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Abstract-Mallards (Ana$ platyrhynchos) were fed diets containing I, 5, 10, 2.5 or 100 ppm sele
nium as sodium selenite, a diet containing 10 ppm selenium as sel~:no-DL-methionine or a control 
diet. There were no effects of 1, 5 or 10 ppm selenium as sodium selenite on either weight or sur
vival of adults or on reproductive success, and there did not appear to be a dose-response rela
tionship at these lower levels. The 100 ppm selenium diet kill~ 1! of 12 adults; one adult male 
fed 25 ppm selenium died. Selenium at 25 and 100 ppm caused wdgbt loss in adults. Females fed 
2.5 ppm selenium took longer to begin Iayh:~,g eggs and intervals between eggs were longer than in 
females in other treatment groups. Hatching success appeared to be reduced in birds fed 10 ppm 
&elenium as selenomethionine, but the reduction was not statistically significant. The survival or 
ducklings and the mean number of 21-d-old ducklings produced p<:r female were redu<:ed in the 
25 ppm selenium as sodium selenite group and the 10 ppm selenium as selenomethionine group. 
Egg weight$ were not affc:ctQd by any selenium treatment, but 2.5 ppm solenium lowered the Rat· 
cliffe Index. Duckling weights at hatching and at 21 d of age were reduced 28 and 36% , respec· 
tivc:ly, in birds fed 25 ppm selenium, as compared with controls_ Body weights measured on day 
21 were lower for ducklings fed 10 ppm selenium as selc:nomethionine than in some other groups. 
Selenium in concentrations of 10 and 25 ppm as sodium selenite: caused mainly embryotoxic effects, 
whereas 10 ppm as selenomethionine was more teratogenic, causing hydrocephaly, bill defects, eye 
defects (microphthalmia and anophthalmia) and foot and toe defects, including ectrodactyly. 
Selenomethionine was much more readily taken up by mallards and passed into their eggs than 
was sodium ~lenite, and a greater proportion of the selenium in the eggs ended up in the white 
when selenomethionine was fed. Adult males accumulated more selenium than did females, l'robably 
b~ause of the females' ability to eliminate selenium in their eggs_ 
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INTRODUCTION 

In 1983, reproductive success was poor and 
there was a high rate of deformities in embryos 
and hatchlings of mallards (Anas p/aryrhynchos), 
American coots (Fulica americana), eared grebes 
(Podiceps nigricollis) and black-necked stilts (Hi
mantopus mexicanus) at Kesterson National Wild
life Refuge in California [1]. Contamination of the 
refuge's ponds by selenium in irrigation drainwater 
was believed to be the cause of the J)roblem. 

Previously, ducks and other aquatic birds had 
not been reported to be harmed by selenium, but 
reports of adverse effects in chickens fed grains 
grown in soils high in selenium date back to the 
1930s (2- 5]. In addition ·to the accumulation of 
barmful levels of selenium in some plants grown 
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in soils naturally high in selenium, other sources 
of selenium elevate selenium levels in birds. Seven 
species of wintering shorebirds at Corpus Christi, 
Texas, had mean selenium levels in their kidneys 
of 1.77 to 5.62 ppm, the source possibly being 
smelting operations along the coast [6) . Sc:Ienium 
also has been reported at high levels in fly ash 
from coal burning [7] and in sewage sludge [8] ; the 
disposal of both fly ash and sludge could contam
inate areas occupied by aquatic birds . 

The objective of this study was to determine 
whether environmentally realistic dietary levels of 
selenium affected the condition of or reproduction 
in mallards. 

METHODS 

· Animals and treatments 

One-year-old game farm mallard drakes were 
assigned randomly to outdoor holding pens, each 
containing S birds . Two-year-old mallard hens 
were assigned randomly to indoor pens, each con· 
taining 10 birds. In the indoor pens, 8 h of light 
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was provided. One week later, both sexes were randomly assigned to the following dietary concentrations of selenium in the form of sodium selenite: to pairs were fed I, 5, 10 or 25 ppm, and 5 pairs were fed 100 ppm. Another S pairs were fed tO ppm selenium in the form of seleno-oLmethionine. Thirteen pairs were fed a control diet. The sodium selenite was 97o/o pure (Sigma Chemical Company, St. Louis, MO); the seleno·DLmethionine was 98 to 99% pure (Behring Diagnostics, San Diego, CA). Additional pairs of mallards were fed selenium diets, one pair for each dietary concentration except 0 ppm. From the hens of each of these pairs, the eggs numbered 1, 5. 9, 13, 17, 21, 25, 29 and 33 were saved to check for variability in selenium concentration with egg sequence. 
To make an approximate conversion from di· etary concentration to milligrams selenium per kilogram of body weight, we estimate that a 1 ,00()-g mallard consumes about I 00 g of feed per day; this is an estimate based on our experience, We used three types of commercially available duck mash: developer, breeder and starter. Developer mash contained about 14.511!(1 protein,2.75% crude fat and 7% crude fiber. Breeder mash contained about 17, 8 and 60Jo of the same constituents, and starter mash contained about 22, 3 and 4% of these constituents. The dry mashes contained about 7 to lOOJe water. 

The diets were prepared by dissolving the sele· nium compounds in distilled, deionized water and then mixing the solutions into a commercial duck developer mash so that the mixed feed contained liiJo added water. Controls received I O?o untreated added water in their diet. A sample of feed from each dietary concentration was saved for selenium analysis. Each sample was a composite of 20-g aliquots of feed reserved each time a particular diet was mixed. Selenium recovery averaged 80.4o/o of the calculated concentrations. Diets containing sodium selenite were mixed biweekly, and the single diet containing selenomethionine was mixed weekly. 
After three weeks on the treated diets, female mallards were randomly assigned to outdoor breeding pens that measured l m~ and were equipped with a feeder. water pan and nest box. At that time, the dietary concentrations of selenium were mixed into a breeder mash. By keeping the females indoors under only 8 h of light each day and on a maintenance diet, ·we were able to prevent them from laying eggs until they had been on the treated diets for at least four weeks. After the females had 

been in the breeding pens for 4 d, a random[· selected male on the same diet as the female wa moved into each pen. The adults were weighed 01 the day dietary treatments were started, on the da1 the males were paired with the females and on tht day when each pair was killed. 

Collection of reproductive data 

Eggs were collected each day, labeled accord. ing to pen and stored at 10 to 13 "C. The tenth egg laid by each hen was saved for residue analysis and measurement of egg weight and Ratcliffe Inclex (the weight of !he dried shell in milligrams divided by the product of the length and width of the egg in millimeters) {9). For hens that did not lay at least 10 eggs, the last egg laid was saved. At weekly intervals, the eggs were set in an incubator maintained at 37.6"C. Every third egg incubated from each hen was removed after lS d of incubation and the embryo was examined for abnormalities. Eggs were collected from each hen until 10 eggs had been set aside for the 18-d-old embryo examination and another 20 had been set for the full incubation period. All eggs were candled twice weekly to check for fertility and embryo deaths. Dead embryos were examined for abnormalities, a:i were embryos in eggs that failed to hatch. Hatchlings were weighed, banded and examined for abnormalities. Healthy hatchlings were reared for three weeks on a diet of duck starter mash containing the same concentration of selenium that !heir parents had been fed. All ducklings were weighe<l and killed at three weeks of age. Adult pairs were killed after the hen had provided all the eggs needed for the study (I fot residue analysis, 10 for 18-d-old embryo analysis and 20 for full incubation). Cracked eggs were discarded. The study was terminated on 24 May for all but four hens that had not produced the full number of eggs. Pieces of breast muscle and liver were saved for selenium anal}'l>is from five pairs in each treatmen!. 
To leam about the loss of selenium from tissues and eggs, four pairs of ducks were switched to a control diet after being fed a diet containing 10 ppm selenium as sodium selenite for 78 d. Two of the pairs were sacrificed one week later and the liver and breast muscle from each bird were analyzed for selenium; each of these females laid an egg 5 d into the control diet period that was analyzed for selenium. The other two pairs were killed after two weeks on a control diet, and the liver and breast muscle were analyzed for selenium; an egg 
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that each female laid after 14 d on the control diet 
was analyzed for selenium. 

Statistical analyses 

All statistical comparisons among treatments 
were done at a significance level of a ""0.05. When 
analysis of variance was used and a probability of 
0.05 or less was achieved, the means were separated 
by Duncan's multiple range test (10). Percentage 
data were subjected to angular transformation 
before statistical analysis. Chi·square tests were 
used to compare treatments for the proportion of 
hens that laid eggs and the proportion of embryos 
that survived to at least 7 d and that were abnor· 
mal. All of the following measurements were tested 
by analysis of variance: (a) number of days on 
treatment until the first egg was laid, (b) average 
number of days between eggs, (c) percent fertility 
of eggs, (d) percent hatch of fertile eggs, (e) per
cent survival of healthy hatchlings to 21 d of age, 
(f) number of 21-d-old ducklings produced, (g) 
weight of tenth egg, (h) Ratcliffe Index of eggshell 
quality, (i) weights of adults when treatments 
started, when pairs were formed and at sacrifice 
and (j) weights of ducklings at hatching and at 
21 d of age, based on ducklings that survived 21 d_ 

To check for differences in the distribution 
of selenium in the yolk versus the white of eggs, 
we saved two additional eggs (the sixteenth and 
twenty-seventh) from one female fed 10 ppm sele
nium as sodium selenite and one female fed 10 
ppm selenium as selenomethionine. The yolk was 
separated from the white for selenium analyses. 

Chemical analyses 

All samplc:s for selenium an:dy:>is were homOg· 
enized using a Vir-tis blender. A 1-g portion of 
homogenate (except for feed for which a 0.2-g 
portion was used) was digested with 20 ml of con
centrated nitric acid in an Erlenmeyer flask. The 
acid-sample mixture was concentrated to 2 ml and 
then diluted to 25 ml with distilled, deionized water. 
Selenium determinations were made using graph· 
ite furnace atomic absorption spectrophotometry 
on a Perkin-Elmer Zeeman 5000 equipped with an 
HGA 500 furnace, an AST-40 autosampler and a 
data system 10. The stabilized temperature plat
form furnace technique of Slavin et al. [Ill. Zee" 
man effect background correction and a matrix 
modifier containing 1.25 g/L Cu and 0.5 g/L 
Fe2+ were used. A selenium electrodeless discharge 
lamp was used at 196.0 nm with a spectral slit 
width of 2.0 nm. The furnace program was simi· 
Jar to that proposed by Welz et al. [12). Recover· 

ies from spiked chicken eggs and livers, and from 
National Bureau of Standards reference material 
averaged 101%. The lower limit of reportable res· 
idue was 0.05 ppm wet weight. For statistical anal
yses. tissue and egg samples that contained no 
reportable level of selenium were assigned a value 
of 0.025, which is one-half the reportable limit. 
The selenium concentrations in mallard eggs and 
tissues art reported on a wet-weight basis. Should 
a reader want to convert the concentrations to a 
dry·weight basis, the approximate moisture con
tents were 7lo/o for eggs, 71% for liver and 740Jo 
for breast muscle. 

RESULTS 

All six female and five of six male mallards fed 
100 ppm selenium died within 16 to 39 d, includ
ing the extra pair set aside to chec::k for variation 
in selenium concentrations in every fourth egg. 
One male fed 25 ppm selenium died after S7 d. 
The selenium concentrations in the liver and breast 
muscle of the dead birds are listed in Table l. 

There were no differences among the treatment 
groups in the weights of males or females at the 
onset of treatment (Table 2). However, about 
three weeks later, when the sexes were paired, the 
weights of both males and females fed 25 or I 00 
ppm selertium were significantly depressed. Two of 
the 13 pairs of controls were eliminated from the 
study, one because the male had a severe case of 
bumblefoot and the other becaUi>e the female had 
yolk peritonitis. 

None of the hens fed 100 ppm selenium laid 
eggs before they died (fable 3). There were no dif
ferences among any of the other treatment groups 
in the proportion of hens that laid eggs. Hens fed 
25 ppm selenium took longer to begin laying eggs 
and laid less frequently than did hens in any of the 
other group~. Neither percent fertility nor hatch
ability of eggs differed significantly among any of 
the groups, but eggs from females fed 10 ppm sele. 
nium as selenomethionine had very low hatching 
success. Survival of ducklings in the 25 ppm sele
nium as sodium selenite and 10 ppm selenium as 
selenomethionine groups was lower than in the 
control group or in the group fed 5 ppm selenium_ 
The number of 21-d-old ducklings produced per 
hen was significantly lower for birds fed 25 ppm 
selenium as sodium selenite or lO ppm selenium as 
selenomethionine. 

In control mallards, abnormal embryo growth 
or development occurred in 4.201o of the eggs in 
which embryos survived at least 7 d. One of these 
embryos had a bill defect, but most abnormalities 
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Table I. Selenium 'oncentrations (mean ± sE) in liver and breast muscle of mallards that died after bein,! fed a diet containing 25 or 100 ppm selenium as sodium selenite: 

Selenium (ppm, wt=t wt.) 

Liver Breast muscle 
Selenium 
added to 
diet (ppm) Female Male: Female Male 

6.1 (I) 25 
100 5.6 ± 0.31 (6) 8.3 ::!; 2.97(5) 1.4 ± 0.03 (3) 

0. 73 (I) 
1.3 ± 0.18 (4) 

Sample sizl! in parentheses. 

Table 2. Weights (mean± s:e) of adult mallards ft=d diets cont11.ining I, S, lO, 25 or 100 ppm sc:Jenium a§ sodium selenite or 10 ppm selenium as selenomethionine or a control diet 

Weisht (g) 

Males Females Selenium 
added to At onset of When birds At $.!1Crifice At onset of When birds At sacrifice diet (ppm) n trtatment were paired or death treatment were ~ired or death 

0 11 1,125 ± 38.2 A I,IOS ± 37.1 A 1,046::!; 29.0 A 9.59 ;t 21.1 A 971 ± IS.6 A 1,141 ;~; 26.7 A 1 10 1,122 ± 38.0 A 1,146 ± 32.3 A 1,110±40.7 A 990± 40.0 A 997 ± 37.1 A 1,193 ± 58.7 A s to• 1,086 ± 31.4 A l,ll9:t; 27.9 A 1,064± 23.7 A 932 ± 19.1 A 924 :t 15.8 A 1,090 ± 4l.S A 10 10 I ,090 ± 34.5 A 1.104 :t 42.1 A 1,081 ± 27.7 A 947 ± 23.4 A 966 ;t 20.4 A 1,088 ± 3.5.6 A 2S 10 1,097 ± 14.5 A 906 ;t 31.6 8 913 ± S.5.2 B 972 ± 23.3 A 837 ;t 27.8 B 902 ± 26.0 B 100 ~b 1,168 ~ 28.0 A 692 ± 37.3 c 564 ± 23.6 c 876 ± 22.9 A 5S1 ± 40.6 C· 451 ± 11.6 c 10 (as .s 1,250 ± SS.4 A I ,234 ± 44.2 A t,120;t 36.7 A 932::1: $.8 A 9S6 ± 17.8 A 1,114 ;1; 65.0 A sd.;nomethlonJne) 

M~ans in the same column that do not have a letter in common were found to be significantly different at e~ = O.OS by analysis of variance followed by Duncan's multiple range test. 
•" '= 9 for females at S-'lcrifice or death. 
b n ::: 3 for femaks when paifs were form~:d. 

were limited to stunted growth and swollen necks. 
ln mallards fed l and 5 ppm selenium as sodium 
selenite, 3.1 and 4.51lfo, respectively, of the eggs 
produced abnl'lrmal embryos, which was not sig
nificantly different from the defect rate in con
trols. In mallards fed 10 and 25 ppm selenium as 
sodium selenite, and 10 ppm as selenomethionine, 
11.2 and 22.2, and J8.311fo, respectively, of the eggs 
produced abnormal embryos. These rates were all 
significantly greater than that in the control, J or 
5 ppm selenium groups by chi-square analysis, but 
were not significantly different from each other. 
Most abnormal embryos from females fed 10 or 
2~ ppm selenium as sodium selenite exhibited 
manifestations of embryotoxicity rather than ter· 
atogenicity. These embryotoxic effects included 
stunted growth. swollen necks, edema and fewer 
than normal feathers. However, l of 10 females 
fed 10 ppm selenium as sodium selenite produced 
some embryos with multiple malformations, in· 

eluding hydrocephaly, small eyes (microphthalmia) 
and shortened toes. In contrast, selenomethionine 
was quite teratogenic and 3 of 5 females fed 10 ppm 
selenium as selenomethionine produced at least one 
embryo that exhibired multiple malformations, 
including hydrocephaly, bill defects (frequently of 
the lower bill), eye defects (anophthalmia and 
microphthalmia), twisted legs and foot defects 
with missing toes (ectrodactyly). 

There were no differences among groups in 
whl'lle egg weight, but shell quality as measured by 
the Ratcliffe Index was poorer in birds fed 25 ppm 
selenium (Table 4). Duckling weights at hatching 
and at 21 d of age were 28 and 361Jfo lower, respec
tively, for birds in the 25 ppm $elenium treatment, 
as compared with controls (Table ~). At 21 d o{ 
age, the diet of 10 ppm selenium as selenomethio
nine depfessed duckling weight, as compared with 
some other treatments. 

The selenium concentrations in eggs, liver and 



l[) 
l5l 

w 
C9 
<I 
(L 

<I 
I w 

> ::,.::: 
lfJ 
_j 
0 
0 
0 
(L 

_j 
_j 
H 
""'l 

N 
l5l 
N 
(YJ 

"' N 

"' l[) 
l5l 
l[) 

lD 
l[) 

CD 
l5l 

...... 
l5l 
l5l 
N 

' "' ...... 
' N 
l5l 

Table 3. Reproductive success of mallards fed diets containing I , S, I 0, 25 or I 00 ppm selenium as sodium selenite 
or 10 ppm selenrum as selenomethionine or a control diet 

Selenium added to the diet (ppm} 

As sodium selenite As selenomethionine 

0 1 s 10 25 !00 10 

Pain of breeders II 10 10 HI 10 5 5 
Hens laying eggs 11 9 8 )0 9 0 s 
Days on treatment 38.8 ±0.85 A 37.1 :t 1.92 A 41.0 ± 1.90 A 42.1 ± 1.59 A S7.0±3.70B - 41.2±4.21A 

until first qg IHI [9] {8] [101 [9J [5] 

Days between eggs IJ ±0.09 A 1.3 ±0.17 A 1.2 ±0.03 A 1.4±0.11 A l.S ±0.21 B - !.2 ± 0.07 A 
111) [9] [8] [10] {7]" [51 

Percent fertility of eggs 99.2A 99.6A 96.3 A 96.2A 88.5 A - IOOA 
(94.4-100). (97.7-100) (90.0-100) (84.7-100) (52.2-100) (10().-100} 

[11] 19] . [8] [10] [7)" lSJ 
Percent hatch of 65.1 A 73.3A 69.0A 61.9 A SMA - ID.9A 

fertile eggs (51.1-78.9) (57.7-86.4) (52..2-33.5) (J 1.0-88 .3) (8.4-95.0) (0-86.1) 
[II] [9] (8) [10] [7)• [S] 

Percent survival of ~.7A 91.9 AB 99.2A 96.4 AB 50.0 B - 50.0 B 
healthy hatchtin55 {90.&-100) (69.9-100) (94.7-100} (36.5-100} (0-100) (0-100) 
to 21 d of age~ [H) [9] !8] [9] [2] [Sl 

Number of 21-d-old 9.7± 1.39 A 9.2± 2.02 A 7.7 :t 1.61 A 8.1 ± l.39 A 0.2±0.22 B - 2.0 ± 1.55 B 
ducklings produa:d [111 [10] [10] [101 [91 (S] 
per hen• 

Means in the same row that do oot have a letter in common were signiflalntly different at«= O.OS by analysis ohariance followed by Duncan's multiple range test. Samp[e 
size in bracl:ets. 

•Excludes a rerna1e thai !aid only one egg and another that laid on!y two egas. 
'I'xdudes one hen fed HI ppm selenium as s<l<lium selenite, seven hens red 25 ppm selenfum and two hens fed 10 ppm sdenium as sel.enomethionine; these hens had no ducklings 
ll\'aJ1able for tbt study of survival to 21 d of age. 

•Based on all hens in tlle study, aetpt one hen fed 25 ppm sdenium whose mite died. 
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Table 4. Whole egg weight and Ratcliffe fndex for 
e~gs laid by mallards fed diets containing I, S, 

10 or 25 ppm selenium as sodium selenite 
or 10 ppm selenium as seh.,nomethionine 

Selenium 
added to 
diet (ppm) n• 

or a control diet 

Whole egg 
weight (g) 

0 ll 56.4:;; 1.67 A 
I 9 60.9 ± 2.30 A 
5 8 SS.S ± 1.34 A 

10 10 55.6 :t; 1.10 A 
25 7 51.6 ± 3.7.5 A 
10 (as 5 56.1 ;t 2.24 A 

selenomethlonine) 

Values are means± sE. 

Ratcliffe 
lndexb 

2.16:;; 0.034 A 
2.12 ± ().049 A 
2.0S ± 0.047 AB 
2.03 ;t; 0.067 AB 
1.90 ± 0.056 B 
2.13 ± 0.053 A 

Means that do not have a Jetter in common were signif· 
icantly diffl;rent at a "' 0.05 by analysis of variance fol· 
lowed by Duncan's multiple range test. 

'Number of hens. The tenth egg laid by each hen wa$ 
measured unless a h•m did not lay as many as 10 eg~s. 
in which case the last egg was used. 

bEquals the weight of the dried eggshell (mg) clivided by 
the product of the egg len,gth and width (mm) [9]. 

Table 5. Weights (mean± SJ>) of mallard ducklings fed 
diets containing I, .S, 10 or 2:5 ppm selenium as 

sodil.Ull selenite or 10 ppm selenium as 
s~lenomet))ionine or a control diet 

Selenium 
added to 
diet (ppm) ,. 
0 11 
I 9 
5 8 

10 9 
25 l 
10 (as 2 

selenomethionine) 

Weight (g) 

At 
hatching 

36±0.9A 
37 :t: 1.6 A 
35 ± O.S A 
34 ±0.9 A 

26 B 
36 ± 0.0 A 

At 
21 d old 

371 ± 12.3 AB 
398 ± 15.9 A 
390± 20.6 A 
406 ± 19.4 A 

236 c 
297 ± 31.0 BC 

Means in tile: same column that do not have a letter in 
common were significantly different at a =- 0.05 by 
analysis of variance followed by Duncan's multiple 
range test. 

•Number of hens with ducklings. A mean weight fof all 
ducklings from the same hen was l;alculated; tne~c: 
means were then averaged to produce the means given 
in the table. 

brea~t muscle are listed in Table 6. There were no 
temporal trends in selenium levels in every fourth 
egg laid by one female fed each diet, although sele. 
nium levels in eggs from the female fed lO ppm 
selenium as selenomethionine varied more than in 
the females fed sodium selenite (Fig. 1). The sele-

nium levels in eggs, liver and breast muscle of mal· 
lards switched from a 10 ppm selenium diet to a 
control diet are given in Table 7. When sodium 
selenite was fed, more selenium was deposited in 
the egg yolk than in the white, but the reverse was 
true when selenomethionine was fed (fable 8). 

DISCUSSION 
Toxicity of selenomerhionine versus 
sodium selenite 

Little is known about the toxicity of selenome
thionine to birds, even in chickens, in which sele
nium toxidty has been studied extensively. A diet 
containing 10 ppm selenium from selenium-rich 
grain reduced the hatching success of chicken eggs 
to zero (4). Because the most prevalent form of 
selenium in cereal grains has been reported to be 
selenomethionine [13}, it is likely that much of 
the selenium in the 10 ppm selenium diet fed the 
chickens was in that form. A diet containing 6 ppm 
selenium as selenomethionine had no effect on 
adult chickens or on their egg production, but 
hatching success was not measured [14]. When 
injected into the air cell of chicken eggs contain
ing 4·d-old embryos, the LDSO for selenom.ethio· 
nine was 0.13 ppm selenium in the egg contents, 
whereas for sodium selenite the LD50 was 0.3 ppm 
selenium [15]. 

In our study, the survival of ducklings and 
the number of 21·d-old ducklings produced were 
significantly lower in· mallards fed 25 ppm sele
nium as sodium selenite and 10 ppm selenium as 
selenomethionine, but not in birds fed lO ppm 
selenium as sodium selenite. In addition, the batch· 
ing success of fertile eggs was only 30.9079 for hens 
fed 10 ppm selenium as selenomethionine, com· 
pared with 65.707n for controls and 61.907o fof hens 
fed 10 ppm selenium as sodium selenite. Probably 
because we had only five pens of mallards fed the 
sdenomethionine diet, this decrease in hatching 
success was not statistically significant, but it does 
suggest a harmful effect. Selenomethionine did 
not appear to have any effect on egg laying, egg 
weights, Ratcliffe Index or fertility; nor were adult 
weights affected, but duckling growth was re· 
tarded. Selenomethionine has been reported to 
be the predominant form of selenium in plants 
[13,16) and may, therefore, pose a hazard to 
waterfowl that consume plants high in selenium. 

Selenomethionine may have caused greater re
productive effects in mallards than did sodium 
selenite because of the former's much greater accu
mulation in eggs. The diet of 10 ppm selenium as 
selenomethionine resulted in nearly lO times as 
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Table 6. Seknium concentration (mean ± s10) in eggs, liver and breast muscle of mallards fed diets containing I, 
5, 10, 25 or 100 ppm sct~nium as ~odium selenite or 10 ppm selenium as selenomethionine or a control diet 

Selenium (ppm, wet wt.) 

Selenium Eggs Liver Breast muscle 
added to 
diet (ppm) n• Concn. n Female: Male n Female Male 

0 s 0.05 ± 0.022 5 0.15 ± 0.022 0.54 ± 0.079" 5 0.17 ± O.o31 0.20 ± 0.011 
I 9 0,03 ± 0.005 s 0.31 :j: 0.020 0.94:!; 0.204" s O.lS ± 0.007 0.23 ± 0.004 b 
5 8 0.18:!:; 0.044 $ 0.51 ± 0.092 2.0 ±0.53" s 0.21 ± 0.111 0.28 ± 0.014b 

10 10 0.53 ± 0.048 5 1.0 ;I; 0.25 2.9 ± 0.72~ s 0.28 ± 0.024 0.29 ~ 0.011 
25 8 1.3 ± 0.35 s 2.6 ± 0.20 5.0 ± O.S3b 5 0.42 ± 0.029 0.51 ± 0.045 

100 0 I 12 l 0.65 
10 (as 5 4.6 ± 0.51 5 4.7 ±0.75 8.6 ± 0.97" s 4.9 ;t 0.70 3.1 ± 0.17" 
selenomethionine) 

•The tenth egg from each hen was analyzed, except for five hens fed 25 ppm selenium that did not lay 10 eggs: for 
these hens, the last egg laid was analyzed. 

"Val11es for males wete significantly different from those for females for the same treatment and tissue at a::: O.OS 
by a t·test. 

Table 7. Sdenium concentration in eggs, liver and breast muscle of mallards switched from a diet 
containing 10 ppm sel<:nium as sodium selenite to a control diet 

Selenium (ppm, wet wt.) 
Weeks 
fed Liver Breast muscle 
control Pair 
diet number .Egg Female Male Female Male 

I I 0.17" 0.61 1.6 0.18 0.23 
1 2 0.19' 0.44 0.90 0.15 0.18 
2 I 0.056~ 0.38 2.4 0.18 0.21 
2 2 ND" 0.27 1.6 0.14 0.18 

ND, rtot detected at a level or O.OS ppm or more. 
'laid 5 d after the female had been switched to a control diet. 
"Laid 14 d after the female had been switched to a comrol diet. 

much selenium in the eggs as did the diet 10 ppm 
as sodium selenite. Chickens fed 10 ppm selenium 
in grain (with the predominant form of selenium 
probably being selenomethionine) produced eggs 
with 6.4 ppm selenium in the white and 3.9 ppm 
in the yolk [17], which is a little higher than the 
levels we found in mallard eggs. Moksnes [14) fed 
chickens 6 ppm selenium as selenomethionine and 
reported levels of 4.4 to 6.2 ppm selenium in whole 
eggs. Chickens, like mallards, store selenomethio· 
nine more readily than sodium selenite in eggs and 
adult tissues (14]. Scott and Thompson [18) hy
pothesized that inorganic selenium cannot be stored 
in the body above certain levels because of the lack 
of binding sites, whereas organic forms may be 
deposited in tissues along with sulfur amino acids. 
The incorporation of selenometbionine into pro-

Ieins was suggested by McConnell and Hoffman 
[19]. More recently, Beils~ein eta!. [20] suggested 
that, in mammals, selenomethionine is converted 
to selenocysteine, which is then incorporated into 
proteins. In contrast, selenite is reported to be 
protein-bound as well, but not through peptide 
bonds (21}. It is possible, therefore, that the 
greater toxicity of sclenomethionine that we ob
served was due not only to greater accumulation 
in eggs but to a different chemical form and bind
ing site in the eggs. 

Although our sample was small, we showed 
that when a lioelenomethionine diet was fed mal
lards, more selenium was deposited in the egg 
white than in the yolk. The opposite was true 
when a sodium selenite diet was fed. Similar find
ings have been reported in chickens (22]. This dif· 
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Fig, 1. Selenium con~;.;ntration in evC"ry founh eag laid by females fed J, S, 10 or 2S ppm selenium as sodium selenite 
or 10 DPm selenium as selenomethionine. The female fed S ppm selenium laid only 29 eggs and the female fed 
2S ppm s~lc:niurn laid only 13 eggs. 

Table 8. Selenium concenrration in yolk and white 
of eggs from a female fed tO pprn selenium 
as sodium selenite and from a female fed 

10 ppm sd.:=nium as selenomethionine 

Selenium 
Selenium (ppm, wet wt.) 
added to Egg 
diet (ppm) number Yolk White 

10 16 0.62 0.31 
(as sodium 27 0.56 0.3S 
selenite) 

to 16 2.5 6.1 
(as 27 2.9 7.9 
selenomethionine) 

ference in the distribution of selenium in the egg 
also could contribute to differences in the toxicity 
of the two forms of selenium. 

Sodium selenite roxicity in mallards 
versus chickens (lnd Jap(lnese quail 

Most avian toxicity tests with sodium selenite 
have used chickens and Japanese quail (Coturnix 
japonica). Our mallards appeared to be less sen
sitive to sodium selenite than either of those spe
cies. According to Ort and Latshaw [23], 5 ppm 
selertium as sodium selenite is "borderline toxic" to 
chickens when the hatching success of fertile ew-
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the most sensitive measure of a reproductive effect 
of selenium in chickens-is considered. At 7, 8 and 
9 ppm selenium, a definite decrease in hatching 
success has been observed in chickens [23,24]. A 
diet containing 6 or 12 ppm selenium as sodium 
selenite reduced hatchability in Japanese quail 
[25). In our study, a diet of 10 ppm selenium as 
sodium selenite did not affect the hatching success 
of fertile eggs and, although there was a suggestion 
that 25 ppm selenium reduced the hatching success 
of fertile eggs, that reduction was not statistically 
significant. 

In chickens, 8 and 9 ppm selenium as sodium 
selenite lowered egg production [23,24); in Japa
nese quail, 12 ppm did the same [2~). However, 
we found egg laying to be depressed only in the 
25 ppm treatment group. As little as 7 ppm sele
nium has been reported to decreue egg weight in 
chickens [23), but there were no significant effects 
of sodium selenite in mallards, even at 25 ppm 
selenium. Arnold et al. [24) reported that 8 ppm 
selenium as sodium selenite had no effect on egg
shell thickness in chickens, but we found that 25 
ppm reduced shell quality as measured by the Rat
cliffe Index. The reduction in shell quality we 
observed may have been due more to the generally 
poor condition of the females fed 25 ppm selenium 
than to some inherent ~hell-thinning property of 
selenium. 

Even fairly high levels of 5elenium do not 
appear to affect the fertility of eggs. There was no 
effect in the eggs of chickens fed 8 ppm selenium 
(24} and only at 25 ppm selenium in our study was 
there any suggestion of depressed fertility, al
though it was not a statistically significant effect. 

The survival of Japanese quail chicks was 
reduced by a diet containing 8 ppm selenium [2.5]; 
in chickens. 8 and 20 ppm had no effect, though 
40 ppm did reduce survival [24,26). The survival 
of our mallards was not much different; 2.5 ppm 
selenium reduced survival of young birds. Dean 
and Combs [27) fed mallard ducklings I ppm sele
nium as sodium selenite and, as might be expected, 
observed no effect on survival. 

In our study, there was a significant reduction 
in duckling growth in birds fed 25 ppm selenium, 
although this result must be interpreted with cau
tion becau~e it is based on only a few ducklings 
from one hen. 1 ensen {26] reported reduced growth 
in young chickens fed 5 ppm selenium, and Sell 
and Horani [28] found decreased growth in chick
ens fed 8 ppm selenium from 1 to 28 d of life. In 
contrast, Arnold et al. [24)reported no effect on 
the growth of chickens fed 8 ppm selenium and a 

temporary increase in growth in those fed a diet 
containing 2 ppm. The growth of Japanese quail 
chicks was not affected by 8 or 12 ppm selenium 
[25,28). 

One reason that reproduction in our mallards 
fed sodium selenite was not affected as was repro
duction in chickens may be that mallards do not 
accumulate as much selenium in their tissues and 
eggs as do chickens. Our female mallards had 0.31 
ppm 1elenium in liver, 0.15ppm in breast muscle 
and 0.03 ppm in eggs when fed I ppm selenium as 
sodium selenite. ln contrast, Moksnes and Nor
heim [29] reported levels of 0.67 ppm selenium in 
liver. 0.20 ppm in breast muscle and O.l5 ppm in 
the eggs of chickens fed I ppm selenium as sodium 
,gelenite. At 5 ppm selenium in the diet, our female 
mallards had 0.51 ppm selenium in liver, 0.21 ppm 
in breast muscle and 0.18 ppm in eggs, whereas 
chickens fed ~ ppm selenium for two or more 
weeks had 2.42 ppm selenium in liver, 0.21 ppm 
in breast muscle and 0.78 to 0.85 ppm in egg white 
and 2.31 to 2.7S ppm in egg yolk (23]. At lOppm 
selenium in the diet, our female mallards had 1.0 
ppm selenium in liver, 0.28 ppm in breast muscle 
and 0.53 ppm in eggs, whereas chickens fed 9 ppm 
selenium for 16 weeks had 3.03 ppm in liver, 0.20 
ppm in breast muscle and 1.23 pp!ti in egg white 
and 3.62 ppm in egg yolk [23]. When we fed 2S 
ppm selenium to mallards, the eggs contained J .3 
ppm selenium, a level reached in chickens at ap
proximately ~ ppm selenium as sodium selenite in 
the diet. 

The differences in species' stnsitivities to sele· 
nium poisoning in the laboratory are important to 
understand because they probably exist in the field 
and thus should influence the way we assess the 
hazard of selenium to wild birds. Although mal
lards appear to be less sensitive to sodium selenite 
than are chickens and Japanese quail, we know 
virtually nothing about the sensitivities of other 
wild birds, some of which may be even more sen· 
sitive than chickens and Japanese quail. 

Other findings 

In nearly all cases in which there was a differ· 
ence in tissue selenium concentrations between the 
sexes, males had the higher levels- The one excep· 
tion was the higher selenium level in the breast 
muscle of females fed 10 ppm selenium as selena· 
methionine. Male Japanese quail fed 3.4 ppm sele· 
nium in wheat had more selenium in their livers 
than did females fed the same concentration, a 
result attributed to the loss of selenium through 
egg laying (30]. It is likely that the elimination of 
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selenium through cgg5 was at Jea5t partly respon
sible for the lower selenium levels in our female 
mallard~. as compared with males. 

When we stopped sodium selenite treatment 
at 10 ppm selenium, the selenium level in eggs 
dropped to the control level after two weeks. Sele
nium levels in liver and breast muscle of males and 
females also dropped, but not to control levels. 
After two weeks on a control diet, the selenium 
concentration in the eggs of chickens fed 8 ppm 
selenium as sodium selenite for 104 weeks was not 
higher than that in contfols [24}. Ort and Latshaw 
[23} fed chickens 9 ppm selenium as sodium sele
nite for 16 weeks, at which time the selenium con
centration reached 1.23 ppm in egg white and 3.62 
ppm in yolk; after two weeks on a control diet, the 
levels dropped to 0.16 and O.SS ppm and after 
four weeks to 0.09 and 0.36 ppm, levels similar to 
control levels. 

Our study was not designed to determine con
centrations of selenium in tissues associated with 
death, but there was no indication in the tissues 
taken from dead birds that selenium concentra
tions differed from those in survivors. The sele
nium levels in the liver and breast muscle of the 
one male that died in the 25 ppm selenium treat
ment group was only slightly higher than those in 
surviving males. All females and all but one male 
fed 100 ppm selenium died. The single surviving 
male had higher selenium levels in liver and lower 
levels in breast muscle than the mean values for 
the dead males. 

We observed an increased incidence of abnor
mal embryos in the groups fed 10 and 25 ppm 
selenium as sodium selenite and 10 ppm as sele
nomethionine. Both forms have been reported to 
be embryotoxic and teratogenic in chickens. Seven 
to nine parts per million selenium as sodium 
selenite caused edema in the heads and necks of 
chicken embryos [23,24]. When chickens were fed 
15 ppm selenium in seleniferous grain (which con
tains selenomethionine as the major form of sele
nium}, the embryos manifested edema, as well as 
twi$ted necks and legs, missing or fused toes, miss
ing or protruding eyes. deformed beaks and miss-

. ing wings [3,5}. When &Odium selenite was injected 
into the air cell of chicken eggs, it caused similar 
embryo deformities [31-33), but Palmer et al. [IS) 
found that of several selenium compounds, includ
ing sodium selenite. selenomethionine caused tbe 
most teratogenic effects. In our study, selenome
thionine caused the worst deformities. The defor
mities we saw were similar to those reported in 
aquatic birds at the Kesterson National Wildlife 

Refuge in California [1}. The fofms of selenium in 
the foods of aquatic birds at Kesterson have not 
been determined, but at least some is probably in 
the selenomethionine form. 

Ouf findings demonstrate that the levels of sele
nium known to exist in nature, such as at the 
Ke~terson National Wildlife Refuge in California, 
could harm the adult health and reproductive suc· 
cess of waterfowl such as mallards, especially if a 
high percentage of the selenium is in the sele
nomethionine form. 

Acknowledgement-Harry M. Ohlendorf suggested the 
need for a $tudy of this general desisn and, along with 
Ronald Eisler, provided useful comments on the manu
script. Brian C. Latta assisted in data collection, and 
Patricia S. McDonald and Ta{IImy L. Sharp typed the 
manuscript and its revisions. 

REFERENCES 

l- Obl~odorf, H.M., O.J. Horfman, M.K. Saiki and 
T.W. Ahbith. 1986. Embryonic mortality and ab· 
normalities of aquatic birds: Apparent impacts of 
selenium from irrigation drainwater. Sci. Total Envi
ron. 52:49-63. 

2. Tully, W.C. iUld K.W. Franke. 1935. A new toxicant 
occurring naturally in certain samples of plant food
stuffs. VL A study of the effect of affected grains 
on growing chicks_ Poultry Sci. 14:280-284. 

3. Poley, W.E., A.L. Moxon and K.W. Franke. 1937. 
Further studies of the effects of selenium poisoning 
on hatchability. PoultrY Sd. 16:219-225. 

4. Poley, W.ll:. and A.L. MOlloo. 1938- Tolerance 
Jevels of seleniferolls grains in laying rations. PO'Ill
try Sci. 17:72-76. 

5. Franke, K.W. and W.C. Tully. 1936. A new toxicant 
occurring naturally in certain samples of plant food
stuffs. VII. Low hatchability due to deformities in 
chicks produced from eggs obtained from chickens 
of known history. Poulrry Sci. 15:316~318. 

6_ Whit!.!, O.H., K.A. King and R.M. Prouty. 1980. 
Slgnifi!:ance of organochlorine and heavy metal res
idues in wintc;dng ~horebirds at Corpus Christi, 
Texas, 1976-77. Pestic. Monit. J. 14;58-63. 

7. Gutenmann, W.H., C.A. Bache, W.O. Youngs and 
D.J. Lisk. 1976. Selenium in fly ash. Science 1!11: 
966-967. 

8. Cllppoo, C.J. 1981. M<:r¢ury and selenium content 
and chemical form in vegetable crops grown on 
sl11dg<:-am<:nded soil. Arch. Environ. Conlam. Tox
icol. 10:673-689. 

9. lbtcliffe, O.A. 1967. Decn:ase in eggshell W'(:ight in 
certain birds of prcy. Nat11.re llS:208-2tO. 

10. Du11can, D.B. 19SS. M~,~ltJple ranse and multiple F 
tests. Biometrics 11:1-42. 

II. Slavin, W., G.R. Carnrlck, D.C. Mannina and E. 
Pruszkowska. I 983. Recent experiences with stabi· 
lized temperature platform furnace and Zeeman 
background correction. Atomic Spectroscopy 4: 
69-86. 

12. Welz, B., M. Melcher and G. Schlemmer. 1983-
Determination of ~elenium in human blood serum. 



Reproduction in mallards fed selenium 433 

Comparison of two atomic-absorption spectromet· 
ric procedures. Frensenius Z. Anal. Chem. 316: 
271-276. 

!3. Olsc:>n, O.E., E.J. Novacek, E.l. Whitehead and l.S. 
Pahni!r. 1970. lnvestig~tion$ (m selenium in wheat. 
Phyror::hlf!mistry 9:1 181-t 188. 

14. Moksnes, K. 1983. Selenium deposition in tissues 
and eggs of laying hens given surplus of sekaium as 
selenomethionine. Acta Vet. Scand. 14;34-44, 

15. Palmer, I.S., R.L. Arnold and C.W. Carlson. 1973, 
Toxicity of various selenium derivatives to chick 
embryos. f>oulrry Sci. 52:1841-1846. 

16. Allaway, W.H., E.E. Cary and C.F. Ehlig. 1967. 
The ~;ycling of low levels of sel~ium in soils, plants, 
and animals. In O.H. Muth, ed., Selenium in Bio
medirine. Avi Publishing Co., Westport, CT, pp. 
273-296. 

17. Moxon, A.L. and W.E. Poley. 1938. The relation of 
selenium tontent of grains in the ration to seli::pium 
content of poultry carcass and eggs. Poultry Sci. 
17:77~80. 

18. Scou, M.L and J.N. Thompson. 1971. Selenium 
conrent of feedstuffs and effecrs of dietary selenium 
levels u))on tissue selenium in chicks and poults. 
Poullty Sci. 50:1742-1748. 

19. McConnell, K.P. and J,L. Hoffman. 1972. Methi
onlne-selenomethionine parallels in rat liver polypep
tide chain synthesis. F.E.B.S. Lett. 14:60-62. 

20. Bellsreln, M.A., M.J. Tripp and P.D. Wbanger, 
1981. Evidence for selenocysttinc: in ovine tissue 
organelles . .! i"org, Biochem. 15;339-347. 

21. Cummins, L.M. and J.L. Marlin. 1967. Are 
selenocystine and selenomethionine synthesized in 
vivo from sodium selenite in mammals? Biochemis· 
try 6:3162-3168. 

22. La~baw, J.D. and M. Osman. 1975. Disnibution of 
selenium in egg white and yolk after feeding natu
ral and synthetic selenium compounds. Po~lrry Sd. 
54:1244-1252. 

23. Ort, J.F. and J.D. Latshaw. 1978. The toxic level of 

. sodium selenite in the diet of laying chickens. J. 
Nutr. 108:1114-1120. 

24. Arnold, R.L., O.E. Olson and C.W. Carlson. 1913. 
Dietary selenium and arsenic additions and their 
effects on tissue and egg selenium. Poultry Sci. 
52:847-854. 

2$. El-Begtarmi, M.M., M.L. Sunde and H.E. Gantller. 
1977. A muwal protective effect of mercury and 
selenium in Japanese quaiL Poultry Sci. 56:313-322. 

26. Jensen, L.S. 1975. Modification of a selenium tox
icity in chicks by dietary silv~r and copj:)er. J. Nutr. 
105:769-775. 

27. Dean, W.F. and G.F. Combs, Jr. 1981. Influence of 
dietary selenium on performaiJcc;, tissue selenium 
content, and plasma concentrations of selenium
dependent glutathione peroxidase, vitamin E, and 
ascorl:tic acid in ducklings. Poultry Sci. 60:2655-
2663. 

28. Sell, J.F. and F.G. Horan!. 1976. Influence of sde· 
nium on toxicity and metabolism of methylmercurcy 
in c;hkks and quail. Nutr. Rep. Int. 14:439-447. 

29. Moksn~s. JL and G. Norheim. 1982. Selenium con· 
centrations in tissues and eggs of growing and lay
ing chickens fed sodium selenite at different levels. 
Acta Vet. Scand. 23:368-379. 

30. Stl)ewsjlnd, G.S., W.H. Gutenrnann and D.J. Lisk. 
1978. Wheat grown on fly ash: High selenium up· 
take and response when fed to Japanese quail. J. 
Agr/c. Food Chem. 26:757~759. 

31. Fra11ke, K.W., A.L. Moxon, W.E. Poley and W.C. 
Tully. 1936. Monstrosities produced by the injection 
of selenium salts into hens' eggs. Anot. Rec. 65: 
15-22. 

32. Halverson, A.W., L.G. Jerde and C.L Hills. !965. 
Toxiciry of inorganic selenium salts to chick em· 
bryos. Toxicol. Appl. Pharmacal. 7:675-679. 

33. Sukra, Y., S. Sastrohadlnoto, I.T. Budlarso and 
H.R. Bird. 1976. Effect of selenium and mercury 
on gross morphology .and histopathology of chick 
embryos. F'oultry Sci. 55:2424-2433. 

11 :39'v'd 'v'H:3 'A~SlOGOd llif gg:s0 1006/v1/60 


