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ABSTRACT The uptake, transformation and effects of selenium on natural plankton communities from 
a freshwater reservoir with a history of selenium contamination were examined. The majority of uptake 
occurred by particles >0.8 pm, reflecting the dominance of biomass by phytoplankton. Selenium 
uptake was proportional to plankton biomass and selenium concentration. Short-term uptake (0 to 24 h) 
of selenite was approximately 4 to S times faster than that of selenate. In long-term cultures, the rela- 
tive rates of selenate uptake by size classes varied with the distribution of biomass among size classes. 
The only transformation of selenium observed was an increase in selenite in long-term cultures 
enriched with selenate. Selenate concentrations of 127 nM caused a significant reduction in phyto- 
plankton growth rates and biomass, suggesting that natural communities may be more sensitive than 
cultured algae. 
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INTRODUCTION 

Selenium is present in aquatic ecosystems in a 
number of different chemical forms. Dissolved forms 
include the inorganic species, selenate and selenite, 
and the reduced and organic selenides. Elemental 
selenium may be present in colloidal form and is gen- 
erally included in measurements of dissolved organic 
selenium species. 

Phytoplankton and bacterioplankton communities 
facilitate the uptake of dissolved selenium to higher 
trophic levels through the food web. With the discov- 
ery of reproductive failure in fish and waterfowl popu- 
lation~ of some selenium-contaminated freshwater sys- 
tems (e.g. Gillespie & Baumann 1986, Ohlendorf et al. 
1986), interest in biological selenium incorporation and 
biologically mediated selenium transformations has 
increased. Because the transformations between 
chemical forms of selenium can be biologically medi- 
ated (e.g. Wrench 1978, Foda et al. 1983, Bottino et al. 
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1984, Cooke & Bruland 1987, Vandermeulen & Foda 
1988, Oremland et al. 1989, 1990), the planktonic 
community may play a role in the transformation of 
selenlum from one chemical form to another in aquatic 
systems. 

Selenium is both essential for phytoplankton growth 
at low levels and toxic at high levels (Lindstrom & 
Rodhe 1978, Lindstrom 1980, 1983, Wheeler et al. 
1982, Wehr & Brown 1985, Foe & Knight 1986, Price et 
al. 1987, Ishimaru et al. 1989, Kiffney & Knight 1990). 
In monospecific culture experiments, the difference 
between necessary and toxic levels of selenium is usu- 
ally quite large. In an ecosystem containing several dif- 
ferent chemical forms of selenium and a community 
composed of many different species with differing 
requirements and sensitivities, the levels of sufficiency 
and toxicity may be difficult to define. 

As part of a larger, integrated experimental/model- 
ing study of selenium transport, transformation, and 
impact in freshwater systems (Bowie & Grieb 1991, 
Porcella et al. 1991), we performed experiments with 
natural phytoplankton and microbial communities 
from Hyco Lake, a man-made cooling reservoir for a 
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coal-f~red electric power plant in northern piedmont 
North Carolina, USA, with a history of selenium (selen- 
ite) contamination and declines in fish populations 
(Cumbie & Van Horn 1978, Gillespie & Baumann 1986, 
Ogle et al. 1988, Cutter 1991). 

Total dissolved selenium levels within Hyco Lake 
have varied through time, but ranged from 38 to 
200 nM in the late 1980s, predominantly in the form of 
selenite (Cutter 1991). Since a change in fly ash han- 
dling procedures in 1990 significantly reduced sele- 
nium inputs (B. Ward, Carolina Power and Light, pers. 
comm.), selenium concentrations have dropped, with 
concentrations from < l 3  to 38 nM, but are still much 
higher than in most uncontaminated freshwaters (Cut- 
ter 1989). 

Iii oiir e:iperimen:s, nat:!:;! phytn~!?r?ktnr? and 
microbial communities were collected from the lake 
and challenged with elevated levels of selenate and 
selenite to evaluate the rate of selenium upta.ke, trans- 
formation, and impact in these communities. 

The goals of these experiments were to: 
(1) Provide basic rate data on the uptake of selenium 

by natural phyto- and bacterioplankton for the model- 
ing effort (see Bowie & Grieb 1991, Porcella et al. 
1991). 

(2) Quantify the role of phytoplankton and bacterio- 
plankton in the transformations of selenium between 
different dissolved forms. 

(3) Determine whether elevated concentrations of 
selenium found in some freshwater systems had signif- 
icant effects on the growth rate or composition of 
plankton. 

MATERIALS AND METHODS 

Sampling. Two stations were located within Hyco 
Lake in October 1991. One station, hereby designated 
the 'south arm', was located in the shallow southern 
arm of the lake, at a depth of 1 m. This arm of the lake 
receives the majority of runoff, and is less contami- 
nated with selenium than the rest of the lake (Cutter 
1991). The second station, the 'plant site', was located 
in the central region of the lake close to the electric 
generating plant and the ash pond discharge, at 12 m 
depth. Temperature, dissolved oxygen, and pH were 
determi.ned in situ using conventional probes. Samples 
were collected in the field to determine dissolved 
nutrient (nitrate, nitrite, ammonium, phosphate, sili- 
cate) concentrations, particulate carbon and nitrogen, 
chlorophyll a, and phytoplankton and zooplankton 
density (Table 1). 

Originally, the objective for choosing these 2 stations 
for experimentation was to examine whether there 
were significant differences in selenium uptake, trans- 

formation and effect between these stations due to the 
differences in exposure to selenium contamination 
However, the differences between these stations were 
relatively minor (the south dll11 station had higher 
nitrate, silicate, particulate carbon and nitrogen. 
phytoplankton and bacterioplankton densities than the 
plant site), and the stations had similar uptake and 
responses to selenium additions. Therefore, with mlnor 
exceptions, we will present data from the south arm 
station only. 

Nutrients were analyzed by standard autoanalyzer 
techniques, particulate carbon and nitrogen by dry 
combustionfnfra-red CO2 analysis (Stnckland & 
Parsons 1972), chlorophyll by acetone extraction/spec- 
trophotometric analysis (Strickland & Parsons 1972). 
Phytnplankton samples were preserved (Utermohl 
1958), settled and counted by inverted microscopy. 
Bacterial densities were determined by acridine 
orange direct counting (Hobbie et al. 1977). Bacteria 
size distributions were determined using an optical 
micrometer (the average cell diameter of bacterial cells 
in ambient Hyco Lake water at the time of collection 
was 0.47 ? 0.17 pm). 

In addition, 140 1 of water was collected from the 
south arm station, and 60 l from the plant site, by dip- 
ping 20 l acid-washed (Royle & Huested 1983) polyeth- 
ylene carboys just below the surface. This water was 
returned to the laboratory, where samples were taken 
for selenium concentration and speciation (Table l ) ,  
and the biological studies described below. 

From each station, 20 1 of water was screened 
through acid-cleaned 35 pm nylon mesh to remove 
large grazers, to be used in the short-term uptake and 
long-term growth and transformation experiments 

Table 1. Background water quality parameters in the experi- 
mental water collected from Hyco Lake, N. Carolina, USA 

Parameter South arm Plant site 
- 

Nitrite (FM) 
Nitrate (FM) 
Ammonium (pM) 
Phosphate (FM) 
Sillcate (PM) 
Part~culate C (FM) 
Partlculate N (PM) 
Chlorophyll a (pg 1.') 
Dissolved oxygen (FM) 
pH 
Temperature ("C) 
Selenium (nM) 

Selenite 
Selenate 
Organic + elemental 

Phytoplankton ( lob cells 1-l) 
Bacterioplankton (10" cells I- ')  
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described below. Samples collected before and after 
screening contained the same phytoplankton cell den- 
sities and dominant species within counting error 

Selenium analysis. Water samples taken for sele- 
nium analysis were filtered through acid-cleaned 
(25"#, HCl) Whatman GF/F filters, placed in cleaned 
HDPE bottles, acidified to 0.2",, with Baker trace 
metal-grade HCl and refrigerated until analyzed. Sam- 
ples were analyzed by hydride generation, standard- 
ized against additions of selenite (Cutter 1978, 1983). 
Selenite was analyzed directly in 4 N HC1 (Baker trace 
metal grade), while selenate+selenite concentration 
was determined after digestion in 4 N HCl, and total 
dissolved selenium was determined after digestions 
with in 4 N HCl (Cutter & Bruland 1984). Sele- 
nate and organic selenium concentrations were cal- 
culated by difference. Using a maximum sample size 
of 40 ml, minimum detectable concentrations were 
approximately 0.06 nM for selenite, 0.1 nM for sele- 
nate, and 0.2 nM for organic and elemental selenium. 
With samples from the long-term cultures grown with 
added inorganic selenium, organic selenium forms 
were separated and concentrated using reverse-phase 
C-18 resins, digested and measured using the total 
selenium technique (Cooke & Bruland 1987). This 
method separates only the more hydrophobic fraction 
of the organic selenium compounds present, but is a 
direct measurement, unlike the above measurement 
for organic and elemental forms by difference. Deter- 
mination of organic selenium by difference is less 
precise in the presence of relatively large amounts of 
added inorganic selenium. 

Accumulation of selenite and selenate by particles 
from Hyco Lake. For short-term selenium accumula- 
tion studies, duplicate 250 m1 samples of 35 pm 
screened water from each station received either 
127 nM "Se-labeled selenite or selenate. "~e- labeled  
selenite and selenate were obtained from Arnersham 
Corp., with specific activities of 1.22 X 105 and 7.59 X 

103 GBq mol-' respectively. The selenite stock was 
diluted to 1.22 X 104 GBq mol-' with sodium selenite 
(Alfa Chemicals) for use in this study. The water sam- 
ples were incubated for 24 h a t  22OC at  a light intensity 
of approximately 100 pEin m-2 S-', with a 12:12 h 
1ight:dark cycle, and sampled a t  0, 2, 6, 12, and 24 h. At 
each sampling, 10 m1 aliquots were filtered through 
0.2, 0.4, 0.8, 3, and 8 pm pore size polycarbonate filters 
to size-fractionate selenium accumulation. The filters 
were rinsed with three 5 m1 portions of unlabeled 
artificial freshwater medium. The 75Se activity on the 
filters was then determined by gamma spectrometry 
(Riedel et al. 1991). 

Selenium concentration-dependent accumulation 
rates were measured using the same screened phyto- 
plankton communities in a similar manner for both 

selenite and selenate. Samples of the screened water 
(25 ml) from each station were incubated as above for 
6 h with "Se selenate and selenite additions from 12.7 
to 633 nM. The samples were filtered through 1.0 pm 
polycarbonate filters, rinsed 3 times, and were counted 
a s  above. 

Impact and  transformation of selenium in natural 
microbial communities. The remaining 120 1 of water 
from the south arm station was filtered through Gel- 
man A/E glass fiber filters (nominal pore size 1 pm) to 
remove phytoplankton and larger particles, amended 
with nutrients (10 pM phosphate, 50 pM nitrate and  
silicate), and used as culture medium for longer-term 
studies of selenium uptake, transformation, and effect. 
This medium (3.0 1) was placed in nine 4 l acid-cleaned 
polyethylene Cubitainerso; each received 300 m1 of 
35 pm screened water from the south arm as a phyto- 
plankton inoculum. Triplicate cubitainers received 
either no added seleniurn, or additions of 127 nM 
selenate or selenite, and were placed in an outdoor 
raceway where they were maintained for 14 d under 
ambient light and temperature (temperature range 18 
to 21°C over the course of the experiment, similar to 
temperatures at the collection sites at  the time of col- 
lection; Table 1). The technique follows the biological 
and chemical processes that occur during the develop- 
ment of a phytoplankton bloom: the lag phase before 
the bloom occurs, the peak growth period, and  the 
bloom's decline (Sanders & Riedel 1993). 

Samples were taken daily for measurement of in vivo 
fluorescence, a rapid measure of phytoplankton bio- 
mass (Goldman et  al. 1973, D'Elia et al. 1986). Samples 
were taken 5 times during the course of the experi- 
ment for selenium concentration and speciation, and 
4 times for bacterial density and phytoplankton cell 
density and species con~position. 

Bacterial biomass was estimated using the average 
cell size at the time of water collect~on, and the 
assumption that cells averaged 10-Is nlol C (Wat- 
son et al. 1977). This estimate for C per cell is based on 
the relatively large average measured size of cells in 
Hyco Lake, and the decrease in biomass to biovolume 
ratio with increasing cell size (Lee & Fuhrman 1987). 

On 3 days, the short-term (l  h) uptake rate of selenate 
was examined in 3 size fractions, >3, 0.8-3, and 
0.2-0.8 pm. Subsamples (10 ml) from each of the 3 cu- 
bitainers per treatment were combined for the uptake 
experiments. These subsamples received a n  additional 
127 nM selenate as 75Se04 a n d  were incubated for 1 h 
under ambient midday temperature and light condi- 
tions. Separate aliquots were then filtered onto 3, 0.8 
and 0.2 pm polycarbonate filters, and  subsequently 
rinsed twice with 5 m1 of a n  artificial freshwater growth 
medium with no added selenium. The 75Se activity on 
the filters was assayed by gamma spectrometry. 
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Selenium inhibition of natural phytoplankton com- particles from the plant site than from the south arm 
munities. Because of apparent inhibition of phyto- station, but were much closer when normalized to 
plankton growth by 127 nM added selenate in the phytoplankton biomass (Table 2). Most (81 to 82%) of 
long-tern~ growth and transformation experiment (see the incorporation occurred with particles larger than 
'Results'), a second phytoplankton growth experiment 0.8 pm, but in a smaller size class than selenite (Fig. 2). 
with natural phytoplankton was carried out to further Uptake also increased linearly with selenate concen- 
examine the effect of selenate and selenite on phyto- tration in the medium (Fig 3). 
plankton growth. Water was collected in November 
1991 at the south arm station, brought to the labora- 
tory, and screened as above. The phytoplankton cul- Long-term impacts and transformations of selenium 
tures were amended with 10 pM phosphate, 50 pM 
nitrate and silicate, placed in 50 m1 test tubes, and Phytoplankton and bacterial growth 
received a series of selenate and selenite supplements 
(0, 127, 317, 633, 1266, and 2533 nM) in duplicate. The Phytoplankton inoculated into filtered water from 
cultures were incubated indoors at 21°C and a light the south arm station with and without added selenate 
iiiiefisii~ of ai;i;roximatc!y ?Q!! pEir. m-2 S - ' ,  with a and selenite reached a peak in biomass after 9 d 
1232 h 1ight:dark cycle. Phytoplankton growth was (Fig. 4) .  Selenate additions of 127 nM reduced overall 
monitored daily by in vivo fluorescence. The cells were phytoplankton growth rates and peak biomass slightly 
preserved in Utermohl's solution at  the end of the (Fig. 4 ) .  These reductions were statistically significant 
experiment for enumeration of phytoplankton, settled (p < 0.05, l-way ANOVA). Biomass remained lower in 
and counted by inverted microscopy. selenate-dosed cultures relative to controls until after it 

peaked on Day 9. Results with the inoculum from the 
plant site were virtually identical. 

RESULTS The phytoplankton community from the south arm 
station was initially dominated by 3 species, a chloro- 

Short-term selenium accumulation phyte (Ankistrodesmus sp.) a cyanophyte (Merismope- 

Selenite 

Total selenite incorporated by particles >0.2 pm in 
the water samples from the south arm exposed to an 
addition of 127 nM selenite increased steadily through 
the 24 h incubation (with the exception of the > 8  pm 
fraction), averaging 4 1.4 pm01 Se 1-' h-' overall (Fig. 1 ) .  
Selenium incorporation rates were also approximately 
linear in time at the plant site, but at a lower average 
rate, 7.47 pm01 Se I-' h-'. When normalized to biomass 
(either carbon or chlorophyll a) ,  however, rates were 
similar. Uptake averaged 360 nmol Se (m01 C)-' h-' 
from the south arm station and 265 nmol Se (m01 C)-' 
h-'  from the plant site (Table 2).  The majority of the se- 
lenium incorporated (75 to 90 %) was found to be asso- 
ciated with particles greater than 0.8 pm in size (Fig. 2). 
Selenite uptake rates were also proportional to selenite 
concentration (Fig. 3). When normalized to biomass 
(carbon or chlorophyll a ) ,  the stations again exhibited 
similar average concentration-dependent uptake rates. 

Selenate 

m >0.2 pm 
o >0.4 pm Selenite 
m >O.B pm 

>X0 pm 
A >8.0 pm 

250 
Selenate /a 

Selenate incorporation was more linear over time TIME (hr) 

than for selenite, but rates of uptake over 24 h were 21 Fig. 1. Short-term selenium accumulation by particles re- 
to 25% of the selenite uptake rate (Fig. ? ) .  As with tained on filters of different pore size from south arm station 
selenite, averaged hourly rates of uptake were lower in over time. Error bars are ? SE (n = 2) 
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Table 2 Selenium uptake in short-term (24 h)  time course experiments Total Selenate accumulation rates by 
matel-ial retallled by 0.2 pm filter, normalized to part~culate carbon and microbial communities 

chlorophyll 

Station Treatment Average Se  uptake rate 
pmol 1.' h-' pm01 (m01 C)-' h- '  pm01 ( g  chl a ) - '  h- '  

p 

South arm Selenite 4 1.4 0.360 2.02 
Selenate 8.7 0.076 0.43 

Plant site Selenite 7.5 0.265 2.41 
Selenate 1.8 0.062 0.58 

On Day 3 of the long-term experi- 
ment, the uptake rate of selenate by 
particles in the control cubitainers 
(Fig 5) was 19.0 pm01 1-l h", slightly 
higher than uptake rates in untreated 
lake water (Table 2). By Day 6 uptake 
rates averaged across all treatments 
were about 20 times higher than on 
Day 3; phytoplankton biomass had 

dia sp.) and a n  unidentified monad. These 3 species also increased by about a factor of 10 during that time 
accounted for more than 7 5 %  of total cell density. By (Fig. 4) .  By Day 10, the average selenate uptake had 
Day 9 these species had been replaced by new don~i -  declined, as had the biomass of phytoplankton. The 
nants, an unidentified chlorophyte, the chlorophyte pattern of selenate uptake followed the pattern of bio- 
Dictyosphaerlum sp. ,  and a pennate diatom (Fragilaria mass, although selenate uptake rates increased more 
sp.);  but chlorophytes remained the dominant taxon, at  than did biomass 
83 % of the total. No effect of selenium additions on the The distribution of selenate uptake among size 
resulting phytoplankton communities was observed. classes of particles also changed over the course of the 

Bacterial densities declined during the logarithmic long-term incubations (Table 3, Fig. 5). When phyto- 
phase of phytoplankton growth, then rose when phyto- plankton were in logarithmic growth phase (Day 3),  
plankton growth slowed, reaching greatest densities most of the selenium accumula.tion (>75O/0) was into 
after the phytoplankton had begun to decline (Fig. 4). the > 3  pm size fraction, where phytoplankton predom- 
No effects of selenate or selenite additions on bacterial inate. However, a s  the phytoplankton came into sta- 
density were observed. tionary phase and  biomass declined (Day 10), a large 

(>80%) portion of total short-term selenate accumula- 

I Selenite 

SlZE CVISS 

Selenate 
40 

SlZE CLASS 

tion occurred in the smallest size fraction, 0.2-0.8 pm, 
which is dominated by bacterioplankton. 

3 Selenite I 

SELENIUM CONCENTRATION (nM) 

500 

Fig. 2. Short-term (24 h )  selenium accumulat~on by south arm Fig 3. Concentration dependence  of short-term (6 h) sele- 
station particles of various size fract~ons expressed as  the nium accumulation by particles retained by a 1.0 I.lm filter 
percent of uptake of the total accumulation retained by a from the 2 experimental sites exposed to varying concentra- 

0.2 pm filter tions of selenate or selenite. Error bars a r e  + SE (n  = 2) 

2 
v v 400- 

Selenate 

Q 1 
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Control 

0 Selenite added 

belenaie added 

0 2 4 6 8 1 0 1 2 1 4  

DAY S 

Fig. 4. Phytoplankton biomass (in vivo fluorescence) and 
~acier idi  de~lbiiy iii water from thc s ~ u t h  3x2 ~ ! ~ t i " r !  cl~ltured 
with no selenium addition (control), 127 nM selenate 

additions or 127 nM selenite additions. Mean i SE 

Day 3 Day 6 Day 10 

uptake rates per g C increased dramatically during 
rapid growth phases. 

Selenium transformation during the long-term 
experiment 

The measured concentration and speciation of dis- 
solved selen~um varied little during the long-term 
experiment. Total dissolved selenium did not vary 
greatly during the experiment, and averaged 12.7 + 0.6 
nM (mean + SE) in controls and 133 + 0.5 nM in sele- 
nate and selenite-dosed assemblages. The concentra- 
tion of dissolved selenite increased significantly 
through time in cultures from both stations dosed with 
so!onzte (Fig 61, yielding averaged selenite production 
rates of 0.57 nmol 1-' d-l, but not significantly in control 
assemblages. Organic selenium concentrations (as 
measured by concentration on C-18 resin) averaged 
1.65 + 0.13 nM at the end of the experiment. regardless 
of treatment or station. 

Selenate and selenite inhibition of growth 

When phytoplankton growth experiments were 
repeated in November, with a wider range of selenate 
and selenite concentrations, selenate again inhibited 
growth while selenite did not. Growth rates were simi- 
lar to those seen in the outdoor experiment, with con- 
trol assemblages averaging 0.63 doublings d-' over the 
first 3 d of growth. Selenite concentrations as high as 

Fig. 5. Short-term selenate uptake rates into 3 size classes of 
particles dunng the long-term growth expenrnent. Uptake 2533 nM did not affect assemblage growth rates, but 

rates were measured over 1 h in subsarnoles from the no sele- ~ ~ l e n a t e  concentrations of 317 nM and signif'- 
nium addition treatment, using 127 nM additional selenate cantly reduced growth (p < 0.05 Fig. 7). The phyto- 

added as '5Se04 plankton assemblage was again dominated by 
Ankistrodesmus sp., Dictyosphaerium sp., and an un- 

Normalized to biomass (carbon), uptake rates by identified monad; as In the outdoor experiments, spe- 
bacterioplankton- and phytoplankton-sized particles cies dominance was not affected by selenate-induced 
were very different, and varied with the growth phase reductions in overall growth rate. 
of cells (Table 3). Biomass-normalized 
selenate rates were similar Table 3. Distribution of biomass and percent selenate uptake between bacterio- 
bacterioplankton and phytoplankton plankton and phytoplankton during the incubation experiment; and short-term 
on Day 3, at which time phytoplankton (1 h) selenate uptake rates by bacterioplankton and phytoplankton normalized 

were in log-phase growth and bacteria to the biomass in each size class (mean i SDI. Bacterioplankton were defined as 
cells between 0.2 and 0.8 vrn dlarneter, phytoplankton as >0.8 pm, based on an 

densities were in decline (Figs. 4 & 5). average bacterial cell diameter of 0.47 + 0.17 pm 
However, on Day 6, at the beginning 
of rapid bacterial growth, and on Day 
10, when bacterioplankton were still 
increasing in number, but phytoplank- 
ton were declining, the uptake rate of 
selenium per g carbon was about 10 
times greater by bacterioplankton- 
sized particles than by phytoplankton- 
sized particles. In both size classes, 

Days at incubation: 
3 6 10 

Se uptake (pm01 Se mol-' C h-') 
Bacterioplankton (0.2-0.8 pm) 0.44 t 0.68 25.9 i 41.0 10.9 i 9.0 
Phytoplankton (>0.8 pm) 0.41 i 0.21 2.3 i 2.4 0.76 i 0.55 

% biornass as bacterioplankton 19 i 5.0 3.7 i 1.1 7.2 * 1.4 
% Se uptake by bacterioplankton 18 i 21 28 i 21 51 t 33 
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- C) selencltc added 

TIME (days) 

Flg. 6.  Increase in selenite concentration over time in long- 
term control and selenate-dosed phytoplankton assemblages 

(mean L SE) 

- Selen~te addition 1 - 
I 0 Selenate odd~ t~on  

lJ 
V 

W 
I- 
6 0 4  
CK I 3 ;:!~-y 
C: 02- 
E 
i: I 

l 

0 
+' 

500 l O O C  1503 2000 2500 

SELENIUM ADDITION (nM) 

Fig. 7 Growth rate (doubl~ngs  d-l) of phytoplankton from the 
south arm statlon grown wlth a range of selenate and selenite 

additions. Mean k SE (n = 3) 

DISCUSSION 

Selenium uptake and incorporation 

The selenium content of particles >0.2 pm from Hyco 
Lake increased over the time course examined (24 h) ,  
was proportional to concentration in the medium up to 
633 nM, and was proportional to biomass (carbon or 
chlorophyll). As has been shown in previous studies 
(Wheeler et al. 1982, Wrench & Measures 1982, Lind- 
strom 1983, Riedel et al. 1991), short-term selenite 
uptake rates in these experiments were 4 to 5 times 
faster than selenate uptake rates (e.g.  Table 2, Figs. 1 
& 3). With selenite, initial uptake rates were more 
rapid than rates over the longer term; some lessening 

of uptake rate, for example, was seen (Flg. l ) ,  particu- 
larly after the flrst 12 h.  A substantidl portlon of initial 
selenite uptake appears to occur by passive sorptlon to 
cell and particle surfaces over the first few hours, as 
indicated by uptake by heat-killed cells (Riedel et a1 
1991) 

The relative importance of various size classes of 
cells for selenlum uptake was dependent on both the 
distribution of biomass among size classes and the rel- 
ative growth phase of the organisms. In the unaltered 
lake water examined, phytoplankton dominated both 
biomass and selenium uptake. In the long-term incu- 
bation experiment, phytoplankton (cells > 0.8 pm) 
dominated selenate uptake until they reached station- 
ary phase, after which time bacterial growth increased 
and selenate uptake was predominantly by particles 
1 0 . 8  pm. The pattern of increasing selenate uptake by 
bacterioplankton as phytoplankton come into station- 
ary phase suggests that selenate uptake is a function of 
cell activity as well as biomass. Normallzed to biomass, 
selenate uptake increased when cell growth rates 
increased, both for bacterioplankton and phytoplank- 
ton. In their rapid growth phase in the enrichment cul- 
tures, bacterioplankton took up much more selenate 
per unit carbon than did larger cells. This may be a 
function of the greater surface to volume ratios or 
greater relative metabolic rates. 

Phytoplankton and bacterioplankton provide an  
excellent vehicle for selenium uptake and subsequent 
incorporation into higher trophic levels (Sandholm et 
al. 1973, Zhang et al. 1990, Sanders & Gilmoui- 1994). 
In fact, assimilation of selenium from food is greater 
than for most other trace elements (Fowler & Benayoun 
1976, Reinfeldei- & Fisher 1991, Luoma et al. 1992) 
However, the uptake, incorporation and transforma- 
tion of dissolved selenlum by phytoplankton and bac- 
terla are not the sole processes involved in the uptake 
and trdnsformatlons of selenium in aquatic systems 
Other uptake and transformation mechanisms [e .g  
direct uptake of dissolved selenium by higher organ- 
isms (Bertram & Brooks 1986, Luoma et al. 1992), par- 
ticle sorption (Balistrieri & Chao 1990), and reduction 
to elemental selenium in anoxic waters or sediments 
(Cutter 1989, 1991, Oremland et  al. 1989, 1990)l may 
be of equal or greater importance to selenium bioaccu- 
mulation. 

Selenium transformation 

Only minor transforn~ation of dissolved selenium 
occurred during these experiments. The only statisti- 
cally significant change was the increase in selenite in 
selenate-dosed assemblages, presumably from biolog- 
ical uptake of selenate, and subsequent reduction and 
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release. The increase of selenite was slow, less than 
0.5 O/o d-'. Selenite concentrations in the selenate treat- 
m e n t  became significantly different from the control 
treatments by Day 10, after the phytoplankton biomass 
peak, and after the rebound of bacterial abundance. 

No measurable changes in dissolved organic sele- 
nium as measured by C-18 separation were noted over 
the 2 wk period. Concentrations averaged 1.65 nM at 
the beginning and near the end of the experiment, 
with no effect of treatment or time noted. Natural sys- 
tems often are dominated by organic selenium, and it 
has been presumed that the source is biological uptake 
and transformation of inorganic selenium (Cutter 
1989). A longer time course may be required to accu- 
rately measure the production of such compounds in 
natural phytoplankton assemblages. 

Selenium toxicity 

The growth reduction noted in this study, 17 to 25 % 
at a selenate concentration 127 nM above ambient lev- 
els in one experiment and 18% at 317 nM in another, 
was large enough to reduce cell density by 17 to 35% 
at the time of peak cell density. Our results, and those 
reported earlier (e.g.  Kumar & Prakish 1971, Wheeler 
et  al. 1982, Kiffney & Knight 1990), indicate that sele- 
nate is generally more toxic to phytoplankton than 
selenite. Within Hyco Lake, where selenium is pre- 
dominantly selenite, reductions in phytoplankton 
growth due to the toxicity of selenate are not likely. 
However, other systems are (or have been) exposed 
to elevated selenate concentratlons (e.g. Kesterson 
Reservoir and other agricultural drainage systems in 
the western United States), although growth reduc- 
tions in phytoplankton have not been reported. It is 
possible that a closer examination of natural phyto- 
plankton in other natural systems would exhibit higher 
sensitivities to selenate than have been seen in the 
laboratory. 

To our knowledge, thls study is the first to examine 
selenium effects on a natural plankton community, and 
the levels of selenium required to reduce phytoplank- 
ton growth rate in these studies are lower than most 
published accounts using cultured species (Kumar & 
Prakish 1971, Wheeler et al. 1982, Bennett 1988, 
Kiffney & Knight 1990). 

CONCLUSIONS 

Selenium was actively incorporated by phyto- and 
bacterioplankton from a lake with historical selenium 
contamination. Size-fractionated selenium uptake 
measurements on unaltered lake water have shown 

that both selenite and selenate were taken up by 
the phytoplankton/bacterioplankton community at 
rates proportional to biomass, with the majority of 
uptake taking place by phytoplankton-size particles 
(>0.8 pm). In enrichment cultures, however, selenate 
uptake was initially dominated by phytoplankton- 
sized particles during their logarithmic growth phase, 
and later dominated by bacteria-sized particles 
(<0.8 pm) during the subsequent phytoplankton senes- 
cent phase when bacterial abundances increased, sug- 
gesting that uptake is a function of cellular activity as 
well as biomass. 

In addition to uptake by cells, some transformation of 
the chemical form of selenium was observed. Selenite 
concentrations increased slowly but significantly in the 
iong-term cuitures wiiil ddcieci seie~iaie. Tlio prodiic- 
tion of selenite occurred after the phytoplankton loga- 
rithmic growth phase, during their senescent phase, 
suggesting that bacteria were responsible. No selenate 
or organic selenium production was observed. Taken 
together, these studies provide rate data for the trans- 
fer of dissolved selenium into the base of aquatic food 
webs and the transformation of dissolved selenate to 
selenite. 

Growth of natural phytoplankton from the lake was 
inhibited by selenate concentrations of 127 nM, levels 
below previously reported inhibitory levels using 
laboratory cultures. Inhibition by selenite was not 
observed. The species composition of the inhibited cul- 
tures was not different from the controls. No evidence 
for inhibition of bacterial growth was observed. 
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