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INTRODUCTION

There has beenkworldwide concern recentiy'over‘fatesb
and effects of trace elements in'the'environment end theif
incteasing levels due to human aetivities. Much of this
cencern has been prompted by direct threats to human
health, such as episddesﬁof'"Minamata" and "itai-itai"
diseases in Japan due te‘expOSUre to mercury and eadmium
respectively (Manahan, 1975). -As a result of these episodes,
potential threats to fish, wildlife and humans by trace
elements are being investigated. |

One trace element receiving increased attention is
selenium. Selenium is the least plentiful and most‘toxic
of the required trace elements with a very narrow margin
of safetv between required.and toxic dose (Copeland, 1971;
Frost and Lish, 1975). Located in Group‘VIA'of the periodic
table with oxygen and sulfur, seienium is a metalloid, an
element with properties intermediate between metals and non-
metils. Its chemistry is similar to that of sulfur, but
it exhibits important differences‘in redox characteristics,
stability of compouﬁds, end kinetics of reactiOns (Johnéon,.
1976). it is widely distributedkwithin the'eafth's crust
in,smallveonceﬁtfations~rangihg frem‘0.0S to‘0;8 ppm
(National Academy of Sciences (NAS), 1976), having a total
abundance of approximately 7 X 107° weight percent (Coopef,

Bennett and Croxton, 1974). Natural sources of selenium



include volcanic gases and the Weathering of selenium-
containing soils And rocks (Lakin, 1973).

Industrial activity and combustion of fossil fuels
also release selenium into the environment. The free world
prbduction of selenium_amounted tb 2.9 million pounds in
1970 (NAS, 1976). Industrial uses of selenium*include de-
colorizing of glass, manufacture of photocells, rectifers
and xerographic plates, making of pigments for inks and
paints, the vulcanizing of rubber, and the production of
steels and alloys (Louderback, 1975).

Combustion of fossil fuels represents the most signifi-
cant man-related source of selenium discharged info the
- environment. With increased use of coal this source will
become even more important in the future. Eighty-six coal
vsamples from 20 states had selenium concentrations ranging
from 0.46 to 10.65 ppm with an average value of 3.2 ppm "
(Pillay et al., 1969). Andren et al. (1975) reported a
mass balance for selenium after coal combustion and they
found 0.3% in slag and 68% in fly ash. The‘remaining 31.7%
wﬁs vaporized and lost tovthe atmosphere. vFly aéhes from
21 states contained from 1.2 to 16.5 ppm, with an average
of 870 ppm (Gutenmann et al., 1976)." Fly ash collected by
precipators and discharged into seft1ing basins are a source
of selenium contaminatiohkin surface waters (Guthrie and

Cherry, 1976).



The selenium content of oil is relatively low. Pillay
et al. (1969) reported thaf the selenium content of 40
crude oil samples from ten states ranged from 0.06 to 0.42
ppm with an average value of 0.17 ppm. They estimated the’
annual release of selenium from coal and oil combustion in
the United States at about eight million pounds. Selenium
release from coal combus%ioﬁ in the United States and the
lwérld was estimated to be respectively 2.5 and 1.5 times
greater then that due to natural weathering (Andren et al.,
1975). o

Selenium is a required trace element. Proteins con-
taining selenium are essential coenzymes of some bacterial
and mammalian enzyme systems (Statman, 1974). A selenium
requifement has been reporfed for species of mammals, birds,
fish and dénoflagellates (NAS, 1976; Poston et al., 1976;
Lindstrom and Rodhe, 1978). Selenium-responsive diseases
have been documented in approximately 40 species (Frost
gpd Lish, 1975). Selenium deficiency diseases in livestock,
éguéh as white muscle disease, are common in areas where the
soils 1ack’this element. Addition of selenite—Sélenium to
these soils to prevent this deficiéncy is being investigated
and this may become an additional source of environmental
seleﬁium (Gissel—Nieisen’and Gissel—Nielsen, 1973;vA11away,
1975). Although a selenium nutritional requirement in

animals has been recognized for years, it is not yet offici-



ally reCognized as an essential nutrient in humans (Frost
and Lish, 1975). There has been considerable debate over
the nutritional reqﬁirement for selenium in humans, fhe
situation is complicated by the narrow range between a
required and toxic dose. Copeland (1971) suggested dietary
required and toxic doses of 0.2 and 5.0 mg/day respectively
for humans, which gives a safety factor of only twenty-five
fold. |

| The toxicity of selenium to mammals has been well
established (Rosenfeld and Beath, 1964; Maag and Glenn,
1067; Moxon and Olson, 1974; Cooper and Glover, 1974; NAS,
1976), and was reported as early as 1295 by Marco Polo
(Copeland, 1971). Several distinct types of selenium
poisoning have been reported depending on length and type
of exposure. The vascular system in particular, seems to
be affected by selenium poisoning (NAS, 1976); Overacéumu—
lation of selenite ions which disrupts SH metabolism, is.
suggested to be the cause of selenium toxicity (Frost and
Lish, 1975).

" The United States Environmental Protection Agency
_(USEPA, 1978¢) included’selenium and its compounds in ‘its
6riginai 1iét of 65 toxic pollutants and is in the process
of establishing water quality criteria for the protection
of freshwater life. Very little is known about the potential

effect of selenium to aquatic life: the limited literature



on this subject consists primarily
data and fish body burdens. There
concerning the effects of selenium

In view of the limited information

of acute fish toxicity
are only a few studies
on aquatic invertebrates.

on effects of selenium

on freshwater invertebrates, research on Daphnia pulex was

conducted. Specifically, research was conducted on acute

toxicity; chronic effects on survival, growth and repro-

duction; and acute sublethal effects on oxygen consumption

and filtering rate.



MATERIALS AND METHODS

Selection of Daphnia
Cladocerans’are'important because of their trophic
position in lakes and ponds (Reid and Wood, 1976). Of the

cladocerans, both Daphnia magna and Daphnia pulex are re-

commended organisms for toxicity testing because of their

sensitivity to toxicants (USEPA, 1975, 1978b). D. pulex

was chosen as the test organism because of its cosmopolitan
distribution. D. magna has a very limited geographic range
in North America and it is typically a hardwater species

(Buikema et al., 1976; Winner, 1976).

Maintenance of Daphnia

Daphnia pulex Leydig (Brooks, 1959) were obtained from

cultures which had been maintained continuously in our
laboratory for several years; the cultures original stock
were obtained from Carolina Biological Supply Company,
Burlington, N.C. Daphnia were cultured in 19 litef all
glass aquaria containing Blacksburg carbon-dechlorinated

tap water previously filtered through a 50 micron mesh net.
Stock cultures were kept at 20 + 2 C. A 16L:8D photoperiod
at an air-water interface intensity of approximately 100 ft-
c was proﬁided:by cooi white fluorescent lights.

Stock cultures were fed daily with an ad libitum sus-

pension of Chlamydomonas reinhardi (wild type, minus strain).

This green alga was obtained from Carolina_Biologiéal Supply



Company, and was grown in a modified Bolds Basal Medium
(Buikema, 1970). Algal cultures were maintained at the
same temperature and photoperiod as the Daphnia, but at a
higher light intensity of 300-500 ft-c. Béfore being fed
to the Daphnia, the algae were centrifuged, washed and

’resuspended in dechlorinated tap water.

Selenium Solutions and Dilution Water

The form of selenium used in all phases of the study
was reagent grade sodium selenite (NaZSe03°5H20) (Baker
Chemicals, Phillipsburg, NJ). Stock solutions were made
with Blacksburg éarbon—dechlorinated tap water which had
been filtered through a Métricel GA-6 0.45 micron filter
(Gelman Instrument Co., Ann Arbor, MI) and aerated 12-24
hours prior to use. The dilution water for all tests re-
ceived the same treatment. All stock solutions were pre-

pared on the day of use.

Water Chemistry and Selenium Determinations

Water quality characteristics of the filtered dechlori-
nated tap water used are listed in Table 1. All parameters
were assessed according to methods outlined in the 14th
Edition of Standard.MethodS (American Public Health Assoccia-
tion, 1975). Metal analyses were done using a Perkin-Elmer
Model 460 Atomic Absorption Spectrophotometer (Perkin-Elmer

Instrument Division, Norwalk; CT). Hardness, pH, and



Table 1. Waterkquality characteristics of dechlorinated

water.
No. of
Parameter Determinations Mean

Alkalinity, mg/l CaCO, 2 35.5
Conductivity, umhos/cm 2 82.5

Dissolved Oxygen, mg/1l 17 8.2 (SD = 0.5)
Hardness, mg/1l CaCO3 23 45.7 (SD = 5.1)
pH 19 7.4 (SD = 0.3)
Ammonia-N, mg/1 1 0.06
Nitrate-N, mg/1l 2 0.10
Orthophosphate, mg/1 2 0.12

Total Phosphate, mg/1 2 0.13

Calcium, mg/1 2 6.0

Copper, mg/1 2 <0.5

Iron, mg/1l 2 <0.5

Magnesium, mg/1l 2 e

Potassium, mg/1 2 1.5

Sodium, mg/1 2 .5

Zinc, mg/l 2 <0.5




dissolved oxygen were monitored routinely duriﬁg‘all tests;
during the chronic study they were monitored Weékiy.
Generally there were no significant changeé in these para-
meters during the tésts And dissdlved oxygen nevef fell
below 7.0 mg/1l. Twice during the study a more complete
characterizétion of the water was made,‘including nutrient'
and metal analyses. |

Selenium concentrations were determined by hydride
generation atomic absorption spectrophotometry (USEPA,
1979).using the sodium borohydrate reduction method (Ferna-
ndez,>1973; Corbin and Barnard, 19276) with an argon—hydrogen—
entrained air flame. The atomic absorption spectrophoto-
meter was equipped with a hollow cathode lamp, a three slot
burner heéd, a deuterium‘background corrector, and a pen
recorder. To verify selenite concentrations of the test
solutions, the method for inorganic selenium analysis was
used. For determination of selenium levels in the dilution
water, the sample was acid digested prior to analysis to ‘
yield total selenium (USEPA; 1979).

The total selenium content of the dilution water was
monitored periodically during the study and was always less
than 0.01 mg/i Se; Selenite~selenium conceﬁtrationS’were
not measured during the Gambusia and Physa acute toxicity
tests; the LC50 and EC50 values; reépectively, were based

" on nominal concentrations. Because the difference between
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nominal and measured concentration of selehite—selenium in
all other parts of the study varied an'average of 3 percent
these nominal cdncentrations were considered to be accurate.
For the Daphnia acute toxicity tests, the LC50 was based on
measured concentrations.

For the chronic, oxygen consumption, and filtering rate
studies, oniy the stock solution with a~nomina1 canentration
of 0.8 mg/l selenite-Se was measured. This sblution was
used for the 0.8 mg/l test solution and by simple dilution
yielded the other three test solutions. The mean and 95
percent confidence intervals of the measured selenium cén—
centrations for the chronic, oxygen consumption and fiitering
rate studies respectively, were 0.81 + 0.05, 0.85 + 0.1 and
0.91 + 0.18 mg/l. The geometric mean of the quotients of
measured to nominal selenium concentrations for the entire
study was 1.03. The results of all studies are reported as
the concentration of the element selenium rather than the
compound sbdium selenite.

The dechlorinated tap water was passed through a 0.45
micron filter prior to use to reduce microbial levels. This
was done to reduce microbial formation of organic selenium
compounds (e.g. methylated selenides) which aré votatile
(Fleming and Alexander, 1972; Chau et al., 1976; Doran and
- Alexander, 1977). Many selenium test solutions had a de-

finite odor, which may have been due to‘a'volatile selenium
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compound. To test if volatilization was occurring, equal
portions of a 0.8 mg/l seienite—Se stock solution were
poured into beakers and sampled after 0, 24, 48, and 96
hours. Subsequent analysis showed no differences in
measured concentration among the four portions. However,
volatilization of selenium during tests cannot be ruled out
because test animals and associated bacteria were not placed

~in fhe test solutions.

Acute Toxicity Tests With Daphnia

Neonate Daphnia, 24 + 12 hours old, were usedvin all
studies except the dye study. Static acute toxicity fests,
without aeration, feeding, or renewal were conducted in 500
ml glass beakers containing 300 ml of test solution and five
Daphnia. A logarithmic dilution serieé, consisting of five
concentrations and a control, were used for all tésts, and
several replicates were tested. The animals were assigned
randomly to eaéh dilution, and test containers were randomly
placed in Scherer CEL 4-4 growth chambers (Kysor Industrial
Corp., Marshall, MI). Test containers were loosely covered
with plastic wrap to retard evaporation and Were'checked at
8, 24 and»48 hours. Toxicity tests were conducted for 48 hr.
because starvation influences longer tests (USEPA, 1975;
Buikema et al., in press).

The endpoinf of the test was death. Death wés'defined

as the cessation of the movement of all appendages as well
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as no heartbeat. Verification of death was perfdrmed under
a dissecting scope. The median lethal concentration (LC50)
was éstimated using Finneys probit analysis procedure on the
Statistical Analysis System (SAS) (Barr et al., 1976);
analysis was carried out on fheilog base 10 of the test con-

centration (Stephan, 1977).

Chronic Study With Daphnia

The sublethal effects of 0.2, 0.4, 0.6 and 0.8 mg/1
selenite~Se on the survival, growth and reproduction of
Daphnia were monitored for 28 days. Each experimental group
and the contfol consisted of twenty Daphnia maintained
individually in glass baby food Jjars with 50 ml of test
solution. The test began with animals 24 + 12 hr old.
Temperature and light regimes were the same as for the
stock cultures. |

Animals were checked daily for mortality, body length,
-exuvia, number of eggs, number.of live young, number of
dead young with and without éaudal spines, number of dete-
riorated eggsv(those eggs which fail to develop into live
or dead young), and partial and full abortions. Body length
was determined with an ocular micrometer and animals were
measured from the top of the head to the base of the caudal
spine. Young were removed, test containers wefe cleaned,

test solutions were renewed and the animals were fed daily.
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The animals were fed 1 ml of algal suspension at a density
of 50,000 cells per milliliter in the teét container. Algal
densities were verified with an Electrqzone/Celloscope Model
112 electronic particle counter (Particle Data, Inc.,
Elmhurst, IL).

Due to their low frequency of occurrence during the
study, dead young with and without caudal spines, dete-
riorated eggs, and partial and full abortions were not
statistically analyzed individually. Dead young with and
without caudal spines and deteriorated eggs were pooled,
and the percentage of the total number of eggs they comprised
calculated. This parameter, percent dead young was statis-
tically analyzed. Partial and full abortions were tabulated
and only trends will be discussed.

The coﬁtrol data for length (both preadult and adult),
number of eggs, and number of live young were tested for
normality using the Kolmogorov-Smirnov test, on SAS (Helwig,
1977). Because the hypothesis of normality was not rejected
the vast majority of the time at the 0.05 alpha level for
the three parameters, parametric analyses were conducted.
The percent dead young parameter also approximated a normal
distribution (S.K. Lee, per. comm.) and parametric analyses
were used.

For preadult instars, length was analyzed on a molt

by molt basis using a one-way factorial analysis of variance
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(ANOVA) and Duncan's new multiple range teét’on'SAS (Barr
et al., 1976). Molt O is the instar when the test began;
molt‘l is the instar after the first molt to occur during
the test; etc. The statistical analysis oh adult length
and reproduction was done on a brood by brood basis, since
all the animals were in a physiologically equivalent state
at the time of their first brood and had been exposed to
selenium for a minimum of three complete instars. The
ANOVA and Duncan's tests were also usedvto‘ana1YZe the adult
length and reproductive parameters. Reproduction-was moni-
tored through nine instars and adult length through ten
instars. The final adult length measurement was made after

the ninth brood was released and the animals had molted.

Toxicity Tests With Other Organisms

Acute toxicity tests were conducted with two other

organisms, the mosquitofish (Gambusia affinis), and the

aquatic snail (Physa sp.), both of which were obtained from
Carolina Biological‘Supply Company. General toxicity test
procedures according to Standard Methcecds (APHA, 1975) were
followed. Gambusia were maintained in 450 1 flow-through
tanks in Blacksburg carbon dechlorinated tap Water'under the
same temperature and lightvconditions as the Daphnia. The

. fish were fed‘thrée times weekly with finely ground trout

chow (Ralston Purina Co., St. Louis, MO).' Ninety-six hour
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static toxicity tests without feeding were conducted in

5 1 glass aquaria containing five fish in.4 1 of test
solution. A logarithmic dilution series of five selenium
concentrations and a control were used in each test, énd
several replicates were tested. Fish were checked after

8, 24, 48, 72 and 96 hours. Death was defined as cessation
of all movement including ventilation. An LC50 also was
calculated by probit analysis.

Physa were maintained in 5 1 glass aquaria containing
two liters of dechlorinated tap water under the same tempera-
ture and light regimes as the Daphnia. " The snails were fed
lettuce and Elodea sp.. Ninety-six hour toxicity tests
witﬁout feeding were conducted with five snails in 500 ml
glass beakers containing 300 ml of test solution. A logari-
thmic dilution series and a control similar to that for
fish was used. The median effective concentrations (EC50)
was calculated by probit analysis. The criterion used in
determining the EC50 was failure of the snail to display
any movement upon probing with a blunt glass réd. Tests

were checked after 8, 24, 48, 72 and 96 hours.

Oxygen Consumption Studies

Glass stoppered pyrex bottles of approximately 60 ml
capacity, calibrated by weight to the nearest 0.1 ml, were

used as respirometers. ' Preadult Daphnia within a 0.2 mm
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size class, were segregated and not fed for 12 hr prior to
testing. The animals were pre-rinsed Wifh 0.45 micron
filtered dechlorinated tap water. TFive to ten Daphnia were
placed in each respirometer containing a test sblution at
20 C. The bottles were stoppered, checked for air bubbles,
and placed in the growth chamber at the same temperature
and light regime described above. Three or four replicates
at each of the four experimental concéntrations (0.2, 0.4,
 0.6, and 0.8 mg/1 selenite-Se), one or two controls, and
one or two blanks (filtered wafer only) were used for each
test, depending on the number of Daphnia available. The
selenium test solutions, at the concentrations used, did
not exert any oxygen demand in 24 hours.

After 24 hours the amount of dissolved oxygen in each
respirometer was determined with the azide modification of
the Winklef method (APHA, 1975). Twenty-five milliliter
alquiots were titrated with 0.005 N sodium thiosulfate
solution using a buret calibrated in 0.02 ml. Oxygen
concentrations were corrected for dilution by Winkler reagents
and for volume titrated. Absolute change in oxygen content
between the corrected blank or mean of the blanks and each

of the test respirometers was calculated by equation (1):
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Corrected (0y)pign - Corrected (0p)p qy (1)

mg O2 =
' Volume of bottle

From this, respiration rates in ul Oz/animal/hour were
calculated.

After titration the Daphnia in each respirometer were
removed and measured and mean body length in each respiro-
meter was determined. Using the length-weight relationship
(Figure 1), the mean body weight was determined and oxygen
consumption was recalculated as ul Oz/mg dry weight/hour.
The mean length for the animals from all the tests at the
end of the 24 hr exposure period was 0.97 mm.

The length-weight relationship was determined by
measuring 60 Daphnia andbplacing them in 0.2 mm size classes.
The Daphnia in each size class were placed on tared aluminum
pans and dried at 55 C‘for 36 hours. Dry weights were then
determined by substitution weighing on a Cahn Model 4700
Automatic Eletrobalance (Cahn Instruments, Cerritos, CA).
Using the SAS method for least squares regression (Barr et
al., 1976), the two regression lines in Figure 1 were
arrived at. For lengths iess than 1.27'mm, the equation (2)

| was:
W = 0.0025L - 0.0001 (2)

where W is dry weight in milligrams, and L is length in
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millimeters. For lengths greater than 1.27 mm, the equation

(3) Was:‘
W = 0.0287L - 0.0335 @)

Statistical analysis onfthe‘oxygen~consumption’data was done
by a one—way‘factorial ANOVA and Duncan's new multiple range

test.

Filtering Rate Studies

As in the oxygen consumption studies, preadult Daphnia
were exposed toveach of four concentrations of selenium for
24 hours. .Three 60 ml pyrex bottles for each of the'experi—'
mental concentrations and two for the controls were filled
with 59 ml of the appropriafe test solution‘and seven to
ten animals. One milliliter of algal suspension was then
added diluting each'boftle to the appropriate selenium con-
centration and giving an algal denSity of 30,000 cells/mi.
An algal blank was inéluded at each selenium concentration
to serve as an algal controi. All bottles were then placed
in a growth‘chamber under the same conditioné described
above. The mean length for fhe animals from all tests,
after 24bhr exposure was O.91ymm.

The log phase Chlamydomonas reinhardi innoculum was

prepared by centrifuging, washing, and resuspending the
algae in filtered dechlorinated tap water. The algal

suspension was theaniluted to the appropriate density which
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was verlfled with the electronic particle counter.

After 24 hours the test was stopped by addlng 2-3 drops
of 37 percent formalin to each bottle. Final counts were
then made with the electronic partlcle counter. Filtering

rate for each bottle was determlned by the equation (4):
logoCy — 10874Cy

F=uyv : | (4)
| 1ogloe :

whefe v is the volume of water per animal, Co is the final
valgal-concentration in the algal blank for that concentra-
tion of selenium, and Ct the algal concentration after 24 hr
in each bottle. Data were expressed as filtering rates in

ml/animal/day. The data were analyzed using a one-way

factorial ANOVA and Duncan's new multiple range test.

Gut pH Study

To get an indication of an effect of selenium on
digestion a dye study was cenducted to determine if gut pH
changed in Daphnia exposed to solutions of 0.6 and 0.8 mg/l
Se. Each experimental group and the controls consisted of
ten Daphnia of mixed ages. The animals were exposed for 48
hours without feeding in 500 ml glass beakers containing
300 ml of solution.

After 48 hours the animals were allowed to feed on a
mixture of neutral red stain and yeast (Hasler, 1935;

Buikema and Sherberger, 1977). The animals were then ob-
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served under a dissecting microscope for differences in
pH gradient of the gut. Neutral red dye is red below pH
6.0, rose at pH 7.0, orange at pH 8.0, and yellow at pH

9.0.



RESULTS AND DISCUSSION

Acute Toxicity

The results of the acute toxicity tests with Daphnia,
Gambusia and Physa are presented in Table 2. In probit
analysis, the relationship between mortality and log concen-
tration is assumed to be a linear one (Stephan, 1977). The
acute results for all three organisms exposed to selenium
had Chi-square P values greater then 0.3, indicating a good
fit of the data to the probit model.

Daphnia was the most sensitive of the two invertebrate
species tested. The greater sensitivity of Daphnia species
has been réported in the literature for other chemicals.
For exémple, Buikema et al. (1976) compared the acute

sensitivity of Daphnia pulex, D. magna and thirteen other

invertebrate species to an artificial refinery effluent and
found that the two Daphnia species were the most sensitive.
However, Halter et al. (in press) reported that immature

Hyallela azeteca were more sensitive to sodium selenite

than D. magna after 48 hours exposure. But the amphipods
may have ingested selenium from a contaminated food source.
Daphnia also were more sensitive than Gambusia to selenium.
This was not surprising because Gambusia are resistant to a
variety of pollutants (Giesy et al., 1977; Darwazehvand

Mulla, 1974). Depending on the compound and the species

22
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involved, Daphnia acutely may be more, equal or less sensi-
tive than fish (Buikema et al., 1976; Macek et al., 1976a,
1976b). Adams (1976) concluded that Daghnia were no more
sensitive to selenium than fish. |

The literature on the toxicity of selenium'compounds to
fish and aquatic invertebrates is summarized in Table 3.
Daté for sodium selenite, sodium selenate, selenium dioxide
andvselenious acid are included. Selenious acid and selenium
dioxide are equivalent since selenium dioxide forms selenious
acid when dissolved in water (Elkin and Margrave, 1968).
Selenious acid is a weak dibasic acid which dissociates
predominantly into the biselénite ion in waters between pH
3.5 and 9 (NAS, 1976). The order of toxicity, from highest
to lowest, is selenite ion, biselenite ion and selenate
ion (Table 3). Although the toxicities of the selenite and
biselenite ions are usually similar.

The LC30 and EC350 estimates for Gambusia and Physa
of 12.6 and 24.1 mg/1l selenite-Se, respectively, are high
when compared to other acute toxicity values (Table 3). The
known resistance of Gambusia makes the relatively high 96 hr
LC30 estimate seems reasonable. There are no comparable
selenium toxicity values for Physa in the literature;
however, Physa appears to be less sensitive to pollutants
than other species (Arthur and Leonard, 1970; Wier and

Walter, 1976).
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to the 48 hr EC5C for Daphnia sp. using selenite—Sé
(Bringmann and Kuhh, 1959). No 24 hr LC50 estimate can be
made for D. pulex (this‘study), but_the'data indicates it
would be greater then 4 mg/l selenite-Se, a value similar
to the value reported for Q,'ggggg (Bringmann andAKuhn,
1977). The 48 hr LC50 of 0.71 mg/l Selenite—Se'reported by
Halter et al. (in press) for D. magna is lower than the
other reported LC50 Values with Daphnia using sodium selenite.
However, it was the only study conducted under flow-through
cdnditions with feeding. The mortality level of >0.1 mg/1
selenite-Se for D. magna reported by Kasymov and Pyatakova
(1976) is lower than any concentration tested in this study,
their test methodology could not be evaluated. KXimball
(unpublished) reported a 48 hr EC50 of 1.2 mg/l Se for
D. magna using selenious acid, USEPA (1978a) reported a 48
hr LC50 for D. magna as 0.43 mg/l Se under static conditions,
this value is inconsistant with the other static acute
toxicity data, as well as the chronic mortality data from
this study. The selenium compound used by the USEPA was
not reported, and the concentrations were not measured, thus
the USEPA results are suspect in light of the other data.
The only other acute toxicity data on inVértebrates
wifh sodiﬁm selenite are: the 96 hr LC50 for Hyallela

azeteca of 0.34 mg/1l Se (Halter et al., in press); the 48
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hr EC50 for oyster embryos of greater then 10 mg/l Se
(Glickstein, 1978); and a study by Bovee (1978) in which
concentrations between 3 and 20 mg/l Se inhibited growth

of the protozoan Tetrahymena. As seen in Table 3, there

is even less data on aquatic invertebrates for the other
selenium compounds.

Several factors including temperature, hardness, and
pH are known to modify the toxicity of some compounds
(Sprague, 1970). Hardness appears to have no effect on the
toxicity of selenium, while temperature has a definite effect
(Table 3). Adams (1976) reported 96 hr LC50's for fathead
minnows at 13, 20 and 25 C as 10.90, 6.70 and 2.80 mg/1
selenite-Se, respectively. Due to the narrow raﬁge of the
- pH values it is difficult to draw conclusions from the
literature about pH. However selenium should be more toxic
‘at aeiower pH, since selenite is formed under acid condi-

tions (NAS, 1976).

Effects of Chronic Exposure on Mortality

Due to their sensitivity and relatively short life
cycles, Daphnia species are popular organisms for studying
chronic effects of toxicahts on survival, growth, and re-
productionr(Macek et al., 1976a, 1976b; Biesinger and
Christensen, 1972; Winner, 1976; Geiger,‘1979).v The effects
of chrOnic exposure to selenite—selenium on the survival of

Daphnia pulex from this study are preeented in Table 4.
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Thefe was no appfeciable mortality duriﬁg the first five
days of the chronic study:except at 0.8 mg/1 selenite—Se.
These results suppbft the selection of the test concentra-
tions and the soundnesé of the chronic study. At'day 28,
when the chronic study was terminated, only the groups
exposed to 0.2 and 0.8 mg/l‘selenité—Sé had a greater
percentage dead than the control group (12 and 35 percent
higher respectively). The group exposed to 0.6 mg/l
selenite-Se exhibited 13 percent less mortality than the
control group. No wvalid statistical analysis could be done
on the mortality data because of the low frequency of
occurrence of mortalities during thé étudy.' The mortalities
at 0.8 mg/lvselenite¥Se are unquestionably significantly
higher biologically‘than the control group. The mortalities
-at 0.2 mg/i selenite-Se, however, are probably not biologi-
cally significant based on £he mortalities at 0.4 and 0.6
mg/1 sélenite-Se, and the fact that one death in the 0.2
mg/l group as well as one death in the control group could
be directly attributed to fungal infections. A biomodal
toxicity effect for selenium cannot be rﬁled out; but there
are few reports of toxic effects at or below 0.4 mg/1
sélenite—Se~(Tab1e 3);

Halter et al. (in press) reporfed a 14 day LC50 of
0.43 mg/l selenite-Se for D. magna, while in this study

after 28 days, the approximate LC50 for D. pulex is 0.8
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mg/1 selenite-Se. These data indicate that’Q;'ggggg is
more sensitive; however, Halter et al. (in press) conducted
the test under flow-through conditions. They fed the |
banimals brewer's yeast only which is a poor food Supply for
Daphnia.

Five animals from the Study were deleted from all
data analysis, three in the control group, and one in each
of the groups at 0.4 and 0.8 mg/l selenite-Se. In the
control group,ftwo'of,the thfee~animals deleted died due
to handling, and the third was a non-fertile female which
survived the full 28‘days. Thekother two animalé deleted
frbm analysisvwere males. Because they were difficult to
identify as neonates, the males were inadvertently included
in the study.

Non-fertile females appear to be a normal occurrence,
and have been reported in other studies (Anderson, 1932).
The growth of the non-fertile female in the control group
was not retarded: its length at the end of 28 days was
2.76 mm compared to the mean‘length for the control group
~of 2.54 mm. The ovaries of the non-fertile female did not
appear to have developed.

The maies both survived the full 28 days of exposure.
- None were observed during ény other phase of the reseérch.
No ephippia were observed during the chronic study or in

any of the culture tanks during the research. It is felt
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that the males epcountered‘represented a normal low fre-
quency of occurrence in Daphni
indicate a stressed situation in the cultures.

With the exception of three deaths, including the
two due to fungal infections, all the‘mortalities ddring
"~ the study occurred during the'brood feléaSe—molting sequence
or during the preadult instars. This pattern has been
observed with other toxicants, Lee and Buikema (1979) re-
ported that D. pulex tolerance to chromate toxicity de-
creased significantly during molting. Immature stages of
a life cycle have been found to be generally more sensitive
’to toxicant exposure than adult stages (Buikema and Benfield,
1079).

Interestingly, in the group exposed to 0.8 mg/l selenite-
Se, all ten of the mortalities occurred before the animals
reaghed their first adult instar. 1In the three which died
between days eight and eleven, it appeared that the selenium

stress delayed reproductive maturity.

Effects’of‘Chrohic Exposure on Growth

Body length was ﬁsed as the measure of growth. The
results for preadult and adult length are presented in Figures
2 and 3, and Tables Al and A2 (Appehdix), respectively.
Statistical differences relative to the control group are
presented in Table 5. | |

One diffiéulty in using néonate daphnids is that many
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Tdblé 5. Summary of the effeéts of chronic exposure to
selenite-selenium on the growth and reproduction
of Daphnia pulex.?

Selenium Concentration

Parameter =~ 0.2 mg/l 0.4 mg/l 0.6 mg/l 0.8 mg/1
Preadult Length - - - M2(-),M3(-)
Adult Length - B9(+)b BI(+) BI9(+)

Total No. Eggs

- B6(+) B6(+)

No. Live Young B1(-),B3(+) B1(-),B2(-) B1(-),B2(-),

BG6(+)

% Dead Young - ’B1(+) B1l(+) - Bl(+),B2(+),
B8(+)

8pifferences relative to the control group from the brood
by brood analysis as determined by Duncan's new multiple
range test at the 0.05 level.

o'
I+ =

N’ N

preadult molt number
brood number
stimulatory
inhibitory

[/ I A

NN
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Figure 2. Preadult lengths by molt of Daphnia pulex
during chronic exposure to selenite—selenium,
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Figure 3. Adult lengths by brood of Daphnia pulex _
during chronic exposure to selenite-selenium.
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may have alréady molted once within the first 24 + 12 hours.
Note fhat for molt 4 in Figure 2 and Table Al (Appendix),
thefe were only’niné animals; the-remainder apparently had
already molted once before the test began. There was no
reason to attribute‘this to selenium induced early repro-
ductive maturity bébause there_were no control values for

" molt 4. As a result the data for molt O through molt 3
contain animals in two different instars; because there was
no significant differences betweeﬁ the groups at molt O,
any differences that appeared in the later molts were
attributed to effects of the selenium.

During molt 1 the ANOVA indicated no significant
differences, however, the Duncan's test shows the 0.8 and
0.4 mg/l selenite-Se groups to be significantly different
from one another. Selenium significantly depressed growth
at the higher concentrations during molts 2 and 3. The
differences disappeared after molt 4, prpbably due to the
small sample size. |

For adult length rather then depressing growth, it
appeared that the selenium had a slight stimulafory effect
~on length. During broods 3, 4, and 6 - 10, the group
exposed to 0.8 mg/l selenite-Se had the highest mean length
and the control group the lowest. Only during brood 9
however, was the stimulatory effect statiétically signifi-

cant.
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There are no comparable studies in the literature on
the effects of selenium exposure on growth. The only study
on growth effects is that by Bovee (1978), in which selenium

was found to inhibit growth of the protozoan Tetrahy@ena

pyriformis.

Effects of Chronic Exposure on Reproduction

Selenium stress had no épparent effect on the number
of preadult instars. All but one animal had four preadult
molts which is typical for D. pulex (Anderson et al., 1937;
Green, 1956; Buikema, 1973). Stress has been known to
interupt this sequence; Buikema et al. (1978) reported that
a short-term 10 C thermal stress resulted in D. pulex
becoming reproductively mature one instar early.

One animal in the group exposed to 0.6'mg/1 selenite-
Se molted seven times before becoming reprodudtively mature
on day 23; this appeared to be due to a growth impairment.
On day 23 the animal was only 1;67 mm long, close to the
length of the brood 1 animals (Figure 3); it did not become
gravid until it reached this size. Because this ocQurred
with only one animal, it is difficult to conclude whether
it was due to the selenium, or an uhrelated physiological
malfunction. This individuai was included in all analyses:
its brood 1 data was analyzed along with all the brood 1
data.

Exposure to 0.8 mg/l selenite-Se seemed to delay
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repfoductive maturity in three animals; each of which died
on days eight, nine and eleven, without having reached
reﬁroductive maturity. The length of thé intermolt period
was affected in these animals; all three were observed to
molt only three or four times during the study.

The results of. the various reproductive parameters
are presented in Figures 4 and 5, and Tables 6 through 8
and A3 through A5 (Appendix). Statistical differences
relative to the controls agéin are presented in Table 5.
Reproductive impairment has been reported to be a very
sensitive sublethal response for both fish and invertebrates
(Sprague, 1971; Buikema and Benfield, 1979). This seemed
to be the case in this study.

The results for both number of eggs produced are
presented in Table A3 (Appendix). No clearcut pattern Was
evident, although the groups at the tw? highest concentra-
tions had a slightly greater number ofﬂeggs in the later
broods. Statistically significant’difft&ences occurred
during broods 2, 6, and 7; but in broods 2 and 7 they were
not different from the controls. Only in brood 6 is there
an apparent trend: the grdups at 0.6 and 0.8 mg/l selenite-
Se produced higher number of eggs than the groups exbosed
to 0.2 mg/l selenite-Se and the controls. Generally, there
seems to be very little impact of selenium stress on egg

numbers.
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Figufe 4. Percent dead young by brood of Daphnia pulex
during chronic exposure to selenite-selenium.
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Figure 4 and’Table A4 (Appendix) depict the results
for percent dead young (thebpercentage of eggs thatbdo not
result in live young). Reproductivé dysfunéfion increased
with increaéing selenium concentratibn,_and decreased With
succeeding broods, statistically Significant differences
occurred during broods 1, 2 and 8. Some reproductive
dysfunction is probably normal in the early broods as in-
dicated by the 7.5 percent value for the control group in
brood 1, but it was much less than the 48, 65 and 73 per-
cent values for the 0.4, 0.6 and 0.8 mg/lbselenite—Se
groups respectively.

‘Summary descriptive statistics for dead young with énd
without caudal spines and deteriorated eggs are pfesented
in Table 6. ‘Generally the frequency of all three parameters
increased with increasing selenium concentration. The
values for the group exposed to 0.8 mg/l selenite-Se are
somewhat biased on the low side due to large numbers of
mortalities occurring in the preadult instars. The high
mean number of dead young Wifh caudal spines in the control
group is due to one individuval who had 17 dead young with
spines in one brood. With the exception of broods 1 and 2,
thesé parameters make up a biologically insignificant portion
of the fotalleggs produced.

The other two reproductive dysfunction parameters, full

and partial abortions, are summarized in Table 7. Like the



47

other reproductive dysfunction parameters there was an in-
crease in frequency ae seienium concentration increased and
the frequency decreased with_subsequent broods. No abortions
occurred in the control group. The last paftial aborticn
occurred in brood 3 and the last full abortion occurred in
brood 4. As with percent dead young, except at the higher
concentrations in the first two broods, partial and full
abortions were of little biological significance.

| The results for number of live &oung are presented in
Figure 5 and Table A5 (Appendix). The groups at the lower
selenium concentrations and the controi group had higher
numbers of live young in the early instars, and the reverse
was true for 1atervbroods.v As with length, selenium seems
to have a stimulatory effect on live young in the later
broods. Statistically significant differences relative to
the control group occurred during broods 1, 2, and 6, with
marginal differences in brood 3. During broods 1 and 2 the
-control group and the groups at the lower concentration(s)
produeed a very significantly greater number of live young.
In brood 6 the group exposed to 0.8 mg/l selehite—Se had
significantly more live young than those exposed to 0.2 mg/l
selenite—Se and the,controi groﬁp. The number of live young
per bfood for all groups including those exposed to selenium
were within the range normally observed in D. pulex

(Anderson et al., 1937; Green, 1956; Buikema, 1973).
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| Summary deScriptive‘sfatiStiés over the entirevtést for
reprodudtive parameters are presented in Table 8. TFor total
eggs per animal, life young per animal, and mean brood size,
there were no real effects thfoughout the test except at
0.8 mg/l selenite-Se. All the reproductive dysfunction
parameters show a pattern of increasing with increasing
selenium cOncentration. The results for ail’parameters af
0.8 mg/l selenite-Se are biased on the low side due to the
mortalities at that.cohcéntratioh.

There are few studies in the literature on the effects
of selenium on reproduction of fish or aquatic invertebrates.
Most are studies on fish egg incubation time and hatching
(Table 3) (Adams, 1976; Huckabee and Griffith, 1974:; Niimi
and LaHam, 1975)} Other studies included fish embryo-larva
toxicity tests (Birge, 1978), a study on abnormal developmént
in oyster embryos (Glickstein, 1978), and a study on rate
of albinism in fry hatched from exposed eggs (Westerman and

Birge, 1978). However, Halter et al., (in press) reported

concentrations tested (0.03 to 0.28 mg/l selenite—Sé)
during chronic exposure.

Summarizing the results of fhe’chronic study, there
was a significant depression ih length at the highesf con-
centrations during two preadult molts. No differences in

adult length occurred until brood 9 when the group at the
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highest concentration was significantly larger. These
differences disappeared at brood 10. There appeared to be
a general pattern of stimulation in 1ength at the higher
concentrations in the later broods.

For total number of eggs no clearcut pattern was evi-
dent, although there appeared to be a slight stimulation due
to selenium in the later instars. Percent dead young
significantly‘incréased at the higher concentrations ih the
early broods,'and these differenées disappeared later. A
similar pattern was observed for live young,; however, sti-
mulatory effects were obsérved in fhe later instars,
particularly in brood six.

Length appeared to be a sensitive parameter during the
preadult instars, but may not be quite as'sensitive during
adult instars; immature stages of a life cycle are génerally
more sensitive to toxicant exposure than adult stages
(Buikema and Benfield, 1979). The reproductive parameters,
with the exception of total number of eggs, appeared to be
the best indicators of selenium stfess. In genéral, it
appeared that selenium had inhibitory effects during the
early broods. These effects disappeared in later broods
when selenium may even produce slightly stimulatory effects.
These fesults indicate that the Déphﬁia may be accliméting
to the selenium stress.

Based on a brood by brood analysis there were no
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‘significant effects on length or ahy of the reproductive
parameters at 0.2 mg/l selenite-Se. There was a slightly
elevated mdrtality‘rate,;but is probably not of'biological
significance. Only minimal effects were observed at 0.4
mg/1 selenite-Se. An estimate of the maximum allowable
toxicant concentration (MATC) from this study would then be
between 0.2 and 0.4 mg/l (geometric mean = 0.28 mg/l). This
agrees fairly weli with the resulfs of other invertebrate
chronic studies, USEPA (1978a) reported a similar range for

the marine Mysidopsis of 0.127-0.143 mg/1 Se (geometric

mean = 0.135 mg/1l). Halter et al. (in press) reported an
the highest concentration they tested, and no effects were

| observed. Kimball (unpublished) using selenious acid, re-
ported the results of a’lifé cycle test for D. magna as 0.19
to 0.30 mg/1l Se (geometric méan = 0.24 mg/l).

The criterion USEPA proposes to use for establishing
an‘MATC is total live young prpduced per animal over the
course of the test. If that method were used in this study,
the no effects conecentration estimate would be 0.6 rather
then 0.2 mg/1 (Table 8), due to the’slight stimulatory
effects on reproduétion which occurred in the later broods.
However, on the basis of the brood by brood analysis and
the results of the reproductive dysfunction parameters (which

USEPA ignors), 0.2 mg/l is a much better estimate of the no
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effects level and gives a MATC value close to the others

available from the literature.

Effects of Selenium on the Release of Young

Young Daphnia apparentiy trapped in the'shedveXoskele—
ton of a parent were observed during the chronic study.
Apparently the effect was due to Selehium because it never
was observed in the controls and it generally inereased in
frequency with increasing selenium concentration (Tables
8 and 9). Like the other_repfoduction dysfunction parameters,
it was much more common in the early broods, with up to
45 percent of the females at a concentration being affected.
The trapped young never amounted to more‘then 5 percént of
the total eggs. Thus, although the trapping of young is
of biological interest, it may not be toxicologically
significant.

Forty-seven young were observed to be trapped during
the course of the study: twenty-eight with caudal spines
were alive when observed, nineteen, all but one without a
caudal spine, were dead. Whether alive or dead at the time
they were observed, they were included in one of the dead
young catagories because in a natural situation they would
be functionally dead because they were trapped.

The lack of a'éaudal spine in all but one of the dead
trapped young indicates that they had died in an early

stage of embryonic development and suggests that they re-
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present "normal" dead young which had died before fhe
release of any young occurred. For the alive trapped young
with caudal spines, the spines generally were curved areund
the posterior margin of the animal. The curved Spines indi-
cate that these animals were in the final stage of embryonic
development (Obreshkove and Fraser, 1940), The postabdom-
inal movement of the parental Daphnia normally is enough to
eject even dead young; the‘trapping of these young suggests
an interuption of the brood release-molting sequence of the
parental Daphnia. Another possible explanation is that the
live trapped young due to their earlier stage of development,
or the selenium, or both, did not possess the morphological
'features or behavioral reeponse of trying to swim free of
the brood chamber, upon vigorous movement of the parents
postabdomen. In one instance, however,vthe shed exo-
skeleton was ruptured with a_probe and the young released.
During several minutes of observation, these released

young appeared to behave normally.

Effects of Selenium on Oxygen Consumption
Changes in the'respiratory activity of fish exposed
to pollutants has been used as a indicator of pollutant
stress (Sparks et al., 1972; Rice'et al., 1977; Hughes,
1976). Few studies, however, have used oxygen consumption
f invertebrates as an indicator of pollutant stress. Theee

studies include research on tubificid worms (Whitley and
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Sikbra, 1970), freshwater snails (Sheanon and Trama, 1972),
bivalves (Capuzzo and Sasner, 1977) and Daphnia (Sherr and
Armitage, 1973; Buikema et ai., 1978; Gieger, 1979). This
study represents the first attempt fo measure selenium
stress on an inVertebrate by using oxygen consumption.

" The major reason for looking at oxygen consumption is
relatéd to the biological function of selenium. In mammals
selenium is involved invpreventing oxidative damage to cell
and organelle membranes, acts as an intermediary between
controlled metabolite dehydrogenations'in the respiratory
chain, and is possibly involved in the coupling ofvoxidative
phosphorylations. Selenium-dependent enzymes, includiné
glutathione peroxidase, are involved in the union of hydrogen
and oxygen in the final step of the respiratory chain (Frosh
and Lish, 1975). This suggested that oxygen consumption
might bé a good parameter to monitor selenium stress.

The results of the oxygen consumption studies are
presented in Table 10. There appeared to be a slight non-
significiant increase in oxygen consumption due to the
selenium. Each‘table value represents the pooling of re-
plicates from two separate tests, and looking at the
standard deviations, theré was quite a bit of variation among
the replicates. 1In one test, due to a shoftage of young
animals, none were exposéd to 0.2 mg/l selenite-Se; for some

reason in that test, the results were higher than in the
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Table 10. Effects of acute exposure to selenite-selenium
on the oxygen consumption of Daphnia pulex.
Values not joined by a continuous line were
found to be significantly different by Duncan's
new multiple range test at the 0.05 level.

Selenium No. of Oxygen Consumption
Concentration Replicates ul/mg dry wt/hr (SD)
0.2 mg/1 6 , 6.85 (1.56)2
Control 3 A 6.64 (1.92)
0.4 mg/1 7 9.70 (1.76)°
0.8 mg/l 7 9.31 (2.37)
0.6 mg/1 7 9.15 (2.34)
Control 4 9.05 (3.59)

AANOVA P value
b

0.8648

ANOVA P value

0.9676
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other tests for the controls and all concentrations, though
the trend among the different concentrations‘remained the
same. In order to prevent the 0.2 mg/l selenite-Se value
from being biased, a second centrol value was included in
Table 10. Although the results were somewhat variable,
there was no significant impactlof selenium on the oxygen
consumption of the Daphnia. On the basis of this sfudy
oxygen consumption does not appear to be a good indicator

of pollutant stress.

Effects of»Selenium‘On'Filtering'Rate'and Gut pH

The filtering rate of zooplankton has been used to
study secondary production (Rigler, 1971). Recently this
technique has been applied as a measure of pollutant stress
in Daphnia.(Cooley, 1977; Buikema et al., 1978; Geiger,
1979). The reason for Conducting filtering rate and gut
pH studies was an observation made in the chronic study,
most of the animals ekposed‘to 0.8 mg/l selenite-Se that
died did not have a green gut characteristic of feeding on

Chlamydomonas. Two possible explanations for this observa-

tion are a decreased level in feeding, and/or alteration
in digestive enzyme function due to a shift in pH.

The results for the filtering rate study are presented
in Table 11. The values are the result of the pooling of
two separate tests. The only statistically significant

differences occurred between the group exposed to 0.2 mg/1
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Table 11. Effects of acute exposure to selenite-selenium
on the filtering rate of Daphnia pulex. Values
not joined by a continuous line were found to
be significantly different by Duncan's new
multiple range test at the 0.05 level.

Selenium No. of Filtering Rate
Concentration ‘ Replicates ml/animal/%?. (SD)

: d7

0.2 mg/1 6 3.15 (1.03)%
Control 6 2.78 (1.91)
0.4 mg/1 6 1.77 (1.28)
0.8 mg/1 6 1.41 (0.33)
0.6 mg/1 5 1.19 (0.69)

*ANOVA P value = 0.0378
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selenite-Se and those at 0.6 and 0.8 mg/l selenite-Se. The
0.2 mg/1 gréup had a slightly elevated filtering rate rela-
tive to the controls. For the other three concentrations
there was an increasing depression in filtering rate with
increasing selenium concentration. The elevated filtering
rate at 0.2 mg/l selenite-Se may be a compénsatory response
to low level selenium stress. At the higher concentrations
there was a definite pattern of depression which may account
for the effects observed during the chronic study.

Filtering rate appears to be a useful indicator of
pollutant stress. The trends observed during the 24 hr
filtering rate test were similar to those observed in repro-
duction during the chronic study.

The dye étudy indicated no differénces in gut pH among
the control and selenium-exposed groups. All animals ob-
served displayed a pattern of red/rose dye color in the
anterior portion of the gut grading into orange/yellow at
the posterior end. This-indicates a normal pH gradient for
‘Daphnia (Hasler, 1935). 1If there is an effect of selenium

on the digeStive enzyme function it was not due to pH.



EVALUATION OF THE SELENIUM WATER QUALITY
CRITERION FOR FRESH WATER

Evaluation of the'Criteria'tO'Date

Recently, two sets of water quality criteria have been
published: the first by the National Academy of Sciences
(NAS, 1972), and the second by the Uﬁited States Environ-
mental Agency (USEPA, 1976). Under provisions of the
Federal Water Pollution Control Act, and the Clean Water
Act of 1977, the USEPA is required to publish lists of
toxic pollutants and to develop and periodically update
water quality criteria for them. Currently the USEPA is
producing criterion documents for the first list of 65
toxic pollutants (USEPA, 1978c) and this list includes
selenium and its compounds.

In attempting to set a water quality ériterion to
protect freshwater aquatic life for selenium and its com-
pounds, one must contend with a compound that is both toxic
and a required trace element, at least for species of
mammals, birds, fish and dinoflagellates (NAS, 1976; Poston
et al., 1976; Lindstrom and Rodhe, 1978). A difficulty
arises because of the very narrowvmargin between the level
at which it is required and the level at which ‘it becomes
toxic. Copeland (1971) suggested that the‘required and
toxic dietary doses of selenium for humans are 0.2 and 5.0
mg/day, respectively. The resulting safety factor of 25

fold is narrower than that for any other required trace

59
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element.

Setting a freshwater criterion for selenium is also
complicated by synergistic and antagonistic interrelation-
ships with many substances such as Sulfate, arsenic, cadmium,
and mercury (NAS, 1976). In fish selenium antagonizes
mefcury'toxicity (Kim et al., 1977; Heisinger et al., 1979).
Depending on the relative concentratibns; selenium may behave
synergistically 6r antégonistiCally with mercury (Huckabee
and Griffith, 1974; Glickstein, 1978).

Geochemical interactions are also important when
setting a criterion, because of their impact on environ-
mental concentrations. Because of geochemical interactions,
selenate, the least toxic of the selenium compounds (Table
3), potentially is the most dangerous form of selenium
(NAS,‘1976); Under alkaline, oxidizing conditions, selenate
is the favored chemical form. HoweVer; undef acidic, re-
ducing conditions the equilibrium shifts to selenite, the
most toxic form in laboratory studies (Table 3).

Because of interacfions with iron,; selenite and bisel-
enite concentrations in aerobic aquatic systems are much
lower then would be expected. Selenite and biselenite ions
combine with iron to form insoluble ferric selenites and
biselenites, and in aerated waters over a pH range of 2 to
8, both selenite and biselenite ions are strongly absorbed

by hydrous ferric oxides (Howard, 1977). At pH 7 to 8,



6L

ferric hydroxide can absorb 90 to 99 percent of the selenite
ions in natural waters (Hdward, l971). Under acidic condi—.
tions absorbed seleﬂite is rapidly reduced to very ihsoluble
elemental selenium (NAS, 1976). Because of the above
geochemical interactions, the potential pollution hazard

of the selenites appears mihimal (NAS, 1976).

Unfortunately, factors such as synergism and geochem-
istry have not received much attention when water quality
criteria have been developed. The criteria have been de-
rived by using application, correction, and sensitivity
factors. Many times the resulting criteria are ultraconser-
Vative and often are not sCientifiéally sound. The fresh—‘
water selenium criterion of the USEPA (1976), as well as
the criterion in Interim Draft No. 1 of the Selenium
Criterion Document (USEPA, 1977), are the product Qf an
application factor of 0.01 times a 96 hour LC50 value (Table
12). A freshwater criterion for selenium was not considered
by the NAS (1972). The selection of the 0.01 application
factor in the Interim Draft No. 1 was based on data which
indicated that selenium was teratogenic,‘but there is
nothihg in the literature which has established that a 0.01
application factor is appropriate for teratogenic compounds
(Hartung, pers. comm. ).

'NAS (1972) states that 0.01 and 0.1 are 'universal"

application factors which are used when safe levels of a
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chemical have not been experimentally determined. Although
not stated.explicitly by USEPA (1976) when developing its
criterion, an applidation factor of 0.0l instead of 0.1 was
used for materials which are known;'or suggested to be bio-
accumulative or persistent, as suggested by NAS (1972).

- To evaluate the USEPA (1976) freshwater criterion for
selenium two questions must be answered. First, does the
available data suggest that selenium is bioaccumulative or
persistent, thereby supporting the use of the 0.01 applica-
tion factor? Second, irrespective of the NAS (1972) guide-
lines for the use of "universal'" application factors; is
their use appropriate in the case of selenium?

The limited déta available suggests that selenium does
moderately biocaccumulate and is persistent. Adams (1976) in
a single species laboratory study, reported bioaccumulation
factors for fathead minnows on a wet weight basis of 29.2
for the whole fish, 18 in muscle, and 149.9 in the visera,
after 96 déys exposure to 0.01 mg/l selenite-Se. Nicholson
(1977) using a freshwater model ecosystem dosed with 0.05
mg/l selenate-Se, reported 50-day bioaccumulation factors
as high as 496 on a dry weight basis. Mosquitofish, blue-
gills, Elodea, dragonfly nymphé, snail fleéh, and algae
exhibited bioaccumulation factors of 238, 206, 184, 277,
466, and 496, respectively. Calculating bioaccumulation

factors for selenium from the data of Guthrie andeherry



(1979) for a coai—ash basin drainage system; bacteria,
mosquitofish, crayfish, and tadpolés accumulated the greatest
amounts of selenium, with bioacéumulation factors on a
wet weight basis of 109, 85, 65, and 59,‘respeCti§ely.

| Even less information is available on the persistence
of selenium in aquatic organisms. Adams (1976) reported
the half-life of selénium in fathead minnows to be in excess
of‘50 days, while Gissel-Nielsen and Gissel-Nielsen (1973)

reported a half-life of 27 days for the eel, Anguilla

anguilla, and 13 days for the guppy, Lebistes reticulatis.
A half-life of 29 days was reported for rainbow trout by
Gissel-Nielsen and Gissel—Nielsen’(1978).

The use of a '"universal" application factor does not
seem to be prudent in the case of selenium. These factors
were designed to be conservative in order to protect even
the most sensitive of species. Hdwever, in the case of
selenium with such a narrow range between required and toxic
levels, by using these conservative factors we run the
risk of setting a criterion at or below a required level for
an organism.

The USEPA (1978e) recently produéed a set of guidelines
for setting water quality criteria; these guidelines require
the application of a series of sensitivity and correction
factors to empirical data. The scientific basis for these

guidelines appears shaky. In their evaluation of the
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biological data uSed in deriving the EPA guidelines;
‘Céirns et al. (1978) reported among othér things that actual
MATC values were ignored in favor of calculated ones,

water quality interactions were ignored, the data used to
develbp the guidelines were biased toward pesticides and
‘soft waters, units of measurement were interchanged, LC50
and EC50 values were treated as equivalents, and differences
in species sensitivity and methodologies ignored.

The revised selenium water quality criterion (USEPA,
1978d) was based on alternative procedures which consisted
of using these guidelines along with unpublished data. The
revised freshwater criterion for selenium is 9.7 ug/l as a
24 hour average, ‘and not greater than 22 ug/l at any time.

The 22 ug/l value, known in the guidelines as the final
acute value, is the lowest of the two values calculated from
acute toxicity data for fish and invertebrates. 1In this
case it was based on three LC50 values for freshwater
invertebrates, including a questionable 48 hour LC50 value
for D. magna (USEPA, 1978a).

The 24 hour average value of 9.7 ug/1l was based’on
- chronic toxicity data. In deriving this value, estimates of
chronic‘toxicity were calculated from fish and invertebrate
chronic data, and by estimation from acute toxicity data
(0.44 times the final acute vaiue). In the case of selenium

the last method was selected, as a result this chronic
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criterion is ultraconservative. The fish and invertebrate
empirical chronic estimates were rejected for a lower cal-
culated estimate.

- Looking at Table 12 which summarizes all of the water
quality criteria for selenium in fresh Water, as well as all
of the empirieally derived MATC values'for'selenium, several
trends can be observed. First, the current revised criterion
(USEPA, 1978d) is more,conServative_than any of the previous
selenium criteria. Secoﬁd,'all Of‘the MATC values, including
the one from this study, agree fairly well with one another.
Finally; on the basis of thesevMATC values, all of the
criteria to date are too conservative.

| The results of this study, which is more extensive
than any published in the 1iterature on selenium sublethal
effects, indicate that 200 ug/l is a no effects level. At
that concentration no significant effects relatiVe to the
controls were found on growth, reproduction, reproductive
dysfunction, oxygen consumption or filtering rate. There
was a slightly elevated chronic mortality at that concentra-
tion, but it is probably not of any biological significance,

unfortunately no statistical analysis could be carried out.

Reevaluation of a Criterion-Belews Lake

Selenium was reported to be the cause of an absence in

1976 of young-of-year fish in Belews Lake, North Carolina
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(Cumbie, 1978). The lake is.an impoundment which receives
a heated discharge as well as an ash basin effluent from a
coal-fired electric power plant. The mean selenium con-
centration for 1976-1977 was 10 ug/l, with a maximum of 20
ug/l. Cumbie (1978) attributed the absence of young-of-year
fish to reproductive failure, due to the elevated selenium-
concentrations in the ovaries of the few reproductively
active females that he was able to obtain. He assumed the
elevated selenium concentrations were due to biomagnifica-
tion via crustacean zooplankton.

Cumbie did no 1aboratqry studies to support his con-
clusions. The donclusions he draws are Questionable, and
he ignores several alternative explanations. Transitions
are normal occurrences in new impoundments; a transition in
important food organism populations or the fish populations
themselves could explain what happened. Weiss and Anderson
(1978) reported a sharp decline in the rotifer populations
in the lake that same year, rotifers are an important food
for larval fish (Siefert, 1972) and this may explain the
lack of young-of-year fish. Synergistic interactions bet-
ween the many elements in the ash basin effluent ﬁay also
be an explanation.

Although there are serious questions about Cumbies
(1978) conclusions, the fact that the mean-selénium con-

centration in the lake was at the revised selenium criterion
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(USEPA, 1978d), requires that further investigations be

made. What happened at Belews Lake presents a dilemma, it
indicates that a criterion for selenium below 10 ug/l is
appropriate, however all of the laboratory data indicates
that a criterion much higher is appropriate. If the cause
of the lack of young-of-year fish was selenium, with the pH
regime and redox potentials of Belews Lake, it was due to
the selenate form (Cumbie, 1978). This supports the NAS
(1976) conclusion that selenate is potentially the most
dangerous form of selenium in the environment. Under these
circumstances, and because of what is known about selenite
interactions with iron, a dual standard might be approbriate,
a strict one for selenate-selenium for waters with alkaline
and oxidizing conditions, and a more lenient one for selenite-
and biselenite-selenium for waters with acidic and reducing
conditions. However, due to the uncertainty about what
actually occurred in Belews Lake, more research on selenate-

selenium is needed before a criterion for it can be developed.



CONCLUSIONS

Based on acute toxicity tests, the effects of acute
sublethal eprsure on oxygen consumption'and filtering
rate, and from studies on Sublethal éffects.due to chronic
exposure, selenite—selenium appears to be only mod-

erately toxic to Daphnia pulex.

' Specific conclusions are listed below.

(1) Daphnia pulex was acutely the most sensitive of

the three species tested, the 48 hr LC50 was 3.87 mg/l
selenite-Se. The 96 hr LC50 and EC50 values for Gambusia

affinis and Physa sp. respectively were 12.56 and 24.08
mg/l selenite-Se.

| (2) Chronic mortaiity to Daphnia was greatest ét 0.8
mg/l selenite-Se. Fifty-three percent mortality occurred
at the end of 28 days compared fo 18 percent in the controi
group. At 0.6 énd 0.4 mg/l selenite-Se mortality was less

than or equal to that of the control group. A slightly
elévated mortality of 12 percent above the control group

was noted at 0.2 mg/l selenite-Se; it probably was not of

any biological significance.

(3) During 28 days of exposure Daphnia growth, as mea-
sured by length, was depressed during the preadult instars and
slightly stimulated during the later adult instars. Number
of live young per brood was depréssed at 0.4, 0.6 and 0.8 mg/1l
selenite-Se during the eérly broods, and appeared siightly

stimulated in the later broods. Reproductive dysfunction
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as evident by dead young, deteriorated eggs, and abortions
was significant at the higher concentrations in the early
broods, but almost never occurred in the later broods. It
appeared that the Daphnia were acclimating to the selenite-
selenium stress.

(4) Based on summary statistics for the entire 28 days
of chronic exposure, there was no effect on mean number of
total eggs per animal, mean number of live young per animal,
or mean brood size, except at the highest concentration 0.8
mg/1l selenite-Se where they were depressed. All of the re-
productive dysfunction parameters increased as selenite-
selenium concentrations increased.

(5) The effect of selenite-selenium on Daphnia oxygen
consumption was variable. After twenty-four hours exposure
there were no significant differences between any of the test
groups.

(6) The filtering rates of Daphnia were significantly
higher at 0.2 mg/l selenite-Se, than at 0.6 and 0.8 mg/1
selenite-Se after 24 hours exposure. There was a non-
significant incréase at 0.2 mg/]l selenite-Se relative to
the controls, and marked non-significant depressions at 0.4,
0.6 and 0.8 mg/1 selenite-Se.

(") Based on these results, 0.2 mg/l appears to be
the no effects level of toxicity for selenite-selenium (MATC=

0.28 mg/1l). However based solely on the production of 1ive
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young over the entire 28 days of the tést, as recommended
by USEPA, the no effects conéentration would be O.6_mg/1.
(8) The results of this study as well as those in the
literature, suggest that all of’the water quality criteria
for selenium in fresh water proposed by USEPA are in-
adequate. Based oﬁ the toxicological, bioaccumulation and
geochemical data available, a dual criterion seems to be
appropriate, a strict criterion for selenate-selenium and

a lenient criterion for selenite~ and biselenite-selenium.
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APPENDIX 2

...........

Observations on the Effects of Selenium on'ChlamYdonomas

The toxicity of selenium to'Chlamydomonas'reinhardti

Was'obsefved twice during this study. During some pre-
liminary tests, an attempt was made to eValute the toxicity
of seienite—sélenium using the basic procedure in the Algal
Bottle Test (USEPA, 1971). The alga was grown in Bolds
Basal Medium (See Materials and Methods) modified by the
substitution of chloride salts for sulfate salts, because
sulfate is a selenium antagonist (Kumar and Prakash, 1971).
The test was run in 250 ml flasks with 60 ml of test solu-
tion at an initial cell density of approximately 50,000
cells/ml. The range finding concentrations tested were
between 5 and 150'mg/1 selenite-Se. The test was conducted
at the same temperaturé and light regimes as used for the
algae that are fed to the Daphnia (see Materials and Methods).
Due to a problem with the electronic particle counter
‘the experiment was terminated. However, the algae were
allowed to grow in the selenite-selenium spiked media for
two weeks. Each flask was then uniformly mixed, and their
optical deﬁsity read at 680 nm on a spectrophotometer.
Baséd on that data, selenite-selenium has a toxic effect on
algal growth below 5 mg/l. One of the replicates at‘25
mg/l was examined micfoscopically_afteerG hr and the algal

cells were observed to be encysted.
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"During the filtering rate studies; the effects of

selenite-selenium on Chlamydomonas were also observed. An

algal control, allyat the same initial céll density, was
run at each selenite-selenium concenfration (0.2, 0.4, 0.6
and'O.S mg/l). 1In one bf the tests, even though the cell
densities of all the algal controls'had'increased}after 24
hours, a pattern df decreaéing cell density with increasing
selenium éoncentration was observed. A decrease of 3 to
15 percent was found when comparing the cell density of

an algal control at one cOncehtration to the algal control
of the next lower concentration. This pattern was not
observed in the second test. However it appears that the
algae had divided just prior to the beginning of that test,
‘_and no appreciable increase in cell denSity was observed.

in any of the algal controls after 24 hours.
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ACUTE AND CHRONIC EFFECTS OF
SELENIUM ON Daphnia pulex

by
Jeffrey Thomas Reading
(ABSTRACT)
Acute toxicity tests with selenium wefe conducted with
three freshwater species. All data‘are‘expressed as

selenite-selenium. Daphﬁia pulex had a 48 hr LC5O of 3.87

mg/1 selenium. The 96 hr LC50 and EC50 values for Gambusia
affinis and Physa sp. respectively, were 12.56 and 27.08
mg/1l selenium. |

The sublethal effects of 0.2, 0.4, 0.6 and 0.8 mg/1l
selenium on survival, growth and reprodﬁction‘of»Daphnia
pulex were monitored for twenty-eight days. These results
were analyzed statistically by brood. Appreciable mortality
only occurred at 0.8 mg/1l selenium. Growth, as measured by
body length, was depressed at the highest concentration
during the early instars and was slightly stimulated during
the later instars.. Number of 1ive young per brood was de-
pressed at 0.4, 0.6 and 0.8 mg/l selenium during the early
broods and may have been stimulated in later broods. Repro-
ductive dysfunction (i.e., dead young, deteriorafed eggs,
and abortions) bnly was significant at the higher concentra-
tions in the early broods. It appeared that the Daphnia

were acclimating'to the selenium stress. Based on these



studies, the MATC for selenite-selenium was 280 ug/l.

Thé effects of selenium on oxygen consumption and
filtering rate during 24 hr exposure were also testéd at
the above concehtrations. There were no significant effects
of selenium on oxygen consumption. Selenium slightly sti-
mulated filtering rate at 0.2 mg/l and depressed it at the
higher concentrations.

An evaluation of the water Quality criteria for selenium
in fresh water indicates that all dfvthe methods for deriving
these proposed criteria are inadequate. Based on my
evaluation a dual criteridn-seems appropriate: a strict
criterion for selenate-selenium and lenient criterion for

selenite~ and biselenite-selenium.



