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Introduction

Selenium (Se) is a complex species due to its properties of being both essential and toxic,
leaving a narrow optimal range within which intake amounts are healthy. Both excesses
and deficiencies in Se are known to cause endemic disease.
In the US two human-related factors causes selenium mobilisation and introduction of
selenium, at toxic levels, into aquatic systems. First is the procurement, processing and
combustion, of fossil fuels. Coal fly ash from power stations have been distributed on land
and leakage from these ashes has led to increased Se accumulation in aquatic systems. The
second major factor is the irrigation of seleniferous soils for crop production in arid and
semi-arid regions of the country. Deposits of Cretaceous marine shales have weathered to
produce high selenium soils in many areas of the western US (Lemly, 1993a). The concern
for toxic effects due to the increasing Se-concentrations has led to large research efforts in
the US
In Finland, on the other hand, intake of Se by humans and cattle has been too low and
selenate has been added nation-wide to multimineral fertilisers in order to increase the
dietary Se intake.
In Sweden, Se-addition to lakes is experimentally carried out as an ameliorating treatment
in lakes with elevated concentrations of Hg in fish. This literature review was initiated on
account of these experimental large-scale studies and to assess the potential toxic risks of
these additions.
2

Selenium and human health

Selenium is essential to humans. The selenium containing enzyme glutathion peroxidase is
present in most body tissues and catalyses the breakdown of the highly reactive metabolite
hydrogen peroxide (Rotrock et al, 1973, cited in Johnsson, 1992)
Keshan disease and Kaschin-Beck disease is closely associated with some geographical
environments in China. Selenium has been proposed to cause the diseases and Tan and
Hliang (1991) showed that the ecosystem of the affected area was low in Se. Keshan
disease is an endemic form of cardiac disease while Kaschin-Beck disease is an endemic
form of degenerative bone disease.
In Finland, serum Se concentration below 45 µg l-1 has been observed in human blood, a
level that was suggested to increase the risk of cardiovascular diseases and cancer.
Therefore, sodium selenate has been added nation-wide to multimineral fertilisers since
1985, in order to increase the dietary Se intake of the entire population (Varo et al., 1994).
As a result the mean dietary intake of the population has increased from 30-40 ug d-1 to
over 100 µg d-1 in the early 1990s. The selenium intake of the population is now within
the limits considered to be safe and adequate. No dramatic changes in the incidence of
mortality from cardiovascular diseases or cancer have been observed since the onset of
supplementation.
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Occurrence of selenium in the environment
Selenium in soil

The chemical form of Se in soil is primarily determined by soil pH and redox potential
(Johnsson, 1992). Se binds to Fe2O3 clay minerals and organic material, and the binding
strength increases as the pH decreases (review in Johnsson, 1992). Surface horizons of
forest soils efficiently retain Se, primarily due to microbially mediated reductive
incorporation, whereby Se is reduced to low valence states and then incorporated into lowmolecular-weight humic substance fractions (Gustafsson and Johnsson, 1994). The
dominant Se form in Swedish agricultural soils is generally HSeO3- (hydrogen selenite)
(Elrashidi et al, 1989, cited in Johnsson, 1992). Part of the Se may also occur as SeO42(selenate) in well aerated soils of neutral pH.

Figure 1.

Log Se-amount per m2 in moor layer as a function of the north-south position
of the sampling site expressed as topographical map number (r= 0.646;
p<0.001; n=365). Figure from Johnsson, 1989.

For geological reasons the Nordic countries have naturally low selenium concentrations in
the environment. Selenium in 297 samples of agricultural soils in Sweden, representing
the entire country, Se concentrations ranged between 65 and 1700 µg kg-l. Of the mineral
soils (n=291 ), 89 % contained less than 450 µg kg-l, the minimum concentration required
if feed crops are to provide animals with adequate amounts of Se (Johnsson; 1992). The
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mean Se concentration for the 297 soil samples was 284 µg kg-l. Figure 1 shows the
amount of Se per unit of area as a function of the north-south position. The moor layer in
Sweden contains about 8-fold more Se in the south than farthest in the north (Johnsson,
1989).
3.2
3.2.1

Selenium in aquatic systems
Amounts and speciation of selenium in fresh waters

In certain reservoirs located near coal-fired power plants, selenium has been recognised a
potentially toxic agent. The goal of an extensive project financed by EPRI (Electric Power
Research Institute), was to quantitatively describe the biogeochemical cycle of selenium in
aquatic systems which are affected by coal-fired power plants, and to develop a dynamic
model to simulate selenium speciation under various conditions (EPRI, 1991). The
available literature describing the thermodynamic data for different oxidation states of Se
was compiled by Cowan (EPRI, 1988). The data, expressed in terms of the standard state
as defined by ionic strength of the media, temperature, and atmospheric pressure, were
included in an equilibrium model, MINTEQ. The modelling showed that aqueous
selenium can exist in the three oxidation states, -II, IV, and VI, in natural waters. The
dominant hydrolysis complexes for the -II, IV , and VI oxidation states of selenium are
HSe-, HSeO3-, and SeO42-; respectively, in the pH range of 3 to 9. Based on redox
reactions, selenite; Se(IV), is the dominant oxidation state for selenium at pH and pE
values representative of oxygenated surface waters. Selenide, Se(-II), is the dominant
oxidation state in surface waters with pE <0.48 at pH 7. Selenate, Se(VI), represents a
significant portion of the selenium in oxygenated surface waters and is the dominant
oxidation state in highly oxygenated waters (pE ~ 7.72 at pH 7). In sediments, under
strongly reduced conditions, oxidised Se species are no longer detectable and Se solubility
is controlled by the formation of elemental Se and/or metal selenides (Massecheleyn et al.
1991). The dominance relations for the inorganic Se-species (at 25°C) are illustrated with
a Pourbaix-diagram in figure 2.

Figure 2.
1984)

pE -pH diagram for the Se -H2O system, at 25°C. (From Rai et al.
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A biogeochemical cycle of selenium in freshwaters affected by effluents from power plant
operations is proposed in figure 3. Most of the creek data obtained in this program
demonstrate that Se(-II+O) is the major form of selenium introduced by runoff, followed
by selenate, and then selenite (EPRI, 1991 ).

Figure 3:

Proposed biogeochemical cycle of Se in freshwaters affected by effluents from
power plant operations. Selenium is introduced to a lake through runoff from
streams and rivers (I) and effluents from power plant operations, primarily
fly ash pond effluent (11). Dissolved and particulate Se can be removed from
a lake by outflow (111), or in some systems via volatilisation of dimethyl
selenide. Within the epilimnion dissolved Se can be transformed to
particulate organic Se via photosynthesis, while respiration converts
particulate organic Se to dissolved species (IV). Within the hypolimnion,
particulate organic Se formed in the epilimnion can be regenerated to
dissolved Se (V). Under anoxic conditions, selenite and selenate in the
hypolimnion can also be reduced to particulate elemental Se(VI). Some
portion of the particulate Se produced in the water column is deposited in the
sediments, where it can also undergo regeneration to dissolved Se (VII).
Biomethylation of Se in sediments can be of importance under oxidised and
moderately reduced conditions (Massecheleyn et al. 1991). This dissolved Se
in sediment porewaters can exchange with the overlaying waters or deeper
sediments depending on the magnitude and direction of the concentration
gradients. (The dissolved speciation in order of decreasing concentration is
given within brackets). Figure from EPRI (1991).

Remberger (1980) measured total or dissolved selenium in surface waters of Swedish
lakes. Total Se varied between 43 and 209 ng l-1 (n= 11) with a mean of 110 ng l-1. The
Se-concentration was independent of trophic status of the lakes. The mean concentration
of dissolved Se was 99 ng l-1 (n=15). In Finland, the background level of dissolved Se in
lake water was estimated to 62 ng l-1, and 67 ng l-1 in stream waters (Wang, 1994). There
were no significant seasonal variation in Se concentration in the Finnish lake waters, while
there were spatial variations, closely related to human activities. In 1992, the mean Se
5
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concentration of agriculturally affected lakes was 76.8 ng l-1, significantly higher than that
of control forest lakes, 56.4 ng l-1. Particulate Se was about 10 % of the total Se
concentration in the Finish lake waters. Selenite and selenate made up only 8% and 9%
respectively of the total dissolved Se. Selenium in association with hydrophobic acids i.e.
in humic substances, made up more than half of the dissolved Se, while Se associated to
neutral humic substances constituted about 5%. Selenium-containing amino acids may
have been an important fraction of the Se not accounted for in this study.
Gustafsson and Johnsson (1994, and pers. comm.) found a large amount (34%) of added
selenite in association with hydrophobic acids, but only a minor fraction of the selenite
was reduced and covalently bound to the organic material, in relatively low- molecularweight fractions. The mechanism for this, in brown-water lakes, is probably explained by
inorganic complexation of selenite to iron-humic substance complexes, since selenite ions
strongly absorb on ferric oxides (Lakin and Davidson, 1967).
The mean Se concentration of Finnish lake sediments has increased during the last century
and in 1992 concentrations in surface sediments of 9 lakes ranged between 0.27 and 3.64
mg kg-1 and the concentrations were higher in oligotrophic lakes than in mesotrophic and
eutrophic lakes. The mean Se concentration of stream sediments was 0.26 mg kg-1 (Wang,
1994). The sedimentation rate varied as much as ten-fold in Finish lakes with a similar Se
concentration level in water, indicating that lake water is not a good choice for the
monitoring of Se in lake ecosystems (Wang, 1994).
3.2.2

The accumulation of Selenium in aquatic systems

Porcella et al. (1991) described the biological pathways by which Se is transported in
freshwater systems (figure 4). A important point of entry into the food web is likely to be
the incorporation of Se by phytoplankton and microheterotrophs. Uptake from sediments
by benthic organisms is another possible link. Both may transform the Se to new forms, or
pass the Se to higher trophic levels by being eaten, but at each step concentration of, or
discrimination against, Se may occur (Porcella et al. 1991 ).

Figure 4.

Potential C and Se pathways in a model freshwater ecosystem. From
Porcella et al. (1991)
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Stimulation of primary production in enclosure experiments where H275SeO3 had been
added to lake water resulted in a marked decrease of 75Se accumulation in periphyton,
zooplankton, clams and pearl dace (Rudd and Turner, 1983b). This was probably an effect
of biological dilution of the Se.
In a whole-lake experiment 75Selenite was added to the water of an experimentally
eutrophied lake. After 200 days approximately 20 % of the added Se remained in the water
(Hesslein, 1987). The isotope moved to the sediment by sorption to settling particles and
by being directly absorbed. However, in another experiment where 75Selenite was added to
the water of an oligotrophic clear-water lake (secci depth, 7m), mass balance calculations
350 d after addition showed that as much as 54 % of the added amount remained in the
water column (Hesslien et al, 1980) and the rest was found in the sediments. Most of the
remaining Se was in a nonpolar form (adsorbable to activated charcoal). Besser et al.
(1989) also found that about half of added Se (a mixture of dissolved 75Se as selenate,
selenite, and selenomethionine in closed-system microcosms, at 24°C for 28 days), was
sorbed to the sediments and the adsolution was more rapid to fine-textured, highly organic
(2.16 % org. C) sediments than to sandy riverine sediments. This difference in sediment
affinity of dissolved Se species strongly affected their loss rate from water, but when Se
was added as selenomethionine, volatilisation was also an important pathway for loss of
Se from the watermass (table 1). Sulphate did not affect the distribution and
bioaccumulation of the selenium species over the range 80-180 mg SO4 l-l.
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Daphnids accumulated highest concentrations of Se, followed by periphyton and
macrophytes. Selenium added as selenomethionine was bioaccumulated preferentially,
with a bioconcentration factor higher than 20 000, compared to that added as selenite or
selenate, leading to the conclusion that these species may contribute disproportionately to
Se bioaccumulation and toxicity in natural (contaminated) waters due to preferential
uptake from water or transfer via food chain organisms.
Riedel et al. (1991) studied uptake of the same Se species by three species of freshwater
phytoplankton. Also in this study, selenomethionine was accumulated at the highest rate.
Based on the relative accumulation by live vs. heat-killed cells (figure 5 a-c), and linear
accumulation through time, the authors concluded that selenate accumulation by all three
species was a physiological process. Selenite accumulation, on the other hand, appeared to
be due largely to non-biological adsorption rather than active uptake (figure 5 d-f). Living
cells of all three algae took up much more selenomethionine than did heat-killed cells and
the dose-response was a non-linear relationship (figure 5 g-i), indicating that uptake of this
Se species was a biologically mediated process with saturable uptake kinetics.

Figure 5.

Uptake of Se by Anabenajlos-aquae, Chlamydomonas reinhardtii, and
Cyclotella meneghiania as a function of substrate concentration, after
incubation for 6 h in selenate, selenite or selenomethionine enriched
medium. Open circles are live cells, closed circles are heat-killed cells.
From Riedel et al. (1991).

Se accumulation in floating aquatic plants was studied in greenhouse experiments (Ornes
et al., 1991). The four plant species, Azolla caroliniana, Eickkornia crassipes, Salvania
rotundifolia, and Lemna minor absorbed Se quickly upon exposure to selenate at 5 mg Se
L-1, and attained maximum tissue concentrations (1000, 700, 500, and 300 µg Se g-l for
respective species) within 1-2 weeks.
The mean Se concentration in perch muscle samples from 16 Finnish lakes ranged from
0.65 to 6.38 mg kg-1 dw, with a median of 1.24 mg kg-1 dw (Wang, 1994). The
concentrations were significantly higher in oligotrophic lakes than in mesotrophic and in
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eutrophic lakes. The Se concentrations in perch muscle tissue correlated with the length of
the fish (r=0.168, p< 0.05, n=159).
To quantify accumulation of Se from food, young northern pike was fed young-of-the year yellow perch, which had been exposed to 75Se (Turner and Swick, 1983). The pike
assimilated 30 % of the Se in the perch.
3.2.3

The toxicity of selenium to aquatic organisms.

Turner and Rudd (1983) summarised older (1959-1983) literature data on the toxicity of
Se to aquatic biota (table 2). They found a wide range on acute toxicity values, 96-h LC50
values for zooplankton, for instance. varied between 0.12 and 183 mg l-1. The lowest
effect level reported in their summary was 50 µg l-1,. at which concentration growth of
certain species of algae was reduced. The speciation of the added Se is not mentioned in
the latter study. while selenite was added in the other studies.
The importance of the speciation of both the Se and the test organism was demonstrated
by Ingersoll et al. (1990). Seleno-L-methionine was extremely toxic to daphnids (Daphnia
magna); mortality was 50 to 70% after 48h at concentrations of 4 to 8 g l-1, while acutely
lethal concentrations for midge larvae (Chironomus riparius) were about 1000 times
higher (5.78 mg l-1). The 48-h LC50 values for both species exposed to selenite or selenate
ranged between 0.7 and 16.2 mg l-1. At long term exposure (21- 30 days) to a 6: 1 mixture
of selenate to selenite, the emergence time of adult midges was delayed at Se
concentrations ≥ 837 µg l-l, while growth of adult daphnids was reduced at Se ≥ 156 µg l-1.
A maximum acceptable toxicant concentration for selenite between 44 and 93 µg l-1 was
indicated for growth and viability of juveniles of the marine amphipod Allorchestes
compressa exposed to sodium selenite and to (Ahsanullah and Palmer, 19801 Ahsanullah
and Brand 1985). Selenium at the same concentrations in mixtures of sea water and
seleniferous leachate from coal fly-ash (5% leachate) was less toxic than the pure sodium
selenite. The concentrations that lead to acutely toxic effects on the amphipod were more
than ten-fold higher.
Ornes et al. (1991) found reduced growth in floating aquatic plants at water concentration
<2.5. mg Se l-1, added as sodium selenate. The selenate ion is also a competitive
antagonist to sulphate at sulphate reduction by bacteria, resulting in growth inhibition for
the bacteria (Postgate, 1984).

9
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Table 2: Summary of literature examining the toxicity of Se to aquatic biota. From
Turner & Rudd (1983)
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Graphical illustration of data from Hamilton et al. (1990). Effects on
swim-up larvae of Chinook salmon fed two different Se-enriched diets
(SLD and SeMet) during 90 days. a) The survival, b) weight of
individual fishes, and c) Se accumulation in fish in relation to dietary
Se concentrations.

Hamilton et al. (1990) exposed swim-up larvae of Chinook salmon (Onorchynchus
tshawyttscha) for Se for 90 days. The Se was added as two organoselenium diets. One of
the diets (termed SLD diet) contained fish meal made from high selenium mosquitofish
(collected from the Se-laden San Luis Drain), and the other (SeMet) contained meal made
from low-Se mosquitofish fortified with selenomethionine. The diets contained Se
concentrations ranging between 1 (control) and 35.4 µg Se g-1. The results are summarised
in figure 6. Reduced fish growth, whole-body concentrations of Se and survival were
strongly correlated to concentrations of Se in both diets. After 90 days of exposure
survival was significan1ly reduced in fish fed diets (either sort) containing; ≥ 9.6 µg g-l
dw. The similarities (magnitude and pattern) in toxic response in fish fed the SeMet diet
compared to fish fed the SLD diet, made the authors suggest that SeMet was a good model
for naturally incorporated selenium in the food chain.
Lemly (1993b) examined the effects of combined dietary (5.1 µg g-1 dw) and waterborne
(4.8 µg l-1) Se on juvenile bluegill (Lepomis macrochirus), exposed during 180 days in
laboratory at 4 oC (cold) or 20 °C (warm), mimicking winter and summer conditions.
Seleno-L-methionine was used as the source of Se in the dietary component and an 1: 1
mixture of sodium- selenate and selenite was used for the waterborne component. The
exposure to Se caused haematological changes and gill damage (figure 7) that reduced
respiratory capacity, while increasing respiratory demand and oxygen consumption (figure
8).
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Sections of gill tissue of fish from a) co1d-water contro1 (240X) and b)
co1d-water se1enium treatment (220X) on day 180. From Lem1y
(1993b).
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Effects on juvenile bluegill (Lepomis macrochirus) exposed to combined
dietary (5.1 µg g-1 dw) and waterborne (4.8 µg*l-1) Se (+se), under
mimicked winter (cold) or normal laboratory (warm) conditions. a)
Whole-body concentrations of Se, b) body conditional factor K c)
oxygen consumption, d) lipid content and e) mortality of the fish
during 180 days- (The body-conditional was determined based on the
formula: K= 100*weight (g)/standard length). Summarised from
Lemly (1993b).

Selenium exposure in combination with low water temperature and shortened photoperiod
caused reduced activity and feeding, depletion of 50-80 % of body lipid, and significant
mortality within-60 days. Fish exposed to Se in warm water continued to actively feed and
lipid depletion did not occur. The combination of stress-related elevation in energy
demand and reductions in feeding due to cold temperature and short photoperiod, leading
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to severe depletion of stored body lipids (the Winter Stress Syndrome), caused Se-exposed
bluegill to undergo an energetic drain that resulted in death of about one third of the fish.
Lemly (1993a) summarised experimental data on Se concentrations in biota which bad
been toxicologically affected by the Se (table 3). Tissue concentrations of Se in fish from
control test groups or habitats with low ambient selenium levels usually range from about
1 to 8 µg g-1 dw. However, damage in major organs, reproductive impairment and
mortality begin to occur when tissue levels reach 4 to 16 µg g-1 dw (table 3)
Most of the Se in fish is taken up from food {Lemly 1993a). Diets containing in excess of
3 µg g-1 dw have been found to cause toxic effects in fish (table 4).
3.2.3.1 Modelling selenium toxicity
Porcella et al. (1991) use Se as a model substance to develop mechanistic general toxicity
models for predicting the effects of toxic substances on aquatic ecosystems. The models
accounts for differences in the toxicological properties and biogeochemical processes
associated with different chemical forms of Se. The framework integrates several types of
model components including a biogeochemical model, a pharmacokinetic model, a food
web transfer model, a toxic effect model, and an ecosystem effects model (Bosie and
Grieb, 1991). An experimental research program is being conducted in conjunction with
the model development to determine uptake kinetics, and toxic effects on growth,
reproduction, and mortality of different chemical forms of Se to various organisms. The
models are based on mass balance equations. The biogeochemical model predicts Se
exposure conditions in water and sediment. The pharmacokinetic model predicts the
accumulation of Se in aquatic organisms based on exposure conditions predicted by the
biogeochemical model. This model is extended to predict also Se accumulation in all
major types of organisms in an aquatic food web within the food web transfer model.
Information on Se accumulation obtained from the latter two models are then used in the
toxic effects model to predict the effects of Se exposure on the growth, reproduction, and
mortality of aquatic organisms. This model is based primarily on dose-response
relationships. The population dynamics of each biological component under the influence
of toxic stress are finally simulated with the ecosystem effects model (Bosie and Grieb,
1991).

14
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Table 3: Selenium concentrations associated with toxic effects in birds and aquatic
organisms (from Lemly 1993a).
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Table 4. Experimental data on concentrations of selenium, known to be toxic in the
diet of fish and wildlife (summarised by Lemly, 1993a)

4
4.1

Selenium and mercury
Correlations between selenium and mercury in biota

A strong positive linear correlation (n = 27, r = 0.932) between Hg and Se concentrations
in livers of marine mammals (dolphins, porpoises and common seal) was reported in a
classical work of Koeman and co-workers (1973) (figure 9).

16
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Correlation between Hg and Se in the livers of marine mammals. From
Koeman et al. (1973). o Dolphins and porpoises; •Common seal.

When 56 specimens of 9 different species were included in the study the correlation was
still strong (r = 0.991) (Koeman et al., 1975). This strong correlation is surprising since
the data were obtained for animals from different taxonomical groups and from various
geographical regions. The slope for the linear regression of the data is 2.5, and since the
molecular weight ratio between Hg end Se is 2.54, this indicates that the increase in Hg
and Se concentrations in the livers occur in a 1: 1 molecular ratio. A similar relation was
found in the brains (slope = 2.88). A Finnish study of Hg and Se contents of seals from
fresh and brackish waters reported the same strong correlation (slope 2.95) between Hg
and Se in liver tissue, while little, if any, correlation was seen for the muscle and kidney
samples (Kari and Kauranen, 1978). In both those studies, only 2-14% of the Hg in the
livers and brains was in the form of metyl Hg. In prey fish (such as herring and mackerel)
for the marine mammals the Hg:Se molecular ratio in liver was typically 1: 16 (Koeman et
al., 1975).
Selenium and Hg concentrations correlated in muscle tissue of perch from 16 Finnish
lakes (r=0,221, p< 0,01, n=159) (Wang, 1994), while in another Finish study of liver and
muscle tissue from 107 Northern pike (Esox lucius), no positive correlations were found
between Hg and Se (Leskinen et al., 1995).
4.2

Effects of selenium on mercury accumulation and toxicity

A full-scale experiment with selenium treatment of lakes was carried out in Sweden within
the extensive project "Liming-Mercury-Caesium" (Håkansson et al., 1990). Eleven lakes
were treated by means of the Selenium Release Matrix (SRM) -method, in which selenium
is added in the form of sodium selenite incorporated in an inert, biologically degradable
robber matrix (Paulsson and Lundbergh, 1991). The treatments aimed at raising the Seconcentrations in lake water from an average concentration of 0.1 µg l-1 to a known effect
level of 3 to 5 µg l-1. The rubber material containing the sodium selenite was placed in a
17
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sack at 1 to 2 m’s depth, and the treatment was continued during two years. The lakes were
also limed. Other treatments, such as different types of liming, and intensive fishing, were
simultaneously carried out in other lakes (Håkansson et al., 1990). When the results from
the different treatments were compared the selenium treatment proved to be the most
effective method in order to decrease mercury levels in fish. After two years of treatment
mercury concentrations in l+perch (Perca fluviatilis) had decreased by 75% (figure 10).
However, no young fish were caught in four of the eleven lakes at the fishing event two
years after treatment started, indicating large-scale toxic effects of selenium on the fish
community. Before the treatment Se- concentrations in perch- muscle was <0.5 mg kg-1
ww. One year after the beginning of selenium addition, these concentrations had increased
10-fold, to medium values between 4 and 5 mg Se kg-1 ww, with somewhat higher
concentrations in the four lakes where no young fishes were caught in year t wo. Waterconcentrations of selenium were also somewhat higher (in 1988 as well as 1989) in these
four lakes. The water concentrations varied within lakes and showed strong gradients
close to the sacks with the selenium-rubber. In one of the lakes with no young perch
concentrations up to 60 µg l-1 were measured.

Figure 10:

Comparison of how various measures (LL= lake liming; WLL= wetland
liming, DAL= drainage area liming, Se= selenium treatment plus liming, IF=
intensive fishing) affected the change in mercury levels in small (1+) perch
from the time the measure was taken (1986/87) and up to 1989 (from
Håkansson et al., 1990).

Simultaneous movement of radiolabelled selenium and mercury was followed in
enclosures set into the mercury contaminated Clay lake in Canada (Rudd et al., 1980).
Selenium and mercury did not move together through the ecosystem either geochemically
or biologically. Addition of non-radiolabelled selenium to a concentration of 0.1 mg l-1 did
not affect the rate of movement of radioactive mercury out of the water column but it did
stabilise the movement of the mercury among various compartments (particulate, organic,
negatively and positively charged material) in the water column. Elevated selenium
retarded the rate of mercury bioaccumulation by fish, crayfish and haptobenthos. After a
lag time of approximately two weeks Pearl dace (Sernotilus margarita) started to
accumulate selenium at a rate of ca 0.1 µg (g.d)-l. The selenium addition appeared to
decrease the rate of 203Hg bioaccumulation by about half in the fish muscle (Rudd et al.,
1980). It was found that the added Se had been quickly bioaccumulated by fish food
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sources and that the decrease in rate of fish Hg bioaccumulation was related to the Se
concentration of the fish food (Rudd et al., 1983). Summing up results from several
experiments Rudd et al. (1983) suggest that water concentrations of Se below 10 µg l-1
would be effective when using Se as a mercury amelioration agent. In a bottom sealed
enclosure the accumulation of both selenium and mercury in fish was much faster than in
enclosures where the water was in contact with the sediments (Rudd et al., 1980).
In another set-up of enclosure experiments in Clay Lake, the effects of single additions of
sodium selenite at 1,10 and 100 µg Se l-1 were examined (Rudd and Turner, 1983a).
Geochemistry and accumulation of radiolabelled H275SeO3 and 203Hg(NO3)2, added at day
one, was observed during 60 days. Although the rate of movement of Hg to sediments was
not altered at 1 and 10 µg Se l-1, the chemical form of 203Hg was affected, evidenced by a
reduced amount associated with nonpolar dissolved organic substances (activated charcoal
fraction). At 100 µg Se l-1 the rate of movement of Hg to the sediments was increased. In
net plankton selenium at first accumulated rapidly but then declined in correspondence
with water concentrations. In other organisms monitored, concentrations increased
throughout the experiment or remained stable after achieving some maximum value. The
accumulation of Se in different fish species and at the different Se concentrations are
showing figure Ila. Accumulation of 203Hg was reduced in several biota in a Seconcentration-dependent manner (figure llb). These reductions appeared to depend on the
position of the organism in the food web. In fish, the reduction was proportional to the
amount of selenium accumulated (Rudd and Turner , 1983a).

Bioaccumulation of Se by fish after a single addition of 1 (--), 10 (−), or 100 µg l-1
(). b) The accumulation of 203Hg in biota at the different selenium treatments, expressed as
% of accumulation in the control. O= crayfish, 5= adult pearl dace, n = young-of-the-year
yellow perch, g =juvenile white sucker. (From Rudd and Turner, 1983a).
Figure 11 : a)
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The mechanisms for the Se-Hg interaction, or the effects of the speciation of the Se and
Hg are not yet unequivocally solved, although several attempts have been conducted to
clarify this. The route of selenium uptake and the impact on the reduction in mercury
accumulation was studied in mercury-contaminated Clay lake, using a predator-prey
experimental model (Turner and Swick, 1983). Pike (Esox lucius) were held in water
containing trace (< 0.2 µg Se l-1) or elevated (4.5-6.4 µg Se l-1) concentrations of H275SeO3
during three weeks, and were able to accumulate Hg (added as 203Hg(NO3)2 and 75Se from
food (yellow perch) only, water only, or from food and water (figure 12).

Figure 12: Experimental design of enclosure experiments conducted by Turner and
Swick (1983).
Selenium was accumulated by fish from both food and water. Concentrations of 203Hg in
water was similar in both control and Se enclosures, with no substantial difference in
partitioning of 203Hg among the different chemical forms. Mercury-203 concentrations in
perch exposed to Se were consistently lower than in control perch. Waterborne selenium
did not alter either the amount of 203Hg accumulated from water or its subsequent
partitioning among the pike tissues (figure 13a), not even in gill tissue. However, where
203
Hg could also be accumulated by consumption of perch, concentrations in whole bodies
(p < 0.03) and skeletal muscle (p = 0.00l) of pike were always lower in the presence of
added Se (fig 13). This suggest that the difference in the assimilation of mercury may have
been caused, in part, by possible transformations of both mercury and se1eniuro into other
forms in the perch prior to consumption by pike (Cuvin-Aralar and Furoess, 1991). The
results indicate that Se added to aquatic systems will be incorporated in the food web and
thereby interfere with biomagnification of Hg.
Several studies have been carried out on the interaction of different species of Se and Hg
in the mussel, Mytilus edulis. Micallef and Tyler (1990) studied the effect of Se (19.7 or
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50 µg Se 1-1 as Na2SeO3) and Hg (50 µlg Hg l-1 as HgCl2), separately and in combination
(equimolar or equidosal), on the filtration, oxygen consumption, and associated processes
of ciliary activity of M. edulis. The filtration rate in mussels exposed to Hg and combined
treatments was severely affected within 24 h. Mussels exposed to only Se showed a
reduced filtration rate intermediate between the controls and the other treatments. No
consistent significant effects from either of the treatments were found on ciliar activity or
oxygen consumption.

Figure 13: A) Concentrations of 203Hg in northern pike held for 1 or 2 weeks in the
control (C) or added Se (S) enclosures. Two standard error bars are shown about
each mean of three individuals. B) Efficiency of assimilation of 203Hg from food
(perch) by pike after 1 and 2 weeks. From Turner and Swick (1983).
Selenium protection against Hg accumulation in muscle of mussels was investigated by
Pelletier (1988). The mussels were exposed to sodium selenite, at 20 µg Se l-1, and 0.3 or 3
µg Hg l-1 added as either of three different chemical forms of methyl Hg (figure 14), with
varying solubility in seawater. The accumulation in mussels (muscle tissue) exposed to the
different chemical forms of methyl Hg during 32 days is shown in figure 14. All the
methyl Hg complexes were highly toxic to the mussels, indicated as a significant loss of
animal weight and a relatively high cumulative mortality at the end of the experiment
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(figure 14). Sodium selenite did neither affect the accumulation nor the toxicity of the
different methyl Hg forms. In another study selenite had little effect on methyl Hg
accumulation, while. selenate at 2 µg -1 inhibited methyl Hg accumulation in most organs
of M. edulis (Davies and Russel, 1988). The same effect was not observed at a selenate
concentration of 200 µg Se l-1 (as selenate). Selenate, and to a lesser extent selenite,
markedly reduced the accumulation of inorganic Hg in gills, mantle, kidney, and digestive
gland. In plaice (Pleuronectesplatessa) selenate and selenite enhanced the accumulation of
inorganic Hg in muscle, hut neither compound had any effect on the accumulation of
methylated Hg.

Figure 14: Uptake of Hg by the soft tissue of Mytilus edulis in absence and presence
of Na2SeO3 (20 µg Se l-1). The chemical composition and concentrations of the added
methyl Hg compounds as well as the cumulative mortality (independent of Seaddition) at day 32 is shown above. From Pelletier , (1988).
Accumulation of organic mercury from homogenates of in situ contaminated crockles
(Cardiurn edule) is augmented in muscles and reduced in midgut gland of crabs (Carcinus
rnaenas) simultaneously exposed to selenite from the food. Selenite in seawater (1 mg Se
l-1) suppresses the initial fast part of the elimination of inorganic mercury from the whole
animal, whereas it speeds up the elimination from the haemolymph. Elimination of
injected organic mercury from the haemolymph seemed to be slowed down initially
(Bjerregaard and Christensen, 1993, Larsen and Bjerregaard, 1995).
Koeman et al., (1975) suggest that the 1:1 Hg to Se molar ratio observed in liver tissue of
marine mammals (Koeman et al, 1973; Kari and Kauranen, 1978) is established in the
marine mammals themselves, regardless of the molar relationship between these two
elements in their food, and that the both elements are structurally connected through a
mutual receptor. The low methyl Hg to total Hg ratio in livers of mammals, compared to
other organisms, make the authors suggest that the binding mechanism of Hg in those
tissues of marine mammals is different from those in other species and that the highly
toxic methyl Hg is demethylated in the liver (Koeman et al., 1975; Karl and Kauranen,
1978).
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One possible mechanism for protection by Se against Hg accumulation/toxicity is the
inhibiting effect of selenate on sulphate reducing bacteria (mentioned in chapter 4.2), since
sulphate reducing bacteria are held responsible for biological mercury methylation
(Gilmour and Henry, 1991; Regnell 1995).
Cuvin -Arlar and Furoess (1991) summarised the literature on Hg-Se interactions, mainly
in laboratory terrestrial organism, and ended up with the following possible mechanisms
of protection: 1) redistribution, 2) competition for binding sites, 3) formation of Hg-Se
complexes, 4) conversion of a toxic form of Hg, and 4) prevention of oxidative damage.
Artefacts at the analysis of Hg has also been proposed as a possible explanation.
4.3

Selenium and mercury interactions at analysis.

It was found that the presence of Se(IV) in water samples interfered with the detection of
Hg by cold vapour atomic absorption spectrometry (automated in-line digestion method).
The interference was removed by KMnO4 oxidation of Se(IV) to Se(VI) during the
digestion (Prat t and Elrick, 1987). In another study the interference of Se in the detection
of Hg by the cold-vapour technique was found to be related to the formation of HgSe. This
effect could be minimised by using only minimal amounts of SnCl2 or replacing it
altogether by dimethylaminoborane as a substitute reducing agent (Didorenko et al.,
1985).
5

Application to Swedish conditions

The literature review has revealed that the chemical forms of Hg and Se are important in
the toxicology of both elements. Likewise, the interactions between mercury and selenium
also rely, to a large extent, on the speciation of the elements. The foregoing also suggests
that the mechanism for the interactions between different Hg and Se compounds are not
well understood at present. Is there an inhibiting effect of Se on Hg accumulation in
aquatic organisms? The whole- lake experiment of Håkansson et al. ( 1990) and the
enclosure experiments described above clearly demonstrate that there is an effect on fish.
However, no literature data was found on the lastingness of the inhibiting effect of Se on
Hg accumulation. In Finland (Wang, 1994) field data showed a moderate positive
correlation between Se and Hg in perch muscle (r=0.221, p<0.01). Se and Hg
concentrations of perch muscle tissue from oligotrophic lakes were higher (not significant
for Hg) compared to the mesotrophic and eutrophic lakes, despite more Se being
transported into eutrophic lakes. The range in total Se concentration of the lakes was to
small to reveal an effect of water Se on the concentration of Hg in fish tissue. In
invertebrates the interactions between Se and Hg were more confusing. Since the food
chain (including invertebrates) seems to be the major route of Se as well as Hg entry in
fish, it is important to follow the accumulation of the two species at lower organism levels.
There are very few studies on the fate of selenium in humic waters. However, Finnish and
Swedish studies indicate that selenite added to forest soils and to humid waters will to a
great amount associate with humic material (Wang, 1994; Gustafsson and Johnsson, 1994,
and pers. comm). The association is either a microbially mediated reduction to selenide
and a covalent binding to organic carbon, which is probably the case in the soils, or a
association of selenite to iron hydroxides in the macromolecular humic complexes. The
latter mechanism is probably the most important in lake waters. Selenite added to oxic,
alkaline running waters will probably be oxidised to selenate or associated to humic
substances as described above.
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The data on retention of Se in the water mass indicate that the removal of Se is a fairly
slow process in oligotrophic clearwater lakes, while incorporation of Se in primary
producers of eutrophic lakes causes selenium losses to the sediments. It is not clear if the
association of Se to humic substances will act as a sink or a detainer of Se in the water.
However, in the lakes that were experimentally enriched with Se in Sweden (Håkansson et
al., 1990), the Se-concentrations in the water masses have decreased to almost background
concentrations up till today. However, the Se-concentrations in the fish have continued to
increase after the withdrawal of the SRM. This is a natural delaying effect caused by the
passing of the Se through the food chain to the fish.
The literature show that most of the selenium in the fish is taken up from the food, and
that Selenium is effectively biomagnified. It also seems like fish is as "sensitive as lower
organisms for certain Se-exposure. Finally, the known toxic effects thresholds for
selenium impacts on food-chain organisms (20 to 700 µg g-1 dw) are much higher than the
dietary effect levels for fish (Lemly 1993a). Therefore, the most important aspect of Se in
lower aquatic organisms is not direct toxicity to the organisms themselves, hut the link
they constitute in the food chain and the dietary source of Se they provide to organisms
that feed on them.
Little is known about the accumulation of Se associated with humic substances (either . in
a covalently bound selenide form or as selenite associated to ferri-hydroxides in the humic
substances). However, organoselenium compounds (seleno-L-methionine) in water at a
concentration of 1 µg l-l was bioconcentrated over 200000 times by zooplankton (Besser et
al., 1993), and added to fish food it is also effectively accumulated by fish (Hamilton, et
al., 1990). Field studies have documented Se bioaccumulation factors of 500 to 35 000 in
contaminated aquatic habitats where levels of waterborne Se were in the 2 to 16 µg l-l
range, resulting in food chain residues of 10 to 60 µg g-l dw which far exceed the dietary
toxicity threshold (>3 µg g-1 dw) for fish (table 4). These facts made Lemly ( 1993a)
propose a list of toxic effects thresholds for Se in aquatic systems (table 5). In 1987 the US
Environmental Protection Agency lowered the permissible level of waterborne selenium
from 35 µg l-1 to 5 µg l-1 to provide increased protection of fish and aquatic life. Some
states have their own local standards for Se that are even more restrictive (Lemly, 1993a).
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Table 5: Toxic effect thresholds for selenium in water, food-chain organisms, and
fish and aquatic bird tissus (from Lemly 1993a).

Håkansson et al. (1990) concluded that before addition of Se to lakes can be
recommended for more general use, the dosing problem must be solved. The Seconcentration in water should not rise above 1-2 µg l-1. The Se-concentration in fish, e.g.
perch fry , should never be higher than about 2-3 mg Se kg-1 ww. Recalculated per dry
weight (supposing 20% dw) the recommended fry concentration than becomes 10-15 mg
kg-1 dw. According to the argumentation by Lemly (1993a), the Håkansson
recommendations have to be reconsidered.
In the continuation of the proposed selenium-addition project, the dosing of the selenium
must be carefully estimated, and the chemical fate of the added Se should be modelled,
using the EPRl toxicity models. The Se and Hg-accumulation in organisms should be
followed in all levels of the food chain, in order to prevent possible toxic effects and
enabling mechanistic discussions.
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