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Abstract We conducted a retrospective analysis to
evaluate demographic and pathologic characteristics in 484
bald eagles (Haliaeetus leucocephalus) and 68 golden
eagles (Aquila chrysaetos) diagnosed with lead poisoning
at the U.S. Geological Survey National Wildlife Health
Center. As part of our analysis, we compared characteristics of lead poisoned eagles with those that died of other
causes. Odds of lead poisoning were greater for bald eagles
versus golden eagles, females versus males, adults versus
juveniles, and eagles from the Mississippi and Central
flyways versus the Atlantic and Pacific flyways. In addition
to spatial, species, and demographic associations, we
detected a distinct temporal trend in the collection date of
lead poisoned bald eagle carcasses. These carcasses were
found at greater frequency in late autumn and winter than
spring and summer. Lesions in lead poisoned birds included emaciation, evidence of bile stasis, myocardial
degeneration and necrosis, and renal tubular nephrosis and
necrosis. Ingested lead ammunition or fragments were
found in 14.2 % of bald eagles and 11.8 % of golden
eagles. The overall mean liver lead concentration (wet
weight basis) for eagles diagnosed with lead poisoning was
28.9 ± 0.69 SE mg/kg in bald eagles and 19.4 ± 1.84 SE
mg/kg in golden eagles. In eagles diagnosed with collision
trauma, electrocution, poisoning (other than lead), emaciation, infectious disease, trapping death, other, and undetermined causes, average liver lead concentrations were
low (\1 mg/kg) and did not differ among causes of mortality. Thus, based on our data, we found no evidence that
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lead exposure of eagles predisposed them to other causes of
mortality.
Keywords Bald eagle  Golden eagle  Lead exposure 
Lead poisoning  Mortality  Pathology

Introduction
Large birds of prey with opportunistic food habits, the bald
eagle (Haliaeetus leucocephalus) is an exclusively North
American species whereas the distribution of the golden
eagle (Aquila chrysaetos) includes a wider area of the
northern hemisphere. In North America, preferred foods
are live fish for bald eagles and small to medium sized
mammals for golden eagles, but both species will feed on
carrion, particularly in the winter (Buehler 2000; Kochert
et al. 2002). The bald eagle has a broad breeding range and
winters primarily in the contiguous U.S. and coastal Canada and Alaska and, although golden eagles inhabit a wide
range of latitudes in North America, they occur predominantly in the West (Buehler 2000; Kochert et al. 2002).
Bald eagles are typically found near lakes, streams, and
shorelines, whereas golden eagles frequent open terrestrial
habitats. Although bald eagles were classified as endangered in the U.S. in 1967, populations have recovered
considerably and they were removed from the endangered
species list in 2007 (DOI 2007). Less is known about
golden eagle populations, and various studies have
described their numbers in the western U.S. as increasing,
stable, or declining depending on location and whether
nesting or migration counts were evaluated (Kochert and
Steenhof 2002; Kochert et al. 2002; Smith et al. 2008).
In North America, mortality of birds due to lead poisoning from the ingestion of lead shotgun pellets was first
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reported in waterfowl in 1894 in Texas and North Carolina,
and by the 1950s an estimated 2–3 % (1.6–2.4 million) of
waterfowl across all North American flyways were dying
annually of lead shot poisoning (Grinnell 1894; Hough
1894; Bellrose 1959). The first published report of lead
poisoning in a bald eagle was in an emaciated bird found in
Maryland in 1968 with two ingested lead shot (Mulhern
et al. 1970). Additional reports followed, and lead poisoning of bald eagles was linked to the ingestion of lead
shot embedded in tissues of unretrieved waterfowl shot by
hunters and, rarely, in the gastrointestinal tract of waterfowl that themselves died of lead poisoning (Kaiser et al.
1980; Pattee and Hennes 1983; Reichel et al. 1984).
Fluoroscopy of waterfowl for embedded shot and food
habits studies of wintering bald eagles, using regurgitated
casts, provided additional evidence of the association of
lead poisoning in bald eagles and their consumption of
waterfowl (Griffin et al. 1980; Sabine and Klimstra 1985).
In the U.S., continued poisoning of bald eagles and
waterfowl from ingested shot led to a nationwide ban on
the use of lead shot for hunting waterfowl and American
coots (Fulica americana) in 1991 (Friend et al. 2009).
However, lead shotgun pellets and rifle bullets are still
widely used for hunting upland and large game animals and
the possibility of lead poisoning from the ingestion of lead
ammunition and fragments thereof persists in eagles in
North America. For example, in a study of bald and golden
eagles admitted to a rehabilitation center between 1980 and
1995, the prevalence of lead poisoning did not change after
the 1991 implementation of nontoxic shot regulations for
waterfowl, although the mean blood lead concentration
decreased (Kramer and Redig 1997). A follow-up study
indicated that the frequency of elevated blood lead concentrations in bald eagles increased an average of 5 % per
year from 1996 through 2009 (Cruz-Martinez et al. 2012).
In addition, both reports found that admissions of lead
exposed eagles to the rehabilitation center coincided with
deer (Odocoileus sp.) hunting seasons, suggesting an
association between lead poisoning in eagles and deer offal
left in the field. Large numbers of lead fragments have been
found in deer killed with lead rifle ammunition and recent
reports have provided additional evidence linking lead
exposure of eagles with discarded carcasses and offal (Hunt
et al. 2006; Neumann 2009; Bedrosian et al. 2012; CruzMartinez et al. 2012; Warner et al. 2014).
Lead is a cumulative metabolic poison that affects all body
systems and causes a variety of adverse effects, including
neurological, behavioral, developmental, and immunological
deficits (Hunter and Wobeser 1980; Eisler 2000; Franson and
Pain 2011). For example, common terns (Sterna hirundo) and
American herring gulls (Larus smithsonianus) dosed with lead
exhibited impairments of locomotion, balance, righting
behavior, and depth perception (Burger 1995). These and
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other findings raise the question of whether lead exposure in
birds may be a predisposing factor for causes of mortality such
as collision with objects, including power lines resulting in
electrocution, disease, and predation. Some evidence exists to
support this idea. Bellrose (1959) reported that mallards (Anas
platyrhynchos) dosed with two or four lead shot pellets and
released were about twice as vulnerable to being killed by
hunters as controls. Two studies of mute swans (Cygnus olor)
reported an association between blood and tissue lead concentrations and collision with objects, including power lines
(O’Halloran et al. 1989, Kelly and Kelly 2005).
A retrospective summary of causes of mortality in more
than 4,400 bald eagles and golden eagles submitted to the
National Wildlife Health Center (NWHC) from throughout
the U.S. during 1975–2013 identified the same top four
causes of death, although not in the same order, for both
species: poisoning, trauma, electrocution, and shooting
(Russell and Franson 2014). In that report, lead toxicosis
was the most frequently diagnosed poisoning in both species, comprising 63.5 % of all poisonings in bald eagles and
58.1 % in golden eagles. As a proportion of the total number
of bald eagles examined at the NWHC, the frequency of
those diagnosed with lead poisoning increased in the U.S.
after implementation of the 1991 restrictions on hunting
waterfowl with lead shot (Russell and Franson 2014). The
largest increase, from 6 % before 1991 to 30 % after 1991
occurred in the Pacific flyway (Russell and Franson 2014).
No increase in lead poisoning was detected in golden eagles,
but the sample size for that species was much smaller
(Russell and Franson 2014). Submission of eagle carcasses
to the NWHC was not based on randomized surveys, hence
the increase in the frequency of lead poisonings diagnosed in
bald eagles after 1991 may not necessarily reflect the true
proportional change. However, we believe that lead exposure remains an important issue for both bald and golden
eagles. In this report, we describe the demographic and
pathologic characteristics of a large sample of eagles diagnosed with lead poisoning. To address the question of
whether or not sublethal lead exposure may render eagles
more susceptible to other causes of mortality, we also
compared the liver lead concentrations among eagles diagnosed with causes of mortality other than lead poisoning.

Methods
Case records, necropsy, and lead analysis
The data used in our study came from case files of bald and
golden eagles necropsied at the NWHC (Russell and Franson
2014). The time span for golden eagle carcass collection was
from 1975 to 2013, but data for bald eagles were restricted to
those collected from 1982 to 2013, as causes of mortality,
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including lead poisoning, diagnosed in carcasses collected
from 1975 to 1981 were reported by Kaiser et al. (1980) and
Reichel et al. (1984). Necropsy procedures and preparation of
tissues for histopathology were as previously described
(Franson et al. 1996). Histologic sections of kidney tissue from
a subset of eagles (13 bald eagles and 4 golden eagles) diagnosed with lead poisoning were stained with Ziehl Neelsen
and Fite’s acid-fast stains and examined for acid-fast intranuclear inclusion bodies in proximal tubular epithelial cells,
an indication of lead poisoning (Franson and Pain 2011). Lead
analysis of liver tissue was by atomic absorption spectroscopy
(Haseltine et al. 1981; Franson and Smith 1999). The lower
limit of detection (LOD) ranged from 0.1 to 0.25 mg lead per
kg liver, wet weight. Average recovery of lead from 154
spiked samples was 98 %. All results are expressed on wet
weight basis. Pathologists performing necropsies assigned a
diagnosis of lead poisoning in individual eagles based on an
evaluation of clinical signs (when reported), gross and
microscopic lesions, and tissue lead concentrations as
described by Locke and Thomas (1996) and Franson and Pain
(2011). Typically, gross observations including emaciation
and characteristics of bile stasis, microscopic lesions such as
damage to the kidney and heart, in combination with liver lead
concentrations of[6 mg/kg wet weight, support a diagnosis
of lead poisoning (Locke and Thomas 1996; Franson and Pain
2011).
Statistical analysis
Characteristics of lead poisoned versus non-lead poisoned
eagles
To identify the important factors associated with lead
poisoning in eagles, we compared the ecological and demographic characteristics of lead poisoned eagles with eagles that
died of other causes (Russell and Franson 2014). To accomplish this, we conducted a logistic regression using a generalized linear model to evaluate the relationship between age,
sex, species, and flyway with the proportion of eagles diagnosed with lead poisoning (Hosmer and Lemeshow 2000).
We compared candidate models using Akaike information
criterion (AIC). Models within 2 AIC values of each other
were considered equivalent (Burnham and Anderson 2002).
We conducted the analyses using the R function ‘glm’ and
specified a logit link (the appropriate specification for binomial data) (R Core Team 2014). We ran all one, two, and three
factor combination models, the full model (all four variables)
with and without interaction terms, and the null model
(intercept only model) for a total of 25 models. The top model
was evaluated using the Hosmer–Lemeshow goodness of fit
test, and area under the receiver operating curve (Hosmer and
Lemeshow 2000; Lasko et al. 2005).
We also evaluated our data for potential seasonal trends
in lead poisoned eagle carcass collections. To evaluate
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temporal distributions in the proportion of eagles diagnosed as lead poisoned, we used a v2 analysis to compare
proportions of lead poisoned and non-lead poisoned eagles
collected in each month of the year. To evaluate the differences in body mass between lead poisoned eagles and
those diagnosed with all other causes of mortality,
including emaciation (Russell and Franson 2014), we
conducted a linear regression analysis with body mass as
the response variable. We included the covariates lead
poisoned versus non-lead poisoned, species, age, and sex in
our candidate models. We conducted a linear regression
with covariates of lead poisoned versus non-lead poisoned,
species, age, and sex to assess the important factors associated with body mass. We ran all one, two, three factor
models, the full model (all four variables) with and without
interaction terms, and the null model (intercept only
model) for a total of 25 models. We ran the analyses using
the function ‘glm’ in R with a ‘‘Gaussian’’ link function,
the appropriate function for normally distributed data (R
Core Team 2014). As with the previous logistic regression
analysis, we compared candidate models using AIC.
Ingested lead and liver lead concentrations
To determine the most important factors associated with lead
liver concentrations in lead poisoned eagles we ran several
candidate models with age, sex, species of eagle, and presence
or absence of ingested lead. We ran the analyses using the
function ‘glm’ in R with a ‘‘Gaussian’’ link function, the
appropriate function for normally distributed data (R Core
Team 2014). We compared candidate models using AIC. We
ran all one, two, and three factor models, the full model (all
Table 1 Sample sizes for eagles by species, age, and sex for (a) lead
poisoned eagles (484 bald eagles and 68 golden eagles (Yes = ingested lead; No = no ingested lead) and (b) non-lead poisoned eagles
(1,733 bald eagles and 491 golden eagles)
(a)

Female
Adult

Male
Juvenile

Adult

Juvenile

Yes

No

Yes

No

Yes

No

Yes

Bald eaglea

37

182

13

66

12

129

4

30

Golden eagleb

2

24

1

18

2

12

3

2

(b)

Bald eagle

Female

c

Golden eagle

d

No

Male

Adult

Juvenile

Adult

Juvenile

436

450

426

373

51

133

40

231

a

11 Bald eagles of unknown age and/or sex (3 with ingested lead)

b

4 Golden eagles of unknown age and/or sex (2 with ingested lead)
48 Bald eagles of unknown age and/or sex

c
d

36 Golden eagles of unknown age and/or sex
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df
Full model, no interactions

7

AIC
2,824.79

DAIC
0.00

AICwt
0.97

Full model, all interactions

32

2,831.47

6.68

0.03

Age, species, flyway, all
interactions

16

2,841.89

17.10

0.00

Age, species, flyway, no
interactions

6

2,843.88

19.09

0.00

Age, sex, flyway, all interactions
Null model

16

2,893.56

68.76

0.00

1

3,175.17

350.38

0.00

The lowest AIC value indicates the best model in the model suite
AIC Akaike information criterion, DAIC the difference between the
model and the model in the set with the lowest AIC value, AICwt
Akaike information criterion weight

four variables) with and without interaction terms, and the null
model (intercept only model) for a total of 25 models. We
assessed model fit with R-squared values.
We used analysis of variance (ANOVA) to estimate and
compare liver lead concentrations among eagles diagnosed
with collision trauma, electrocution, poisoning (other than
lead), emaciation, infectious disease, trapped, gunshot, other,
and undetermined. We conducted the analysis in a Bayesian
framework to account for observed lead levels below the
lower limits of detection (R2WinBUGS, Sturtz et al. 2005).
Lead liver concentrations (y) were modelled as normally
distributed variables with mean (l) and precision (s) (i.e.
yi * M(li,s)); where precision is 1/variance (see Kéry 2010
for example code). We then used the standard ANOVA
analyses li = as where a is an intercept term and s is the
subgroup, in our case the cause of death (the number of a will
equal the number of subgroups). Lead concentrations below
the LOD of 0.10 or 0.25 (n = 1,178) were recorded as missing
(NA) and estimated in WinBUGS using a censored distribution (0, LOD); specifically yi * M(li,s)I(0, LOD) (Route
et al. 2014). We ran three chains for 40,000 iterations after a
burn-in period of 10,000. Convergence was assessed by visual
inspection of the chains and R-hat values (with R-hat values
*1 indicating convergence).
Results
Characteristics of lead poisoned versus non-lead
poisoned eagles

1.0

0.8

Proportion of cases

Table 2 Top five models (of 25 examined) including the full model,
and the null model for the odds of lead poisoning for bald and golden
eagle carcasses submitted to the NWHC (lead poisoned birds of
known age and sex: 473 bald eagles and 64 golden eagles; non-lead
poisoned birds of known age and sex: 1,685 bald eagles and 455
golden eagles)

0.6

0.4

0.2

0.0
Atlantic

Mississippi

Central

Pacific

Fig. 1 The predicted probability of lead poisoning for adult female bald
(light dots) and golden (black dots) eagles by flyway. Estimates are derived
from data on lead poisoned eagles (484 bald eagles and 68 golden eagles)
and non-lead poisoned eagles of known age and sex (2,315 bald eagles and
1,197 golden eagles) submitted to the National Wildlife Health Center
between 1975 and 2013. Bars represent 95 % Credible Intervals

WI) accounted for 51 % of poisoned bald eagles and 50 %
of golden eagles came from four states (ID, MT, OR, SD).
The best model for estimating the odds of lead poisoning in
eagles was one containing, age, sex, species, and flyway
(Table 2). The Hosmer–Lemeshow goodness of fit test
indicated an adequate fit to the data (v2 = 10.0, df = 8,
p = 0.261). No other model was within 2 AIC values of
this top model. The area under the receiver operating curve
was 0.74 (i.e., random draws from the lead poisoned and
non-lead poisoned eagle data sets would result in correct
predictions 74 % of the time).
Results from the best model indicated that odds of lead
poisoning were higher for bald eagles than golden eagles
(odds ratio = 3.25, 95 % Credible Interval (CI) 2.43-4.43),
females versus males (odds ratio = 1.57, 95 % CI
1.29–1.91), and adult versus juveniles (odds ratio = 3.39,
95 % CI 2.76–4.22). Odds also differed by region with the
Central and Mississippi flyways having the largest proportion of lead poisoned eagles. For example, the estimates
from the model for adult female eagles by flyway are
shown in Fig. 1. Chi square analysis indicated that the
proportion of lead poisoned versus non-lead poisoned bald
eagles differed by month (v2 = 58.9, df = 11,
p \ 0.0001), but no such difference was noted for golden
eagles (v2 = 8.8, df = 11, p = 0.644) (Fig. 2).
Body condition and pathology

Lead poisoned bald eagles (n = 484) and golden eagles
(n = 68) (Table 1) were submitted from 38 and 20 states,
respectively. Seven states (AK, AR, IA, FL, MN, MO, and

More than half of the lead poisoned eagles were characterized as emaciated or in poor body condition (Table 3).
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0.30

(b)

0.25
0.20
0.15
0.05

0.10

Proportion of carcasses

0.20
0.15
0.10

0.00

0.00

0.05

Proportion of carcasses

0.25

(a)

0.30
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March

June

Sept

Dec

March

June

Sept

Dec

Fig. 2 The proportion of lead poisoned eagles versus non-lead
poisoned eagles with known collection date, collected by month and
submitted to the National Wildlife Health Center 1975–2013. a bald

eagles (484 lead poisoned and 2,315 non-lead poisoned), b golden
eagles (68 lead poisoned and 1,197 non-lead poisoned). Solid line is
non-lead poisoned eagles, dotted line is lead poisoned eagles

Table 3 Frequency (%) of gross and microscopic lesions observed in
lead poisoned bald eagles (n = 484) and golden eagles (n = 68)

Table 4 Top five models (of 25 examined), including the full model,
and null model, relating age, species, sex, and lead poisoning to body
mass (lead poisoned birds of known body mass: 455 bald eagles and
61 golden eagles; non-lead poisoned birds of known body mass: 1,689
bald eagles and 456 golden eagles) for bald and golden eagle carcasses submitted to the NWHC

Bald eagle

Golden eagle

Enlarged gall bladder
Bile staining, GI tracta

61.2
21.9

67.6
35.3

Bile staining, feathersb

6.2

4.4

Liver atrophy

27.3

39.7

Full model, all interactions

17

43,353.01

5.17

0.07

Emaciated/poor

53.1

67.6

Age, sex, lead poisoned

5

43,355.66

7.82

0.02

Fair/good

40.1

20.6

Full model, no interactions

6

43,357.40

9.56

0.01

5

43,446.50

98.66

0.00

2

44,125.95

778.11

0.00

Gross lesions

Body condition

Excellent

4.8

4.4

Sex, species, lead poisoned

Not described

1.6

7.4

Null model

Myocardial degeneration/necrosis

36.4

42.3

Renal tubular nephrosis/necrosisd

5.4

17.6

Microscopic lesionsc

AIC

DAIC

AICwt

9

43,347.84

0.00

0.91

The lowest AIC value indicates the best model in the model suite

a

Bile staining anywhere in gastrointestinal tract, but primarily in
stomach and/or intestine

b

Age, sex, lead poisoned, all
interactions

df

AIC Akaike information criterion, DAIC the difference between the
model and the model in the set with the lowest AIC value, AICwt
Akaike information criterion weight

Bile staining on feathers around vent or mouth

c

Heart (n = 299 for bald eagles, 26 for golden eagles). Kidney
(n = 182 for bald eagles, 17 for golden eagles)

d

No acid-fast intranuclear inclusion bodies were observed in kidney
sections

The best model of body mass included the variables sex,
age, lead poisoned versus non-lead poisoned, and all
interaction terms (Table 4). R-squared values were 0.25.
The body mass of lead poisoned eagles was on average
lower than that of non-lead poisoned eagles, with estimated
differences of 782 g for adult female eagles, 802 g for
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adult males, 620 g for juvenile females, and 655 g for
juvenile males. Additional gross lesions included enlarged
gall bladder, bile staining of the gastrointestinal tract and
feathers, and liver atrophy (Table 3). The histopathologic
lesions described included myocardial degeneration and
necrosis, as well as renal tubular nephrosis and necrosis
(Table 3). No acid-fast intranuclear inclusion bodies were
seen in renal tubular epithelial cells of kidney sections from
the 17 eagles examined. Mean liver lead concentrations in
those 17 birds were 27.1 mg/kg in bald eagles and
11.4 mg/kg in golden eagles.
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Table 5 Top five models (of 25 examined), the full model and null
model, relating age, species, sex, and ingested lead to liver lead
concentrations for bald and golden eagle carcasses submitted to the
NWHC and diagnosed with lead poisoning

Age, species, ingested lead

Table 6 Liver lead concentrations (mg/kg wet weight) in bald
(n = 482 of known age) and golden eagles (n = 67 of known age)
diagnosed with lead poisoning by species, age, and presence or
absence of ingested lead

df

AIC

DAIC

AICwt

Species

Agea

Ingested lead (n)

Mean

SE

5

4,337.45

0.00

0.67

Golden eagle

Juvenile

No (22)

13.37

1.95

Yes (4)

23.08

2.42

No (36)

17.08

1.84

Yes (5)

26.85

2.51

Age, species, ingested lead, sex

6

4,339.45

2.00

0.25

Species, ingested lead

4

4,342.91

5.46

0.04

Age, species, ingested lead, all
interactions

9

4,344.53

7.09

0.02

Species, ingested lead, all
interactions

5

4,344.73

7.29

0.02

Full model, all interactions
Null model

17
2

4,351.634
4,404.79

14.185
67.341

0.00
0.00

Adult
Bald eagle

Adult
a

The lowest AIC value indicates the best model in the model suite
AIC Akaike information criterion, DAIC the difference between the
model and the model in the set with the lowest AIC value, AICwt
Akaike information criterion weight

Juvenile

No (96)

24.12

1.30

Yes (19)

33.89

2.12

No (317)

27.82

0.90

Yes (50)

37.52

1.69

Excludes one golden eagle and two bald eagles of unknown age

Undetermined
Trauma
Trapped

Ingested lead and liver lead concentrations
Shot

In lead poisoned birds, ingested lead ammunition or fragments were noted in 14.2 % of bald eagles and 11.8 % of
golden eagles. These were described as lead shotgun pellets
(50.6 %), lead bullets and fragments (45.4 %), and bullet
jackets (3.4 %). The overall mean concentration of lead in
livers of poisoned eagles was 28.9 mg/kg wet weight for
bald eagles and 19.4 mg/kg wet weight for golden eagles.
In 99.3 % of bald eagles and 94.1 % of golden eagles
diagnosed with lead poisoning, liver lead concentrations
were C6 mg/kg.
Linear regression results indicated that best models of
liver lead concentrations in lead poisoned eagles included
the covariates age, species, and ingested lead (Table 5).
The second best model included the covariate sex as well,
however, this parameter estimate was not statistically significant
(coefficient
estimate = 0.07,
SE = 1.24,
t value = 0.058, p value = 0.9535). Therefore, we interpreted the model with age, species and ingested lead only.
The parameter estimates indicated that, on average, liver
lead concentrations were 10.74 mg/kg (95 % CI
7.16–14.32) higher in bald eagles than golden eagles,
3.7 mg/kg (95 % CI 1.05–6.38) higher in adult eagles than
juveniles, and 9.70 mg/kg (95 % CI 6.34–13.04) higher in
eagles with ingested lead than in those without ingested
lead (Table 6). However, the overall fit of the model was
poor (R-squared *0.13).
With the exception of shooting, our ANOVA analysis
revealed no differences in liver lead levels among other
causes of mortality diagnosed in eagles, and estimated liver
lead concentrations for all other causes of death were
\1 mg/kg wet weight (Fig. 3). Lead concentrations in

Poisoned (other than lead)
Other
Infectious disease
Emaciation
Electrocution

0.0

2.5

5.0

7.5

Lead mg/kg wet weight

Fig. 3 Mean (95 % Credible Interval, n) liver lead concentration in
2,224 bald and golden eagles diagnosed with causes of mortality other
than lead poisoning

livers of gunshot eagles were estimated as 7.97 mg/kg wet
weight (95 % CI 6.50–9.43). Liver lead concentrations of
98, 108, and 1,100 mg/kg in three shot eagles (two bald,
and one golden) contributed to this estimate.

Discussion
Scavenging of unretrieved carcasses or offal left in the field
from animals other than waterfowl killed or wounded with
lead ammunition has been suggested as the primary pathway for continued lead exposure and poisoning in eagles
(Wayland et al. 2003; Neumann 2009; Pain et al. 2009;
Stauber et al. 2010; Bedrosian et al. 2012; Nadjafzadeh
et al. 2013). Some of these studies have reported greater
lead exposure frequency in eagles in autumn and winter
months, linking exposure to time periods during and after
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hunting seasons. Our data also indicated a tendency for
lead poisoned bald eagles to be found more frequently from
late autumn through the winter months, but less frequently
during the summer, than bald eagles that died of other
causes. Geographically, lead poisoned eagles were more
likely to come from the Central and Mississippi flyways
than from the Atlantic or Pacific. Possible explanations for
this regional difference include a greater frequency of
scavenging on carrion containing lead ammunition, greater
frequency of animals shot with lead ammunition, and more
carcasses or offal left in the field. Our finding that bald
eagles were lead poisoned more frequently than golden
eagles could be the result of golden eagles being more
successful predators and less likely to feed on carrion
containing lead fragments, or bald eagle carcasses being
noticed more frequently, because of the white plumage on
adults, than golden eagle carcasses. Displacement of
golden eagles scavenging on lead-containing carcasses by
bald eagles seems unlikely because of the aggressive nature
of golden eagles (Halley and Gjershaug 1998). We also
found that female eagles were diagnosed with lead poisoning more frequently that males and adults more frequently than juveniles. This may be at least partially
explained by intraspecific dominance at scavenged carcasses, although there is more evidence for females displacing males than for adults displacing juveniles (Halley
and Gjershaug 1998; Garcelon 1990). In combined data
from two reports of lead poisoning in bald eagles, 18 of 26
birds were females and 14 of 26 were adults (Kaiser et al.
1980; Reichel et al. 1984).
Acute lead poisoning of birds is generally characterized
by a high level of lead exposure for a short time, whereas
chronic poisoning occurs over a longer period of time,
often with a lesser magnitude of exposure (Franson and
Pain 2011). Thus, birds dying of acute lead poisoning may
be in good flesh with abundant fat reserves, but those
chronically poisoned typically exhibit anorexia, leading to
debilitation with loss of muscle mass and fat reserves
(Locke and Thomas 1996). In our study, lead poisoned bald
and golden eagles were considerably lighter than non-lead
poisoned eagles and more than half were characterized as
being in emaciated or poor body condition, suggesting that
most were undergoing chronic poisoning and not obtaining
adequate nutrition. Emaciation was the major gross lesion
reported in a study of bald eagles dosed with lead shot
(Pattee et al. 1981). Liver atrophy, a typical observation in
emaciated birds, was noted in lead poisoned bald and
golden eagles and has earlier been reported in sea eagles
dying of lead poisoning (Fournier and Hines 1994; Saito
2009). In both bald and golden eagles, we also found
evidence of bile stasis including enlarged gall bladder, bile
staining of the gastrointestinal tract, and to a lesser extent
bile staining of feathers, commonly reported findings in
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lead poisoned eagles and other raptors (Kaiser et al. 1980;
Reichel et al. 1984; Locke and Thomas 1996).
Microscopic lesions noted in our study included myocardial degeneration or necrosis and renal tubular nephrosis
or necrosis, lesions previously reported in bald eagles with
lead poisoning (Pattee et al. 1981). However, acid-fast
intranuclear inclusion bodies were not seen in histologic
sections of kidney tissue. Such inclusion bodies were
reported in one free-ranging white-tailed eagle (Haliaeetus
albicilla) with elevated tissue lead, but were not observed
in a wild bald eagle diagnosed with lead poisoning or in an
experimental study of lead shot poisoning in bald eagles
(Jacobson et al. 1977; Pattee et al. 1981; Kenntner et al.
2001). Other raptors reported with lead-induced acid-fast
renal inclusion bodies include turkey vulture (Cathartes
aura), Andean condor (Vulture gryphus), eastern screechowl (Megascops asio), snowy owl (Bubo scandiacus), and
laggar falcon (Falco jugger) (Locke et al. 1969; MacDonald et al. 1983; Beyer et al. 1988; Carpenter et al.
2003).
Few lead poisoned eagles in our study (14.2 % of bald
and 11.8 % of golden eagles) had lead fragments in their
stomachs. Cruz-Martinez et al. (2012) found radiographic
evidence of metal fragments in stomachs of 11 % of 322
bald eagles with elevated blood lead concentrations
([0.2 lg/ml). Neumann (2009) reported that, of 59 bald
eagles radiographed, not all of which were lead poisoned,
12 % had what was described as lead in digestive tracts.
Higher frequencies of ingested lead have been reported in
studies with smaller sample sizes. For example, among 16
white-tailed eagles with concentrations of lead ([20 lg/g
dry weight) in liver or kidney considered by the authors to
be evidence of lead poisoning, 25 % had lead ammunition
in their gastrointestinal tracts (Helander et al. 2009).
Ingested lead shot were reported in 23 % of 26 lead poisoned bald eagles (data combined from Kaiser et al. 1980
and Reichel et al. 1984).
Once an eagle ingests a lead fragment, it may be eroded
in the stomach, regurgitated, passed through the gastrointestinal tract, or be retained until death. As with other
raptors, eagles egest pellets, or casts, of indigestible
material consumed with food items, and lead shot have
been found in pellets of bald eagles in the wild (Duke et al.
1976; Griffin et al. 1980; Nelson et al. 1989). The elapsed
time between consumption of a meal and pellet egestion, or
meal to pellet interval, in captive bald eagles in one study
was about 22 h (Duke et al. 1976). If wild eagles egest
casts with similar frequency, some apparently retain lead in
the stomach through more than one meal to pellet interval,
demonstrated by the presence of ingested lead in a fraction
of birds, and the fact that that the majority absorbed enough
lead to be poisoned but were found without lead in their
stomachs. This is supported by findings of an experimental
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study of lead poisoning in bald eagles, as it was reported
that the lead shot administered were regurgitated as soon as
12 h after dosage or retained as long as 48 days (Pattee
et al. 1981). Another factor to consider regarding the
retention of lead in the eagle stomach is that the adverse
effects of increased lead absorption and poisoning result in
anorexia, as evidenced by the loss of body mass in affected
birds. Fewer meals consumed result in fewer casts and a
greater likelihood that lead will remain in the stomach. The
fact that we found higher liver lead concentrations in poisoned eagles with ingested lead versus those without is
consistent with a decline in liver lead concentration after
the lead is voided or eroded.
The mean liver lead concentration of lead poisoned bald
eagles in our study (28.9 mg/kg wet weight) was very
similar to that reported by Kaiser et al. (1980) (29.9 mg/kg
wet weight) and Reichel et al. (1984) (27.9 mg/kg wet
weight), and well above 10 mg/kg wet weight, the concentration suggested by Franson and Pain (2011) as an
indication of severe clinical poisoning. Golden eagles
diagnosed with lead poisoning had lower liver lead concentrations, but still[10 mg/kg wet weight. Adult bald and
golden eagles diagnosed with lead poisoning had higher
liver lead concentrations than juveniles, similar to the
findings reported by Kaiser et al. (1980) and Reichel et al.
(1984) for bald eagles (combined data from both studies,
adults = 31.8 mg/kg wet weight, juveniles = 24.8 mg/kg
wet weight). In two studies of bald and golden eagles,
elevated lead concentrations ([0.2 lg/ml in blood or
6-8 lg/g in liver or kidney) were found more frequently in
adult and subadult age classes combined (23 and 19.5 %)
than in immature birds (7 % in each study) (Wayland and
Bollinger 1999; Wayland et al. 2003). Cruz-Martinez et al.
(2012) suggested that the higher frequency of elevated
blood lead concentrations ([0.2 lg/ml) in adult versus
immature and hatch year bald eagles in their study was the
result of adults being more aggressive when scavenging
carcasses, thus having the first opportunity to consume
tissue around bullet wound sites. However, such aggressive
behavior would not explain higher liver lead concentrations
in adult eagles that died of lead poisoning. Perhaps juveniles die of lead poisoning more slowly than adults and, as
the majority of eagles in our study did not have lead
fragments in the stomach, the liver lead concentrations in
most would decline with increased survival time.
Some previous reports provide evidence linking lead
exposure in birds to traumatic deaths, such as collisions
with power lines or other objects, and impaired immune
response. For example, the mean liver lead concentration in
mute swans dying from collisions with electric or telephone wires was 33 mg/kg wet weight, compared with
8 mg/kg wet weight in swans dying of other causes
(O’Halloran et al. 1989). Kelly and Kelly (2005) reported
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that a significantly greater proportion of mute swans that
suffered collisions with power lines had blood lead concentrations that the authors defined as moderately elevated
compared with non-collision birds. Helander et al. (2009)
found elevated lead concentrations in tissues of several
white-tailed eagles recovered under power lines or with
other indications of trauma. Immunosuppressive effects,
evidenced by reduced immunologic cell numbers and
antibody titers were noted in experimental studies in mallards dosed with lead shot (Trust et al. 1990; Rocke and
Samuel 1991). Wayland et al. (2003) found that bald eagles
with toxicoses other than lead poisoning had kidney lead
concentrations that were higher than in those diagnosed
with injuries, disease, or emaciation. The other toxins were
primarily organophosphorus and carbamate compounds
and many bald eagles poisoned by these compounds were
found in areas with high lead exposure. The authors suggested that, rather than lead increasing the susceptibility of
eagles to the pesticides, it was possible that the birds were
being exposed to both lead and pesticides through their diet
(Wayland et al. 2003). Rodriguez-Ramos Fernandez et al.
(2011) found no association between lead concentrations in
tissues of Spanish imperial eagles (Aquila adalberti) and
the causes of morbidity and mortality resulting in their
admission to rehabilitation centers. In a study of several
birds of prey, proportionally more birds with unknown
cause of death or those diagnosed as gunshot had elevated
tissue lead concentrations than did birds with other causes
of death (Pain et al. 1995). In our study we found that,
except for eagles that were diagnosed as gunshot, liver lead
concentrations in non-lead poisoned eagles were low
(\1 mg/kg wet weight) and there were no differences
among those diagnosed with other causes of mortality. We
suspect the higher liver lead concentrations in gunshot
eagles were the result of lead fragments or residue from
lead ammunition passing through or near the liver (Frank
1986).

Conclusions
Important factors associated with the diagnosis of lead
poisoning in eagles in the USA included species, sex, age,
and location. The temporal distribution of lead poisoned
bald eagles, but not golden eagles, differed from that of
other causes of mortality. Among poisoned birds, liver lead
concentrations were three times higher in bald eagles and
twice as high in golden eagles as the commonly recommended threshold for severe poisoning. We noted several
of the lesions typically associated with lead poisoning in
birds, but an absence of acid-fast inclusion bodies in renal
tubules. Important factors affecting the liver lead concentration of poisoned eagles included species, age, and
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ingested lead ammunition. Liver lead concentrations in
eagles diagnosed as collision trauma, electrocution, poisoning exclusive of lead, emaciation, infectious disease,
trapped, other, and undetermined were low and there were
no differences among the various categories. Thus, we
found no evidence that lead exposure predisposed eagles to
these other causes of mortality.
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