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Abstract. Several field studies of selenium-contam- 
inated lakes and reservoirs have indicated the pos- 
sibility of selenium-induced reproductive failure in 
important populations of fish. These investigators 
have hypothesized that bioaccumulation of se- 
lenium through the food chain led to fish selenium 
levels high enough to elicit toxic responses. The 
present investigation was designed to determine the 
effects of elevated foodborne selenium on the 
fathead minnow (Pimephales promelas). Fish were 
fed a diet spiked with a mixture of inorganic (sele- 
nite and selenate) and organic (seleno-L-methio- 
nine) selenium and effects on growth and reproduc- 
tion were determined. Growth was significantly in- 
hibited at the highest selenium treatment levels 
evaluated (20 and 30 ppm Se). There were no signif- 
icant treatment effects on any of the reproductive 
parameters measured. Reasons for the disparity be- 
tween selenium-induced reproductive impairment 
observed in other species and apparent lack of im- 
pairment in fathead minnows may involve reduced 
bioaccumulation of selenium by minnows due to 
differences in gut morphology and physiology. 

As with most animals, selenium (a natural trace ele- 
ment) is a required micronutrient for fishes (Poston 
et al. 1976; Gatlin and Wilson 1984; Gatlin et al. 
1986; Bell et al. 1986). Additional beneficial effects 
in fish include amelioration of the accumulation 
and/or toxicity of mercury (Kim et al. 1977); Hei- 
singer et al. 1979; Klaverkamp et al. 1983; Hei- 
singer and Scott 1985) as well as reduction of the 
effectiveness of infectious bacteria (MacFarlane et 
al. 1986). 

However, as early as 1957, elevated levels of se- 

lenium were being linked to drastic declines in fish 
populations (Barnhart 1957). This relationship was 
observed more recently in waters contaminated 
wffh selenium from coal ash pond effluent from 
power plant operations. Field monitoring of one 
such system at Belews Lake (North Carolina) re- 
vealed an absence of young-of-the-year for many 
fish species, despite the fact that adults had been 
observed spawning in the take. A survey of trace 
elements in the water and biota indicated elevated 
levels of selenium and the investigators hypothe- 
sized that selenium bioaccumulation through the 
food chain (biomagnification) ted to levels high 
enough in fish to impair reproduction (Curable and 
VanHorn 1978). 

In Martin Creek Reservoir  (Texas), selenium 
contamination from ash pond effluent was linked to 
a dramatic drop in fish biomass (excepting Cy- 
prinus carpio) and corresponding alterations of fish 
community structure (Garrett and Inman 1984). In 
a subsequent study of Belews Lake, it was reported 
that of 20 species of fish originally present in the 
reservoir, 16 had been entirely eliminated (Lemly 
1985). Again, these investigators hypothesized that 
biomagnification of selenium had led to impaired 
reproduction and fish population declines. 

The objective of the present study was to investi- 
gate the effects of elevated foodbome selenium on 
the fathead minnow (Pirnephales promeIas). Fish 
were fed a diet spiked with a mixture of organic and 
inorganic selenium and effects on growth and re- 
production were determined. While growth was sig- 
nificantly inhibited at the highest treatment levels 
evaluated (20 and 30 ppm Se), reproduction ap- 
peared to be unaffected. Potential causes of the dis- 
parity between effects on reproduction of different 
fish groups are discussed. 
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Table 1. Purified diet ingredients 

Ingredients g/kg 
Vitamin-free casein 310 
Wheat gluten 150 
Dried egg white 40 
Dextrin 272 
Lecithin 80 
Celufil 8 
Bernhart-Tomarelli Salt Mix 30 
Oil mix a 60 
ADEK oil mix 10 
Vitamin mix 40 

Vitamin mix g/kg 
Thiamine HC1 5 
Riboflavin 8 
Nicotinic acid 26 
Ca-d-Pantothenate 15 
Pyridoxine HC1 3 
Cobalamine 1 
Folic acid 5 
Biotin 1 
Inositol-meso 180 
L-ascorbic acid 125 
PABA 30 
BHA 1 
Celufll 600 

ADEK oil mix g/lO0 gm 
D-L Tocopherol 0.75 
Menadione (K) oil 0.50 
Vitamin A acetate 0.18 
Cholecalciferol (D3) 0.025 
Oil mix 98.5 

a Oil mix consists of 1:1:1 mixture of cod liver oil, corn oil, and an- 
imal lard. All ingredients from U.S. Biochemical 

Materials  and Methods  

Preparation of Diet 

The diets were prepared by spiking a purified diet mix (Table 1) 
with a mixture of inorganic and organic selenium. Our intent was 
to use the predominant inorganic ions (selenate and selenite) and 
seleno-amino acids (selenocysteine and selenomethionine)  
equally as sources for the selenium in the spiked diets; however, 
a commercial source of uncontaminated selenocysteine (Se-cys) 
could not be found. As the possibility of hydrolysis of the selen- 
ohydryl moiety of Se-cys exists (Huber and Criddle 1967), it was 
decided to shift the Se-cys proportion to selenite (of the avail- 
able selenium compounds, a likely product of such a hydrolysis 
reaction). Thus, the selected proportions of selenium from each 
source were as follows: 25% of selenium from seleno-L-methio- 
nine (Se-L-met), 25% from NazSeO 4, and 50% from Nw2SeO3 (all 
obtained from Sigma Chemical). The selenium mixture was ho- 
mogenized in dextrin which was added to each diet as appro- 
priate to achieve the desired selenium levels. For both range- 
finding and final experiments, a control (unspiked) and five con- 
centrations of selenium-spiked diets were prepared. 

The prepared diet mix was extruded into 1.5 mm pellets which 
were blown-air (room temperature) dried to 5% moisture con- 

tent. These pellets were crushed and particles passing through a 
7.1 mesh/cm sieve and retained by an 11.8 mesh/cm sieve were 
used in this study. Diets were stored frozen until just prior to 
use. Samples of each diet were collected every 14 days for se- 
lenium content analysis. 

Physical~Chemical System 

Six 60-L glass aquaria were placed in each of two temperature- 
controlled (25 ~ _+ 2 ~ C) water baths. Each aquarium was divided 
into four equal cells using perforated polyethylene tank dividers. 
A completely randomized block experimental design was used 
with the water baths serving as the blocks providing a total of 
eight replicates at each of six treatment levels. Lighting was pro- 
vided by Vita-Lite (DuroTest) fluorescent lighting using the pho- 
toperiod schedule es tabl ished by Benoi t  (1981) to induce 
spawning in fathead minnows. 

Aerated campus (University of California, Davis) well water 
was used in all experiments. Temperature, pH, and dissolved 
oxygen were determined on one randomly-selected replicate 
from each treatment in each water bath every 48 hr. Alkalinity, 
water hardness, and NH3-N were determined (APHA 1980) for 
samples from similarly selected replicates every seven days. In 
addition, 10 ml water samples were collected every seven days 
from one replicate per treatment in each bath, acidified with five 
ml of a 5:2 mixture of ACS reagent nitric and perchloric acids, 
and stored under refrigeration for subsequent selenium analysis. 
Water quality results are reported in Table 2. 

Range-Finding Experiment 

Range-finding foodborne selenium levels were established at 0.5 
(control), 10, 20, 40, 80, and 160 ppm, dry weight. The t'1 genera- 
tion of fish obtained from the Columbia National Fishery Re- 
search Laboratory (U.S. Fish & Wildlife Service) were used in 
this experiment. Using protocol similar to that described for the 
final experiment, effects of these diet levels on growth and 
spawning activity were determined. 

At 80 and 160 ppm Se, fish fed the first day, developed severe 
edema within 24 hr, and were not observed feeding during the 
remainder of the experiment. Both treatments experienced sub- 
stantial mortality, apparently due to starvation. While feeding 
and growth were reduced at 40 ppm Se, no mortalities attributed 
to starvation were observed; however, at this and the higher 
t rea tments ,  no spawning occurred.  Feeding, growth, and 
spawning activity appeared normal at the lower selenium treat- 
ments. 

At this time, information became available indicating that se- 
lenium-induced reproductive impairment in bluegill involved 
larval stages of the fish (R. B. GiUespie, pers. comm.). As it was 
deemed desirable to ensure that fish did spawn, nominal treat- 
ment selenium levels of 0 (control), 5, 10, 15, 20, and 30 ppm 
were selected for the final experiment. Selenium analysis of 
these diets revealed actual mean selenium levels of 0.4, 5.2, 
10.2, 15.2, 20.3, and 29.5 ppm, respectively. 

Final Experiment Protocol 

F2 generation fish were used in the first block of the final experi- 
ment. Fish obtained from a commercial supplier (Aquatic Re- 
search Organisms, Hampton, NH) were used in the second 
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Table 2. Wate quality characteristics. Mean --+ SD 

Temperature 25.7 ~ -+ 0.1~ 
Dissolved Oxygen 8.48 _+ 0.07 mg/L 
pH 8.19 --_ 0.06 
Alkalinity (to pH 4.6) 247.4 _+ 23.2 mg/L CaCO 3 
Hardness 139.4 + 17.4 mg/L CaCO 3 
NH3-N 27.5 _+ 5.3 ~xg/L 
Total Selenium 0.8 _+ 0.3 v,g/L 

block, which was initiated three weeks later than block one. Ten 
randomly-selected fish (59-61 days old) were weighed to the 
nearest 0.01 g and placed in each cell. Fish were fed twice daily 
at 6% body weight per day, with wastes and uneaten food being 
removed 30 rain after each feeding. Tanks were then flushed with 
two tank volumes of fresh water. 

Every two weeks, fish were collected by net from each repli- 
cate and weighed for determination of treatment effects on 
growth. At this time, one fish from two of the four replicates in 
each block was removed and frozen for later selenium analysis 
to determine the bioaccumulation trends during this exposure 
period. On day 98~ spawning substrates (10 cm half-sections of 
10.1 cm PVC pipe) were placed in each cell. On day 105, fish 
were removed to individual 250 ml beakers and examined for 
sexual maturity with the best male and female (as evidenced by 
development of secondary sexual characteristics) being retained 
as the spawning pair for that replicate. The subsequent spawning 
period for each replicate extended to 30 days after the first 
spawning event for that replicate. Pairs which did not spawn by 
14 days after the last spawning event in that block were declared 
non-spawners. At the end of each spawning period for each rep- 
licate, the fish were weighed and frozen for later dissection and 
collection of gonad and muscle tissues for selenium analysis. 

Spawning substrates were inspected daily. When present, eggs 
were inspected for fertility and viable eggs counted, Sampi[es of 
not more than 50 eggs from each spawn were incubated in 
flowing aerated water, inspected daily with dead eggs being re- 
moved, and percent hatch determined. 

Ten larvae from each incubated brood were then transfered to 
glass test chambers containing 350 ml water. These jars were 
placed in water baths with temperature and lighting regulated as 
in the spawning tanks. Larval fish were fed newly-hatched brine 
shrimp ad libitum twice daily. Uneaten brine shrimp were re- 
moved at the end of each day. Approximately 80% of the water 
in each chamber was replaced every 48 hr. Larval fish were 
maintained for 14 days and percent survival determined. 

Selenium Determinations 

Fish whole body and tissue samples were rinsed with de-ionized 
water, blot-dried on a paper towel, and weighed to the nearest 
0.01 g. These samples were then dried at 70~ in a drying oven 
for 60 hr and then weighed to the nearest 1.00 rag. Six ml of the 
5:2 mixture of nitric and perchloric acids were added to each 
sample which, along with the water samples, were digested 
using gradually increasing temperatures which eventually boiled 
off the nitric acid. The digested samples (all at the Se 6+ state) 
were reduced to the Se 4+ state by adding three ml of 6N HCI and 
heating at 150~ for ten rain. Selenium levels of each sample 
were determined by hydride generation with a Varian VGA-76 
hydride generator coupled to a Perkin-Elmer Model 403 atomic 
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absorption spectrophotometer. Accuracy of these determina- 
tions was validated by similarly anNyzing National Bureau of 
Standards albacore tuna samples with recovery of 100 -+ 9.6%. 
All selenium levels for diet and fish whole body and tissue 
samples are reported for dry weights. 

Daga Analysis 

The general linear model (SAS Institute 1985) was used to deter- 
mine the significance of block and treatment effect on measured 
parameters. The arcsin angular transformation was app~,ied to 
the percent hatch and percent survival data in order to establish 
data normality; statistics on these data were back-transformed 
to report the mean and S.D. as percent. Multiple comparisons of 
means were made using Tukey's (HSD) test with alpha = 0.05. 

Results 

Significant growth occurred throughout the pro- 
spawning exposure period (Table 3). Fish in the 
second block grew faster than fish in the first block 
and the block effect was significant at all treatment 
levels. Foodborne selenium treatments up to t5 
ppm did not significantly inhibit growth (relative to 
controls) at any time during this period. At 20 ppm, 
fish mean weights became signficantly less than 
controls from day 56 on. The decline in growth was 
most obvious at 30 ppm. By day 56, fish mean 
weights at 30 ppm were significantly less than all 
treatments except 20 pore, a trend which continued 
throughout this pro-spawning period. 

Selenium bioaccumulation (measured as whole 
body selenium level) during this period was rapid, 
with most treatments essentially reaching equilib- 
rium within 14 days (Table 4). Block effect was not 
significant for any of the whole-body selenium 
comparisons. Whole body selenium levels were 
dose-dependent throughout this period, although 
there was considerable variability in the selenium 
levels between replicates (Table 4). 

Comparative tissue selenium levels from the 
spawning pairs of fish were also dose-dependent 
(Table 5). Female gonads contained significantly 
higher levels of selenium than other tissues evalu- 
ated. Variability was most pronounced for mate and 
female gonad tissues. 

Considering that ovaries contained greater levels 
of selenium than other tissues, effects on reproduc- 
tion might have been expected. However, selenium 
treatment had no significant effect on any of the re- 
productive parameters measured ('Fable 6). Number 
of spawns per pair were highly variable, and the 
least spawning seemed to occur at the control treat- 
ment (this apparent difference was not statistically 
significant). The numbers of eggs per spawn were 
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also highly variable. Again, no treatment effect was 
observed. Percent hatch and percent larval survival 
were both very high and essentially equal for all of 
the treatments. 

Discussion 

Growth inhibition in fish is a commonly reported 
response to elevated selenium in the diet. In a labo- 
ratory food chain consisting of an alga, rotifers, and 
larval fathead minnows, Bennett et  al. (1986) re- 
ported that 46-91 ppm Se (dry weight concentration 
in the rotifers) resulted in decreased larval growth 
after less than ten days. However, a multi-genera- 
tional study with fathead minnows reported that 
growth was unaffected by foodborne selenium 
levels up to 8.8 ppm (Brooks et  al. 1984). These 
results are consistent with our data (Table 3) in 
which growth was inhibited at selenium levels of 20 
ppm or greater, but remained unaffected at se- 
lenium levels of 15 ppm. 

Feeding experiments with bluegill indicated that 
at five ppm Se, diets spiked with Se-D,L-met, se- 
leno-D,L-cystine (Se-D,L-cys), selenite, or natu- 
rally-contaminated plankton did not affect fish 
growth (Bryson et  al. 1984). A subsequent study in- 
dicated that at 30 ppm Se (selenite), bluegill growth 
was significantly decreased when compared to 
lesser treatment levels or with similar selenium 
levels of Se-D,L-met (Woock et  al. 1987). These re- 
sults suggest that selenite is the most important se- 
lenium species involved in fish growth impairment. 

Studies with salmonids report similar informa- 
tion. Growth of rainbow trout was inhibited by 
diets containing 10, 11.4, and 13 ppm Se (selenite) 
(Hilton et  al. 1980; Hilton and Hodson 1983; Hicks 
et  al. 1984). However, using a diet which incorpo- 
rated fish from a selenium-contaminated site, Ham- 
iron et al. (1986) reported that selenium levels up 
to 26 ppm did not result in significant decreases in 
growth. Assuming that the latter diet contained 
large amounts of organic selenium compounds rela- 
tive to selenite (evidence presented later), then 
these studies provide additional information sug- 
gesting that growth impairment results from sele- 
nite. 

It is not clear whether inhibition of fish growth is 
a direct or secondary effect of selenium. Significant 
reductions in feed:weight gain ratio have been re- 
ported (Hilton et  al. 1980; Hilton and Hodson 1983; 
Hicks et  al. 1984), however these studies did not 
measure the amount of food ingested, but only the 
amount of food provided the fish. Many studies 
have reported reduced feeding activity and/or re- 

fusal of food as a response to elevated dietary se- 
lenium (Hilton et  at. 1980; Hilton and Hodson 1983; 
Hicks et  al. 1984; Finley 1985; Hamilton et  al.  
1986; Woock et  al. 1987). In the present study, fish 
provided food containing 80 ppm and 160 ppm Se in 
range-finding tests ceased feeding after the first 
day. In our final experiment, reduced feeding was 
obvious (as evidenced by the amount of uneaten 
food) at 30 ppm, and in general, fish at the higher 
treatment levels could be observed racing from 
food particle to food particle, 'mouthing' and re- 
jecting many. We believe that reduced palatability 
of seleniferous food items plays a key role in de- 
creased growth. 

Whole-body selenium levels were dose-depen- 
dent and essentially reached equilibrium within the 
first 14 days (Table 4). Bertram and Brooks (1986) 
reported that whole-body selenium burdens of simi- 
larly aged fathead minnows had not reached equi- 
librium after I I weeks. However, they offered se- 
l en ium-con tamina ted  food to the fish in the 
morning and a non-contaminated commercial food 
in the afternoon. It seems likely that 'dilution' of 
selenium treatment through the use of non-seleni- 
ferous food would significantly reduce selenium up- 
take, particularly if the fish were avoiding the se- 
leniferous diet. An additional potential cause for 
this disparity may result from the fact that the labo- 
ratory food chain employed by Bertram and Brooks 
was based on selenate in the water. Incorporation 
of selenate into organic pathways is limited (Ogle et 
al. 1988). It is possible that rate-limited steps in this 
process might have resulted in reduced availability 
of organic selenium relative to that employed in our 
diet. ff so, a more gradual accumulation, such as 
observed by Bertram and Brooks, might be ex- 
pected. 

In a recent review of U.S. monitoring data for 
selenium levels in fish, Baumann and May (1984) 
reported a geometric mean and 85th percentile of 
about 0.50 ppm and 0.85 ppm Se, wet weight, or 
about 2.0 and 3.4 ppm Se dry weight, respectively. 
Selenium levels of our control fish varied around 
the two pprn level, and fish at the five ppm Se 
treatment were still within the 85th percentile; how- 
ever, fish at higher treatments had selenium equilib- 
rium levels greater than the 85th percentile value. 
While our selenium treatments did result in unusu- 
ally high selenium levels, .the levels reported in our 
study remain low relative to those of fish from se- 
lenium-contaminated sites arid/or other species in 
similar experiments. 

For instance, Hamilton et  al. (1986) reported that 
chinook salmon fed a diet at 26 ppm Se reached 
whole-body levels of 22 ppm, a level considerably 
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Table 5. Tissue selenium levels (~g/g) from spawning pairs of fathead minnows. Mean _+ SD (n) 

R. S. Ogle and A. W. Knight 

Selenium Female Female Male Male Statistical 
treatment gonad muscle gonad muscle significance 

Control 6.08 -+ 1.67 2.71 -+ 1.38 3.85 -+ 2.10 1.93 +- 0.51 p < 0.0001 
(8) A;a (7) B;a (8) B;a (8) B;a 

5 ppm 6.86 -+ 1.76 4.90 +- 1.76 5.56 _+ 2.16 3.31 - 0.77 p < 0.007 
(7) A;a,b (7) A,B;a,b (7) A,B;a,b (7) B;a,b 

10 ppm 7.59 _+ 1.82 5.30 --- 1.98 5.66 _+ 2.39 4.31 _+ 0.86 p < 0.02 
(7) A;a,b (6) A,B;a,b,c (8) A,B;a,b (8) B;b,c 

15 ppm 8.47 +- 1.72 5.86 -+ 1.77 6.25 --- 1.01 5.48 + 1.50 p < 0.004 
(8) A;a,b,c (8) B;b,c (6) A,B;a,b (8) B;c,d 

20 ppm 9.11 -4- 2.18 6.47 +- 0.99 5.95 _+ 1.60 6.66 - 1.65 p < 0.002 
(7) A;b,c (7) B;b,c (8) B;a,b (8) B;d 

30 ppm 10.92 _+ 1.62 7.84 _+ 1.41 7.82 -+ 1.10 8.77 -4- 1.22 p < 0.0002 
(8) A;c (8) B;c (8) B;b (8) B;e 

Statistical 
significance p < 0.0001 p < 0.0001 p < 0.003 p < 0.0001 

Row means with same upper case letter are not significantly different 
Column means with same lower case letter are not significantly different 

Table 6. Effects of selenium treatment on reproduction. Mean + SD (n) 

Selenium No. of spawns No. of eggs Percent Percent 
treatment per pair per spawn hatch survival (14 days) 

Control 2.62 _+ 1.77 32.00 -+ 24.24 95.2 -4- 18.1 92.3 _-. 0.9 
(8) (6) (6) (6) 

5 ppm 4.50 __+ 2.00 35.51 _+ 31.51 99.2 -+ 3.1 93.0 + 4.7 
(8) (8) (7) (7) 

10 ppm 4.86 _+ 1.95 63.65 --- 23.30 99.6 _+ 0.3 90.2 + 8.1 
(7) (7) (7) (7) 

15 ppm 5.43 _+ 1.62 38.16 -+ 20.70 99.0 -+ 1.6 87.4 - 1.2 
(7) (7) (7) (7) 

20 ppm 3.50 _+ 2.78 43.99 -4- 25.08 95.0 -+ 14.7 91.0 _+ 2.3 
(8) (8) (8) (8) 

30 ppm 4.62 _+ 1.68 48.86 --+ 28.14 93.5 +- 15.6 93.4 _+ 1.6 
(8) (8) (8) (8) 

Statistical 
significance p > 0.05 p > 0.05 p > 0.05 p > 0.05 

higher  t han  the 8 p p m  o b s e r v e d  in our  e x p e r i m e n t  
for fish feeding at 30 ppm.  At  Be lews  Lake ,  fa thead 
m i n n o w  musc le  levels  ( typical ly the t issue with the 
l o w e s t  s e l e n i u m  leve ls )  w e r e  a l m o s t  t h r ee - fo ld  
higher  than  the m a x i m u m  who le -body  levels we ob- 
served (Lemly  1985). In  bo th  examples ,  fish had 
ea ten  diets  con ta in ing  na tura l ly  b io t r ans fo rmed  se- 
l e n i u m  species .  A c k n o w l e d g i n g  that  the p ropor -  
t ions  of  s e l en ium species  used  in our  diet  were  ar- 
b i t r a ry  due  to c o m p r o m i s e s  r e su l t ing  f rom wha t  
was  c o m m e r c i a l l y  ava i l ab le ,  o the r  p r o b l e m s  also 
exist  with this t r e a tmen t  approach .  For  ins tance ,  
a s s i m i l a t i o n  of  m e t h i o n i n e  is g r e a t e r  w h e n  the  
amino  acid is i nco rpora ted  in pept ides  (Murai  et  al. 
1981). ff a ss imi la t ion  t rends  are s imilar  for Se-met ,  

then  up take  f rom a diet  supp lemen ted  with free Se- 
me t  would  be expec ted  to be less than  uptake  f rom 
a d ie t  in w h i c h  na t u r a l l y  b i o t r a n s f o r m e d  Se -me t  
had b e e n  inco rpo ra t ed  into pept ides .  

Addi t iona l  p rob lems  arise conce rn ing  the levels 
of organic  se l en ium in our  diet.  B r y s o n  et al. (1984) 
repor ted  that  diets spiked with se l eno-amino  acids 
more  closely r e sembled  the b i oa c c umul a t i on  pat- 
t e rn  resul t ing  f rom diets supp l emen ted  with na tu-  
r a l l y - con tamina t ed  p lank ton .  Other  workers  have 
obse rved  that  toxic effects f rom diets spiked with 
Se-met  more  c losely  r e sembled  toxic effects asso- 
c iated with up take  f rom na tura l ly  b io t r ans fo rmed  
s e l e n i u m  ( W o o c k  et  al. 1987; S. H a m i l t o n ,  pers .  
c o m m . ) .  I t  s eems  l ikely  tha t  s e l e n o - a m i n o  acids 
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comprise a greater proportion of natural food items 
than was used in our diet. Given that these seleno- 
amino acids accumulate in fish to a greater degree 
than inorganic selenium compounds (Bryson et al. 
1984; Kleinow and Brooks 1986), this may help ex- 
plain why selenium bioaccumulation was relatively 
low in this experiment. 

The tissue selenium levels that we observed 
(Table 5) follow the generally reported trend in 
which ovarian selenium levels are greater than tes- 
ticular and/or muscle selenium levels (Curable and 
VanHorn 1978; Sager and Cofield 1984; Brooks et 
al. 1984; Lemly 1985; Baumann and Gillespie 1986; 
Kai et al. 1986). We hypothesize that this results 
from the nature of the vertebrate circulatory 
system interacting with gametogenesis in oviparous 
fish. In vertebrates, substances absorbed from the 
G.I. tract are delivered to the liver via the hepatic 
portal system prior to being distributed to the rest 
of the body. The liver is the site of vitellogenesis, 
which is the synthesis of egg yolk precursors (Ng 
and Idler 1983). Thus, when selenium is absorbed 
from food items, liver metabolic processes (in- 
cluding vitellogenesis) will have maximal exposure 
to the absorbed selenium compounds. The hepato- 
cytes then incorporate these selenium compounds 
into the egg yolk precursors which are then incor- 
porated into the yolk platelets of developing eggs. 
This hypothesis is supported by the finding that sig- 
nificant ovarian selenium accumulation coincides 
with the pro-spawning vitellogenic period (Bryson 
et  al. 1984) and would explain why female gonads 
consistently accumulate selenium to such relatively 
high levels. However, this hypothesis needs further 
verification (e.g. ,  direct measurement of the incor- 
poration of selenium into vitellogenin and egg 
yolk). 

Despite the elevated ovarian selenium levels ob- 
served in this study, we found no detectable effects 
on the reproductive parameters evaluated (Table 6). 
Only two pairs of fish failed to spawn, and these 
were both control replicates. Bryson et  al. (1984) 
also reported a lack of spawning in their control 
bluegill, although they do not suggest possible 
causes. 

No significant treatment effects were observed in 
the number of eggs per spawn. The range of treat- 
ment means for this parameter was 32-64 eggs per 
spawn. These numbers are much lower than the 
203-256 eggs per spawn reported in a similar study 
(Brooks et  al. 1984). The previous study used 
spawning substrate similar to ours, but coated 
theirs with fine quartz sand. It may be that the 
smoothness of our uncoated substrates inhibited 
oviposition and/or adhesion of eggs to the sub- 

strate, either of which could explain our lower 
counts. 

Both percent hatch and percent larval survival 
through 14 days were high in this study and se- 
lenium treatment had no apparent effect on either 
parameter. Brooks et  at. (1984) also reported high 
percent hatch and larval survival with no selenium 
treatment effect. 

The evidence obtained in this study indicates that 
fathead minnow reproduction was unaffected by 
the levels of foodborne selenium used in our study. 
However, recently published studies of bluegill 
verify the impaired reproduction hypothesized by 
previous field investigations. Gillespie and Bau- 
mann (I986) crossed male and female bluegill from 
selenium-contaminated Hyco Reservoir (North 
Carolina) with bluegill from an uncontaminated site 
in all possible combinations and reported that all 
crosses involving Hyco Reservoir females pro~ 
duced larvae that developed edema and did not sur- 
vive to the swim-up stage. A subsequent laboratory 
study in which bluegill were fed diets spiked with 
different selenium compounds reported that treat- 
ment levels of 13 and 30 ppm Se (Se-D,L-met) and 
30 ppm Se (selenite) resulted in significantly de- 
creased larval survival and larval edema was again 
reported (Woock e t a l .  1987). In both of these 
studies, reproductive failure resulted from ab- 
normal larval development. 

Woock et al. (1987) found that concurrent expo- 
sure to both foodborne levels of 13 ppm Se 
(Se-D,L-met) and 10 ppb Se (selenite) in the water 
resulted in a threefold increase in the percentage of 
larval deaths and a five-fold increase in the per- 
centage of abnormal larvae relative to similarly fed 
fish in control water. Moreover, an analysis of the 
data from Brooks et al. (1984) indicates that se- 
lenium concentrations in fathead minnow eggs 
more than doubled when foodborne selenium was 
coupled with waterborne selenium. These studies 
indicate that waterborne selenium (coupled with 
foodborne selenium) may play a more important 
role in reproductive impairment than previously 
thought. 

Although exposure to waterborne selenium was 
not included in this study, that does not explain the 
lack of reproductive impairment, because dietary 
treatment alone of 30 ppm Se (both as Se-D,L-met 
and selenite) resulted in reproductive impairment in 
the study by Woock el' aL (1987). Thus, it appears 
that there may be some significant differences be- 
tween fathead minnows and other taxonomic 
groups regarding selenium-induced reproductive 
impairment. Lemly (1985) reported that fathead 
minnows were able to establish a reproducing pop- 
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ulation in Belews Lake and that they (and cyprinids 
in general) contained much lower visceral selenium 
levels than other fish species. This suggests that the 
absence of selenium effect on minnow reproduction 
may involve decreased bioaccumulation relative to 
other species. 

There are several aspects of cyprinid digestive bi- 
ology that may explain the decreased selenium 
bioaccumulation. Cyprinids possess an undifferen- 
tiated G.I. tract that lacks a true stomach and/or 
pyloric caeca. Relative to other fish, particularly 
those possessing numerous pyloric caeca, minnows 
probably contain fewer and a less diverse assem- 
blage of gut microflora. Metabolism of inorganic 
compounds into amino acids by gut bacteria in- 
creases the bioavailability of amino acids to host 
organisms (Whanger et  al. 1978; Fong and Mann 
1980; Hudman and Glenn 1984, 1985). Thus, fish 
with fewer gut microflora probably have less or- 
ganic selenium available to them. Catfish, which 
have a true stomach but lack pyloric caeca, exhibit 
selenium toxicity and bioaccumulation to a lesser 
degree than centrarchids (Garrett and Inman 1984; 
Lemly 1985). 

A related aspect involves differences in gut pH 
between these fish groups. Lacking a true stomach, 
cyprinids have a digestive system that is neutral-to- 
alkaline throughout, while fish with stomachs (such 
as catfish and sunfish) typically have very acidic 
conditions in the stomach (Norris et  al. 1973; Page 
et al. 1976; Maier and Tullis 1984). Stability of the 
various selenium species is pH-dependent with 
acidic conditions favoring the stability of reduced 
selenium species whereas alkaline conditions favor 
the oxidized forms (Callahan et  al. 1979). Thus, the 
alkaline gut conditions of fathead minnows would 
favor the occurrence of selenate while the acidic 
stomach conditions of other fish would favor se- 
lenides and selenite. As previously stated, selenate 
is less likely to enter into organic biochemical 
pathways relative to the reduced selenium species 
(Ogle et  al. 1988). Therefore, other fish groups will 
have greater levels of organic selenium compounds 
available to them due to increased biotransforma- 
tion potential in their G.I. tracts. 

An additional aspect of gut pH differences in- 
volves the lability of the selenohydryl moiety of se- 
lenocysteine. Under acidic conditions (pH <5.24), 
this moiety is highly susceptible to hydrolysis reac- 
tions (Huber and Criddle 1967). In the neutral-to- 
alkaline minnow gut, hydrolysis of selenocysteine 
becomes possible. Because of diverse potential hy- 
drolysis reactions, the results of these reactions are 
unclear. In any case, this is a difference between 
minnows and other fish (e.g. ,  catfish and sunfish) 

that may be important in selenium uptake and tox- 
icity. 

The results of our study demonstrate that while 
growth of fathead minnows is inhibited by elevated 
foodborne selenium, reproduction appears to be 
unaffected. Data from this and other studies sug- 
gest that the lack of reproductive impairment in 
fathead minnows may involve reduced selenium 
bioaccumulation relative to other fish groups. Pos- 
sible reasons for this involve differences in gut mor- 
phology and physiology between the fish groups. 
Previous assertions (Ogle et al. 1988) that biotrans- 
formation and subsequent bioaccumulation are sig- 
nificantly different between selenate and selenite 
also help to explain these differences in selenium 
uptake. 
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