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ABSTRACT: To test the hypothesis that fledging wading birds would be more at risk from mercury
toxicosis than younger nestlings, captive great egret nestlings were maintained as controls or were
dosed from 1- to 14-wk-old with 0.5 or 5 mg methylmercury chloride/kg wet weight in fish. Birds
dosed with 5 mg/kg suffered from subacute toxicosis at wk 10–12. Growing feather concentrations
were the most closely correlated with cumulative mercury consumed per weight. Blood concentrations of mercury increased more rapidly after 9 wk in all groups when feathers stopped growing. Total mercury accumulated in tissues in concentrations in the following order: growing scapular feathers ⬎ powderdown ⬎ mature scapular feathers ⬎ liver ⬎ kidney ⬎ blood ⬎ muscle ⬎
pancreas ⬎ brain ⬎ bile ⬎ fat ⬎ eye. The proportion of total mercury that was methylated
depended upon tissue type and dose group. Selenium accumulated in liver in direct proportion
to liver mercury concentrations. After wk 9, appetite and weight index (weight/bill length) declined significantly in both dosed groups. At current exposure levels in the Everglades (Florida,
USA) mercury deposited in rapidly growing feathers may protect nestlings from adverse effects
on growth until feathers cease growing.
Key words: Appetite, Ardea albus, bioaccumulation, captive, contaminants, feathers, great
egret, growth, methylmercury, tissue accumulation.

INTRODUCTION

Methylmercury contamination of wetland food chains has been suspected to
cause reduced survival and/or reproduction in top carnivores (Fimreite, 1974; Van
der Molen et al., 1982; Barr, 1986; Facemire et al., 1995; Meyer et al., 1998) and
has been suggested as one of the possible
causes for reduced reproduction of longlegged wading birds (Ciconiiformes) in the
Everglades (Florida, USA) in recent decades (Frederick and Spalding, 1994; Spalding et al., 1994; Sundlof et al., 1994). One
mechanism by which methylmercury
might affect reproduction would be to directly alter the development of nestlings.
A few authors have documented reduced
appetite and/or reduced weight gain in
captive juvenile raptors and ducks dosed
with relatively high concentrations of
methylmercury (Borg et al., 1970; Fimreite and Karstad, 1971; Pass et al., 1975;
Bhatnagar et al., 1982) and Hoffman et al.
(1998) found reduced weights in wild div-

ing ducks with higher liver mercury concentrations. Williams (1997) and Sepulveda et al. (1999b) found effects of mercury
on appetite, but not on survival of wild
great egret young that were dosed with
methylmercury in the Everglades. In their
study dosing was confined to the fastest
growth period for the chicks. It seemed
likely that a large proportion of mercury
would be shunted into growing feathers
during that time, where it might be unavailable to other tissues (Furness et al.,
1986). For this reason, we hypothesized
that young chicks with rapidly growing
feathers would be protected from the effects of dietary methylmercury and that
chicks that continued to receive methylmercury after feather growth ceased
would be more likely to exhibit the signs
of methylmercury toxicosis.
In the present study, we raised captive
great egret nestlings from hatching to 14wk-old, well after the time that they would
normally fledge and be independent in the
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wild (9–11 wk, Sepulveda et al., 1999b),
on control diets and diets containing 0.5,
and 5 mg methylmercury/kg food. The
main purpose of this paper is to report the
accumulation of mercury in various tissues
of these birds and the effects of mercury
on growth and appetite. The effects on behavior and foraging skills (Bouton et al.,
1999), tissue and plasma biochemistry (D.
J. Hoffman et al., unpubl. data), and
health and histologic changes (Spalding et
al., 2000) are or will be published elsewhere.
METHODS

On 16 March 1996 we collected first-hatched
great egret nestlings from broods of 23 different nests in Alley North colony (26⬚11.25⬘N,
80⬚31.05⬘W) in Water Conservation Area 3 of
the central Everglades. This colony is located
within an area where high mercury concentrations have been measured in wading birds and
fish (Sundlof et al., 1994; Frederick et al.,
1999). They were taken from nests of three
eggs that had been monitored throughout incubation. Some were collected as pipped eggs,
which took several days to hatch, and others
were as old as 5 days. The range in ages was 7
days. Seven birds were excluded from the experiment due to early mortality. The birds were
transported to the Florida Field Station of the
National Wildlife Research Center (United
States Department of Agriculture, Gainesville,
Florida, USA). Chicks were assigned to group
randomly and 5, 5, and 6 birds were in control,
low dose, and high dose groups respectively.
Initially birds were housed indoors in individual
65 ⫻ 40 cm plastic boxes with artificial stick
nests. All birds were kept in the same heated
room during the first 2 wk of life, and heating
pads were applied to the bottoms of the boxes
for the first wk of life. Boxes were cleaned daily.
At 5 wk, birds were moved to outdoor housing.
The plastic boxes were attached to perches
within each outdoor cage, and removed after
the birds stopped using the boxes for perching
and resting. Cages were 3m ⫻ 3m ⫻ 2m enclosures constructed of chickenwire supported
by PVC plastic tubing. The cages had sand
floors and each contained a water dish, perches, and, during the latter third of the experiment, one shallowly flooded plastic wading
pool. Cages were grouped into blocks of three
with common walls between adjacent cages.
Each block contained one bird from each dose
group, and dose group cage assignment was
random with respect to location within a block.

An electrified fence to keep terrestrial predators away surrounded the entire group of pens.
The outdoor housing units were surrounded by
pine flatwoods forest, and were not subject to
any routine disturbance other than our visits.
All birds received the same diet of thawed
Atlantic silversides (Menidia menidia), with
small but regular (ca. 10% by weight) additions
of capelin (Mallotus villosus). Food was provided in dishes for 0.5 hr four to two times daily,
depending on age, on a modified ad libitum
basis. Uneaten fish were removed and weighed.
Ad libitum feeding for the first wk allowed us
to establish the initial amount to feed each
bird. We offered that amount of food to each
bird until it either ate all food offered for three
consecutive meals, or left any amount of food
uneaten for three consecutive meals. We then
either increased or decreased food by 10 g, respectively. During the trials on hunting behavior, wk 10–14, the birds were also allowed to
forage on live fish (see Bouton et al., 1999).
Methylmercury dosing was based upon total
daily food offered, including the live fish.
Gelatin dosing capsules were made three
times a week from solutions that contained 0,
3, or 30 g reagent grade methylmercury chloride/l in acetone. Each gelatin capsule received 0.17 l solution/g food offered, which
was equivalent to 0, 0.5, or 5.0 mg/kg food offered for that day. In addition to the controls,
we used a low dose of 0.5 mg/kg in fish because
it was similar to what great egret nestlings in
the Everglades currently eat (Frederick et al.,
1999) and a high dose of 5 mg/kg because that
would be expected to produce clinical toxicity.
The acetone was evaporated from the capsules
and they were stored in sealed containers until
time of dosing. Capsules were given to the
birds daily just prior to the evening meal by
manipulating the capsules within the esophagus
to the base of the neck. We never saw birds
regurgitate the capsules and never found any
capsules in the cages. Assignment to methylmercury dose groups was random and blind to
researchers working on the experiment. Only 8
of the original 23 birds were male. Of the birds
included in the study, 1 of 5, 2 of 5, and 2 of
6, were male in the control, low, and high dose
groups respectively.
Birds were dosed every 3 days starting at
about 8 days of age. Dosing then changed to a
daily regime beginning on day 20, and continued until the end of the experiment (wk 14).
The high dose group received 0.5 mg/kg food
until wk 6 due to an error in handling solutions.
This error was confirmed by examining blood,
feather, and fecal data. Birds were captured
weekly for examination, to collect blood and
feather samples, and to perform various tests.
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Twenty-four hour fecal collections were made
during wk 5 and 13, for 1 and 2 birds respectively, from each group. Feces, including embedded fragments of feather sheath, were collected every 8 hr from the individual boxes or
from plastic placed on the ground. The sample
was mixed thoroughly and an aliquot submitted
for total mercury analysis. To determine the
conversion ratio for wet to dry weight, feces
were dried in an oven to constant mass at 58
C. Birds were killed humanely by an overdose
of sodium pentobarbital when they could no
longer stand [birds in the high dose group were
killed at wk 10 (1 individual), 11 (2), and 12
(3)], and all remaining birds were killed at the
end of the experiment (wk 14).
The Department of Environmental Protection Chemistry Laboratory (Tallahassee, Florida) determined total and methylmercury concentrations in tissues of great egrets. Total mercury concentrations were detected by cold vapor atomic absorption spectrophotometry as
described by Sepulveda et al. (1999a). Methylmercury concentrations were determined for
two birds from each group using aqueous phase
ethylation followed by cryogenic gas chromatography with cold vapor atomic fluorescence
detection (Bloom, 1989). Unless specified otherwise, reported values are total mercury or
methylmercury concentrations on a wet weight
basis (ww) for blood and other tissue samples
and on a dry weight basis (dw) for feathers and
feces. Selenium concentrations in liver were
measured using a fluorometric method (Whetter and Ullrey, 1978) and are reported on a dry
weight basis.
We used repeated measures analysis of variance (ANOVA) to test for effects of dose group
on various responses (SAS, 1988). The responses were all tissue concentrations, weight,
weight index (weight divided by bill length),
tarsometatarsus length, bill length, tail length,
length of the most distal primary feather
(emerged portion), primary sheath length (as a
proportion of total primary feather length), daily food consumed (food averaged over the 3
days prior to blood collection), and food/weight
(daily food divided by body weight). We included age as a covariant in these analyses because there was a 7 day difference in age
among individuals. We also included gender as
a covariant, since great egrets are somewhat
sexually dimorphic in body measurements even
during the pre-fledging stage (Palmer, 1962).
Measurements were made either weekly or biweekly, and the effect of wk was included as a
covariant in all models. Significant effect of
group ⫻ wk interactions were interpreted as
evidence of an effect of methylmercury dose.
Probabilities ⬍0.05 were considered significant,
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and probabilities of 0.10–0.05 were considered
marginally significant. A multiple comparisons
test using a probability of ⬍0.01 was used to
determine weeks during which effects differed
from the control group.
RESULTS

Fish used to feed the birds contained an
average (adjusted for proportions of each
species fed) of 0.025 mg/kg of total mercury (0.022 mg/kg in silversides, 0.046 mg/
kg in capelin). Selenium measured in the
fish used to feed the great egrets was 0.87
mg/kg dryweight (dw) for silversides and
1.14 mg/kg dw for capelin. The adjusted
average for the diet was 0.90 mg/kg dw
selenium. Selenium accumulated in liver
in direct proportion to mercury (n ⫽ 20,
P ⬍ 0.001, r2 ⫽ 0.93) (Fig. 1).
The proportion of total mercury that
was methylmercury varied depending on
the tissue and on the dose group. In some
cases the methylmercury measurement exceeded the measurement of total mercury
(⬎100%). In livers the mean proportion of
methylated mercury increased with dose
group ranging from 56% (range ⫽ 51 to
59%) in the control group, to 61% (55 to
67%) in the low dose group to 73% (69 to
80%) in the high dose group. The proportion of mercury that was in the methyl
form in the kidneys was similar, mean ⫽
58% (range ⫽ 43 to 69%) in the control
group, 61% (49 to 70%) in the low dose
group, and 90% (74 to 145%) in the high
dose group. Virtually all of the mercury in
feathers from two birds in each of the
dosed groups was methylmercury; mean ⫽
120% (range ⫽ 93 to 150%).
Between 11 and 15% of the mercury administered to low dose birds was recovered in feces during a 24 hr period. Although lower concentrations of mercury
were recovered in the feces of control
birds, the percent excreted was much
higher. Large quantities of shed feather
sheath fragments contaminated the feces,
especially at 5 wk, and probably account
for these higher than expected percentages in the control birds. The percent excretion rate for the low dose birds is also
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FIGURE 1. Liver selenium (mg/kg dry weight) and total mercury concentrations (mg/kg wet weight)
graphed on a log scale for great egrets dosed with methylmercury. M ⫽ male, F ⫽ female.

undoubtedly artificially increased by this
same phenomenon.
We found that mercury concentrations
in growing scapular feathers and powderdown were similar. Because growing scapular feathers could not always be found,
especially later in the study, the data for
these feather categories were combined
and are referred to as ‘‘growing feather’’.
Mercury concentrations in blood and
growing feathers increased significantly
with time over the course of the experiment for all three groups (Fig. 2). In the
control group, where background concentrations in the embryo were probably higher than in the food offered, there was an
initial decline in blood and feather mercury concentrations.
Concentrations of mercury in various tissues collected at death are listed in Table
1. All tissue concentrations, including those
collected repeatedly during the experiment,

increased significantly with the amount of
mercury administered (CumHg/Weight,
ANOVA, P ⬍ 0.05). Except for bile and fat,
all tissues were also significantly correlated
with each other (Pearson correlation coefficient, P ⬍ 0.05). Generally, mercury concentrated in tissues in the following decreasing order: growing scapular feathers ⬎
powderdown ⬎ mature scapular feathers ⬎
liver ⬎ kidney ⬎ blood ⬎ muscle ⬎ pancreas ⬎ brain ⬎ bile ⬎ fat ⬎ eye.
We compared mercury concentrations
in those tissues that could be sampled repeatedly (blood, mature scapulars, and
growing feathers), with several measures
of mercury intake to obtain a better understanding of the dynamics of accumulation. These included cumulative methylmercury consumed, cumulative methylmercury consumed divided by weight of
the bird (CumHg/Weight), daily methylmercury consumed, and daily methylmer-
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FIGURE 2. Blood and growing feather total mercury concentrations for great egrets dosed with methylmercury at control, 0.5, and 5 mg/kg graphed on a
log scale during the course of experiment. Dosing
with the high dose began at week 6.

cury consumed divided by weight of the
bird. CumHg/Weight was the best predictor of tissue concentration, and growing
feather was the best predictor of CumHg/
Weight. For all groups, blood concentra-
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tions lagged below the regression line early
in the experiment, and then rose above it
at about 9 wk when feathers ceased to
grow (Fig. 3).
The greatest 3-day-average daily food
consumed per body weight (Food/Weight)
ranged between 6 and 27% of body
weight, and peaked during the third wk for
all groups (Fig. 4). Methylmercury chloride consumed (mg/kg body weight) varied
with amount of food consumed and
ranged from a high of 0.135 mg/kg/day
during wk 3 to a low of 0.048 mg/kg/day
during wk 13. We found a significant effect
of dose group on Food/Weight (ANOVA,
P ⫽ 0.007). Food intake differed significantly between the control and low dose
birds during wk 11 and between the control and high dose birds during wk 10–11.
Note that only two birds remained in the
high dose group during wk 12.
We found a significant effect of gender
on weight (ANOVA, P ⫽ 0.007). Weight
index (weight/bill length) differed significantly between groups (ANOVA, P ⫽
0.008), being lower in the low dose group
during wk 11–14, and in the high dose
group during wk 10–11 (Fig. 5). Bill
length, tarsometatarsus length, primary
length, primary sheath, tail length, and tail
sheath did not differ significantly between
the groups.

TABLE 1. Mean total mercury concentrations in tissues of control, low-dosed, and high-dosed great egrets
at death. The mean total methylmercury chloride administered was 0.35, 8.0, and 45 mg/kg for the control,
low-dose, and high-dose groups respectively.
Mean ⫾ standard error
Tissue

Growing feather
Mature scapular feather
Liver
Kidney
Blood
Pancreas
Muscle
Brain
Bile
Eye
Fat

Control

2.0
6.6
0.42
0.33
0.25
0.20
0.17
0.21
0.45
0.031
0.027

⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾

0.16
5.6
0.057
0.0080
0.0093
0.0071
0.012
0.014
0.39
0.0063
0.0021

Low-dose

110
40
15
8.4
12
5.4
18
3.4
3.5
0.43
0.25

⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾

14
3.2
1.5
1.3
1.2
1.3
11
0.25
1.7
0.096
0.022
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High-dose

810
150
140
120
93
52
45
35
14
4.8
3.6

⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾

46
15
6.0
7.6
3.7
1.5
3.3
1.5
5.0
0.20
1.5
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FIGURE 3. Tissue concentrations of total mercury plotted against cumulative mercury ingested/body
weight (mg/kg) graphed on a log scale for great egret chicks dosed with methylmercury. Growing feather
concentration ⫽ 8.0599x1.1456, blood concentration ⫽ 1.0188x0.9494, liver concentration ⫽ 1.5798x1.1602, and
brain concentration ⫽ 0.9754x1.0136, were x ⫽ CumHg/Weight in mg/kg.
DISCUSSION

Methylmercury is generally well absorbed by the intestinal tract (Lewis and
Furness, 1991), and although we were not
able to accurately measure the proportion
of methylmercury assimilated in this study
due to contamination of feces by feather
sheaths, our data generally agree. Based
upon estimated food intake for wild nestlings (Frederick et al., 1999) tissue concentrations in our study were similar to
those of naturally exposed great egrets in
Florida (Sepulveda et al., 1999a).
In our study, although we administered
methylmercury chloride, the bulk of the
tissue analysis was for total mercury. Several authors have reported that most of the
mercury in fish is methylated, and this is
true for the Everglades ecosystem (Gard-

ner et al., 1978; Bloom, 1992; Frederick et
al., 1999). Essentially all of the mercury in
the egret feathers was methylated, concurring with the findings of Thompson and
Furness (1989) for seabirds. Only a proportion of mercury that was in liver and
kidney was methylated, and that proportion increased with dosing level. This observation supports the hypothesis that
birds are capable of demethylating mercury (Thompson and Furness, 1989). It
appears that this process is more efficient
at lower mercury concentrations than at
higher mercury concentrations, or that
there are limitations to the demethylation
process, such as might occur with cell
damage or inadequate materials for detoxification (possibly selenium). Thompson et
al. (1991) reported that all mercury in the
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FIGURE 4. Three-day average daily food consumed per weight for great egrets dosed as control, 0.5, and
5 mg/kg methylmercury in their diet. ∗ ⫽ values that differ significantly from controls (P ⬍ 0.01). Only two
birds remained in the high dose group by wk 12.

muscles of great skuas (Catharacta skua)
was methylated, whereas, approximately
half that in liver and kidney was. Gardner
et al. (1978) found that 40% and 20% of
mercury in livers of snowy egrets (Egretta
thula) and tricolored herons (Egretta tricolor) respectively, was methylated. Contrary to our findings, several authors have
reported an inverse relationship between
the total mercury concentration and the
proportion that is methylated in liver and
kidney (Norheim and Froslie, 1978 in raptors; Thompson and Furness, 1989 in seabirds; Kim et al., 1996 in seabirds).
Mercury was not distributed uniformly
among tissues and our findings generally
are similar to other studies of fish-eating
birds. (Hesse et al., 1975; Osborn et al.,
1979; Nicholson, 1981; Frank et al., 1983;
Honda et al., 1985, 1986; Furness et al.,
1986; Thompson et al., 1991; Lewis and
Furness, 1991; Lock et al., 1992; Elbert
and Anderson, 1998; Evers et al., 1998;

Wolfe and Norman, 1998). The tight correlations we observed between tissue concentrations and dose and among tissue
types were undoubtedly due to the very
controlled nature of this study and would
not necessarily apply directly to field situations where dosing would be irregular in
duration, magnitude, and chemical form.
In a number of experimental dosing studies in captive seabirds, mercury concentrations were higher in kidney than in liver,
whereas the opposite was found in wild
seabirds (summarized by Lewis and Furness, 1991). We have not observed this in
herons and egrets in Florida (M. E. Spalding and M. S. Sepulveda, unpubl. data).
In grebes, Elbert and Anderson (1998)
found correlations between kidney, muscle
and brain concentrations, but not liver,
contrary to our findings.
A positive correlation between mercury
and selenium in liver has been reported
for other piscivorous species (Van der Mo-
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FIGURE 5. Weight index (weight/bill length) for great egrets dosed as control, 0.5, and 5 mg/kg methylmercury in their diet. ∗ ⫽ values that differ significantly from controls (P ⬍ 0.01). Only two birds remained
in the high dose group by wk 12.

len, et al., 1982; Sepulveda et al., 1998;
Scheuhammer et al., 1998b), and it has
been hypothesized that selenium plays an
important role in the reduction of the toxic
effects of methylmercury (Change et al.,
1977; Cuvin-Aralar and Furness, 1991;
Hoffman and Heinz, 1998; Heinz and
Hoffman, 1998; Scheuhammer et al.,
1998b). When methylmercury was fed to
adult mallards (Anas platyrhynchos), selenium accumulated in liver at a greater
rate than in controls, and accumulated at
three times the rate in laying females, and
19 times the rate in males (Heinz and
Hoffman, 1998). We did not observe any
difference in selenium concentrations due
to gender in our study of young birds (Fig.
1). Liver selenium concentrations in the
high dose group exceeded the 66 ppm dry
weight suggested for selenium toxicosis by
Heinz (1996) however we did not observe
all of the criteria for selenium toxicosis listed by Albers et al. (1996). We could not
rule out the possibility that some of our

experimental results were due to the effects of selenium directly, or possibly in
concert with the methylmercury.
As reported previously for great egrets
and for other fish-eating birds, feather and
blood concentrations were highly correlated with each other, and mercury concentrated in feathers at a greater rate than in
blood (Gochfield, 1980; Evers et al., 1998;
Scheuhammer et al., 1998a; Sepulveda et
al., 1999a). Overall, we found concentrations in growing feathers to be roughly
eight times those in blood, but this relationship varied with age. We found that
growing feathers were excellent predictors
of other tissue concentrations and of the
cumulative mercury consumed. Blood
mercury concentrations, on the other
hand, varied relative to the molt status. It
seems likely that molt in adult birds would
also act to decrease mercury concentrations in blood and other storage organs.
Our finding of increasing feather mercury concentration with age supports the
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reports of Furness et al. (1986) and Braune and Gaskin (1987) that feather mercury
reflects the cumulative amount of mercury
stored in body tissues rather than the dietary intake at the time that the feather
grew. Mature feathers collected near the
end of the experiment had lower mercury
concentrations than growing feathers collected at the same time. This is probably
because mature feathers ceased to grow at
about 9 wk, whereas growing feathers
were exposed to the higher blood and other tissue concentrations near the end of
the experiment. Although Lewis and Furness (1991) found higher concentrations in
primary feathers grown first in gull chicks,
all dosing in their experiment occurred
prior to the initiation of feather growth.
Therefore, the timing of feather growth in
relation to mercury exposure and maturity
of feather are important factors when
comparing birds or locations, or simply
evaluating the exposure history of a single
bird of interest. The combination of a mature feather, a growing feather, a blood
sample, and knowledge of the molt stage
may provide the most comprehensive information about contamination history for
a bird.
Even though chicks were ingesting food
(and methylmercury, 0.135 mg/kg/day) at
the highest rate relative to body size during wk 3, the effects of mercury on appetite and growth were not apparent until
much later. In all three groups mercury
began to accumulate in blood in higher
concentrations relative to dosing after wk
9. This corresponded with the time that
feathers stopped growing (wk 9–11 for primary feathers, and wk 9 for tail feathers)
and was just before the time that birds also
began to show obvious deficits in appetite
and growth.
Although appetite declined in both
dosed groups, we could find no good explanation for why it occurred after consumption of 6.4 mg/kg in the low dose
group, and but not until 44.5 mg/kg had
been consumed in the high dose group
(Spalding et al., 2000, Table 1). In wild
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dosed great egrets (1.8 mg Hg/kg in fish)
declines in appetite were detected when
feather concentrations were 49 mg/kg
(⫽4.8 CumHg/body weight using regression in Fig. 3, see Williams, 1997). These
findings support the hypothesis that wild
nestlings might be more sensitive to methylmercury than captive nestlings because
of uncontrolled factors that might interact
to affect appetite.
The weight loss that occurred in both
dose groups was a logical consequence of
the methylmercury-induced reduction in
appetite. The magnitude of weight loss
was small and all birds had abundant body
fat at the end of the experiment. The lack
of food stress in these captive birds may
have masked some of the effects that
methylmercury contamination would have
caused had the birds been hunting on
their own. Williams (1997) could find no
evidence of weight declines or changes in
skeletal measurements in wild great egret
nestlings dosed in the field.
It appears that growing feathers, and
possibly other storage organs, provide a
sink for mercury during the nestling period that protects chicks from mercury poisoning. When feathers ceased to grow and
this sink was no longer available, mercury
increased more rapidly in blood. Our findings support the conclusion that there is a
period of higher risk of chronic mercury
toxicity for young birds when feathers stop
growing. This period of elevated risk usually would occur as feathers are finishing
their growth which coincides with the time
that young birds also encounter the multiple risk factors of having to forage on
their own, leave the natal colony, and become exposed to novel predation and disease factors.
We conclude that methylmercury affected appetite and growth of great egrets,
even at the 0.5 mg/kg dose rate, a dose
similar to current exposure in the Everglades (Frederick et al., 1999). We caution
against using these data to designate a lowest observable adverse affect level
(LOAEL) for two reasons. Selenium avail-
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ability was high in our experiment, and we
suspect that in a system where it is less
available poisoning might occur earlier. In
wild birds with lower nutritional reserves,
a reduction of appetite could more quickly
result in loss of weight and body condition
given the rigors of competition between
siblings for limited food resources (Mock
et al., 1987), learning to forage, and other
stressors. Since the consequences of poor
body condition can initiate a downward
trend in health due to poorer foraging success, compromised immune system (Grasman and Scanlon, 1995) and increased disease susceptibility, we suggest that the effects of mercury on body condition will
lead to higher mortality rates for juveniles
in the wild.
ACKNOWLEDGMENTS

The Florida Department of Environmental
Protection (DEP) and the U.S. Fish and Wildlife Service funded this study. T. Atkenson, J.
Arrecis and staff of the DEP laboratory provided technical support and performed the mercury analysis. N. Wilkinson performed analysis
of selenium in livers. We thank M. Avery and
his staff for providing housing for birds and F.
Burnett for statistical assistance E. Dusenbery,
T. Fitzpatrick, K. Roca, D. Hoffman, C. Allen,
D. Forrester, D. Axelrad, R. Koppleman, S.
Schaack, R. Bireline, M. Sepulveda, and T.
Cames assisted with various parts of this study.
This is Journal Series R 07220 of the Florida
Agricultural Experiment Station.
LITERATURE CITED
ALBERS, P. H., D. E. GREEN, AND C. J. SANDERSON.
1996. Diagnostic criteria for selenium toxicosis in
aquatic birds: dietary exposure, tissue concentrations, and macroscopic effects. Journal of Wildlife Diseases 32: 468–485.
BARR, J. F. 1986. Population dynamics of the common loon (Gavia immer) associated with mercury-contaminated waters in northwestern Ontario. Canadian Wildlife Service, Guelph, Ontario, Canada, Occasional Paper No. 56, 23 pp.
BHATNAGER, M. K., O. E. VRABLIC, AND S. YAMASHIRO. 1982. Ultrastructural alterations of the liver of Pekin ducks fed methyl mercury-containing
diets. Journal of Toxicology and Environmental
Health 10: 981–1003.
BLOOM, N. S. 1989. Determination of picogram levels of methl mercury by aqueous phase ethylation, followed by cryogenic gas chromatography

with cold vapour atomic fluorescence detection.
Canadian Journal of Fisheries Aquatic Science
46: 1131–40.
. 1992. On the chemical form of mercury in
edible fish and marine invertebrate tissue. Canadian Journal of Fisheries Aquatic Science 49:
1010–1017.
BORG, K., K. ERNE, E. HANKO, AND H. WANNTORP.
1970. Experimental secondary methyl mercury
poisoning in the goshawk (Accipiter g. gentilis
L.). Environmental Pollution 1: 91–104.
BOUTON, S. N., P. C. FREDERICK, M. G. SPALDING,
AND H. MCGILL. 1999. Effects of chronic, low
concentrations of dietary methylmercury on the
behavior of juvenile great egrets. Environmental
Toxicology and Chemistry 18: 1934–1939.
BRAUNE, B. M., AND P. E. GASKIN. 1987. A mercury
budget for the Bonaparte’s gull during autumn
moult. Ornis Scandinavica 18: 244–250.
CHANG, L. W., A. W. DUDLEY, JR., M. A. DUDLEY,
H. E. GANTHER, AND M. L. SUNDE. 1977. Modification of the neurotoxic effects of methylmercury by selenium. In Neurotoxicology, L. Roizen,
H. Shiraki, and N. Grcevic (eds.). Raven Press,
New York, New York, pp. 275–282.
CUVIN-ARALAR, M. L., AND R. W. FURNESS. 1991.
Mercury and selenium interaction: A review
Ecotoxicology and Environmental Safety 21:
348–364.
ELBERT, R. A., AND D. W. ANDERSON. 1998. Mercury levels, reproduction, and hematology in
western grebes from three California lakes,
U.S.A. Environmental Toxicology and Chemistry
17: 210–213.
EVERS, D. C., J. D. KAPLAN, M. W. MEYER, P. S.
REAMAN, W. E. BRASELTON, A. MAJOR, N. BURGESS, AND A. M. SCHEUHAMMER. 1998. Geographic trend in mercury measured in common
loon feathers and blood. Environmental Toxicology and Chemistry 17: 173–183.
FACEMIRE, C. F., T. S. GROSS, AND L. J. GUILLETTE,
JR. 1995. Reproductive impairment in the Florida panther: Nature or nurture? Environmental
Health Perspectives 103: 79–86.
FIMREITE, N. 1974. Mercury contamination of aquatic birds in northwestern Ontario. The Journal of
Wildlife Management 38: 120–131.
, AND L. KARSTAD. 1971. Effects of dietary
methyl mercury on red-tailed hawks. The Journal
of Wildlife Management 35: 293–330.
FRANK, R., H. LUMSDEN, J. F. BARR, AND H. E.
BRAUN. 1983. Residues of organochlorine insecticides, industrial chemicals and mercury in eggs
and tissues taken from healthy and emaciated
common loons, Ontario, Canada, 1968–1980. Archives of Environmental Contamination and Toxicology 12: 641–654.
FREDERICK, P. C., AND M. G. SPALDING. 1994. Factors affecting reproductive success by wading
birds (Ciconiiformes) in the Everglades ecosys-

Downloaded From: https://complete.bioone.org/journals/Journal-of-Wildlife-Diseases on 20 Jan 2022
Terms of Use: https://complete.bioone.org/terms-of-use

SPALDING ET AL.—METHYLMERCURY ACCUMULATION AND EFFECTS ON GROWTH OF EGRETS

tem. In The Everglades: The ecosystem and its
restoration, S. M. Davis, and J. C. Ogden (eds.).
St. Lucie Press, Delray Beach, Florida, pp. 659–
691.
,
, M. S. SEPULVEDA, G. E. WILLIAMS,
L. NICO, AND R. ROBINS. 1999. Exposure of
great egret (Ardea albus) nestlings to mercury
through diet in the Everglades ecosystem. Environmental Contamination and Toxicology 18:
1940–1947.
FURNESS, R. W., S. J. MUIRHEAD, AND M. WOODBURN. 1986. Using bird feathers to measure mercury in the environment: Relationships between
mercury content and moult. Marine Pollution
Bulletin 17: 27–30.
GARDNER, W. S., D. R. KENDALL, R. R. ODOM, H.
L. WINDOM, AND J. A. STEPHENS. 1978. The distribution of methyl mercury in a contaminated
salt marsh ecosystem. Environmental Pollution
15: 243–251.
GOCHFELD, M. 1980. Tissue distribution of mercury
in normal and abnormal young common terns.
Canadian Journal of Animal Sciences 11: 362–
367.
GRASMAN, K. A., AND P. F. SCANLON. 1995. Effects
of acute lead ingestion and diet on antibody and
T-cell mediated immunity in Japanese quail. Archives of Environmental Contamination and Toxicology 28: 161–167.
HEINZ, G. H. 1996. Selenium in birds. In Environmental contaminants in wildlife. Interpreting tissue concentrations, W. N. Beyer, G. H. Heinz,
and A. W. Redmond-Norwood (eds.). Society of
Environmental Toxicology and Chemistry Special
Publication. CRC Press, Inc., Boca Raton, Florida pp. 447–458.
, AND D. J. HOFFMAN. 1998. Methylmercury
chloride and selenomethionine interactions on
health and reproduction in mallards. Environmental Toxicology and Chemistry 17: 139–145.
HESSE, L. W., R. L. BROWN, AND J. F. HEISINGER.
1975. Mercury contamination of birds from a
polluted watershed. The Journal of Wildlife
Management 39: 299–304.
HOFFMAN, D. J. AND G. H. HEINZ. 1998. Effects of
mercury and selenium on glutathione metabolism and oxidative stress in mallard ducks. Environmental Toxicology and Chemistry 17: 161–
166.
, H. M. OHLENDORF, C. M. MARN, AND G.
W. PENDLETON. 1998. Association of mercury
and selenium with altered metabolism and oxidative stress in diving ducks from the San Francisco Bay region, USA. Environmental Toxicology and Chemistry 17: 167–172.
HONDA, K., Y. M. BYUNG, AND R. TATSUKAWA. 1986.
Distribution of heavy metals and their age-related changes in the eastern great white egret,
Egretta alba modesta, in Korea. Archives of En-

421

vironmental Contamination Toxicology 15: 185–
197.
, Y. MIN, AND R. TATSUKAWA. 1985. Heavy
metal distribution in organs and tissues of the
eastern great white egret Egretta alba modesta.
Bulletin of Environmental Contamination and
Toxicology 35: 781–789.
KIM, E. Y., T. MURAKIMA, K. SAEKI, AND R. TATSUKAWA. 1996. Mercury levels and its chemical
form in tissues and organs of seabirds. Archives
of Environmental Contamination and Toxicology
30: 259–266.
LEWIS, S. A., AND R. W. FURNESS. 1991. Mercury
accumulation and excretion in laboratory reared
black-headed gull (Larus ridibundus) chicks. Archives of Environmental Contamination and Toxicology 21: 316–320.
LOCK, J. W., D. R. THOMPSON, R. W. FURNESS, AND
J. A. BARTLE. 1992. Metal concentrations in seabirds of the New Zealand region. Environmental
Pollution 75: 289–300.
MEYER, M. W., D. C. EVERS, J. J. HARTIGAN, AND P.
S. RASMUSSEN. 1998. Patterns of common loon
(Gavia immer) mercury exposure, reproduction,
and survival in Wisconsin, U.S.A. Environmental
Toxicology and Chemistry 17: 184–190.
MOCK, D. W., T. C. LAMEY, AND B. J. PLOGER. 1987.
Proximate and ultimate roles of food amount in
regulating egret sibling aggression. Ecology 68:
1760–1772.
NICHOLSON, J. K. 1981. The comparative distribution
of zinc, cadmium, and mercury in selected tissues of the herring gull (Larus argentatus). Comparative Biochemistry and Physiology 68C: 91–
94.
NORHEIM, G., AND A. FROSLIE. 1978. The degree of
methylation and organ distribution of mercury in
some birds of prey in Norway. ACTA Pharmacologica et Toxicologica 54: 196–204.
OSBORN, D., M. P. HARRIS, AND J. K. NICHOLSON.
1979. Comparative tissue distribution of mercury, cadmium and zinc in three species of pelagic
seabirds. Comparative Biochemistry and Physiology 64C: 61–67.
PALMER, R. S., (ED.). 1962. Handbook of North
American birds. Vol. 1. Loons through Flamingos. Yale University Press, New Haven, Conneticut, 567 pp.
PASS, D. A., P. B. LITTLE, AND L. H. KARSTAD. 1975.
The pathology of subacute and chronic methylmercury poisoning of mallard ducks (Anas platyrhynchos). Journal of Comparative Pathology
85: 7–21.
SAS INSTITUTE INC. 1988. SAS/STAT娂 User’s Guide,
Release 6.04 Ed. SAS Institute Inc., Cary, North
Carolina. 1028 pp.
SCHEUHAMMER, A. M., C. M. ATCHISON, A. H. K.
WONG, AND D. C. EVERS. 1998a. Mercury exposure in breeding common loons (Gavia im-

Downloaded From: https://complete.bioone.org/journals/Journal-of-Wildlife-Diseases on 20 Jan 2022
Terms of Use: https://complete.bioone.org/terms-of-use

422

JOURNAL OF WILDLIFE DISEASES, VOL. 36, NO. 3, JULY 2000

mer) in central Ontario, Canada. Environmental
Toxicology and Chemistry 17: 191–196.
, A. H. K. WONG, AND D. BOND. 1998b. Mercury and selenium accumulation in common
loons (Gavia immer) and common mergansers
(Mergus merganser) from eastern Canada. Environmental Toxicology and Chemistry 17: 197–
201.
SEPULVEDA, M. S., P. C. FREDERICK, M. G. SPALDING, AND G. E. WILLIAMS, JR. 1999a. Mercury
contamination in free-ranging great egret (Ardea
albus) nestlings from southern Florida. Environmental Contamination and Toxicology 18: 985–
992.
, R. H. POPPENGA, J. J. ARRECIS, AND L. B.
QUINN. 1998. Mercury and selenium concentrations in tissues from double-crested cormorants
(Phalacrocorax auritus) from southern Florida.
Colonial Waterbirds 21: 35–42.
, G. E. WILLIAMS, JR., P. C. FREDERICK, AND
M. G. SPALDING. 1999b. Effects of mercury on
health and first-year survival of free-ranging
great egrets (Ardea albus) from southern Florida.
Archives of Environmental Contamination and
Toxicology 37: 369–376.
SPALDING, M. G., R. D. BJORK, G. V. N. POWELL,
AND S. F. SUNDLOF. 1994. Mercury and cause of
death in great white herons. The Journal of Wildlife Management 58: 735–739.
, P. C. FREDERICK, H. C. MCGILL, S. N. BOUTON, I. SCHUMACHER, C. G. M. BLACKMORE, L.
RICHEY, AND J. HARRISON. 2000. Histologic,
neurologic, and immunologic effects of methylmercury in captive great egrets. Journal of Wildlife Disease 36: 423–435.

SUNDLOF, S. F., M. G. SPALDING, J. D. WENTWORTH,
AND C. K. STEIBLE. 1994. Mercury in livers of
wading birds (Ciconiiformes) in southern Florida. Archives of Environmental Contamination
and Toxicology 27: 299–305.
THOMPSON, D. R., AND D. W. FURNESS. 1989. The
chemical form of mercury stored in South Atlantic seabirds. Environmental Pollution 60: 305–
317.
, K. C. HAMER, AND R. W. FURNESS. 1991.
Mercury accumulation in great skuas Catharacta
skua of known age and sex, and its effects upon
breeding and survival. Journal of Applied Ecology 28: 672–684.
VAN DER MOLEN, E. J., A. A. BLOK, AND G. J.
DEGRAAF. 1982. Winter starvation and mercury
intoxication in grey herons (Ardea cinerea) in the
Netherlands. Ardea 70: 173–184.
WHETTER, P. A., AND D. E. ULLREY. 1978. Improved
flurometric method for determining selenium.
Journal of the Association of Official Analytical
Chemists 61: 927–930.
WILLIAMS, G. E., JR. 1997. The effects of methylmercury on the growth and food consumption of
great egret nestlings in the central Everglades.
Masters Thesis, University of Florida, Gainesville, Florida, 105 pp.
WOLFE, M., AND D. NORMAN. 1998. Effects of waterborne mercury on terrestrial wildlife at Clear
Lake: Evaluation and testing of a predictive model. Environmental. Toxicology and Chemistry 17:
214–227.
Received for publication 30 March 1999.

Downloaded From: https://complete.bioone.org/journals/Journal-of-Wildlife-Diseases on 20 Jan 2022
Terms of Use: https://complete.bioone.org/terms-of-use

