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DIAGNOSTIC CRITERIA FOR SELENIUM TOXICOSIS IN AQUATIC
BIRDS: DIETARY EXPOSURE, TISSUE CONCENTRATIONS, AND
MACROSCOPIC EFFECTS
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' National Biological Service, Patuxent Environmental Science Center, Stickel Laboratory,
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8077 Greenmead Drive, College Park, Maryland 20740 USA

3 Present address: Mason Neck National Wildlife Refuge, 14344 Jefferson Davis Highway,
Woodbridge, Virginia 22191-2890 USA

ABSTRACT: A feeding study with mallard ducks (Anas platyrhynchos) was conducted during
March to July 1988 in Laurel, Maryland (USA), to identify diagnostic criteria for selenium toxi-
cosis in birds. One-year-old male mallards in groups of 21 were fed diets containing 0, 10, 20,
40, or 80 parts per million (ppm) selenium, as seleno-DL-methionine, for 16 weeks. All ducks
receiving 80 ppm died. Ducks receiving 40 or 80 ppm selenium consumed less feed than ducks
in the other treatment groups. Body weights of ducks receiving 40 or 80 ppm selenium declined
during the study. The post-breeding molt was delayed in ducks receiving 40 ppm; most ducks
receiving 80 ppm selenium died prior to the onset of molt. At necropsy, numerous abnormalities
were observed in ducks that died but only a small number of abnormalities were observed in
ducks surviving to the end of the study in the 40 ppm group. Weights of the heart, spleen, and
pancreas were mostly lower and weights of the kidney were higher for ducks dying during the
study than for euthanized ducks. Liver weights were unaffected. Selenium accumulated in soft
tissues uppr()ximately in proportion to dietary concentrations. Selenium concentrations in tissues
of all ducks that died were different from those of surviving ducks in the 0, 10, and 20 ppm
groups, but were not different from those of surviving ducks in the 40 ppm group. Proposed
diagnostic criteria for fatal chronic selenosis were derived from body weight, macroscopic ab-
normalities, organ weights, and concentrations of selenium in the liver. Proposed diagnostic cri-
teria for non-fatal chronic selenosis were derived from body weight, plumage condition, macro-
scopic abnormalities, concentrations of selenium in the liver, reproductive failure, and alterations
of blood and tissue chemistries. Lead or dioxin poisoning have diagnostic criteria most similar to
selenium toxicosis.

Key words:  Selenium, feeding study, mallard (Anas platyrhynchos), diagnostic criteria, sele-
nium toxicosis, liver disease, emaciation, feather abnormalities.

INTRODUCTION 1976; National Research Council, 1983).
Selenium is well known for its adverse ef-
fects on reproduction in domestic fowl
(National Academy of Sciences, 1976; Eis-
ler, 1985). Reproductive effects also have

been demonstrated for game farm mallard

Selenium (Se) is a trace element essen-
tial for animal nutrition. Insufficient or ex-
cessive amounts of this metalloid in the
diet can cause serious health problems for

invertebrates and vertebrates (Eisler,
1985; Ohlendorf, 1989). Regions with high
concentrations of Se in the soil, neutral to
high soil pH, and high moisture have the
greatest potential for Se toxicity (Eisler,
1985; Burau, 1989). Much of the arid
western United States is characterized by
seleniferous soils and high soil pH; some
areas have a history of Se poisoning of live-
stock caused by consumption of highly se-
leniferous forage (Rosenfeld and Beath,
1964; National Academy of Sciences,

ducks (Anas platyrhynchos) (Hoffman and
Heinz, 1988; Heinz et al., 1989). For the
past decade, public attention has been fo-
cused on the Central Valley of California
(USA) where high concentrations of Se in
irrigation drainwater and aquatic plants,
invertebrates, and fish have adversely af-
fected the health and reproduction of
aquatic birds (Presser and Ohlendorf,
1987; Ohlendorf, 1989). Sites in western
states of the USA likely to have irrigation-
related drainwater problems have concen-

468

Downloaded From: https://bioone.org/journals/Journal-of-Wildlife-Diseases on 24 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



ALBERS ET AL.—MACROSCOPIC CRITERIA FOR SELENIUM TOXICOSIS IN BIRDS 469

trations of Se in biota exceeding toxicity
thresholds for fish and wildlife in Califor-
nia, Colorado, Kansas, Montana, Nevada,
Oregon, South Dakota, Utah, and Wyo-
ming and deformities in bird embryos in
California, Montana, Nevada, Utah, and
Wyoming (Presser et al., 1994).

Although the macro- and microscopic
effects of Se on physiological systems and
individual organs of domestic animals, par-
ticularly mammals, have been established,
the pathological effects of Se toxicity in
wild animals are not well known (National
Academy of Sciences, 1976; National Re-
search Council, 1983; Eisler, 1985). The
most detailed evaluation of Se toxicosis in
wild birds was performed on American
coots (Fulica americana) and a few pied-
billed grebes (Podilymbus podiceps) from
the Kesterson National Wildlife Refuge in
California (Ohlendorf et al., 1988). Adult
birds found dead or collected from Kes-
terson were emaciated and had breast
muscle atrophy, absence of body fat, and
fluid in lungs; most birds also had excess
gelatinous or serous fluid in the body cav-
ity or subcutaneously. Some birds also had
pale swollen livers, flaccid heart, congested
and enlarged spleens, and feather loss on
the head. Based on histopathological ex-
amination of tissues, there were pectoral
muscle abnormalities, presumably related
to the muscle atrophy, and several liver ab-
normalities. Body weight was inversely re-
lated to Se concentrations in the liver and
kidney (Ohlendorf et al., 1988). Adult and
young mallards fed dietary Se had emaci-
ation, liver damage, flaccid heart, and ex-
cess fluid around some internal organs
(Hoffman et al., 1991a; Heinz, 1993;
Heinz and Fitzgerald, 1993a). Dietary Se
also produced abnormalities in blood
chemistries with indications of liver toxic-
ity in mallard adults and ducklings (Hoff-
man et al., 1989, 1991a).

Diagnostic criteria for Se toxicosis are
needed to determine if Se is responsible
for the death, impaired reproduction, or
poor body condition of aquatic birds in se-
leniferous areas (Ohlendorf, 1989). Exper-
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iments designed to identify, as thoroughly
as possible, the pathological effects on
birds of ingested Se are necessary because
many of the effects previously reported are
not specific for Se (Wobeser, 1981). Also,
the potential variability of species re-
sponses to Se challenge means that a com-
bination of indicators will be necessary.
Diagnostic criteria should be developed
from clinical signs, macroscopic abnormal-
ities, histological lesions, Se concentrations
in tissues, blood and biochemical mea-
sures, and behavioral changes.

Our objective was to determine the re-
lations between high dietary concentra-
tions of organic Se, similar to those occur-
ring in seleniferous areas, and physiologi-
cal and behavioral functions of adult mal-
lard ducks, and then use these findings to
establish criteria for diagnosing Se toxico-
sis in aquatic birds.

MATERIALS AND METHODS

One-year-old male mallards were quaran-
tined for 2 wk in partially enclosed, wooden
buildings with concrete floors at the Patuxent
Environmental Science Center, Laurel, Mary-
land USA (39°00’'N, 76°45'W). The ducks then
were banded with numbered leg bands and
randomly assigned, in groups of three, to ele-
vated outdoor pens. The pens measured ap-
proximately 1 X 1 X 0.7 m and were construct-
ed of vinyl-coated wire and covered by a fiber-
glass roof. Each pen contained a large plastic
food container and a large stainless steel pan to
receive flowing water. Seven randomly selected
pens (21 birds) were assigned to each of five
experimental groups. After 4 days of acclima-
tion to the elevated pens, the ducks were start-
ed on diets containing 0, 10, 20, 40, or 80 parts
per million (ppm) (wet weight) Se in the form
of seleno-DL-methionine (SeM) (98+% pure;
Bachem, Inc., Torrance, California) in a mash
diet. The initiation of treatments was phased in
over a 4-day period (two, two, two, and one pen
of ducks per experimental group per day). Se-
leno-DL-methionine was dissolved in distilled,
deionized water. The treated water was mixed
into duck developer mash (Beacon Feeds, Ca-
yuga, New York, USA) so that 2% water had
been added to the feed. Based on information
provided on the feed company label, the de-
veloper mash had been supplemented with 0.1
ppm (wet weight) Se as sodium selenite, and
contained 14.5% crude protein, 2.7% crude fat,
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7% crude fiber, and about 10.5% water. Three
samples of the untreated and treated diets were
analyzed for Se content (Krynitsky, 1987); the
developer mash also was analyzed for methio-
nine (Association of Official Analytical Chem-
ists, 1990) and vitamin E (Cort et al., 1983).
Ducks were fed treated diets for 16 wk (late
March to mid-July 1988). Feed consumption
was measured on days 1, 2, 3, 5, 7, 9, 12, and
15 by determining the amount of feed disap-
pearing from the feed container in each pen.
Rapid weight loss was expected for mallards re-
ceiving the high concentrations of SeM; con-
sequently, we thought it most important to de-
termine the role of food avoidance early in the
study. All birds were weighed when the treat-
ments began and at the end of weeks 1, 2, 3,
4, 5, 6, 8, 12, and 16. The pens were checked
twice daily; dead birds were collected and the
posture, alertness, and response of ducks to in-
vestigators during daily pen checks and a sep-
arate observation period was recorded. The
post-breeding molt was evaluated on three oc-
casions by classifying each surviving duck as ei-
ther before molt, undergoing molt, or with
completed molt (eclipse plumage). All dead
birds were stored at 4 to 6 C. A necropsy was
performed on dead birds within 24 hr of death.
After 16 wk on treatment, all surviving ducks
were euthanized in an Oy-COy chamber built
on site, and immediately necropsied; study ter-
mination was on the same staggered 4-day
schedule as study initiation. Body weight and
weights of liver, kidneys, heart, spleen, and tes-
tis were recorded. Pancreatic weights were de-
termined after abnormalities were observed
during necropsies of mallards that died. Fresh
weights of formalin-fixed pancreases (n = 28)
were estimated by comparing the fresh and for-
malin-fixed weights of pancreases saved after
the abnormalities were noticed (n = 13). Ten
to 20 ml of blood was removed from the heart
of each euthanized duck for determination of
packed cell volume (Thrall, 1985) and serolog-
ical tests; antibodies against avian influenza vi-
ruses and Newcastle disease viruses were eval-
uated by hemagglutination-inhibition, and sal-
monellosis (pullorum-typhoid) by plate agglu-
tination (Beard, 1980). Feces from the cecum,
colon, or cloaca were collected for parasite ex-
aminations by the simple sugar flotation meth-
od (Wade and Gaafar, 1985). Portions of the
liver, kidney, lung, and trachea of the ducks in
each pen were pooled and frozen; two pooled
tissue samples from each experimental group
were selected at random for virus cultures in
chicken eggs by inoculation of allantoic sacs
(Hitchner, 1980). Cultures for the isolation of
Campylobacter spp. and Salmonella spp. bac-
teria were performed on lung, liver, kidney, and
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intestines of randomly selected ducks from
each experimental group; we used Mueller
Hinton medium with 5% bovine blood and
Campylobacter-selective supplement (Skirrow
SR69) (Oxoid, Unipath Limited, Basingstoke,
Hampshire, England) for Campylobacter spp.
and MacConkey agar and selenite broth (Difco
Laboratories, Detroit, Michigan, USA) for Sal-
monella spp. All laboratory tests and cultures
were performed at the Animal Health Diag-
nostic Laboratories, Maryland Department of
Agriculture, College Park, Maryland.

Portions of the liver, kidneys, spleen, brain,
and heart were frozen prior to Se analysis. Tis-
sues from all ducks that died, all ducks from
the 40 ppm group, and a subset of 10 randomly
selected ducks from each of the 0, 10, and 20
ppm groups also were analyzed for Se. Portions
of brain, spinal cord, liver, pancreas, kidney,
heart, spleen, adrenal, testis, breast muscle,
cheek skin, toes, mandible, vertebrae, bone
marrow, esophagus, ventriculus (gizzard), pro-
ventriculus, duodenum, ileum, cecum, colon,
sublumbar lymph nodes, thyroid, thymus, bursa
of Fabricius, jejunum, cloaca, brachial plexus,
and eyelids were fixed by immersion in neutral
buffered formalin for histological examinations;
results of histological examinations will be re-

rted separately. The necropsy procedure for
ducks that died during the study was the same
as for euthanized ducks, except that collection
of blood and feces was not attempted. One
week prior to the start of the feeding study,
health assessment studies were performed on
four randomly selected ducks; ducks were eu-
thanized and necropsied according to the pro-
cedures used on experimental ducks. An addi-
tional six non-experimental ducks were killed
during the course of the study to monitor back-
ground health and tissue and organ appear-
ance. All laboratory tests for viruses, bacteria,
and parasites were performed. In addition, di-
rect fluorescent antibody tests (FAT) (Liu,
1969) for duck viral enteritis using conjugated
antisera (US Department of Agriculture, Na-
tional Veterinary Services Laboratory, Ames,
Iowa, USA) were performed on cryostat-pre-
pared sections of esophagus and liver from the
four mallards evaluated prior to study initiation.

Selenium analyses were conducted according
to the method of Krynitsky (1987). A 0.5-g wet
weight subsample of homogenized feed or tis-
sue was placed in a 50-ml disposable polyeth-
ylene conical tube and digested for 2 hr in a
concentrated nitric acid and 30% hydrogen
peroxide solution. The sample tubes were part-
ly immersed in a hot water bath at 95 C. Se-
lenium concentrations in the digested samples
then were quantified directly, using peak area
integration, by graphite furnace atomic absorp-
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tion spectrometry, in combination with Zeeman
background correction (Slavin et al., 1983). The
lower limit of detection was 0.05 pg/g for.a‘0.5-
g subsample. The average recovery for tissue
and NBS standard reference material spiked
with inorganic Se was 98%.

The analyses for methionine and vitamin E
were performed by Hazelton Laboratories
America, Inc., Madison, Wisconsin. Methio-
nine was analyzed according to the Association
of Official Analytical Chemists (1990). Vitamin
E was analyzed according to Cort et al. (1983).

All concentrations of Se in tissue are report-
ed as dry weight unless specifically noted as wet
weight. Concentrations of Se in feed for this
and other cited studies are wet weight; duck
developer mash contains 10 to 12% moisture.
Conversions from the wet weight values of oth-
er reports to dry weight were based on an as-
sumption of 70% moisture for liver and egg and
75% moisture for kidney. All chemical analyses
were performed under the Quality Assurance
Program (QAP) of the U.S. Fish and Wildlife
Service. Analyses performed under the QAP in-
corporated the use of procedural blanks, du-
plicate analyses, spikes, and standard reference
materials as indicators of accuracy and preci-
sion.

Fishers exact test (Siegel, 1956) was used to
compare the survival of mallards receiving 10
to 80 ppm Se to the survival of mallards re-
ceiving O ppm Se. A one-way analysis of vari-
ance (ANOVA) and Tukey’s Honestly Signifi-
cant Difference (HSD) test for pairwise com-
parisons (SAS Institute, 1988) were used to
compare food consumption, body weight, or-
gan weight, packed cell volume, and concen-
trations of Se in tissue among experimental
groups. A K()lmog()r()v-Smim()v test (Siege],
1956) was used to compare the plumage con-
dition of mallards receiving 10 to 80 ppm Se to
the plumage condition of mallards receiving 0
ppm Se. Fisher’s exact test (Siegel, 1956) was
used to compare the frequency of abnormali-
ties in mallards receiving 10 to 80 ppm Se to
the frequency of abnormalities in mallards re-
ceiving 0 ppm Se. Abnormalities in ducks that
died during the study were evaluated separate-
Iy from those observed after euthanasia. The
alpha level was 0.05 for parametric and non-
parametric tests. All statements about differ-
ences between groups of birds given in the re-
sults are in reference to statistically significant
differences.

RESULTS

Ten ducks euthanized prior to and dur-
ing the study appeared healthy at necrop-
sv. and no pathogens or titers were de-
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TABLE 1. Survival of mallard ducks fed diets sup-
plemented with 0, 10, 20, 40, or 80 ppm selenium,
as seleno-DL-methionine, for 16 wk, late March to
mid-July, 1988.

Group
(ppm
selenium) Survived Died
0 21 0
10 20 0
20 20 1
40 17 3u
8ob 0 21

4One mallard was excluded because it died from bacterial
infections before the end of the study.

b Different from the 0 ppm group, Fisher’s exact test, P <
0.05.

tected in microbial cultures, FAT, parasite
tests, and serologic tests. All ducks had
multiple calluses on their feet, but no in-
ternal abnormalities.

Selenium, as seleno-DL-methionine in
the diet caused a reduction (100%) in sur-
vival at 80 ppm and a non-significant re-
duction (15%) at 40 ppm (Table 1). Two
ducks that died during the study, one each
in the 10 and 40 ppm groups, had bacterial
infections. Consequently, they were in-
cluded in the feed consumption analysis
but not in body weight or survival calcu-
lations. Four additional ducks which sur-
vived the 16-wk study had serious health
problems at the time of euthanasia (poly-
cystic kidney disease, severe hepatosplen-
omegaly, and two cases of foreign body
gizzard abscesses). The diseases of these
four ducks were considered unrelated to
dietary Se, therefore, they were deleted
from all analyses except feed consumption
and survival. Feed consumption by all six
ducks could not be separated from that of
other ducks because consumption was
measured on a pen basis, with three ducks
per pen.

Feed consumption, on all of the mea-
sured days, was lower for some of the
groups that received mash containing sup-
plemental Se than for ducks receiving 0
ppm (Fig. 1). Ducks in the 0 and 10 ppm
groups consumed more feed per day on all
measured days than ducks in the 80 ppm
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FIGURE 2. Mean body weight of mallard ducks

FIGURE 1. Feed consumption of mallard ducks
during the first 15 days of a 16-wk, late March to
mid-July, 1988, period of exposure to a mash diet
supplemented with 0, 10, 20, 40, or 80 ppm selenium,
as seleno-DL-methionine. Each value represents the
mean of feed consumption in seven pens.

group. Ducks in the 20 ppm group con-
sumed more feed per day from day 3 on-
ward than ducks in the 80 ppm group.
Feed consumption among the 0, 10, and
20 ppm groups was never different and at
least one of these groups had higher feed
consumption than the 40 ppm group on
all measured days except days 7 and 9.

Mean body weight of ducks at the be-
ginning of the study was not different
among the experimental groups. However,
mean body weight of some groups receiv-
ing mash containing supplemental Se was
reduced throughout the 16-wk period
(Fig. 2). Ducks in the 0, 10, and 20 ppm
groups were heavier through week 12 than
ducks in the 80 ppm group; all ducks in
the 80 ppm group died before week 16.
Ducks in the 40 ppm group were heavier
than ducks in the 80 ppm group during
weeks 1, 2, 3, and 6 of the study. Ducks
in the 0 and 10 ppm groups were heavier
than ducks in the 40 ppm group from
week 2 onward. Ducks in the 20 ppm
group were heavier than ducks in the 40
ppm from week 3 onward. Ducks in the
10 ppm group were heavier than ducks in
the 20 ppm group during weeks 8 and 16
only.

The mean *SE body weight (636 *
11.6 g) at death of ducks that died during
the study (21 at 80 ppm, 3 at 40 ppm, and
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fed a mash diet supplemented with 0, 10, 20, 40, or
80 ppm selenium, as seleno-DL-methionine, for 16
wk. Beginning sample sizes, minus six ducks deleted
from the study because of serious health problems
(two died), were 21 for 0, 20, and 80 ppm and 18 for
10 and 40 ppm. Changes in sample size caused by
death are shown on the figure.

1 at 20 ppm) was less than the mean body
weights of euthanized ducks (week 16) in
all the other groups. The mean body
weight of ducks that died and the mean
body weight of euthanized ducks in the 40
ppm group (944 * 40.1 g) were 57% and
84%, respectively, of the mean body
weight of euthanized ducks in the 0 ppm
group (1122 * 26.6 g). The mean body
weight of euthanized ducks in the 20 ppm
(1096 * 26.8 g) and 10 ppm (1215 * 37.3
g) groups were 98% and 108%, respec-
tively, of the mean body weight of euthan-
ized ducks in the 0 ppm group.

Ducks on the 40 and 80 ppm diets were
anorexic, inattentive, lethargic, weak, and
recumbent; all of which became progres-
sively more severe as the study progressed.
Simultaneously, feathers became dry, bro-
ken, and out of alignment on the body.
Ducks receiving 40 ppm Se had retarded
plumage change at both week 12 and at
the termination of the study in mid-July
(week 16) (Table 2). Ducks in the 80 ppm
group died before the onset of post-breed-
ing molt.

Mallards that died had an average of
nine of the 13 listed abnormalities (Table
3); the range of abnormality frequency was
six of 13 to 12 of 13. Three abnormalities
were detected in euthanized mallards of
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TABLE 2. The progression of post-breeding molt in surviving mallard ducks fed diet supplemented with 0,
10, 20, 40, or 80 ppm selenium, as seleno-DL-methionine, for 16 wk.

Week 7 (May 19)

Week 12 (June 21)

Week 16 (July 18-21)

Group Molt stage* Group Molt stage Group Molt stage
(ppm (ppm (ppm

selenium) B M E selenium) B M E selenium) B M E
0 16 5 0 0 11 6 4 0 0 0 21
10 14 4 0 10 7 5 6 10 0 1 17
20 20 0 0 20 9 8 3 20 0 1 19
40 16 1 0 40b 14 2 0 40b 2 8 5
80 8 0 0 80 1 0 0 80 0 0 0

4B = before molt, M = during molt, E = molt complete (eclipse).
b Different from the 0 ppm group, Kolmogorov-Smirmov test, P < 0.05.

the 40 ppm group (Table 4); muscle atro-
phy, sloughed or broken claws (onychop-
tosis) (Fig. 3) and loss of feathers (depter-
ylation) (Fig. 4a and 4b) occurred in the
40 ppm group. Packed cell volumes of eu-
thanized ducks were not different among
study groups and the 10 other ducks eu-
thanized before and during the study.

TABLE 3.

Mean organ weights were lower for the
heart, spleen, and pancreas of ducks dying
during the study than for most of the
groups of ducks that were euthanized after
16 wk (Table 5). Based on the paired com-
parisons for the heart, lower weights oc-
curred in the 40 ppm group than in the
10 ppm group. In addition, testis weights

Macroscopic abnormalities detected during the necropsy of mallard ducks that died during the

study. Only abnormalities with a frequency =33% and different (P < 0.05, Fisher’s exact test) from that of

euthanized ducks in the 0 ppm group are shown.

Died 0 ppm
Frequency Frequency
Number of Number of
Abnormality of ducks detection % of ducks detection %

Muscles: atrophy 25 25 100 21 0 0
Spleen: atrophy 25 23 92 21 0 0
Subcutaneous fat: absent 25 22 88 21 1 5
Thymus: absent 25 21 84 21 0 0
Liver: necrosis and, possibly, with

prominent congested capsular ves-

sels or reddish-black capsular

hemorrhages 25 21 84 21 0 0
Feet & digits: enlarged foot pads,

joint swellings, calluses 25 18 72 21 2 10
Pancreas: pallor and atrophy 25 18 72 21 0 0
Stomach & intestines: empty or

nearly empty 25 17 68 21 0 0
Intestines and ceca: black (bloody)

ingesta 25 15 60 21 0 0
Visceral fat: absent 25 15 60 21 0 0
Kidneys: enlarged 25 11 44 21 0 0
Gall bladder: enlarged with bile,

=2 ml 25 9 36 21 0 0
Mouth, pharynx, esophagus, proven-

triculus, gizzard, or duodenum:

stained with bile 25 9 36 21 0 0
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Macroscopic abnormalities detected during the necropsy of mallard ducks that were cuthanized

at the end of the study. Only abnormalities with a frequency =33% and different (P < 0.05, Fisher’s exact

test) from that of ducks in the 0 ppm group are shown.

40 ppm 0 ppm
Frequency Frequency
Number of Number of

Abnormality of ducks detection P of ducks detection G

Muscles: atrophy 15 9 60 2 0 0

Claws: sloughed or broken at quick 15 8 53 21 3 14
Feathers: loss of feathers on head or

neck 15 7 47 21 0 0

for ducks that died and ducks in the 40
ppm and 20 ppm groups were lower than
for ducks in the 10 ppm group. Kidney
weights were higher for ducks that died
than for the groups of ducks that were eu-
thanized. Liver weights were not different
among groups.

Untreated developer mash contained an
average of 0.6 ppm selenium on a wet-
weight basis; three samples of each of the
treated mash diets averaged 95% recovery
of selenium. Methionine and vitamin E
were found at 122% (2.87 g/kg) and 128%
(20.5 TU/kg), respectively, of the supple-
ment added by the feed company.

One spleen, one brain, and two kidney
samples were lost in storage prior to anal-
ysis. Selenium accumulated in soft tissues
(Table 6) approximately in proportion to
dietary concentrations, except for the
ducks that died before the end of the ex-
periment; these were m()stly 80 ppm
ducks. Most of the ducks in the 80 ppm

FIGURE 3.

Mallard duck with sloughed or broken
claws typical of eight of 15 ducks consuming diets
supplemented with 40 ppm of selenium. as seleno-
DL-methionine. for 16 wk.
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group died during the first half’ of the
study. Mean tissue concentrations, in de-
scending order, were in liver, kidney, heart,
brain, and spleen. Selenium concentra-
tions in all tissues of ducks that died were
different from those of the 0, 10, and 20
ppm groups but were not from those of
the 40 ppm group. Selenium concentra-
tions in the kidney and heart of ducks in
the 40 ppm group were greater than Se
concentrations in the 0, 10, and 20 ppm
groups. Selenium concentrations in the liv-
er and brain of ducks in the 40 ppm group
were greater than Se concentrations in the
0 and 10 ppm groups. Selenium concen-

o

FIGURE 4. Mallard duck with feather loss. (side
and ventral views) typical of seven of 15 ducks con-
suming diets supplemented with 40 ppm of selenium,
as seleno-DL-methionine, for 16 wk. Note the ab-
sence of feathers from evelids. chin. and ventral and
lateral mid-cervical (neck) regions.
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TABLE 5.
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Organ weights (grams) of ducks fed diets supplemented with 0, 10, 20, 40, or 80 ppm selenium,

as seleno-DL-methionine. All of the ducks in the 80 ppm group died before the end of the 16-wk experiment.
A one-way mmlysis of variance and Tukey's Honestly Signiﬁcant Difference test for pairwise comparisons were
used to compare experimental groups. Sample size; the mean * one standard error, and results of the statistical

analysis are shown.

Group . Liver Kidney

(ppm Sample .
selenium) size Mean * SE P Tukey's Mean * SE P Tukey's
0 21 19.57 * 0.62 0.11 6.28 *+ 0.20 <0.01 A?
10 18 21.09 = 0.90 6.97 * 0.23 A
20 20 21.69 = 0.96 6.68 * 0.24 A
40 15 20.66 = 0.96 6.27 * 0.23 A
Died" 25 1899 * 0.75 9.07 * 0.27 B

Heart Spleen
0 21 8.49 * 0.29 <0.01 AB 0.59 * 0.06 <0.01 A
10 18 9.32 * 0.31 A 0.69 * 0.07 A
20 20 8.68 * 0.20 AB 0.57 * 0.06 A
40 15 7.66 * 0.23 BC 0.50 * 0.06 A
Died 25 7.10 = 0.23 C 0.25 * 0.03 B
Testis Pancreas©

0 21 3.94 * 0.78 <0.01 AB 2.17 = 0.08 <0.01 A
10 18 6.81 * 1.65 A 2.68 * 0.19 A
20 20 1.13 = 0.28 B 2.66 * 0.12 A
40 15 0.94 * 0.46 B 2.05 * 0.23 AB
Died 25 1.44 = 0.27 B 1.01 = 0.50 B

4 Means that do not share a letter in common are different, P < 0.05.
b Includes three ducks from the 40 ppm group and one duck from the 20 ppm group.
¢ Sample size for pancreas was 0 ppm = 10, 10 ppm = 10, 20 ppm = 11, 40 ppm = 8, and Died = 2.

trations in the heart of ducks in the 20
ppm group were greater than Se concen-
trations in the O ppm group. High variance
within groups was responsible for the gen-
eral absence of differences among the 0,
10, and 20 ppm groups.

DISCUSSION

The death of 100% and 15% of ducks
in the 80 and 40 ppm groups of this study,
and the death of 100%, 95%, and 25% of
ducks in 80, 40, and 20 ppm groups of a
similar study (Heinz and Fitzgerald,
1993a), are evidence that dietary concen-
trations of Se, as SeM, similar to concen-
trations found in natural food items from
seleniferous areas (Saiki and Lowe, 1987;
Hothem and Ohlendorf, 1989) can cause
death in adult water birds. The stress of
winter temperatures in the Heinz and
Fitzgerald (1993a) study, compared to
spring and summer temperatures in our
study and the study of Hoffman et al.
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(1991a) (10% died at 32 ppm), probably
was responsible for the lower dietary
threshold for reduced survival (20 ppm
versus 40 to 80 ppm). Similarly, elevated
Se in the water and diet of bluegills (Le-
pomis macrochirus) causes a greater re-
duction in survival at winter water tem-
perature than at summer water tempera-
ture (Lemly, 1993). The dietary threshold
for reduced survival for mallard ducklings
is between 15 and 60 ppm Se, as SeM, in
duck mash (Hoffman et al., 1991a, 1992a).

The dietary exposure to Se for a wild
bird can be compared to experimental ex-
posure if the composition and quantity of
ingested material, and its metal and met-
alloid concentrations and interactions are
known. However, accurate qualitative and
quantitative information on diets is diffi-
cult to acquire, and metal and metalloid
analyses will have to be performed on food
samples. Consequently, determination of
dietary exposure to Se by wild birds is a
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TABLE 6.
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Concentrations of selenium (dry weight) in liver, kidney, heart, spleen, and brain of mallard ducks

fed diets supplemented with 0, 10, 20, 40, or 80 ppm selenium, as seleno-DL-methionine, for 16 wk. A one-
way analysis of variance and Tukey’s HSD test for pairwise comparisons were used to compare experimental
groups. Sample size, the mean * one standard error, and results of the statistical analysis are shown.

. Liver Kidney

Group

(ppm Sample Sample
selenium) size Mean * SE P Tukey’s size Mean * SE P Tukey’s
0 10 5.1 * 0.3 <0.01 A? 10 36 *0.1 <0.01 A
10 10 37 A 10 18 * 2 A
20 10 49 * AB 8 35 * 1 A
40 15 87 £ 11 BC 15 70 *8 B
Died® 25 99 * C 25 90 + 7 B

Heart Spleen
0 10 1.0 £ 0.1 <0.01 A 10 1.0 £ 0.2 <0.01 A
10 10 18 = 2 AB 10 5*1 A
20 10 33 2 B 10 91 A
40 15 77T *8 C 15 21 3 AB
Died 25 65 * 6 C 24 36 * 6 B
Brain

0 10 1.3 = 0.1 <0.01 A
10 10 13 =1 A
20 10 25 * 3 AB
40 14 46 * 8 BC
Died 25 535 C

4 Means that do not share a letter in common are different, P < 0.05.
b Includes three ducks from the 40 ppm group and one duck from the 20 ppm group.

possible, but impractical, indicator of fatal
selenosis.

The clinical signs of selenosis observed
in ducks consuming dietary concentrations
of 40 and 80 ppm Se, as SeM, including
anorexia, inattentiveness, lethargy, weak-
ness, and recumbency, were similar to
those reported for adult male mallards fed
diets high in SeM (Heinz and Fitzgerald,
1993a) and for mallard ducklings fed diets
high in SeM or sodium selenite (Heinz et
al., 1988). Comparable clinical signs have
been reported for selenosis of poultry
(Echevarria et al., 1988), livestock (Eisler,
1985), and humans (Jensen et al., 1984).
Reduced feed consumption in the present
study could have been caused by selenosis
or a sufficiently offensive taste which
caused avoidance of feed. Immediate de-
creases in feed consumption by the 40 and
80 ppm groups is evidence that offensive
taste was a contributing factor at the be-
ginning of the study.
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Although observable in captive birds,
clinical signs will be difficult to detect in
wild birds; hence, they have limited use-
fulness as field indicators of selenosis.
Also, the clinical signs exhibited by our
mallards, singly or in combination, were
nonspecific and could be associated with
many diseases of birds.

Body weights were reduced by 40 and
80 ppm Se, as SeM, in the diet. The stress
of cold (winter) temperatures seems to in-
crease weight loss; adult male mallards
consuming 20, 40, and 80 ppm Se had
more weight loss during the winter (Heinz
and Fitzgerald, 1993a) than during the
spring and summer of the present study.
The 16% weight loss of adult male mal-
lards receiving 40 ppm Se in this study was
similar to the 14% weight loss reported for
adult male mallards receiving 32 ppm Se
for 14 wk during the spring and summer
in another study (Hoffman et al., 1991b).
Decreases in body weight for adult female
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mallards (Heinz and Fitzgerald, 1993b)
and retarded growth of mallard ducklings
(Heinz et al., 1988; Hoffman et al., 1991b)
also have been reported. The body weight
of adult coots found dead or collected by
shooting at the Kesterson National Wild-
life Refuge in California averaged 25% less
than coots from a reference area in 1984
(Ohlendorf et al., 1988) and about 15%
less in 1985 (Ohlendorf et al., 1990).
Although loss of weight is a nonspecific
change, it is a consistent finding in sele-
nosis of birds and mammals (Harr and
Muth, 1972; National Research Council,
1983; Ohlendorf et al., 1988). Mallards
that died in the 40 and 80 ppm groups
were emaciated, based on knife-edge keels
and absence of body fat. Emaciation usu-
ally is due to lack of calories or deficiency
of one or more essential nutrients (mal-
nutrition), or weight loss secondary to a
serious disease, in the presence of ade-
quate nutrition (cachexia). Because ducks
that died had high residues of Se in all
analyzed organs, emaciation of dead mal-
lards in this study was partially attributed
to cachexia secondary to selenosis. The low
feed consumption of ducks in the 40 and
80 ppm groups is evidence that malnutri-
tion (food refusal) also contributed to the
emaciation. Total starvation in the spring
would be expected to kill about 80% of
male mallards in less than 4 wk (Jordan,
1953) compared to a 4-wk loss of 38% in
the 80 ppm group. The retarded molt and
poor condition of old feathers in the 40
ppm ducks were probably due to a com-
bination of inadequate nutrition and re-
duced preening. Although loss of body
weight or unusual feather condition can be
readily detected by manual and close vi-
sual examination, they could be difficult to
assess when distant from the observer.
Effects of nonfatal chronic selenosis ap-
peared limited to a loss of muscle mass
and abnormalities of epidermal structures
(claws and feathers) (Table 4). We saw no
evidence of the anemia, as measured by
hematocrit, reported in survivors of 32
ppm Se (Hoffman et al., 1991a). The on-
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ychoptosis observed in 53% of surviving
mallards in the 40 ppm group was a con-
servative measure of the incidence of this
claw lesion. It was evident during necrop-
sies that intact claws of ducks in the 40
ppm group were easily fractured and de-
tached by mild finger pressure. The loss of
claws and feathers is analogous to losses of
hair, nails, and hooves reported in humans
(Jensen et al., 1984) and livestock (Eisler,
1985; Jubb et al, 1992) suffering from
chronic selenosis. Claw abnormalities have
not previously been reported for sponta-
neous or experimental selenosis in birds,
but feather loss from the head was ob-
served in dead and killed coots from the
Kesterson National Wildlife Refuge in
California (Ohlendorf et al., 1988). The
feather loss in coots appeared as a general
thinning of feathers over the entire head,
whereas mallards in the present study had
distinct patterns of loss (Fig. 4a and 4b).
Also, chicks from hens (Gallus gallus) re-
ceiving a grain diet containing 10 ppm Se
had a 74% incidence of wiry down (Poley
and Moxon, 1937).

In contrast to euthanized ducks, ducks
that died from fatal selenosis had numer-
ous abnormalities (Table 3). Emaciation
(muscle atrophy, severe depletion of fat),
empty stomach and intestines, intestinal
hemorrhage, bile retention and bile-stain-
ing from the mouth to the duodenum, liv-
er necrosis, and atrophy and pallor of the
pancreas are all nonspecific changes, ei-
ther singly or in combinations. As a collec-
tive group, these abnormalities imply in-
adequate food consumption and disease
affecting the liver. The empty gastro-intes-
tinal tract, intestinal hemorrhage, and bile
retention or staining probably are second-
ary to inappetence. Absence of the thymus
and atrophy of the spleen imply possible
difficulties with the immune system. Ab-
normalities of the extremities were limited
to swollen foot pads and digit joints. Ab-
normalities found in this study have been
reported previously in mallards (Heinz,
1993; Heinz and Fitzgerald, 1993a); how-
ever, we did not observe the flaccid heart
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and yellowish fluid around organs reported
by Heinz (1993) and Heinz and Fitzgerald
(1993a). Neither did we see the pulmonary
edema, pale and swollen livers with rough
texture, or excess gelatinous or serofibri-
nous fluids in the body cavity reported in
coots and grebes at Kesterson National
Wildlife Refuge (Ohlendorf et al., 1988).
Abnormalities common to spontaneous
selenosis of coots and grebes and experi-
mental selenosis of mallards in this study
were severe atrophy of breast muscles, pal-
lor or necrosis of the liver, severe deple-
tion of body fat reserves (dead mallards),
and loss of feathers on the head (euthan-
ized mallards).

The absence of claw and feather abnor-
malities in the high dose group was puz-
zling. Because only two of 18 mallards on
40 ppm Se but 20 of 21 mallards on 80
ppm Se were dead by week 12, it is pos-
sible that selenosis for =12 wk is necessary
for the development of claw and feather
abnormalities, or that claw and feather ab-
normalities are more likely to develop dur-
ing the post-breeding molt. All mallards in
this study were in cages with wire bottoms,
whereas wild aquatic birds in suspected
cases of selenosis will inhabit aquatic and
wet soil environments; hence, observations
of claw loss could be reduced. Neverthe-
less, careful examination and manipulation
of claws and feathers of dead or sick birds
from seleniferous areas is warranted be-
cause claw and feather abnormalities
might be biomarkers of chronic selenosis
in field situations.

Ducks that die from selenosis are likely
to exhibit changes in organ weights. Organ
weight changes, in general, are nonspecific
and can be caused by many diseases. How-
ever, the combination of weight loss in the
heart, spleen, and pancreas, a weight in-
crease of over 40% for the kidney, and un-
changed liver weight might be a charac-
teristic of fatal selenosis in aquatic birds.
Mean kidney to body weight percentages
ranged from 0.56% to 0.66% for the 0, 10,
20, and 40 ppm groups, whereas ducks
that died had a mean of 1.43%, two to
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two-and-a-half times greater than surviv-
ing ducks. Ohlendorf et al. (1988) reported
a 33% incidence of swollen livers in coots
and grebes. In comparison, two male mal-
lards that died in a starvation experiment
(Jordan, 1953) lost an estimated 69% of
their liver weight and 29% of their kidney
weight; four starved females lost an aver-
age of 57% of their liver weight and 15%
of their kidney weight. Sublethal exposure
to SeM, even at 40 ppm for 16 wk, prob-
ably will not cause sufficient change in or-
gan weights for this criterion to be useful
as an indicator of nonfatal selenosis.

The extensive abnormalities, weight
loss, and organ weight changes were evi-
dence that high concentrations of ingested
SeM affected physiological functions and
morphology of major organs. However,
physiological functions were not directly
measured. The large number and greater
severity of abnormalities in ducks that
died, compared to the small number and
lesser severity of abnormalities in ducks
that survived, is evidence that a critical
threshold of SeM assimilation exists and,
when exceeded, is followed by rapid phys-
iological deterioration and death.

Excess methionine will reduce the ef-
fects of Se in SeM and a deficiency of vi-
tamin E will reduce the uptake of Se from
the diet (Combs and Combs, 1986; Hoff-
man et al., 1992b). Because analyzed con-
centrations of methionine and vitamin E
were close to expected concentrations for
developer mash, we believe that the ef-
fects and uptake of Se in our diets were
not reduced.

Selenium in tissues increased with the
dietary concentration of Se in this study
and with the dietary concentration of or-
ganic and inorganic Se in other studies
(Moksnes and Norheim, 1982; Heinz et
al., 1989; Hoffman et al., 1991a). However,
the absence of differences between Se
concentrations in tissues of ducks that died
and those of euthanized ducks in the 40
ppm group (Table 6) precludes the use of
Se concentrations in tissue as the sole in-
dicator of death due to Se toxicosis. Heinz
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(1996) also concluded that Se concentra-
tions in soft tissues and blood were too
variable to be used as the sole indicator of
death. Additionally, concentrations of Se in
tissues of females might be reduced by egg
laying (Heinz et al., 1989).

In a review of experimental selenosis in
mallard ducks, Heinz (1996) concluded
that liver concentrations in excess of 20
ppm wet weight (66 ppm dry weight)
could cause death, and liver concentra-
tions in excess of 10 ppm wet weight (33
ppm dry weight) could cause some suble-
thal biochemical effects or microscopic le-
sions of the liver and spleen. The mean *
two standard errors for liver in the 40 ppm
group (15% died) and the 80 ppm group
(100% died) of this study represented a
range of 65 to 109 ppm and 81 to 117
ppm, respectively. Birds inhabiting fresh-
water environments usually have Se con-
centrations in the liver and kidney of less
than 10 ppm (Ohlendorf, 1989). Birds in-
llal)iting marine environments can have Se
concentrations in the liver and kidney in
excess of 20 ppm (Ohlendorf et al., 1986;
Custer and Myers, 1990). Selenium in
birds using agricultural wastewater lakes in
Egypt averaged 40 ppm for liver and 38
ppm for kidney (Saleh et al., 1988), where-
as American coots collected at the Kester-
son National Wildlife Refuge had a mean
of 94 ppm in the liver and 97 ppm in the
kidney (Ohlendorf et al., 1988). Although
considerable variation occurs for tissue
concentrations of Se under experimental
conditions, the proposed concentration of
66 ppm is appropriate as an indicator of
possible macroscopic effects. Selenium
concentrations in wild birds should be in-
terpreted cautiously when concentrations
of elements that are antagonists of Se (ar-
senic, cadmium, copper, lead, mercury, sil-
ver) are elevated in tissues or in the local
environment (Ohlendorf, 1989; Heinz,
1996).

High concentrations of SeM in the diet
of experimental and wild female mallards
causes developmental abnormalities and

death of embryos (Hoffman et al., 1988;
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Heinz et al., 1989; Ohlendorf, 1989).
Heinz (1996) proposed that a concentra-
tion of Se in eggs greater than 3 ppm wet
weight (10 ppm dry weight) was likely to
be associated with impaired reproduction.
In addition, elevated Se concentrations (10
to 200+ ppm) in the liver of mallard adults
and ducklings can be associated with sig-
nificant alterations of glutathione metabo-
lism, increases in lipid peroxidation, plas-
ma protein concentration, and plasma as-
partate aminotransferase, and decreases in
hepatocellular protein concentration
(Hoffman et al., 1989, 1991a, b, 1992a, b).

Diagnosing selenium toxicosis

Fatal spontaneous and experimental sel-
enosis can be caused by acute or chronic
exposure. Our dead mallards did not have
all the gross abnormalities of spontaneous
selenosis as reported in wild aquatic birds
(Ohlendorf et al., 1988, 1990) because
some wild birds die of acute selenosis,
amounts of Se ingested by wild birds var-
ies at each feeding, and some wild birds
are likely to have concurrent infectious
diseases. We propose that abnormalities in
coots and grebes (Ohlendorf et al., 1988)
and experimental mallards (Heinz and
Fitzgerald, 1993a) that were not detected
in our mallards, such as extensive serofi-
brinous coelomic and subcutaneous fluids,
pulmonary edema, flaccid heart, and con-
gestive splenomegaly, were abnormalities
of acute selenosis. In acute Se poisoning
of laboratory and domestic animals, sub-
cutaneous and coelomic fluids, widespread
congestion and petechiation of organs, and
heart lesions are consistently reported
(National Research Council, 1980; Ahmed
et al., 1990). Harr and Muth (1972) re-
ported that increased capillary permeabil-
ity and bradycardia occur in acute sele-
nosis. Cardiovascular effects of acute sel-
enosis are the most probable cause of fluid
accumulations, petechiation, and visceral
congestion reported in wild coots and
grebes. A few coots with selenosis had
nodular livers; this abnormality was not
encountered in our experimental mallards,
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Comparison of macroscopic characteristics of fatal or non-fatal selenosis in mallards and American

coots to characteristics of a variety of other bird diseases.

Characteristics of selenosis in mallards and American coots

Subcu-
Lymphoid En-  taneous
Emaci- Feather Claw  organ Liver larged edema or Flaccid

Disease ation loss loss  atrophy? necrosis kidneys ascitesP heart Reference®
Intoxications

Selenium—mallard ++d + + ++ ++ + 0 0 A

Selenium—mallard ++ 0 0 0 ++ 0 0 + B

Selenium—coot ++ + 0 0 + 0 ++ ++ C

Lead ++ 0 0 + + 0 + + D, E

Mercury ++ 0 0 0 * * + 0 F

White phosphorus 0 0 0 0 + 0 0 0 G

Salt 0 0 0 * 0 + 0 0 H, I

Ethylene glycol 0 0 0 0 0 + 0 0 ]

Petroleum 0 0 0 0 0 0 0 0 K

Chlorinated pesticides * 0 0 0 0 0 0 0 D

PCB’s 0 0 0 + + * 0 0 D,L

Dioxins ++ 0 0 0 ++ 0 ++ 0 M

Aflatoxin 0 0 0 + + 0 0 0 N
Poisonous plants

Castor bean® 0 0 0 0 + 0 + 0 o

Crotalariaf 0 0 0 0 ? 0 + 0 P

Bishop’s weed® 0 + 0 0 + 0 0 0 Q

Algaeh 0 0 0 0 ? 0 0 0 R
Nutritional deficiencies

Vitamin A + 4 0 0 0 0 0 + S

Selenium + 0 0 0 0 + 0 T, U
Parasites

Feather mites 0 + 0 0 0 0 0 0 \Y%

Blood, liver flukes + 0 0 0 + 0 0 0 W, X, Y

Leucocytozoon spp. * 0 0 0 + 0 0 0 Z
Fungi, bacteria

Aspergillus spp. + 0 0 0 + 0 0 0 D

Avian choleral 0 0 0 0 + 0 + + AA

and could represent concurrent infectious
diseases or reparative and regenerative he-
patic processes between bouts of nonlethal
selenosis. Variation in length of residence
at sites with toxic levels of Se in food items
makes it likely that acute, chronic, and re-
parative stages of selenosis will be present
simultaneously in populations of wild
aquatic birds.

Emaciation is a non-specific abnormality
associated with many infectious diseases,
intoxications, neoplasms, and nutritional
deficiencies (for references, see Table 7),
but it is a consistent finding in chronic sel-
enosis of birds and mammals. Birds that
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die of starvation (Jordan, 1953) or defi-
ciency of essential nutrients generally lack
the liver necrosis, enlarged kidneys, coe-
lomic fluids, feather and claw abnormali-
ties, and flaccid heart found in mallards,
coots, and grebes with fatal and non-fatal
selenosis. Plumbism can resemble seleno-
sis grossly; however, presence of dilatation
and impaction of the proventriculus, and
lack of large foci of liver necrosis, enlarged
kidneys, and feather and claw abnormali-
ties in plumbism are key distinguishing
features. Emaciation due to infectious dis-
eases and neoplasms (cachexia) is distin-
guishable from uncomplicated selenosis by
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TABLE 7. Continued.

Characteristics of selenosis in mallards and American coots

Subcu-
Lymphoid En-  taneous
Emaci- Feather Claw  organ Liver larged edema or Flaccid
Disease ation loss loss  atrophy* necrosis kidneys ascitest heart Referencet
M ycobad('rium spp- ++ 0 0 0 + + 0 0 BB
Salmonella spp. + 0 0 0 + + + 0 D
Campylobacter spp.J + 0 0 0 + 0 0 0 CcC, DD
Listeria spp. +* 0 0 0 + 0 * 0 EE
Chlamydiae + 0 0 0 + 0 + 0 FF
Viruses
DVEK 0 0 0 0 + 0 + 0 D
DVH! 0 0 0 0 ++ + 0 0 GG
GVH™ 0 0 0 0 + 0 ++ + HH
Reovirus ? ? 0 + + 0 0 0 11
Poxvirus * * 0 0 * 0 0 0 D

* Primarily thymus and spleen.

b Gelatinous or serofibrinous coelomic and subcutaneous fluids or yellow translucent fluids around some organs.

¢ References: A: This study: B: Heinz and Fitzgerald, 1993a; C: Ohlendorf et al., 1988; D: Wobeser, 1981; E: Pokras and
Chafel, 1992; F: Pass et al., 1975; G: P. Klein, pers. comm., 1994; H: Mitcham and Wobeser, 1988a: I: Mitcham and
Wobeser. 1988b; J: Riddell et al., 1967; K: Leighton, 1991; L: Eisler, 1986a: M: Eisler, 1986b; N: Robinson et al., 1982; O:
Jensen and Allen, 1981; P: Alfonso et al.. 1993; Q: Egyed et al., 1974; R: Short and Edwards, 1990: S: Wobeser and Kost,
1992; T: National Research Council, 1983; U: Van Vleet, 1982; V: Arends, 1991; W: Pence and Rhodes, 1982; X: Wojcinski
et al., 1987: Y: Pence and Childs, 1972; Z: Newberne, 1957; AA: Hunter and Wobeser, 1980; BB: Montali et al., 1978; CC:
Shane, 1991; DD: Kapperud et al., 1983; EE: Gray, 1958; FF: Franson and Pearson, 1995; GG: Woolcott and Fabricant,
1991: HH: Gough, 1991; II: Rosenberger and Olsen. 1991.

d.0: Characteristic not associated with the disease; *: Characteristic occasionally or inconsistently reported: +: Characteristic
mild and commonly associated with the disease; ++: Characteristic marked and consistently found in the disease; ?: Char-
acteristic probably present but inadequately described in the literature.

¢ Ricinus communis.

 Crotalaria retusa and C. spectabilis.

& Bishops's weed, Ammi majus.

h Microcystis aeruginosa.

i Pasteurella multocida, avian cholera.

J Campylobacter spp.. including avian vibrionic hepatitis.

kK DVE, duck viral enteritis, duck plague.

I DVH, duck viral hepatitis, including parvoviruses and astrovirus.

m GVH, goose viral hepatitis. a picornavirus.

the presence of abscesses, large numbers Other intoxications, such as lead, phospho-
of parasites (or their eggs), or neoplastic rus, dioxins, and aflatoxins (Table 7) can
nodules. Most reported viral infections of cause liver necrosis, but the other abnor-
water birds either kill the birds before malities associated with selenosis are not
emaciation occurs, as in the case of duck present.
(herpes-) viral enteritis, or cause emacia- The claw and feather abnormalities of
tion and death only in very young water- selenosis could be unique. Onychoptosis
fowl in captivity, as with duck picornaviral —apparently has not been associated with any
hepatitis and gosling parvoviral hepatitis. spontaneous diseases of wild aquatic birds,
The marked patches of yellowish-tan liv-  although it is reasonable to expect it in
er necrosis in mallards with chronic fatal cases of trauma. Depterylation is uncom-
selenosis resembles few other diseases. mon in wild aquatic birds and likely to be
Most bacterial, viral and protozoan infec- of undetermined cause (Roy et al., 1986).
tions produce swollen livers with abscess- Several viral, mycotic and ectoparasitic in-
es, granulomas, or small foci of necrosis. fections can cause feather loss in birds (Ta-
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ble 7) but not in the patterns observed on
the head and neck of mallards and coots.

Concurrent infectious diseases and sel-
enosis are to be expected in wild birds. In
many infectious diseases, such as myco-
bacteriosis, avian cholera, and aspergillo-
sis, macroscopic abnormalities could over-
whelm the abnormalities of selenosis. In
these situations, careful attention should
be directed to the thymus, spleen, feath-
ers, claws, and weight of kidneys. Ulti-
mately, histological examinations, micro-
bial cultures, and chemical analyses may
be necessary, especially if only a few birds
are examined. Because concurrent metal
and Se intoxications are possible, careful
examinations of the kidneys, liver, feathers,
and claws might be helpful.

Proposed diagnostic criteria
for Se toxicosis

We propose criteria for diagnosis of Se
toxicosis derived from macroscopic abnor-
malities, biochemical changes, and con-
centrations of Se in tissues from this study,
other pen studies on mallards, and two
field studies of American coots and pied-
billed grebes. Additional diagnostic criteria
based on histologic lesions are being pre-
pared (D. E. Green and P. H. Albers, un-
publ.).

Key diagnostic features of fatal chronic
selenosis in aquatic birds are low body
weight or emaciation (25 to 50% below
normal) to include severe atrophy of fat
and breast muscles, severe atrophy or ab-
sence of immune system organs (spleen
and thymus, respectively), liver necrosis
(this study) or an enlarged nodular liver
(Ohlendorf et al., 1988), pale atrophied
pancreas, enlarged kidneys (up to 40%
heavier than normal), and a concentration
of Se in the liver that exceeds 66 ppm dry
weight (Heinz, 1996). The presence of
flaccid heart and extensive coelomic and
subcutaneous fluids (Ohlendorf et al.,
1988; Heinz and Fitzgerald, 1993a) would
be evidence for acute selenosis.

Nonfatal chronic selenosis is character-
ized by low body weight (10 to 15% below
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normal) due mostly to loss of breast mus-
cle mass, poor plumage, delayed molt or
depterylation on the head or neck, ony-
choptosis, a concentration of Se in the liv-
er that exceeds 66 ppm dry weight, re-
duced hatching success or an increased
number of musculoskeletal abnormalities
in embryos, and eggs that have a concen-
tration of Se exceeding 10 ppm dry weight
(Heinz, 1996). Biochemical indicators in-
clude alterations in glutathione metabo-
lism, lipid peroxidation, hepatocellular
protein concentration, plasma protein con-
centration, and plasma aspartate amino-
transferase (Hoffman et al., 1989, 1991a,
b, 1992a, b).

Mallards in our study were presented
with nutritionally-balanced commercial
food containing concentrations of Se that
remained constant throughout a 16-wk pe-
riod, whereas wild aquatic birds ingest
foods of varying nutritional quality that
contain differing concentrations of Se and
other naturally-occurring metals, metal-
loids, and plant phytotoxins (Deason,
1989; James et al., 1983; Short and Ed-
wards, 1990). Interactions between Se and
other elements, especially boron, arsenic,
or mercury, could alter the effects of Se
alone (Ohlendorf, 1989; Hoffman et al.,
1991b; Stanley et al., 1994). Consequently,
we recommend that at least three birds
per species be examined and at least three
of the above listed diagnostic criteria be
present in order to establish a probable di-
agnosis of fatal or nonfatal selenosis.
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