphn:a

magna. the fathead minnow, and the rainbow trout?f The chronic values range
from $65.5 to 1,999 ug/L. and the acute-chronic ratios range from 2.851 to
16.28. Selenium{Vl) affected nine algal species at concentrations ranging
from 10 to 39,000 ug/L. Biosccumulation factors obtained with the fathead
minnow ranged from 21 to $2 ug/L. |

Few data are available concerning the effects of selenium(VI) on
saltwater species. Acute toxicity tests uith’prolnrvae and juveniles of
striped bass, Morone gaxatilisg. resulted in 96-hr LCS50s of 9.790 and
85.840 ug/L. respectively. No chromic tests have been conducted on
selenium(Vl) with saltwater animals. The growth of an alga was increased by
10 pg/L. Steady-state bieconcentration factors of | to 18 were obtained
with juvenile striped dass. |

other

Por tem of the eleven freshwater and saltvater fish and invertebrate
species for which comparable acute data are available, selenium(IV) is 1.6 to
3.8 times more togic than selenium{Vi). For the eleventh species,

selenium(1V) is S7 times less tozic. Chronic togicity tests have been

conducted on both selenium(1V) and selenium(VI) with three fregshwater species
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and no sal;wuter species. For all three animals selenium([V) wag 5 =3 12
times more toXic than selemium(Vl). Eight of the nine acute-chronic rar:ias
available for the two oxidation states are between 2.8 and 17: the ninth ra-.3
(s 141.5 and was obtained with an acutely resistant species. [n contrass ::I
the data abtained with aquatic animals. selentum(V[) (s either as toxi: 15 :r
more toxic than selenium(1V) to aquatic plants. Selenium([V} seems =0 Ye
bioconcentrated more than selenium(Vl) 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 ug/g- It 1s

likely that the populations of several species Jf warmwater (ishes were

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

National Criters

The procedures 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 locally important species
is very sensitive, freshwater aquatic organisms and their uses should not be
affected unacceptably if the four-day average concentration of selenium does
not exceed 5.0 wg/L iorc than once every three years on the average and if
the one-hour average concentration does not exceed 20 wg/L more than once
every three years on the avorl;c;

The proe.du;es described in the "Guidelimes for Deriving Numerical
National Water Quality Criteria for the Protection of Aquatic Organisms and
Their Uses” indicate that, except possibly where a locally important species
is very ieﬁsgtiie. 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

34



the one-hour average concentration does not exceed 300 ug L more znan :-:e
every three years on the average. If selenium 1s as toxic to saltwater !

I B

in the field a3 it is to freshwater fishes in the field. the status af =xe
fish community should be monitored whenever the concentration of selenium

exceeds 5.0 ug/L in salt water.

Lmplementacion
ﬁecause of the ylriety of forms of selenium in ambient water and the la:x
of definitive information about their relative togzicities to aquatic spectes.
no available analytical measurement is known to bz ideal for expressing
_aquatic life criteria for selenium. Previous aquatic life criteria for metais
and metalloids (U.S. EPA 1980b).-ere expressed in terms of the total
recoverable measurement (U.S. EPA 1983a), but newer criteria for metals and
metalloids have been ctp;essod in terms of the acid-soluble measurement
(1985b). Acid-soluble s;leniun (operationally defined as the selenium that
passes through a 0.43 um membrane filter after the sample has been
acidified to a pH between 1.5 and 2.0 with nitriec acid) is probably the best
measurement at the presint for the following reasons:
1. This measurement islcoupatiblc with nearly all available data concerning
toxicity of selenium to, and bioaccumulation of selenium by.
aquatic organisms. [t is ezpected that the results of tests used in the
derivation ;t the eriteria would net have changed substantially 1{ they
had been rc’orted.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 a1
;un be ;etdily converted to toxic forms under natural conditions. [n

addition, this measurement probadbly will not measure several forms. Suc
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as selenium that 19 occluded in minerals. clays. and sand or s sTrang. -
sorbed to particulate matter. that are not toxic and are not likels 23
become toxic under natural conditions.

Although water quality criterta apply to ambient water. the measyremen-
used to express criteria 18 likely to be used to measure selenium :n
aqueous effluents. Measurement of acid-soluble selenium s expecte? =)

be a?plicable to effluents. |[f desired. dilution of effluent with
receiving water before measurement of acid-soluble selenium might be u:s2:
to determine whether the receiving water can decrease the concentratian
of acid-soluble selenium because of sorptidf.

The acid-soluble measqrenen: is expected to be useful for most metals ang
metalloids. tﬁu’ 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 ta 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
.or most samples of ambient water probably will not substaﬁtially affect
the r.lllt‘ﬂf the measurement of total acid-soluble selenium. However.
acidification might not prevent oxidation or reduction of selentum{ ={[1}.
selenium(Vl), or selenium( (V) (May and Kane 1984). Therefore.
ae;surencﬁt 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

one oxidation state of selenium to the other.
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8. Ambitent waters have much higher buffer intensities at a pH Setween | 3

and 2.0 than they do at a pH between 4 and 3 (Stumm and Morgan 33!

the result substantially.

10. The actd-soluble measurement does not require a digestion step. ;; i9as
the total recoverable measurement.

11. After acidification and filtration of the sample to 1solate the
acid-soluble selenium. the anaiysis for total acid-soluble selenium can
be performed using either furnace or hydride atomic absorption
spectrophotometric or [CP-atomic emission sﬁ%ctro-etric analysis (C.S
EPA 1983a). as with the total recoverable measurement. It might be
posgible to separately measure acid-gsoluble selenium([V) and acid-soluble
selenium({Vl) using the methods degscribed by Oppenheimer et al. (198¢).
Robberecht and Van Grieken (1982). and Uchida et al. (1980).

Thus. ezpressing aquatic life criteria for selenium 1n terms of the

acid-soluble measurement 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 metalleids e;nnot be measured because the total recoverable method cannot
distinguigh between individual oxidation states. Second. in some cases these
criteria would be overly protective when bas?d on the total recoverable metho
because the digestion procedure will dissolve selenium that 13 not toxic and

cannot be converted to & 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 (n ambient water or aqueous eff|yents
measurement of both acid-soluble selenium and total recoverable selenium (=
athent water or effluent or both might be useful. For example. there miz-:
he cause for concern when total recoverable selenium s much above an._
applicable limit. even though acid-soluble selenium 13 below the limis

{n addition, metals and metalloids might be measured using the dissoived
method, but this would also have several impacts. First., whatever analyti:cal
method is specified for measuring ;e!eniul in ambient surface water will
probably also be used to monitor effluents. .ltigfrluents are monitored by
measuring only the dissolved metals and nctallo;ﬁs. the effluents might
contain some selenium that would not be measured but might disselve, due to
dilution or change in pH or both, when the eftluentlln mixed with receiving
water. Second. measurement of dissolved selenium requires filtration of the
sample at the time of collection. Third, the dissolved measurement is
especially inappfoprinte for use with such metals as aluminum that 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 i
has regulatery impact only after it has been sdopted in a State water qualit
standard. Sueh a standard specifies a criterion for a pollutant that is
consisteﬁt with & particular designated use. With the concurrence of the C.

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

thereof and adopt criteria that are congistent with the use(s) (U.S.EPA
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1983¢.1987). [n each standard a State may adopt the national criterion. :f
one exigsts. oFf. if adequately justified. 2 gite-specific crsﬁer:on.

Site-gpecific criteria may include not only site-specific criterion
concentrations (U.S. EPA 1983c), but algso site-specific. and passibly B
pollutant-speclfic. durations of averaging periods and rrequeﬁcies of ailzwed
.excurstons (U.S. EPA 1985¢). The averaging periods of “one hour and faur
dags® were selected by the U.S. EPA on the basis of data concerning how
rapidly some aquatic specieslretct to increases in the éoncentrations of same
pollutants. and “three years” 13 the Agency's pestfscientific judgment of the
average amount of time aquatic ecosystems should be provided between
egcursions (Stephan et al. 1985: U.S. EPA 1985¢c). However, various species
and’ecosysteis react and recover at greatly differing rates. Therefore, if
adequate justification is provided, site-gpecific and/or pomlutant-specific
concentratiohs. durations, and frequenciei may be higher or lower than those
given in national wagter quality criteria for tguatic life.

Use of criteria. which have been adopted in State water quality
gtandards, for developing water quality-biied permit limits and for designing
wagte treatment facilities requires selection of an appropriate wasteload
allocation model. Although dynamic sodels are preferred for the application
of these criteris (U.S. EPA 1985¢c). limited data or other considerations might

require the use of a steady-state model (U.S. BPA 1986). Guidanée on mixing

zones and the design of monitoring programs is also available (U.S. EPA 1983¢

19687).
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