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Abstract Although methylated mercury (MeHg) is

known to have neurological, immunological, reproductive,

and endocrine effects on vertebrates at low environmental

exposure levels, effects on survival of exposed birds have

not been demonstrated in the wild. Here, we report on

survival of the same group of White Ibises (Eudocimus

albus) during exposure to 4 levels of dietary MeHg in

captivity and later as depurated free-ranging animals. Ibises

were chronically exposed in captivity to dietary MeHg in

groups at 0 (control), 0.05 (Low), 0.1 (Medium) and 0.3

(High) ppm MeHg ww for 43 months. No differences in

annualized survival among captive MeHg groups were seen

within age classes. Survival of all ages taken together was

significantly lower for Control birds than for Low or

Medium dosed birds, but was not different from High

dosed birds. While this might be evidence of a hormetic

effect, none of the captive results support the prediction

that MeHg impairs survival. Using a mark-recapture

analysis we found no effects of dose group or of Hg

exposure on survival or resight probabilities during the first

99 days post-release to the wild. The latter results suggest

that there is no lasting, post-depuration effect of even high

MeHg exposure (0.3 ppm ww dietary) on survival. While

these results agree with a variety of studies of survival of

free-ranging birds, we suggest many survival studies have

been confounded by seasonal depuration through molt, and

variation in exposure rates. We suggest future studies

concentrate on evaluating survival effects during nonmol-

ting periods in species for which methylmercury exposure

is relatively constant.
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Introduction

Exposure to mercury in its methylated form (CH3Hg,

hereafter MeHg) is known to have a number of detrimental

effects on vertebrates, including decreased motor control,

neurological degeneration, endocrine disruption, impaired

immunity, and behavioral and developmental abnormalities

(Scheuhammer 1987; Fitzgerald and Clarkson 1991; Wolfe

et al. 1996; Evers et al. 2008; Tan et al. 2009; Crump and

Trudeau 2009) and ultimately, adverse reproductive

impacts (Burgess and Meyer 2008; Evers et al. 2008;

Frederick and Jayasena 2010). Carnivorous birds are gen-

erally at high risk of exposure because of their high

metabolism and trophic position, and carnivorous birds in

aquatic environments may be at further risk because of

high bioaccumulative potential of aquatic (Evers et al.

2005) and terrestrial (Cristol et al. 2008) foodwebs.

Although detrimental effects of MeHg exposure in birds

have typically been studied separately on different physi-

ological endpoints, there is clearly the potential for a

cumulative effect of MeHg on survival of individuals,

particularly in the context of the multiple physiological and

life history challenges typical of the wild (Wingfield 2004).
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Relatively few studies have examined effects of MeHg on

survival in natural environments in part because survival is

difficult to monitor and controlled dosing difficult to

achieve in a natural setting. Tissue concentrations in fish-

eating birds have been related to both susceptibility to

disease (Spalding et al. 1994) and survival during adverse

weather (Van der Molen et al. 1982), and a relationship

has been demonstrated between exposure and decreasing

immunocompetence (Hawley et al. 2009). Interannual

return rates of adult Great Skuas (Catharacta skua) showed

no relationship with methylmercury exposure at mean adult

feather mercury values of 7.0 ug/g dw (Thompson et al.

1991). Survival rates of Forsters Terns (Sterna forsteri)

during the 35-days following fledging were not related to

blood THg levels, and young found dead did not have

higher THg in feathers than live chicks (Ackerman et al.

2008a). Similarly, only weak evidence of Hg exposure was

found on survival of fledgling American Avocets (Recur-

virostra americana) and Black-necked Stilts (Himantopus

mexicanus, Ackerman et al. 2008b). No effects of mercury

exposure were found on survival of Common Loons (Gavia

immer, Meyer et al. 1998; Mitro et al. 2008) despite the

ability to detect annual survival differences of 3%. Simi-

larly, despite high exposure levels, only a 1% difference

was found in overwinter survival rates of exposed and

unexposed female Tree Swallows (Tachycineta bicolor

Hallinger et al. 2010). However, survival is an integrative

endpoint influenced by numerous factors, and many of the

studies to date have been hampered by an inability to

include true controls for mercury exposure, and to control

for variable survival challenges across exposure classes.

Mercury and especially MeHg can act directly on

developmental processes (Heinz and Locke 1976; Fitz-

gerald and Clarkson 1991; Ottinger et al. 2008), and so

may cause impairment that lasts well beyond the period of

exposure. In contrast, studies of animals exposed only as

adults also shows a number of strong physiological and

behavioral effects (Heinz 1979; Wolfe et al. 1996), indi-

cating that some effects of contamination may be depen-

dent upon current circulating concentrations in the

bloodstream. Both exposure and depuration in birds can

vary hugely with location and season (Spalding et al. 2000;

Ackerman et al. 2008b), and effects of current and past

exposure are probably being mixed in measurements of

many of the avian survival studies. There has been little

work aimed at separating the mix of effects that derive

from prior and current exposure. The resolution of this

question has practical value, since it is unclear whether

mitigative actions like depuration can resolve impairment

of animals that results from prior exposure.

Here, we report on survival of captive White Ibises

(Eudocimus albus) while they were being exposed chron-

ically to known MeHg doses from 90 days to 3 years of age

in captivity. Any effects of MeHg during this time could be

attributed to some combination of effects due to exposure

during the developmental period, as well as continuing

exposure. We also followed the fates of these birds after

they were released to the wild at the end of the captive

study period. At the time of release, ibises had been

depurated for 2 months. This part of the study asked

whether prior chronic exposure alone could result in lasting

effects that impact the survival of individuals.

Methods

The White Ibis is a wetland bird that typically feeds on

crustaceans and small fishes in shallow fresh and estuarine

marshes (Heath et al. 2009). White Ibises achieve sexual

maturity in their second spring (18–24 months) and breed

annually thereafter. In the wild, ibises may be exposed to

MeHg contamination (Frederick et al. 2004) to the extent

that both endocrine function and reproductive effort are

affected (Heath and Frederick 2005; Jayasena 2010;

Frederick and Jayasena 2010).

White Ibises were collected from wild breeding colonies

in Florida as nestlings in April and May of 2005, and raised

in a free-flight aviary to an age of 40 months on ad libitum

diets containing 0, 0.05, 0.1 and 0.3 ppm MeHg ww

(Jayasena 2010). These food concentrations span the range

of MeHg concentrations in prey items that ibises might

encounter in the Everglades (Loftus 2000). The food ration

was a custom blended pelletized diet (Mazuri Flamingo,

modified), whose primary constituents were fishmeal,

alfalfa, corn gluten meal, rice flour, brewers dried yeast,

shrimp meal, ground soft wheat, and fish oil, resulting in a

diet containing 28% protein, 9% fat.

MeHg was introduced into pelletized food by spraying

MeHg (Ch3HgCl, 99.9%, Alfa Aesar, Ward Hill, MA)

dissolved in a corn oil vehicle onto a mass of pellets

rotating in a small cement mixer. Concentrations of CH3Hg

in corn oil were derived empirically, adjusting for Hg

content, and resulting concentrations in food was checked

via direct measurement of THg in pelletized food samples.

Control doses contained the corn oil vehicle only.

Researchers mixing the feed, feeding birds, and measuring

survival were blind to the concentrations of food being fed

to different groups. We also checked actual exposure in

birds by measuring THg concentrations in 2–5 scapular

feathers collected from all individuals in January of 2006,

2007 and 2008. All THg determinations were done using

nitric acid digestion of feathers followed by cold vapor

atomic absorbtion spectrometry. All determinations were

performed by the Florida Department of Environmental

Protection Chemistry Section, Tallahassee, FL (detection

limit 0.1 mg/l).

Effects of methylmercury on avian survival 359

123



Exposure to diets containing MeHg was begun at

approximately 90 days of age (±18 days), and stopped in

fall of 2008 (40 months of age for most individuals). All

birds were banded with individually recognizable alpha-

numeric colored aluminum bands, and all birds were sexed

using DNA (Animal Genetics Inc, Tallahassee FL). During

this time, the birds matured to adulthood and most indi-

viduals had bred up to three times.

We monitored survival in the aviary daily from June

2005 through November 2008. Since all birds were indi-

vidually recognizable and confined in the aviary, we

express survival exactly, as number or proportion of birds

surviving.

Ibises were released to the wild in south Florida in

December 2008 using a soft-release approach. The birds

were transported in cages by vehicle from the aviary in

Gainesville, FL to Flamingo Gardens in suburban Davie,

Broward County, FL (FG). The FG site has an open-topped

aviary in which flighted birds could come and go, but have

a safe roosting location and continuous access to ad libitum

food. FG was located 0.5 km from an existing nocturnal

roost site of several hundred wild ibises and other ciconi-

form birds (Long Key Natural Area, ‘‘LK’’). FG is also

located 15–25 km from the nearby Everglades, a core

breeding area for White Ibises.

We released 157 ibises on 21 December 2008 at the FG

site (see Table 1). We monitored post-release survival

using a mark-resight approach. We looked for banded birds

daily between December 22 2008 and 31 March 2009 at

FG and the LK roost site. We also searched once every

2–4 days for banded birds at 2 other known roosting sites

within 5 km of FG. Between 22 December 2008 and 31

March 2009 we performed 78 h of resight effort on

72 days, or a resight effort once every 1.39 days (sd 0.6205

days). Not all sites were visited on each day, however, and

we organized the 72 days of resight effort into 26 con-

secutive sampling periods, such that each period contained

at least one sample from each of the observation sites.

We modeled post-release survival and resight proba-

bilities using Program Mark (White and Burnham 1997).

Since the number of juveniles was small (Table 1), we

analyzed sightings only from adult birds. We constructed

a priori models that included the effects of sex, MeHg

exposure group, and time as potential covariates (singly

and in all additive combinations) on both survival and

resight probability. We used an information-theoretic

approach (Akaike’s Information Criterion) for selecting

models that balanced accuracy and parsimony, and

accepted models with QAIC differences from the best

model of up to 2 as being likely to have additional

explanatory power. When constructing models that used all

26 periods, we frequently found unrealistically high or low

estimates for survival and resight, as well as very high

variability in estimates among periods. We then estimated

resight and survival probabilities on intervals that spanned

every two sequential resight periods (13 intervals total).

Resight information was therefore preserved from all

periods, but fewer parameters were estimated.

Capture and later release of ibises, and protocols while

in captivity were performed under permits from the US

Fish and Wildlife Service (MB 720214-0), Florida Fish and

Wildlife Conservation Commission (WX 03527 and LSSC-

09-0065), and University of Florida Institutional Animal

Care and Use Committee (D424).

Results

Feather total mercury (THg) concentrations varied by dose

group and generally mimicked the range of THg concen-

trations found in wild birds (Table 2, Frederick et al. 2004).

Concentrations in feathers of Control birds were similar to

those found in pre-contamination samples from the Ever-

glades (Control: 0.47–0.74 ppm, pre-contamination mean

1.04 sd 0.77 ppm, Frederick et al. 2004). Mean concen-

trations of ibis feathers from the post-contamination period

averaged 7.47 (sd 4.58) ppm (Frederick et al. 2004), which

Table 1 Numbers of ibises released at Flamingo Gardens, by sex,

age and treatment group

Treatment group Total

Control Low Medium High

Male 16 22 17 12 67

Female 14 21 17 21 73

Juvenile 3 0 8 6 17

Total 33 43 42 39 157

Table 2 Concentrations (mg/kg) of total mercury in feathers and

blood tissue of White Ibises dosed with mercury, by year and dose

group

Total

mercury

(mg/kg)

Year Control Low Medium High

Mean SD Mean SD Mean SD Mean SD

Feathers 2006 0.74 0.25 7.15 2.60 15.24 8.65 23.86 8.77

2007 0.47 0.11 8.20 1.53 14.13 5.92 51.32 12.33

2008 0.62 0.21 4.31 1.28 17.96 9.15 35.04 16.94

Blood 2008 0.07 0.01 0.73 0.09 1.60 0.32 3.95 0.68

Tissue samples were collected once annually in January, all birds

sampled during the same week. Blood was only sampled in 2008

Note: All feather concentrations are on fresh-weight (fw) basis, all

blood concentrations are on a wet weight basis. SD standard deviation
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was similar to the range we found for Low and Medium

dose groups.

We found high annualized survival rates of both juve-

niles (92%) and adults (92%) in captivity, and found no

significant differences due to MeHg dose group in annual

survival rates of either age class (Table 3). For all age

classes combined during the entire study period, we found

survival in controls was marginally significantly different

from both Low (p = 0.052, Fishers Exact test) and Med-

ium (p = 0.051) groups, but was not significantly different

from the High dose group.

With the birds released to the wild, we found no evi-

dence of an effect of MeHg dosing level or sex on survival

or resight probabilities when using all 4 groups as separate

treatments. The top model was one which included only

time effects for both survival and resight probabilities

(Table 4). The next most parsimonious model was one that

differed by over 14 QAIC points. In addition, for models

that included treatment effects, survival and resight esti-

mates for the three dosed groups were encompassed by the

confidence interval for survival of control birds.

We also constructed models that compared the control

group with all MeHg dosed birds combined (Table 5). A

single model with effects of time on both survival and

resight probability had the lowest QAIC (Table 5). Several

other models included effects of treatment as a main effect,

but all were much less parsimonious ([10 AIC units larger)

at explaining survival and resight probability than the

model with time effects alone. In addition, for models that

included treatment effects, survival and resight estimates

for the dosed grouping were encompassed by the confi-

dence interval for control birds.

The most parsimonious model was therefore the same,

regardless of whether we used all three dosed groups

separately or lumped into a single ‘‘dosed’’ group. In the

most parsimonious model, survival estimates during the

13 periods varied between 0.897 and 0.997. Overall sur-

vival using data from all groups for the entire period of

observation (99 days) was estimated to be 0.679, or a daily

survival probability of 0.996. Resight probability varied

across intervals between 0.918 and 0.384 (X = 0.537,

n = 12 intervals, sd = 0.1488).

Discussion

While the birds were in captivity, we found a general lack of

support for the prediction that chronic exposure to low/

medium mercury exposure should be associated with

reduced survival. While there were no significant differ-

ences by dose group in annualized survival, there were

differences between control and both low and medium dose

groups in total survival. However, there was no difference

between control and high dose groups, where we might

have expected to find the greatest difference. In addition,

the differences we did find were in the opposite direction to

those predicted—control birds survived less well than dosed

birds. The effect at low and medium doses might have been

due to a weak protective effect of MeHg against diseases

(Heinz et al. 2010), which were then counterbalanced by

somewhat stronger negative effects at the high dose level.

Since there were relatively few deaths during the study

(n = 14, or 8% of the population over 44 months) it may be

that these marginally significant differences were a statis-

tical artifact of small sample size. It is also true that the

stressors that most likely affect survival were all removed or

attenuated in the captive situation, making the captive sit-

uation one in which we might least expect to see survival

differences due to MeHg exposure.

In contrast, the birds released to the wild would be

expected to be challenged much more by stressors that

might affect survival. This test of effects of exposure to low/

medium MeHg exposure on survival had several charac-

teristics that allowed good power of detecting an effect of

prior long-term MeHg exposure. We had relatively high

resight probabilities overall (0.54), so that if individuals

Table 3 Survival rates of White Ibises in MeHg dose groups while in captivity

Alive at

start

Juvenile

deaths

Adult

deaths

Annual juvenile

survival*

Annual adult

survival**

Total

survival***

Control 46 4 5 0.8509a 0.9592a 0.8043a

Low 46 1 1 0.9627a 0.9924a 0.9565b

Medium 43 1 1 0.9601a 0.9918a 0.9535b

High 40 2 1 0.9143a 0.9910a 0.9250a

Total 175 8 8 0.9216 0.9836 0.9086

Survival values within age categories with different letter superscripts are significantly different (Fishers Exact Test, p \ 0.05)

* Survival for first 7 months annualized for 12 months

** Annualized survival from 7 to 43 months

*** Survival over 43 months, not annualized
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from one of the treatment groups had experienced lower

resight probability or survival, we had reasonable ability to

detect that change. This also suggests that our birds were for

the most part not leaving the area. Daily survival was rel-

atively high (0.996 overall), suggesting that any effects of

MeHg were unlikely to have been masked by high mortality

overall. Finally, survival and resight probabilities remained

relatively constant across the study period, suggesting that

there was no particular event that may have introduced

sudden changes in these parameters.

The lack of an effect of MeHg in this study suggests that

prior chronic MeHg exposure at low to medium dietary

concentrations did not alter survival probabilities, nor the

propensity to emigrate or be detected by our surveys.

However, the soft-release conditions that the ibises were

exposed to might also have dampened effects of previous

MeHg exposure, at least by comparison with truly wild

ibises. The main sources of stressors for birds newly

released after a life spent in captivity would probably be

exposure to predation, exposure to disease agents, and

interruptions in food availability. During the study period,

the released ibises had continuous access at the FG site to

pelletized food, which could have reduced any effect of

food stress. However, the study ibises also routinely roos-

ted and fed gregariously with large numbers of wild ibises

and other waterbirds both at the FG aviary, and at the LK

roost site, presenting an excellent mode for transmission of

diseases and parasites novel to the captive birds. Densities

of birds at roosting and feeding sites were high, and the

concentration of wild, captive and released birds of several

species at the FG feed station was very different from the

wild condition. Ibises at the release site may also have been

exposed to more predation pressure than in the wild. Ibises

at FG and in surrounding suburban neighborhoods were

often seen foraging on lawns and in residential yards.

Typically ibises in the wild choose open wetland habitats

where they are unlikely to be exposed to mammalian pre-

dators (Heath et al. 2009). We suspect that ibises foraging

in and near the FG site would be exposed to elevated

densities of mammalian predators such as domestic dogs,

Table 4 Results of models explaining survival and resight probability for captive birds released to the wild

Model notation Variation in / Variation in p DQAIC Parameters

/(t), p(t) Time Time 0 24

/(.), p(t) Constant Time 14.28 13

/(treat), p(t) Treatment Time 20.23 16

/(t), p(t, treat) Time Time ? treatment 30.25 60

/(.), p(t, treat) Constant Time ? treatment 43.95 49

/(t, treat), p(t) Time ? treatment Time 48.30 61

/(treat), p(t, treat) Treatment Time ? treatment 50.13 52

/(t, treat), p(t, treat) Time ? treatment Time ? treatment 83.69 97

/(.), p(treat) Constant Treatment 101.10 5

/(treat), p(treat) Treatment Treatment 106.71 8

In this series of models, the effect of treatment was represented by three different exposure levels and the control birds. No juveniles were

included in these models due to sample size, and sexes were combined. The ten most parsimonious models are shown

Table 5 Results of models explaining survival and resight probability for captive birds released to the wild

Model notation Variation in / Variation in p DQAIC Parameters

/(t), p(t) Time Time 0 24

/(t), p(t, treat) Time Time ? treatment 10.99 36

/(t, treat), p(t) Time ? treatment Time 12.38 36

/(.), p(t) Constant Time 14.29 13

/(treat), p(t) Treatment Time 16.27 14

/(t, treat), p(t, treat) Time ? treatment Time ? treatment 24.73 48

/(.), p(t, treat) Constant Time ? treatment 25.49 25

/(treat), p(t, treat) Treatment Time ? treatment 27.54 26

/(t), p(t, treat) Time Time ? treatment 30.26 60

In this series of models, the effect of treatment was represented by combining all MeHg dosed birds into a single exposure group, and then

compared to controls. No juveniles were included in these models due to sample size, and sexes were combined
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cats, and raccoons (Procyon lotor). Thus, while food stress

was probably reduced by comparison with the wild con-

dition, exposure to disease and predation was likely to have

been typical or even elevated in this study.

We believe our results should be interpreted to mean

that long term prior exposure to MeHg at 0.05–0.3 ppm

ww in diet does not have permanent measurable effects on

survival ability of adults. The lack of permanent effects

from prior exposure does not preclude the possibility that

survival deficits might derive from high circulating levels

of MeHg at the time survival is being measured. The only

measurements of current exposure effects we were able to

carry out involved captive animals, where survival chal-

lenges were minimal. We therefore believe that predictions

about survival and current exposure in wild avian popula-

tions have yet to be evaluated fully.

The results presented here mirror the lack of effects

found in loons, skuas, terns and swallows and to date we

are not aware of studies that demonstrate decreased sur-

vival in birds in the wild due to MeHg exposure. However,

it should be recognized that this conclusion is based almost

entirely on nonexperimental studies. Further, the lack of

findings may partially be an artifact of periodic depuration.

In the case of loons and swallows, the primary source of

exposure for both species was on the breeding grounds, and

the majority of the year when survival is being measured is

spent away from those sources. In addition, both species

undergo complete body molt during the course of the

nonbreeding season, during which there is an opportunity

to shed a significant portion of the body burden into newly

grown feathers (Braune and Gaskin 1987; Spalding et al.

2000; Condon and Cristol 2009). The likely decrease in

exposure, and depuration during full molt during the sur-

vival period being measured are arguably quite similar in

effect to the period of pre-release depuration that ibises

underwent in this study.

Taken together, these studies suggest that ambient

MeHg exposure at low to medium concentrations does not

result in a severe or obvious reduction in annual survival of

wild adult birds, or at least that exposure may be con-

founded by seasonal depuration. While we feel that this

idea requires more examples before being generally

accepted, at this stage we suggest it as a working hypoth-

esis for future research. We suggest that the most dramatic

test of an effect of MeHg exposure on survival would be in

birds that are undergoing constant exposure, and that are

not molting at the time survival is being measured.
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