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Abstract

In many environmental contaminant situations selenium has become the primary element of concern because of its
bioaccumulative nature in food webs. Initial concerns about selenium were related to fish kills at Belews Lake, NC,
Martin Lake, TX, and Kesterson Reservoir, CA, and to bird deformities at Kesterson Reservoir. Additional concerns
were identified under the National Irrigation Water Quality Program at Salton Sea, CA, Kendrick, WY, Stewart Lake,
UT, and Grand Valley and Uncompahgre Valley, CO. Recent studies have raised concerns about selenium impacts on
aquatic resources in Southeastern Idaho and British Columbia. The growing discomfort among the scientific
community with a waterbome criterion has lead the US Environment Protection Agency to consider a tissue-based
criterion for selenium. Some aquatic ¢cosystems have been slow to recover from selenium contamination episodes.
In recent years, non-governmental researchers have been proposing relatively high selenium thresholds in diet and
tissue relative o those proposed by governmental researchers. This difference in opinions is due in part to the
selection of datasets and caveats in selecting scientific literature. In spite of the growing selenium literature, there are
needs for additional research on neglected organisms. This review also discusses the interaction of selenium with
other elements, inconsistent effects of selenium on survival and growth of fish, and differences in depuration rates
and sensitivity among species.
©® 2004 Elsevier B.V. All rights reserved.
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1. Introduction opment; (2) moderate concentrations can be stored
and homeostatic functions maintained; and (3)

Selenium is an essential micronutrient in ani- elevated concentrations can result in toxic effects.
mals (Klasing, 1998; Eisler, 2000). It has three Industrial and agricultural activity has hastened the
levels of biological activity: (1) trace concentra- release of selenium from geologlc sources aqd
tions are required for normal growth and devel- made them available to fish and wildlife in aquatic
and terrestrial ecosystems around the globe. Agri-
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of phosphates and metal ores are all sources of
sgignium contamination of the aquatic environment
{Heinz, 1996; Eisler, 2000; Lemly, 2002a).
Uptake of selenium by biota can be from water
or diet. Uptake of water-soluble selenium by fish
and wildlife can be either by gills, epidermis or
gut. However, dietary exposure of animals to
selenium is usually the dominant pathway of
uptake becanse animals are typically at higher
trophic levels in the aquatic and terrestrial food
webs (Dallinger et al., 1987). Several papers have
documented and reviewed selenium in aquatic food
chains from various viewpoints, such as those of
an aouatic toxicologist (Saiki 1986), wildiife tox-
" vgist (Ohlendorf, 1989; Skorupa, 1998), an
ecologist (Maier et al., 1987), a research chemist
(Presser, 1994; Presser et al., 1994), a modeler
(Bowie et al.,, 1996), a national selenium expert
(Lemly, 1999b), and other experts (Davis et al.,
1988; Sorensen, 1991; Hamilton, 1998).
Bioaccumulation of trace elements in food chain
components such as aquatic plants and aquatic
invertebrates and the resulting effects on fish has
been documented in aquatic ecosystems contami-
nated with mixtures of elements. However, in
many of the reported sifuations, selenium has
surfaced as the clement of primary concern
because of its propensity to bioaccumulate within
the base of food webs: from water and sediment
to aquatic plants and aquatic invertebrates (Cherry
and Guthrie, 1977; Furr et al, 1979). Bioaccu-
mulation of selenium leading to toxicological
impact and change in aquatic communities has
been intensively investigated in lab and field stud-
ies. Sorensen (1988) states, ‘Fish kills [at Belews
Lake, NC, and Martin Lake, TX] were considered
a direct result of selenium release into the main
basin of the lakes because several hundred analyses
for metals, metalloids, physiochemical parameters,
and pesticides provided essentially negative results
except for sufficiently high levels of selenium in
the water (approx. 5 pg/l) to warrani concern’.
Lemly (1985) reviewed information in 10 studies
of potential causes for disappearance of several
fish species in Belews Lake, and of the 16 inor-
ganic elements of concern, only selenium was
present at elevated concentrations in water and
fish. Saiki and Lowe (1987) measured several

inorganic and organic chemicals in water and biota
coltlected from Kesterson Reservoir area, CA, and
concluded only selenium was elevated sufficiently
to be of concern to fisheries resources. Nakamoto
and Hassler {1992) measured 20 trace elements in
fish from the Merced River and Salt Slough in the
San Joaguin Valley, CA, which was primarily
irrigation return flows, and concluded only sele-
nium was present at toxic concentrations. Gillespie
and Baumann (1986) concluded that selenium was
the element causing the deformities and reduced
survival of larval bluegills (Lepomis macrochirus)
and not other elements (arsenic, cadmium, copper,
iead, mercury, zinc) present in females from Hyco
Reservoir, NC. Bryson et al. (1984) concluded
that selenium was the only element elevated suf-
ficiently in zooplankton collected from Hyco Res-
ervoir, NC, and not other elements (arsenic,
cadmium, copper, mercury, or zinc) to cause the
97% mortality of juvenile bluegil! after 1 week of
dietary exposure. Montgomery Watson (MW,
1999) concluded that selenium was the major
¢lement of concern associated with phosphate min-
ing activities in the Blackfoot River watershed of
Southeastern Idaho and not other elements (cad-
mium, manganese, nickel, vanadium and zinc).
Hamilton et al. (2001a,b) measured several inor-
ganic elements in various ecosystem components
at three sites in the upper Colorado River during
a reproduction study with endangered razorback
sucker (Xyrauchen texanus) and concluded that
selenium was the primary element of concern.
Skorupa (1998) reviewed 12 environmental case
studies of confirmed or highly probable selenium
poisoning in nature, where other inorganic elemen-
ts were present, but not of major concern.

This review covers aspects of selenium toxicity
in the aquatic food chain that have not been usually
addressed in other selenium reviews such as the
emerging selenium contamination associated with
phosphate mining in Southeast Idaho, infrequentiy
cited selenium studies at Sweitzer Lake, CO,
selemum interactions with other elements linked
with delayed mortality in fish, inconsistent effects
of selenium on survival and growth of fish, differ-
ences in depuration rates and sensitivity among
species, ecosystem recovery from selenium con-
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tamination, and controversy among proposed sele-
niwan thresholds.

2. Early selenium studies

Three independent studies of selenium toxicity
published in the early 1980s foreshadowed the
intensive selenium investigations that were began
in the late 1980s and have continued today. Early
dietary siudies with selenite and rainbow trout
(Oncorhynchus mykiss) wete published in the early
1980s by Canadian researchers (Hilton et al., 1980;
Hedson et al., 1980; Hilton et al,, 1982; Hilton
and Hodson, 1983; Hodson and Hilton, 1983;
Hicks et al,, 1984). These early selenium studies
explored dietary requirements, elimination and
uptake rates from water and diet sources, minimum
dietary requirement for rainbow trout (between
0.15 and 0.38 pg/g in dry feed} for maximal
storage, half-life period, influence of dietary car-
bohydrate, and toxic concentrations in water and
diet. It was shown that plasma glutathione perox-
idase homeostasis was maintained at up to 1.25
ng/g dry feed activity; toxicity occurred at 13
pg/g dry feed, but the authors speculated that
dietary concentrations in excess of 3 wg/g in dry
feed over long time periods might be toxic; liver
and kidney were the primary tissues for storage;
and excess dietary carbohydrate enhanced dietary
selenium toxicity in rainbow trout. Similar
responses to dietary selenium in terms of deficien-
¢y, requirements, and toxXicity have been reported
for fish, birds and mammals (Puls, 1994; Eisler,
2000).

A second series of investigations of a massive
disappearance of several fish species in Belews
Lake, NC, which received effluent from ash ponds
of a coal-fired power plant, in the Jate 1970s was
linked to selenium toxicity in the food chain
(Cumbie and Van Horn, 1978; Holland, 1979;
Lemly, 1982, 1985; Sorensen et al., 1984). Sele-
nium concentrations in Belews Lake were approx-
imately 10 pg/l in the main lake and
approximately 5 wg/l in one arm where adverse
effects were measured in fish, but there was little
information on food chain organisms. Later studies

‘examining the recovery of Belews Lake and its
fauna were conducted by Lemly (1993b, 1997a,

2002b). The Belews Lake investigations led to
additional studies at Hyco Reservoir, NC, another
coal-fired power plant cooling reservoir with sele-
nium contamination (Bryson et al., 1984; Woock,
1984; Bryson et al., 1985; Finley, 1985; Woock et
al., 1987; Coughlan and Velte, 1989). Although
other inorganic elements were elevated in water in
these two lakes, selenium was the element of
concern due to its bioaccumulation in the food
chain and its toxicity to fish.

A third series of studies were related to fish die-
offs in Sweitzer Lake in Western Colorado and
field investigations in Colorado and Wyoming
(Barnhart, 1957; Bitkner, 1978). These two studies
concluded selenium toxicity was occurring in fish
via the food chain. Barnhart (1957) was the first
publication to suggest that selenium in the food
chain was causing fishery problems in Sweitzer
Lake in Western Colorado. These studies in turn
prompted two early investigations of dietary sele-
nite toxicity to rainbow trout conducted by the
Colorado Division of Wildlife (Goetti and Davies,
1977, 1978). Goettl and Davies (1978) reported
that dietary selenium toxicity occurred between 5
and 10 pg/g dry diet, which is remarkably close
to that reported by the Hilton/Hodson group and
also to later dietary studies conducted with selen-
omethioning and other fish species in the late
1980s.

It is interesting to note that the publications of
the Hilton/Hodson group and field investigations
in Belews Lake, NC and Western Colorado did
not mention each other’s selenium investigations
that were occurring during the same time period.
The next location where a selenium contamination
problem with a fishery was reported was at Martin
Lake, TX, another cooling reservoir for a coal-
fired power plant (Kirkpatrick, 1980; Garrett and
Inman, 1984). Several selenium investigations
were conducted, primarily using histopathology
assessments with redear sunfish (Lepomis micro-
lophus) and green sunfish (Lepomis cyanellus)
(Sorensen et al., 1982, 1983; Sorensen and Bauer,
1983, 1984; Sorensen, 1986, 1988). These studies
reported elevated selenium accumulation in mus-
cle, hepatopancreas, liver and kidney, lower con-
dition factor, and cytotoxicity in erythrocytes,
hepatopancreas, kidney, liver and ovary.
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X Lzter selenium studies

Although the primary interest was on ameliorat-
ing mercury toxicity, a series of experiments in
lakes in Sweden also tested the interactive effects
of selenium and mercury on the aguatic community
(Paulsson and Lundbergh, 1989, 1991, 1994).
These studies confirmed that selenium readily
reduced mercury accumulation in fish, but seleni-
um bicaccumulated in fish via the food chain if
waterborpe selenium concentrations were greater
than 3~5 wg/l. Fish kills of yellow perch (Perca
Jlavescens) occurred in four of the 11 lakes in
*‘wr qtudv and concern was raised that selenium
o :avg been linked to the fish kills, but they

could not exclude it as a cause. Using a precau-
tionary approach, Lindqvist et al. {1991) recom-
mended against the wuvse of the selenium
amelioration technique in mercury-contaminated
lakes in Sweden. Similar findings were reported
in a series of studies by Rudd, Turmer and others
(Rudd et al., 1980; Turner and Rudd, 1983; Turner
and Swick, 1983) who also investigated the ability
of selenium to ameliorate the toxic effects on fish
inhabiting a mercury-contaminated lake in the
English—Wabigoon River system in Ontario, Can-
ada. They cautioned that selenium amelioration of
mercury should be approached with caution
because selenium readily and efficiently accumu-
lated in the food organisms and fish, especially
through the food chain, and recommended that
selenium additions be limited to 1 pg/L

In contrast to the fisheries-inspired studies dis-
cussed above, adverse effects in wildlife, especially
water birds, was the major impetus behind seleni-
um investigations begun in the mid 1980s at
Kesterson Reservoir located adjacent to Kesterson
National Wildlife Refuge (NWR) in the San Joa-
quin Valley of California (USFWS, 1990). Irriga-
tion of seleniferous soils in the San Joaquin Valley
resulted in high selenjum drain water that was
transported by the San Luis Drain to a series of
evaporative ponds constituting Kesterson Reser-
voir. The most dramatic discovery of the Kesterson
investigations were deformed embryos of water
birds such as black-necked stilis (Himantopus
mexicanus), American coots {Fulica americana),
and various duck species (Ohlendorf et al., 1986a;

NWR (Harris,

Hoffman et al., 1988). The Kesterson investigation
was perhaps the most extensive examination of a
seleniumn contaminant problem and resulted in over
a hundred reports and publications. Numerous
studies of selenium effects on ducks were con-
ducted in the laboratory {e.g. Hoffman et al,
1992a,b; Heinz and Fitzgerald, 1993a,b; Heinz et
al., 1996) and the field (e.g. Ohlendorf and Sko-
rupa, 1989; Ohlendorf et al., 1990). Additional
studies were conducted with reptiles and amphib-
ians (Ohlendorf et al, 1988; Ohlendorf, 1989),
and mammals (e.g. Clark, 1987; Paveglio and
Clifton, 1988; Clark et al., 1989). Similar seleni-
um-induced reproductive failure in water birds
occurred in the Tulare Basin of Catifornia (Skorupa
and Ohlendotf, 1991).

Fish disappearances also occurred at Kesterson
1986; Vencil, 1986). Concerns
about potential effects on fish lead to several fish
studies, primarily with diet, but also with water
borne exposures, conducted in the laboratory {e.g.
Hamilton et al., 1986, 1990; Hamilton and Wied-
meyer, 1990; Coyle et al., 1993; Cleveland et al,,
1993), and in field swdies (e.g. Saiki and Schmitt,
1985; Saiki, 1986; Saiki and Lowe, 1987). Addi-
tional studies were conducted with invertebrates
{e.g. Ingersoll et al,, 1990; Maier and Knight,
1991; Maier et al, 1993; Hansen et al., 1993;
Malchow et al., 1995) and microcosms (Besser et
al., 1989, 1993).

The selenium contamination problem at Kester-
son Reservoir inspired newspaper reporters to trav-
el throughout the Western states investigating other
irrigation projects for selenium problems. The end
result was a series of news articles titled ‘Seleni-
um-toxic trace element threatens the west, the
[Sacramento] Bee uncovers conspiracy of silence’
(Harris et al., 1985). The reaction of the US
Department of the Interior (DOI) was to establish-
ment of the National Irrigation Water Quality
Program (NIWQP; Feltz and Engberg, 1994). This
program assessed concentrations of selenium and
other elements at 26 sites in 17 Western states to
determine if irrigation-related problems existed at
DOI constructed or managed irrigation projects,
national wildlife refuges, or other wetland areas
for which the DOI has responsibilities under the
Migratory Bird Treaty Act, the Endangered Species
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Act. or other legislation. The program has pro-
duved Gundreds of reports and publications that
have exponentiaily increased the selenium litera-
ture and provided the foundation for several review
articles {e.g. Engberg and Sylvester, 1993; Seiler,
1995, 1996; Naftz, 1996; Engberg, 1998, 1999;
Skotupa, 1998).

Although most of the studies in the NIWQP
were of a contaminant survey nature with few
biological effects studies, the NIWQP has drawn
on other biological effects studies in the selenium
literature and produced guidelines for interpretat-
ing residues of selenium and other elements of
womeern (Skorupa et al., 1996; USDOIL, 1998).

4. Recent selenivm studies

Although Kesterson Reservoir has been closed
and capped, selenium loading in the Central Valley
of California, the San Joaquin River, the San
Joaquin-Sacramento Delta, and San Francisco Bay
(Bay) still occurs. Consequently, selenium impacts
on biota in the Bay have been a concem since the
early days of the Kesterson investigations (BISE,
1986) and continue to the present. In addition, oil
refineries on the Bay release substantial amounts
of selenium-contaminated waste water to the Bay
(Johnson et al., 2000). Early studies in the Bay
documented elevated selenium in various aquatic
components {e.g. Ohlendorf et al., 1986b; Cuiter,
1989). Several publications have linked selenium
loading of the benthic food web in the Bay with
potential adverse effects in diving ducks (e.g.
Greenberg and Kopec, 1986; Ohlendorf et al,
1986b; Luoma and Linville, 1996; Hothem et al.,
1998; Linville et al., 2002). One remediation effort
to remove selenium from oil refinery effluent
entering the Bay has been the use of artificial or
constructed wetland at the Chevron Refinery (e.g.
CH2M Hill, 1995; Hansen et al., 1998; Terry and
Zayed, 1998). Selenium loading from oil refineries
has been reduced from 11 to 15 pounds per day
in 1986 to 1992 to 3 pounds per day in 1999
(Luoma and Presser, 2000). The wetland remedi-
ation technique for selenium immobilization has
met with some criticism because of ecological
risks in the wetland environment (Lemly, 1999b;
Ohlendorf and Gala, 2000; Lemly and Ohlendorf,

2002). Selenium was a concern in a constructed
wetland in the Albuquerque, NM area because
selenium bioaccumulated to elevated concentra-
tions in aquatic invertebrates, whereas concentra-
tions of aluminum, arsenic, mercury, and silver did
not (Nelson et al., 2000).

Research efforts in the San Francisco Bay have
lead to substantial advances in the understanding
of selenium cycling, especially food chain transfer
of seleninom and selenium loading of the Bay
(Luoma and Presser, 2000). The Bay is character-
ized by a enhanced biogeochemical transforma-
tions to bioavailable particulate selenium and
efficient uptake by bivalves and the predators such
as surf scoter (Melanitta perspicillata), greater
scaup (Aythya marila), lesser scaup (Aythya affin-
is), and white sturgeon (Acipenser fransmontan-
us). Luoma and Presser (2000) have identified
bivaives as the most sensitive indicator of selenium
contamination in the Bay and developed a forecast
model of selenium loading in the Bay based on
various scenarios including input from the Sacra-
mento and San Joaquin rivers, a possible extension
of the San Luis Drain, oil refineries, and other
sources.

Concerns for the recovery of endangered fish in
the Colorado River have been expressed since the
1960s and efforts for their recovery began in
earnest in the 1980s (USFWS, 1987). Information
from the NIWQP in the late 1980s reported ele-
vated selenium in water, sediment, and biota in
the Colorado River basin. This information in turn
raised selenium-related concerns about the impacts
on fish and wildlife from agricultural irrigation of
seleniferous areas in the upper Colorado River
basin (reviewed in Hamilton, 1998). Studies with
endangered razorback sucker revealed that seleni-
um readily bioaccumulated in adults and eggs,
increased deformities in larvae, and selenium-laden
food chain organisms reduced larvae survival
(Hamilton et al,, 2001a,b). Hazard assessments of
these and other studies revealed high hazards to
razorback sucker in both the Green River in Utah
(Hamilton et al., 2000b) and the upper Coforado
River in Colorado (Hamilton et al., 2002a). A
review of historical information for both currently
endangered fish and the selenium literature led to
the hypothesis that historical selenium contamina-
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tior in the 1890 to 1910 period caused the decline
of niative fish inbabiting big rivers such as the
Colorado pikeminnow (Ptychocheilus lucius),
razorback sucker, and possibly others such as
bonytail (Gila elegans) in the 1910 to 1920 period
in the upper basin and in the 1925 to 1935 period
in the lower basin (Hamilton, 1999). The NTWQP
has undertaken remediation efforts at Stewart Lake
on the Green River in Utah and the Gunnison and
upper Colorado rivers in Colorado to reduce sele-
niumn loading, and in turn, reduce possible effects
of selenium on endangered fish (Engberg, 1992;
Butler, 2001; Darnall et al., 2002). Piping of lateral
i*imation pipes in the Gunnison Valley, CO, has
oy reported to reduce selenium loading, eéspe-
cially of groundwater by 28% (Butler, 2001), and
flushing of a large backwater channel near Grand
Junction, CQ, has substantially reduced selenium
concentrations in water, sediment, aquatic inverte-
brate, and forage fish of piscivores (Hamilton et
al., 2003).

An emerging selenium contaminant issue is
developing in southeastern Idaho in streams drain-
ing areas with phosphate mining activities. The
Phosphoria Formation covers a vast area encom-
passing areas of ldaho, Montana, Utah, and Wyo-
ming. The mining process moves large amounts of
waste materials away from the ore deposits and
places them in dumps and landfills often located
in valleys. Livestock grazing on vegetation grow-
ing on some seleniferous waste materials have
been euthanized due to selenium toxicosis and
others found dead from selenium poisoning (Car-
ibou County Sun, 1999). Leaching of selenium
and other elements from mined arcas and waste
materials has been reported (Desborough et al.,
1999}, which has resulted in elevated concentra-
tions in streams and fish in the Blackfoot River
basin in southeastern Idaho (Rich, 1999; MW,
1999, 2000). A preliminary hazard assessment of
selenium revealed that selenium concentrations in
fish exceeded the threshold for reproductive effects
at one location and approached it at two other
locations (Lemly, 1999a). Field studies at 18 sites
including tributaries in the Blackfoot, Salt, and
Bear river watersheds revealed moderate to high
hazards at several sites (Hamilton et al., 2002b;
Hamilton and Buhl, 2003a,b). Others have also

expressed concern about the potential for adverse
selenium impacts on fish and wildlife populations
in the Blackfoot River basin because of elevated
selenium concentrations in water, sediment, vege-
tation, fish, and bird eggs (Piper et al., 2000).

4.1. Food chain

The results of many of the selenium contaminant
investigations discussed above have added sub-
stantiatly to the selenium literature in recent years.
One major conclusion has been that selenium
expresses its toxicity in animals primarily through
the food chain (e.g. Maier and Knight, 1994;
Lemly, 1996a). Some investigators have gone so
far as to exclude water borne studies from consid-
eration in discussing potential selenium toxicity
thresholds in fish (DeForest et al., 1999).

A peer consultation workshop sponsored by the
USEPA in 1998 advocated the use of a tissue-
based selenium criterion because of the relation of
between whole-body residues and adverse effects
in fish (USEPA, 1998). Two other proposed cri-
terion approaches, a sediment-based criterion and
a water-based criterion, were not favored due to
inadequacies. The water-based criterion was
thought to be a poor choice because of temporal
changes in concentrations, speciation, and rates of
transfer between water, sediment and organisms,
and a sediment-based criterion was a poor choice
because of the spatial heterogeneity of deposition,
variable water retention and volatilization rates,
heterogeneity of benthic communities, and variable
feeding habits of higher trophic organisms
(reviewed in Hamilton, 2002). This workshop was
a prelude to USEPA’s revision of the selenium
criteria for freshwater aquatic life. A draft selenium
criterion using a tissue-based approach was issued
to peer reviewers in the summer of 2002, but has
not yet been published in the Federal Register for
public comment due to concerns about protecting
fish and wildlife resources in California. Neverthe-
less, the basis of the newly proposed USEPA
tissue-based criterion is information from dietary
selenium exposures. The tissue criterion approach
accounts for selenium’s biogeochemical pathways
because it integrates the route (water and diet),
duration and magpitude of exposure, chemical
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form, metabolic transformations, and modifying
biotic and abiotic factors. A rationale for a tissue-
based criterion has been published (Familton,
2002).

4.2. Forms of selenium

Sandholm et al. {1973) were the first to dem-
onstrate that selenium accumulation in fish was
greater from dietary sources such as phytoplankton
or zooplankton than from water. They also reported
that there was little difference in fish accumulation
of selenite or selenomethionine in the food chain.
However, later studies by Bryson et al. (1985) and
Woock et al. (1987) reported that diets incorpo-
rating selenite were not as toxic to fish as diets
incorporating selenomethionine.

In general, dietary studies with selenomethioni-

ne have reported that toxic responses in fish were
similar to those in fish fed diets containing natu-
rally incorporated selenium compounds. For exam-
ple, Bryson et al. (1985) reported that seleno-
cystine incorporated into a fish food diet produced
adverse effects in bluegill comparable to selenium-
laden zooplankton. Hamilton et al. (1990) dem-
onstrated that a selenomethionine diet caused
similar adverse effects in chinook salmon {Oncor
hynchus tshawytscha) as a diet incorporating sele-
nium-laden western mosquitofish (Gambusia
affinis) collected from the San Luis Drain, which
in the early 1980s emptied into Kesterson Reser-
voir, CA. Likewise, Heinz (1996) reported that
selenomethionine diets fed to aduit mallards (Anas
platyrhynchos) resulted in toxic concentrations in
eggs that decreased hatching success and increased
teratogenicity at concentrations nearly identical to
those associated with similar adverse effects in
field studies.

The source of the naturally incorporated seleni~
um is an important consideration in dietary sele-
nium studies. Bell and Cowey (1989) reported
that the digestibility and availability of selenium
to Atlantic salmon (Salmo salar) was the least for
fish meal (source not given) and followed the
order from greatest availability to least: seleno-
methionine > selenite >> selenocysting > fish  meal.
The comparability of selenium-iaden fish meal diet
and a selenomethionine-fortified diet in three stud-

jes with chinook salmon (Hamilton et al., 1990)
compared to differential digestibility reported in
Atlantic salmon (Bell and Cowey, 1989) may
reflect species differences or fish meal differences.
In the study by Hamilton et al. (1990) the authors
noted in both their freshwater and brackish water
studies with chinook salmon that fish growth was
significantty reduced at lower concentrations and
in shorter exposure periods in fish fed the diet
made with the selenium-laden western mosquito-
fish fish meal compared to the selenomethionine
diet, which contained a comparable amount of
clean fish meal from western mosquitofish. They
suggested that the slightly greater toxic effect in
fish fed the selenium-laden fish meal diet could
have been caused by three factors: (1) additional
toxic elements accumulated in the western mos-
guitofish inhabiting the San Luis Drain such as
boron, chromium and strontium; (2) other forms
of organoselenium, such as selenocystine present
in the western mosquitofish; or (3) differential
uptake, distribution or elimination of the protein-
bound organoselenium in the fish fed the western
mosquitofish fish meal diet compared to fish fed
the free-amino acid selenomethionine diet that
contained a comparable amount of clean fish meal.
Nevertheless, the overall effects of the two diets
were similar, _

Sources of selenium in dietary studies with birds
are also an important consideration. Hoffman et
al. (1996) and Heinz et al. (1996) reported that
the order from most toxic to less for selenium
forms was: selenomethionine (DL form), seleno-
methionine (L form found in nature), selenized
wheat, selenized yeast. Heinz (1996) reviewed the
selenium literature for birds and noted that higher
dietary concentrations of selenite than selenome-
thionine had to be fed to mallards to harm repro-
duction, but lower selenium concentrations in eggs
from selenite exposures compared to selenome-
thionine exposures were associated with harm.

Due to the similarity between selenomethionine
and naturally selenium-laden food organisms,
selenomethionine-fortified diets have been used in
several studies to determine toxic effects to fish
(Table 1) and birds (Table 2).

The waterborne toxicity of selenate is less than
that of selenite in aquatic invertebrates (Brasher
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ars’ Oele, 1993; Maier et al., 1993) and fish
U¥ienl znd LaHam, 1976, Hamilton and Buhl,
£990). More importantly, selenite is taken-up faster
and in greater amounts than selenate by aquatic
plants (Maier et al., 1987, Vandermeulen and
Foda, 1988; Riedel et al., 1991). Thus, selenite-
dominated water bodies are more proficient at
bioaccumulating selenium into the food chain than
those that are selenate-dominated (Skorupa, 1998).
Selenite-dominated aquatic ecosystems have been
described as ‘supercharged’ with selenium com-
pared to selenate-dominated systems (Skorupa,
1998).

3.0 Srienium interactions with other elements

Selenium interacts with several trace elements
in fish, birds, and mammals (Diplock, 1976;
Whanger, 1981; Marier and Jaworski, 1983; Sor-
ensen, 1991). These interactions can be additive,
antagonistic, or synergistic, and in some cases the
interaction was reversed, i.e. antagonism changed
to synergism. In general, selenium toxicity was
alleviated by antimony, arsenic, bismuth, cadmium,
copper, germanium, mercury, silver and tungsten
(Diplock, 1976; Levander, 1977, Whanger, 1981;
Marier and Yaworski, 1983), whereas chromium,
cobalt, fluorine, molybdenum, nickel, tellurium,
uranium, vanadiom and zinc apparently have no
effect on selenium toxicity (Hill, 1975; Ewan,
1978). Ohilendorf et al. (1993) reported on the
uptake and potential interaction in wildlife of
selenium with arsenic, boron, and molybdenum
from food chain organisms in areas in central
California impacted by seleniferous agricultural
irrigation drain water.

Arsenic compounds have been shown to protect
against the toxicity of a variety of forms of
selenium including selenite, selenocystine, and
selenomethionine (Levander, 1977). The protec-
tive effect of arsenic has been observed in rats,
dogs, swine, cattle, and birds (Levander, 1977). In
. general, arsenic exposure in water or diet protected
against dietary selenium toxicity (Moxon, 1938;
Dubois et al, 1940; Klug et al, 1949, 1950;
Levander and Argrett, 1969, Thapar et al., 1969;
Howell and Hill, 1978), but combined arsenic and
selenium waterborne exposure did not (Cabe et

al., 1979; Frost, 1981). Dubois et al. (1940) and
Klug et al. (1949) reported that the toxicity of
selenite, selenomethionine, selenocystine, and
seleniferous grain was reduced in rats by exposure
to arsenic as either arsenite or arsenate, but not as
arsenic sulfides. Klug et al. (1950) reported that
arsenic protected rats against selenium-induced
mortality, reduced growth, and reduced feeding,
even though selepium residues were increased in
liver (28%), kidney (141%), and muscle (52%)
compared to exposure to only selenium in the diet
(no arsenic exposure). Similar interactions
between selenium and arsenic have been reported
in dietary selenium studies with maliards (Hoff-
man et al, 1992a; Stanley et al, 1994) and
razorback sucker (Hamilton et al., 2001b).

A few studies have reported interactions be-
tween selenium and copper in fish, and have
observed altered residues dynamics, but not bio-
logical effects. Lorenizen et al. (1998), Berntssen
et al. (1999, 2000) both reported that elevated
dietary copper reduced the concentrations of sele-
nium in liver of Atlantic salmon. Lorentzen et al.
(1998) suggested that reduced selenium concentra-
tions were due to the formation of insoluble
copper—selenium complexes in the intestinal
lumen, reducing selenium bioavailability or the
excretion of copper—selenium complexes from the
liver through the bile. Bertssen et al. (2000}
reported that dietary copper exposure significantly
reduced selenium concentrations in intestine and
liver, which in turn reduced glutathione concentra-
tions (selenium is a component of glutathione).

A couple of studies have examined the interac-
tive effects of selenium and boron on mallard
ducklings (Hoffiman et al., 1991; Stanley et al,
1996). Although boron and selenium individually
affected mallard reproduction and duckling growth,
there was minimal interaction.

Perhaps one of the most published interactions
between inorganic elements is that between mer-
cury and selenium. Pelletier (1985) reviewed the
literature for aquatic organisms and concluded that
many authors reported simultaneous bioaccumula-
tion of mercury and selenium, but there was no
evidence of natural joint bioaccumulation of mer-
cury and selenium in fishes, crustaceans or
mollusks.
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A series of experiments by Rudd, Tumer, and
vihers (Rudd et al.,, 1980; Turner and Rudd, 1983;
Turner and Swick, 1983) investigated the ability
of selenium to ameliorate the toxic effects on fish
inhabiting a mercury-contaminated lake. They con-
ducted enclosure experiments in the lake and
reported that selenium additions reduced mercury
accumulation in fish. Selenium interfered with
mercury being mobilized through the food web

rather than mercury accumulating directly from .

water. Klaverkamp et al. (1983) reported that
exposure of northern pike (Esox lucius) to water-
borne selenium at 1 pg/l reduced mercury accu-
mulation in carcass, but exposure to 100 pg/1
~zienium  increased mercury accumulation in
carcass. ‘

Another series of experiments in mercury-con-
taminated lakes in Sweden also tested the amelio-
rating effects of selenium (Paulsson and
Lundbergh, 1989, 1991, 1994; Lindqvist et al.,
1991). Similar to the studies by Rudd, Turner, and
others, these Swedish studies also confirmed that
selenium readily reduced mercury accumulation in
fish, but selenium bioaccumulated in fish via the
food chain if waterborne selenium concentrations
were greater than 3-5 pg/L

A significant delay in mortality, based on the
predicted time-to-death, occurred in three studies
with razorback sucker farvae conducted in different
years and was thought due to an interaction of
selenium and other elements (Hamilton et al.,
1996, 2001a,b). In an experiment with S-day-old
larvae fed food organisms collected from various
sites at Ouray National Wildlife Refuge on the
Green River, UT, conducted in 1994, razorback
sucker larvae held in water from Sheppard Bottom
pond 1 (<1 pg/l selenium in water) and fed food
organisms from either high-selenium North Road-
side Pond (44 ng/g selenium) or South Roadside
Pond (96 wg/g sclenium) lived slightly longer
(estimated median time to death: 14 days for North
Roadside Pond and 15 days for South Roadside
Pond) than larvae fed food organisms from low-
selenium Sheppard Bottom pond 1| (3.5 ug/g
seienium and 10 days) (Hamilton et al., 1996). In
an experiment with 5-day old razorback sucker
larvae conducted in 1996, larvae fed zooplankton
from North Pond containing 39 pg/g selenium

had estimated median time to death of 5.6 days in
the reference water treatment (<1 png/1), which
was significantly longer than the 4.4 days in the
site water treatment (10.7 pg/1) (Hamilton et al.,
2001a). In an experiment with 5-day old razorback
sucker larvae conducted in 1997, larvae fed zoo-
plankton from Horsethief east wetland containing
4.6 to 8.1 pg/g selenium had estimated median
time to death of 8 days in Horsethief water (1.6
pg/1 selenium in water), 10 days in Adobe Creek
water (3.4 pug/l selenium in water), and 14 days
in North Pond water (13.3 g /! selenium in water)
(Hamilton et al., 2001b). Likewise, in the same
study, there were other longer estimated median
time to death in three food treatments and four
different water treattnents (Hamilton et al., 2001b).
These examples of delayed mortality suggest an
interaction between selenium in food and other
elements in water.

Studies with mallard adults demonstrated that
selenium and mercury were antagonistic (Heinz
and Hoffinan, 1998; Hoffman and Heinz, 1998).
In contrast, combined selenium and mercury expo-
sure was worse than individual exposures for
mallard ducklings, and lowered duckling produc-
tivity through reduced hatching success, reduced
survival, and increased teratogenic deformities
(Heinz and Hoffman 1998; Hoffman and Heinz
1998). Studies with Japanese quail (Comrnix
coturnix) exposed to selenium and methy! mercury
in the diet have also demonstrated an antagonistic
interaction (Stoewsand et al., 1974; El-Begearmi
et al., 1977).

Several smudies have been published elucidating
the influence of nutritional factors on seleniurn
toxicity in mallards. For example, in mallard duck-
lings reduced dietary protein increased selenium
toxicity and increased methionine reduced seleni-
um-induced mortality (Hoffman et al, 1991,
1992a,b).

4.4. Effects on biota

There has been a lack of consistency of adverse
effects from selenium exposure on either growth
or survival of fish, especially early life stages.
Some fish studies with selenium exposure in the
water, diet, or both have reported inconsistent
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rezilts: (1) reduced growth occurred in the same
weatments (exposure concentration and duration)
where reductions in survival occur (Hilton et al.,
1980; Klauda, 1986); (2) reduced survival
occurred before reduced growth (Hunn et al., 1987;
Woock et al, 1987; Hamilton et al., 1990 [San
Luis Drain diet]; Crane et al., 1992; Hermanutz et
al., 1992; Cleveland et al., 1993): (3) reduced
growth occurred before reduced survival (Hilton
and Hodson, 1983; Ogle and Knight, 1989; Ham-
ilton et al., 1990 [selenomethionine diet]); or (4}
no effects on growth or survival, but other patho-
logical or reproductive effects occurred (Hodson
et 31, 1980; Coyle et al., 1993). The inconsistency
sovvcen these studies was probably due to differ-
ences in species, age, exposure route and duration,
selenium form and other factors.

Teratogenesis is a well-documented biomarker
of selenium toxicity in wild birds and fish at the
embryo-larval stage (Ohlendorf et al., 1986a; Hoff-
man et al., 1988; Hoffinan and Heinz, 1988;
Lemly, 1993b, 1997a,c). Fish deformities include
lordosis (concave curvature of lumbar and caudal
regions of spine), kyphosis (convex curvature of
thoracic region of the spine), scoliosis (lateral
curvature of the spine), and head, mouth, gill
cover, and fin deformities, in addition to edema,
and brain, heart and eye problems. Selenium-
induced teratogenic deformities in fish larvae have
reported in laboratory studies (Goettl and Davies,
1977; Bryson et al., 1984; Klauda, 1986; Woock
et al., 1987, Pyron and Beitinger, 1989), experi-
mental stream studies (Schultz and Hermanutz,
1990; Hermanutz et al., 1992; Hermanutz, 1992),
artificial crossing experiments (Gillespie and Bau-
mann, 1986), and field investigations (Lemly,
1993b, 1997a,¢; Saiki and Ogle, 1995; Hamilton
et al., 2001a,b). Contaminated ecosystems may
require long time periods for recovery from sele-
nium contamination because 10 years after sele-
nium inputs to Belews Lake, NC, were stopped,
elevated incidences of deformed fry of four fish
species were reported (Lemly, 1997a). Fish larvae
exhibiting deformities would not be expected to
survive in natural systems, except in predator-free
situations (Hermanutz, 1992; Lemly, 1993b).
Deformities have even been documented in sele-
nium-tolerant western mosquitofish from the San

Luis Drain, CA, where waterborne concentrations
were 340—390 pg/l, and fish had over 100 pg/g
selenium (Saiki and Ogle, 1995). Lemly (1993b)
documented selenium-induced deformities in 19
species of fish from Belews Lake, NC, and report-
ed that selenium residues were similar in normal-
appearing fish and abnormal fish. Lemly (1997¢)
developed a teratogenic index for selenium-
induced deformities in larval fish.

Elevated selenium concentrations in liver, kid-
ney, ovaries, and testes have been linked with
adverse pathological changes in those tissues along
with lowered hematocrit and altered condition
factor (Sorensen and Bauer, 1983; Sorensen et al.,
1984; Sorensen, 1986, 1988, 1991).

Perhaps the most prominent and well docu-
mented effects of selenium in the food chain has
been the elimination of fish species from aquatic
ecosystems such as in Belews Lake, NC (Cumbie
and Van Horn, 1978; Lemly, 1985), Martin Lake,
TX (Garrett and Inman, 1984; Sorensen, 1988),
Kesterson Reservoir, CA (Harris, 1986; Vencil,
1986), and the lack of reproduction as documented
at Sweitzer Lake, CO (Barnhart, 1957, Birkner,
1978).

Measures of oxidative stress in birds have been
extensively used in various bird populations to
assess the potential impacts of selenium (reviewed
in Hoffman, 2002). One or more of the oxidative
measures from selenium exposure have been asso-
ciated with teratogenesis (4.6 pg/g selenium wet
weight in eggs), reduced growth in ducklings (15
ug/g in liver), diminished immune function (5
wg/g in liver), or histopathological lesions (29
ug/g in liver) (Hoffman, 2002). Manifestations
of selenium-related effects on oxidative stress were
apparent in field studies in seven species of aquatic
birds {American avocet Recurvirostra americana
and black-necked stilt in Tulare Basin, CA; Amer-
ican coot in Kesterson Reservoir, CA; surf scoter
and ruddy duck Oxyura jamaicensis in San Fran-
cisco Bay, CA; emperor geese Philacte canagicain
Western Alaska; willet Catoptrophorus semipal-
matus in San Diego, CA; Hoffman, 2002).

5. Depuration

Several investigators have measured the depu-
ration of selenium from fish. Most depurdtion
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estimates for small fish range from 20 to 30 days
fo: e half-life of selenium (Gissel Nielsen and
Gissel-Nielsen, 1978; Sato et al., 1980; Hilton et
al., 1982; Bennett et al., 1986; Besser et al., 1993),
whereas Adamns (1976) estimated a half-life of 63
days in whole body of adult fathead minnow and
muscle of rainbow trout. Bertram and Brooks
(1986) reported a half-life of approximately 49
days for adult fathead minnows exposed to sele-
nium in the diet. In sub-adult bluegill and large-
mouth bass (Micropterus salmoides) with elevated
selenium concentrations in tissues, Lemly (1982)
- noted no significant decrease in selenium concen-
trations in muscle, liver, kidney and spleen after
5 oys depuration, which suggested a half-life
much greater than 30 days.. Similarly, Bryson et
al. (1984) reported a half-life of selenium residues
in adult bluegill of approximately 60 days. In a
field -study with large razorback sucker {approx.
1000 g) conducted in the upper Colorado River,
the half-life of selenium depuration was greater
than 100 days (Hamilton et al., 2001b). In contrast,
changes in selenium residues does not seem to be
occurring in large, wild endangered fish such as
Colorado pikeminnow (approx. 1200 to 4000 g)
in the upper Colorado River because fish recap-
tured over a 2 or 3-year period conserved selenium
concentrations in muscle plugs from year to year
(Osmundson et al., 2000).

An interesting example of depuration was given
in Birkner (1978) who conducted a 90-day study
with juvenile fathead minnow that initially had a
whole-body selenium concentration of 13.9 pg/g.
After 90 days of exposure, fish fed zooplankton
with selenium concentrations of 1.2 pg/g had
whole-body residues of 5.0-5.7 wg/g, those fed
zooplankton with 5.7 pg/g had a whole-body
residue of 5.2-7.0 pg/g, and those fed zooptank-
ton with 11.8 ug/g had a whole-body residve of
10.3—-11.0 pg/g. In a sense, fish achieved a new
homeostasis through reduced intake and depuration
of selenium from their initial whole-body residue
to close to the concentration in their food.

Exposure to different forms of selenium seem
to result in different total selenium half-lives.
Kleinow and Brooks (1986) reported a 19-day
half-life for selenate and selenite, and a 27-day
half-life for selenomethionine in whole body of

adult fathead minnow. They also reported that the
half-lives were longer in muscle tissue: 33 days
for selenate, 41 days for selenite, and 42 days for
selenomethionine. The longer half-life for seleno-
methionine was probably due to its incorporation
into protein and tissue, which would require more
metabolic work to eliminate.

Overall, depuration of selenium from tissues
depends on several factors including cleanliness of
the food and water in the depurating environment,
age, size, metabolic activity, season for poikilo-
therms, initial selenivm load of various tissues,
and other factors.

6. Species sensitivity

There seems to be clear evidence for differences
in species sensilivity to selenium in both fish and
birds. A good example is the elimination of some
but not all species from aquatic communities
impacted by selenium. Perhaps the best example
of species elimination due to selenium contami-
nation occurred at Belews Lake, NC, where 16
fish species disappeared (white sucker Catostomus
commersoni, redbreast sunfish Lepomis auritus,
pumpkinseed Lepomis  gibbosus, warmouth
Lepomis gulosus, bluegill, redear sunfish, large-
mouth bass, white crappie Pomoxis annularis,
black crappie Pomoxis nigromaculatus, blueback
herring Alosa aestivalis, threadfin shad Dorosoma
petenense, golden shiner Notemigonus chrysoleu-
cas, flat bulthead Ieralurus platycephalus, channel
catfish Ictalurus punctatus, white perch Morone
americana, yellow perch), three species persisted
(common carp Cyprinus carpio, black bulihead
Ictalurus melas, mosquitofish G. affinis), two spe-
cies were introduced and reproduced (fathead min-
now, red shiner Notropis lutrensis), and one
species recolonized the lake (green sunfish) (Lem-
ly, 1985).

Fish kills were observed at Martin Lake, TX,
due to selenium contamination, and a 72% biomass
decrease, excluding common carp, occurred as
follows: planktivores changed from the largest to
the smallest group, carnivores were initially
reduced by half, and omnivores more than doubled
(Garrett and Inman, 1984). Common carp, which
persisted in Belews Lake, NC, had substantial
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ingreases in biomass in Martin Lake. Specific
vivinass decreases were observed for gizzard shad
(Dorosoma cepedianum) and threadfin shad, and
reduced reproductive success was noted for large-
mouth bass. Assessments of redear sunfish con-
ducted 8 years after the selenium contamination of
Martin Lake reported seriously impaired reproduc-
tive status (Sorensen, 1988).

Following the introduction of selenium-laden

irrigation drain water into Kesterson Reservoir,
CA, populations of largemouth bass, striped bass,
catfish species, and common carp disappeared and
the only fish that persisted was the western mos-
guitofish (Vencil, 1986; NRC, 1989). Neverthe-
fess, Saiki and Ogle (1995) reported that
reproduction was impaired in western mosquitofish
collected from the heavily selenium-contaminated
San Luis Drain compared to a population from a
reference site.

Sweitzer Lake located in the highly seleniferous
Uncomphagre Valley and adjacent to the Uncom-
phagre River in Western Colorado was constructed
in 1954 and stocked with eight game species
including bluegill, channel catfish, minnows sp.,
white crappie, vellow walleye (Stizostedion
vitreum), largemouth bass, black bullhead, and
rainbow trout (Barnhart, 1957). Heavy mortalities
were noted within a year of stocking and the only
stocked fish to persist were black bullhead and
channel catfish (Barnhart, 1957). Barnhart (1957)
also noted spawning of fathead minnow, red shiner,
central plains killifish (Fundwlus zebrinus) and
large schools of minnow fry. These fish are highly
reproductive and could reproduce two to three
times a vear.

The pattern that seems to emerge from these
fish studies is that a few tolerant species persist in
selenium contaminant situations and sensitive spe-
cies disappear due to direct mortality or reproduc-
tive failure. Aquatic ecosystems under stress tend
to shrift from larger, longer-lived, benthic species
to small, shorter-lived, non-native species (Rapport
et al., 1985). Rapport et al. (1985) used the Great
Lakes as an illustration: the larger, long-lived,
benthic species included sturgeon sp., lake white-
fish (Coregonus clupeaformis), lake trout (Salvel-
inus namaycush), walleye, northern pike, and the
small, shorterlived, non-native species included

~alewife (Alosa pseudoharengus) and rainbow

smelt {Osmerus mordax). This pattern of species
shrifts due to ecosystems stressed by selenium
contamination seems to have occurred in the four
examples above, i.e. general shrift from large,
long-lived, native species to small, short-lived,
non-native species, except for species tolerant of
high stress situations like common carp and black
bullheads.

Differences in selenium sensitivity have been
reported for closely related birds. Black-necked
stilt embryos seem to be more sensitive than
American avocet embryos, and killdeer (Charad-
rius vociferus) embryos are more sensitive than

“snowy plover embryos (Charadrius alexandrinus)

(Skorupa et al, 1996; Skorupa, 1998). There
seems in birds examined thus far to be a relation-
ship between selenium sensitivity and salt toler-
ance among related species. For example,
black-necked stilts are more sensitive to selenium
than are American avocets which are more salt
tolerant, and sea ducks seem to tolerate much
higher selenium exposures without apparent ill
effects than do freshwater ducks, which are among
the most sensitive of bird species to selenium
(written communication, Schwarzbach, USGS).
However, no examples of species shrifts based on
size or life spans were found for birds that mirrored
those reported for fish.

Some investigators believe the selenium litera-
ture is ambiguous about effects on fish. For exam-
ple, fathead minnows have been used in selenium
exposures and reported to have reduced survival
and growth or reproductive failure including defor-
mities in larvae at low dietary or water bomne
selenium concentrations in field studies (Schultz
and Hermanutz, 1990; Hermamuz, 1992), but not
in laboratory studies (Brooks et al., 1984; Ogle
and Knight, 1989). Yet, fathead minnows survived
and reproduced in Belews Lake, NC, and Sweitzer
Lake, CO, which suggests they can tolerate stresses
from selenium exposure, perhaps due to their rapid
and high reproductive rate.

Likewise, some concerned people have pointed
out that if some fish such as green sunfish, which
recolonized Belews Lake, persist and reproduce in
selenium stressed ecosystems, then the closely
related bluegill should persist also. Differences in
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yutasrshility of closely related species, either birds
Or 1ishi, 1o selenium stress probably depends pri-
marily on their feeding niche or some adaptive,
physiological mechanisms that in part makes close-
ly related species separate species.

Similarly, some people have expressed the |

hypothesis that some species have adapted genet-
ically, i.e. evolved, to high selenium environments.
For example, it has been expressed that native fish
in the Colorado River basin may have evolved in
a selenium-rich environment because of the pres-
ence of high selenium soils derived from Creta-
ceous Mancos Shale. To address the issue of
background waterborne selenium concentrations in
streatns and water bodies in Mancos Shale areas
in the Grand and Uncompahgre valleys with no
irrigation activity (some areas had grazing activity
that disturbed the soils), David Butler of the US.
Geological Survey searched the area extensively
and located seven areas for sampling (Butler and
Osmundson, 2000). At six undisturbed sites with
high selenium in the seil, low selenium concentra-
tions (< 1-1 png/1) were found in several rainfall-
runoff events. In addition, rainfall events generally
had flow rates of 1-2 cfs, which yielded little
volume in the arid habitat. In only one area with
low flows (0.16—0.24 cfs) at West Salt Creek near
8 Road in the Grand Valley, selenium concentra-
tions in water were elevated (9—10 wg/1) due to
the presence of salt crusts. Since selenium concen-
trations in water draining high selenium soils in
undisturbed areas were relatively low, i.e. ~1 ug/
1, the hypothesis of aguatic environments with
elevated selenium, i.e. selenium enriched, enhanc-
ing the possibility of selenium adaptation by native
fish seems unlikely.

Kennedy et al. (2000) hypothesized that cut-
throat trout (Oncorhynchus clarki) had developed
a tolerance to selenium in the Elk River of British
Columbia, which is dominated by Cretaceous sed-
imentary formations, but they gave no supporting
information.” Although development of selenium
totorzace of cutthroat trout was suggested in the
Blackfoot River basin in Idaho, which is subject
to selenium contamination from phosphate mining
activities, genetic testing revealed no evidence for
adaptation (MW, 2000). Though the hypothesis of

selenium tolerance seems a possibility, no evidence
has been published to support such a proposal.

6.1. Sediment effects

Sediments are an important consideration in
field studies of selenium contamination. Several
dietary selenium studies have been conducted with
food organisms associated with sediments collect-
ed from selenium-contaminated environments.
Woock (1984) demonstrated in a cage study with
golden shiners that fish in cages with access to
bottom sediments accumulated more selenium than
fish held in cages suspended approximately 1.5 m
above the sediments. This study showed that
effects in fish were linked to seleninm exposure
via sediment, benthic organisms, detritus or a
combination of sediment compartments. A similar
finding was reported by Barnhart (1957) who
reported that ‘numerous species of game fish’ lived
at least 4 months when held in a livebox, which
limited access to sediment, but fish lived less than
2 months when released in selenium-contaminated
Sweitzer Lake, CO. The highly toxic nature of
benthic organisms from selenium-contaminated
Belews Lake, NC, was shown by Finley (1985)
in an experiment where bluegill died.in 17 to 44
days after being fed selenium-laden Hexagenia
nymphs containing 13.5 pg/g wet weight.

6.2. Seasonal effects

An important aspect influencing the toxic effects
in fish resulting from dietary selenium exposure is
season (Lemly, 1996b, 1997b). The toxicity to
bluegill of combined low dietary (5.1 pg/g) and
low waterborne (4.8 pg/1) selenium at low water
temperature (4 °C) resulted in significantly
increased mortality of fish (Lemly, 1993a). The
combination of a stress-related elevated energy
demand from selenium exposure and reductions in
feeding due to cold temperature and short photo-
period led to a severe depletion of stored body
lipid and an energetic drain that resulted in the
death of about a third of the fish tested. Heinz and
Fitzgerald (1993a,b) also suggested that stress
from winter conditions might have increased the
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rarmful effects of dietary selenium in adult

Mol wids.
7. Ecosystem recovery

The concept of depuration is appropriate in
controlled experiments, but may be misleading in
the natural environment because Iaboratory meas-
urements were on fish physically piaced in a clean
environment for the sole purpose of determining
how fast their tissues can remove a contaminant.
In the natural environment, aquatic invertebrates,
fish, and wildlife may not be able to move to a
clean environment once an aquatic site is contam-
inated. An example of aquatic ecosystem loading
of selenium and lack of depuration in invertebrates
was given by Maier et al. (1998). They reported
that application of seleniferous fertilizer (1% sele-
nium by weight as sodium selenite) to a deer
forage range in California resulted in a pulse of
selenium entering the stream and briefly raising
the water selenium concentrations from <1 pg/l
prior to application to 10.9 pg/1 at 3 h post-
application. Selenium concentrations in aquatic
invertebrates in the stream increased from 1.67
ng/g before application to 4.74 pg/g 3 h after
the application and remained elevated after 2 (4.02
pg/e), 4 (4.99 pg/e), 6 (421 pg/g), 8 (430
pg/g), and 11 months (4.54 p.g/g), even though
water concentrations were <1 pg/l between 11
days and 11 months post application. Their study
was the first to show that a short pulse event can
quickly load an aquatic environment with seleni-
um, and that selenium could be conserved in the
ecosystem.

Another example of the bioaccumulative effects
of selenium was given by Crane et al. (1992) who
treated ponds with 2 pg/1 selenium for 288 days.
This low selenium treatment resulted in selenium
concentrations of 12.6 pg/g in aquatic insects, 8.6
pg/g in molluscs, and 14.6 pg/g in crustaceans.
They noted no major differences in benthic inver-
tebrate communities during their study. This sce-
nario of aquatic ecosystem loading of selenium
was also demonstrated at Adobe Creek, a diked
tertiary channel in the Grand Valley of Western
Colorado, during a reproduction study with razor-
back sucker (Hamilton et al., 2001a,b), and has

been documented in San Francisco Bay, CA
(Luoma and Presser, 2000).

Once selenium is present in an aquatic ecosys-
tem, it is efficiently recycled through a muititude
of compartments, i.e. surface water, ground water,
sediments, porewater, defritus, bacteria, benthic
invertebrates, detritus feeders, floating plants, root-
ed plants, algae, zooplankton, macroinvertebrates,
fish, birds, and mammals (reviewed by Maier et
al., 1987, Presser and Ohiendorf, 1987; Davis et
al., 1988; Maijer et al., 1988; Ogle et al,, 1988;
Ohlendorf, 1989; Maier and Knight, 1994; Lemly,
1996a). Since the burial of Kesterson Reservoir
and its selenium-contaminated sediments, winter
rains have created ephemeral pools whose waters
contained selenium concentrations up to 1600 pg/
1 (reviewed by Presser and Piper, 1998). Aquatic
invertebrates in these pools contained geometric
mean selenium concentrations of 8.5-12.5 pg/g,
which showed that burial of selenium-contaminat-
ed soil might not stop the recycling of selenium
nor reduce its availability to biota.

Sorensen and Bauer (1984) reported that 2 years
after selenium inputs to Martin Lake, TX, were
stopped, selenium concentrations in ovary of
redear sunfish were 20—24 pg/g (reported as wet
weight, converted to dry weight assuming 75%
moisture), which is two times higher than the
toxicity threshold of 10 pg/g in ovary or eggs
(Lemly, 1996a). Sorensen (1988) reported that
selenfum tissue residues in fish from Martin Lake,
TX, were only 25% lower afier a S-year period
(1981-1986) following the reduction of selenium
inputs to the lake between 1978 and 1981.

Likewise, Lemly (1997a) assessed selenium
concentrations in five ecosystem components of
Belews Lake, NC, 10 years after selenium inputs
to the lake were stopped and found elevated
selenium concentrations in sediment, benthic
invertebrates, and fish that suggested a moderate
hazard still existed. He also reported teratogenic
deformities first observed in 1992 (Lemly, 1993b)
were still present at elevated levels in 1996.

8. Selenium thresholds

There seems to be a general convergence of
laboratory and field results [eading to a consensus
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Tahle 3
e gt thresholds (dey weight)
Medium : No effect" Level of concern® Toxicity Reference
threshold®
Water (pg/1) <2 - »>27 Maier and Knight, 1994
- - 2 Lemly, 19962
<2 2-5 >5 Henderson et al,, 1995
<1 i-2 >2 Stephens et al., 1997
<1 -2 >2 USDOL, 1998
<2 2-5 >5 URS, 2000
Sediment (pg/g) <2 2-4 >4 Henderson et al., 1995
<2 2-4 >4 Stephens et al_, 1997
<1 1-4 >4 USDOI, 1998
<2 24 >4 URS, 2000
Diet (ng/g) <3 - >4 Maier and Knight, 1994
- - 3 Lemly, 1996a
<3 3-7 >7 Henderson et al., 1995
<2 2-3 >3 Stephens et al., 1997
<2 2-3 >3 USDOL 1958
- - 16 warmwater DeForest et al., 1999
11 coldwater
<3 3-7 >17 URS, 200{
- - 3 Hamilton, 2003
Waterbird eggs (pg/g) <3 3-8 >8 Henderson ct al., 1995
- - 10 Heinz, 1996
<3 3-8 >8 Stephens et al., 1997
<3 3-6 =6 UsSDOoI, 1998
- - =6 Skorupa, 1998
- - 167 Fairbrother et al., 1999
<6 6-10 >10 URS, 2000
-~ 10¢ >10 Spallholz and Hoffman, 2002
liver - - 33 Heinz, 1996
liver® - - 10° Heinz, 1996
Fish, whole-body {ug/g) <3 - >45 Maier and Knight, 1994
~ - 4 Lemly, 1996a
<4 4-12 >12 Henderson et al., 1995
<2-3 4 >4 Stephens et al., 1997
<2-3 24 >4 USDOL, 1998
- - 6 coldwater DeForest et al., 1999
9 warnrwater
<4 4-9 > 9 warmwater URS, 2060
- - >4 Hamilton, 2002

* Concenirations less than this value produce no discernible adverse effects on fish or wildlife and are typical of background
concentrations in uncontaminated envirotments (USDOI, 1998).

* Concentrations in this range rarely produce discernible adverse effects on some fish or wildlife species (USDOI, 1998).

© Concentrations preater than this value seem to produce adverse effects on some fish or wildlife species (USDOI, 1998).

J4ECI10 value (effect concentration at 10% level).

“ Dry weight concentration converted from wet weight assuming 70% moisture (Heinz et al., 1989).

“ Laying females.
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among povernment and academic researchers in
mus? selenium thresholds for adverse effects in
fish and birds (Table 3). For fish, the selenium
dietary concentration associated with reduced
growth or survival is generally close to 3 ug/g,
and the whole-body selenium residue close to 4
wg/g (Table 1).

Heinz (1996) reviewed the selenium literature
for birds and concluded that selenium concentra-
tions in eggs were better predictors of adverse
effects on reproduction than were concentrations
in liver (Table 2). He recommended a threshold
concentration in eggs of 10 pug/g (converted from
wet weight using 70% moisture). Nevertheless, he
zlzz recommended a threshold concentration in
liver of young or adult birds of 33 pg/g (con-
verted), and 10 pg/g in liver of laying hens
(converted).

Many of the references in Tables | and 2 were
the foundation for deriving the thresholds sum-
marized in Table 3. For water, most proposed
thresholds are below the current national water
quality criterion for the protection of aquatic life
of 5 p.g/1 (USEPA, 1987). The basis for the lower
concentrations is the bioaccumulation of low water
borne selenium in the food web to dietary concen-
trations above proposed toxicity thresholds.

For sediment there seems to be a general con-
sensus among government and academic research-
ers at 4 pg/g for the toxicity threshold, However,
several publications have reported very elevated
selenium concentrations in benthic invertebrates
collected from water and sediments with low
selenium concentrations. For example, Birkner
(1978) collected samples at four sites in Colorado
and Wyoming that comtained selenium concentra-
tions of 0.7 to 4.2 pg/l in water, 1.2 to 3.3 pg/g
in sediments, and 4.4 to 28.4 pg/g in aquatic
invertebrates. As another example, Zhang and
Moore (1996) collected samples at Benton Lake,
MT, that contained selenium concentrations of 0.9
to 1.6 wg/1 in water, 0.4 to 1.4 ng/g in sediment,
and 8.1 to 10.4 pg/g in chironomid larvae. In
both of these examples, selenium concentrations
were low in water and sediments, but substantiafly
elevated in invertebrates above the dietary toxicity
threshold of 3 pg/g. Consequently, a thorough
evaluation in the future of the relation between

selenium concentrations in sediments and benthic
invertebrates may result in lower sediment seleni-
um toxicity thresholds.

For diet, most proposed threshold values are
close to 3—4 pg/g. One recent publication by
DeForest et al. (1999) has proposed dietary sele-
nium toxicity thresholds of 10 pg/g for warm-
water fish and 11 pg/g for coldwater fish, which
are three times higher than proposed by others.
They also separated the whole-body residue thresh-
olds for adverse effects for cold and warm water
fish and proposed 6 pg/g and 9 pg/g, respective-
ly. DeForest et al. (1999) based their proposed
values on a limited dataset, whereas a review of a
farge selenium dataset seems to lack support for
separating thresholds for cold and warm water fish
or for elevated dietary threshold (Hamilton, 2003).

For waterbird eggs there seems to be a consen-
sus among government researchers for a toxicity
threshold at approximately 6—10 pg/g. Research-
ers such as Heinz, Hoffman and Skorupa each
have over 20 years of research experience and
numerous publications dealing with selenium tox-
icity to waterbirds, thus their proposed thresholds
are founded on substantial expertise. The one
proposed high threshold by Fairbrother et al.
{1999) has been critiqued by Skorupa (1999) and
responded to by Fairbrother et al. (2000). Some
of the controversy in selenium thresholds is due
to different thresholds. Skorupa (1999) estimated
an ECO3 (effect concentration at the 3% level)
threshold of 6 pg/g for viability of stilt eggs,
whereas Fairbrother et al. (1999) estimated an
ECI0 threshold of 16 pg/g and an EC20 of 21
pg/g for duckling production (a composite egg
fertility, viability of egg fertility, and early post-
hatch duckling survival). A discussion of selecting
different EC endpoints and the effect of dataset
selection on statistical results is given in Skorupa
(1999).

For whole-body fish most researchers have pro-
posed a toxicity threshold of approximately 4 pg/
g. An earlier value proposed by Henderson et al.
(1995); 12 pg/g) who were with the US Fish and
Wildlife Service has since been lowered to 4 ng/
g in guidelines of the DOI (USDOI 1998). De-
Forest et al. (1999) used a limited dataset to derive
the slightly higher thresholds. URS (2000) essen-
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tially borrowed their proposed whole-body fish
uiresholds, with cautionary caveats, from DeForest
et al. (1999).

The threshold concentrations discussed above
should not be considered safe concentrations
because no safety factor has been incorporated.
For regulatory purposes, a safety factor is added
to account for some level of uncertainty (USEPA,
1984; Pendergast et al., 1997). Such cautions have
been noted by others (Heinz, 1996; Skorupa,
1998).

8.1. Controversy among selenium thresholds

The criteria for selenium in freshwater ecosys-
tems and interpretation of the selenium lterature
has become a controversial topic in recent years
as evidenced by debate papers in the Journal
Human and Ecological Risk Assessment (Chap-
man, 1999; Lemly, 1999b; Hamilton, 1999; Ohl-
endorf, 1999; DeForest et al., 1999; Fairbrother et
al., 1999), response papers (Skorupa, 1999; Fair-

brother et al, 2000), and debates at national

scientific meetings, i.e. “Selenium in the Environ-
ment: A Ticking Time Bomb or No Big Deal?’
{SETAC 1999). There seems to be a divergence
between academia or governmenti-backed papers
proposing low selenium criteria, and non-govern-
mental papers proposing high criteria (reviewed in
Hamilton, 2003). Most of the academia/govern-
ment papers were published in the late 1980s and
early 1990s with follow-up papers including the
latest information in the late 1990s, whereas the
non-governmental papers were published in the
late 1990s. The effort by non-governmental entities
to present their viewpoinis seems to have coincided
with the effort by USEPA to reevaluate the current
selenium criterion for the protection of aquatic
life. Wetland use as a remediation technique to
reduce selenium bioaccumulation in higher tropic
levels also continues to be a matter of debate
(Lemly, 1999b; Ohlendorf and Gala, 2000; Lemly
and Ohlendorf, 2002).

o ewparability of selenium effects between lotic
{tlowing) and lentic (static) aquatic ecosystems
has also been a point of controversy. Some inves-
tigators believe that the results from {entic studies,
which typically have high bioaccumulation rates,

are not comparable or applicable to lotic studies,
which typically have low bicaccumulation rates
(Kennedy et al., 2000; Adams et al., 2000). Other
investigators believe that the interconnectedness of
fotic (streams, rivers) and lentic (backwaters, side
channels, reservoirs) areas cannot be separated
from each other when assessing selenivm impacis
on aquatic resources (Skorupa, 1998; Hamilton
and Lemly, 1999; Lemly, 1999b; Hamilton and
Palace, 2001).

Another controversial area of the selenium lit-
erature that is starting to grow is the suggestion of
differemt thresholds for cold water vs. warm water
fish (DeForest et al., 1999; URS, 2000; Brix et
al., 2000), Most of the literature is for warm water
fish studies in lentic ecosystems, whereas there are
fewer studies with cold water fish typically found
in lotic ecosystems. A commentary paper has
addressed these concerns and concluded that there
is little evidence for a foundation for differentiating
selenium thresholds between warm water and cold
water fish (Hamilton, 2003).

9. Research needs

There is an extensive database on waterborne
and dietary selenium toxicity to a variety of fish
and a limited set of bird species. A limited number
of studies have been conducted to elucidate the
interaction of selenium and other elements or
nutritional factors in fish and wildlife. A few
studies have reported that other elements and
nutritional factors influence selenium toxicity, but
more studies are needed to further our limited
knowledge of interactions in this area.

The emphasis in aquatic toxicology over the
past few decades has been on waterborne expo-
sures. Consequently, national water quality criteria
have been propagated based on a waierborne
approach including selenium. In recent years, lab-
oratory studies with selenium have shown that
dietary exposures are the major route of exposure
for fish and wildlife. Information from field studies
investigating selenium contaminated sites have
demonstrated that diet can be an important con-
tributor to toxic effects, if not the dominant factor,
yet national water quality criteria have not consid-
ered the effects from dietary exposures. This over
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=ight has been somewhat addressed in the effort
iy e US Environmental Protection Agency to
establish a tissue-based selenium criterion for the
protection of aquatic life. Unfortunately, this effort
has been put on hold due to differences of opinion
on the appropriate selenium concentration for a
national tissue-based criterion. Specifics on the
implementation of a tissue-based criterion need to
be developed before it can be practically applied
in the real world of water quality regulation. -

Fewer selenium studies have been conducted
with mammals and varieties of birds compared
with fish. There are many unique species of wild
mammals with varied sensitivities to certain classes
of contaminants, and virtually none have been
used in selenium studies. Consequently, there is a
need for selenium studies with mammals other
than livestock and with more bird species. Effects
upon matine birds and adult migratory birds
receiving transitory exposures along their migra-
tion route are also needed due to selenium’s
possible impact to mass wasting and required
fitness for sustained flight of migration. Another
area needing investigation is the effects of seleni-
um on amphibians and reptiles.

The controversies mentioned concerning seleni-
um effects in lotic (flowing) ecosystems, wetlands,
cold water vs. warm water fish sensitivity, and
seemingly inconsistent responses of some fish
species such as fathead minnow call out for addi-
tional research to investigate these information
gaps. Although the selenium database may seem
large comparad other elements, there are substan-
tial information gaps that have continued to fuel
controversies.
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