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Abstract. Supplementary food resources (e.g., subsidies) associated with agriculture can benefit wildlife
species, increasing predictability and availability of food. Avian scavengers including raptors often utilize
subsidies associated with both recreational hunting and pest shooting on agricultural lands. However,
these subsidies can contain lead (Pb) fragments if they are culled with Pb-based ammunition, potentially
leading to Pb poisoning and physiological impairment in wildlife. Nesting Golden Eagles (Aquila chrysae-
tos) commonly forage in agricultural lands during the breeding season, and therefore, both adults and their
nestlings are susceptible to Pb exposure from scavenging shot wildlife. We assessed drivers of Pb exposure
in 258 nestling Golden Eagles (401 total blood samples), along with physiological and growth responses, in
agricultural lands across four western states in the United States. We also evaluated the birds’ Pb stable iso-
tope signatures to inform exposure sources. Twenty-six percent of Golden Eagle nestlings contained Pb
concentrations associated with subclinical poisoning for sensitive species (0.03–0.2 lg/g ww), 4% had Pb
concentrations that exceeded subclinical poisoning benchmarks (0.2–0.5 lg/g ww), and <1% exceeded
either concentrations associated with clinical poisoning (0.5–1.0 lg/g ww) and or those deemed to cause
severe clinical poisoning (>1.0 lg/g ww). Lead concentrations were highest in nestlings with close proxim-
ity to fields that potentially provided subsidies and declined exponentially as distance to subsidies
increased. However, close proximity to agriculture, and presumably subsidies, positively influenced
nestling growth rates. Across the range of Pb exposure, nestlings experienced a 67% reduction in
delta-aminolevulinic acid dehydratase (d-ALAD) activity, suggesting nestlings may have been anemic
or experiencing cellular damage. Isotopic ratios of 206Pb/207Pb increased non-linearly with increasing blood
Pb in Golden Eagle nestlings, and 45% of the birds were consistent with those of ammunition. However,
above 0.10 lg/g ww, the proportion associated with ammunition increased to 89% of the nestlings. An
improved understanding of how these positive (growth) and negative (physiology) effects associated with
proximity to subsidies interact would be beneficial to managers when considering management scenarios
and potentially evaluating any measures taken to reduce Pb exposure across the landscape.
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INTRODUCTION

Landscape conversion to agriculture degrades
existing habitat quality and impacts ecosystem
services globally (Hoekstra et al. 2004, Haines-
Young 2009, Seoraj-Pillai and Pillay 2017). Alter-
ation of wildlife habitat is a particularly common
result of agricultural development (Seoraj-Pillai
and Pillay 2017), but net effects to wildlife can be
complex, resulting in both positive (Wolff et al.
2001, Cardador et al. 2011, Murgatroyd et al.
2016) and negative (Arroyo et al. 2002, Costan-
tini et al. 2014, Almasi et al. 2015) responses.
Benefits of agriculture to wildlife populations
can occur through access to supplementary food
resources (hereafter subsidies) in a previously
low-productivity environment (Cort�es-Avizanda
et al. 2012, Oro et al. 2013), where the temporal
and spatial predictability (and availability based
on land management practices) of these subsi-
dies improves access to food resources compared
to natural systems (Bartumeus et al. 2010,
Cort�es-Avizanda et al. 2012). As a result, subsi-
dies can decrease time spent foraging and
improve physiological condition and breeding
performance (Robb et al. 2008, Oro et al. 2013).
However, agricultural subsidies can also result
in potential ecological traps where wildlife select
maladaptive habitats that may result in physio-
logical impairment (Fritsch et al. 2019) or popu-
lation effects (Battin 2004, Hale and Swearer
2016).

Raptor species are good indicators of ecosystem
health because they are often apex predators and
are vulnerable to modification of the landscapes
they occupy (Sergio et al. 2006, Terraube and Bre-
tagnolle 2018). Although agriculture-induced
habitat changes can have negative consequences
to raptor populations (Arroyo et al. 2002, Costan-
tini et al. 2014, Almasi et al. 2015), agriculture can
also provide benefits associated with increased
availability of subsidies such as increased abun-
dance or availability of prey resources (Panek and
Hu�sek 2014, Murgatroyd et al. 2016). In particu-
lar, scavenging raptor species respond positively

to predictable subsidies such as offal and carrion
associated with agricultural or hunting activities
(Wilmers and Getz 2004, Monsarrat et al. 2013).
Where agricultural practices intersect with hunt-
ing and pest management activity, there is poten-
tial for increased availability of carcasses for
scavenging raptors (Harmata and Restani 1995,
Stephens et al. 2008, Herring et al. 2016, McTee
et al. 2017, 2019). Despite the positive benefits
from subsidies, they also portend risks to raptors
resulting from exposure to anthropogenic contam-
inants (Walters et al. 2008), particularly lead (Pb;
Haig et al. 2014, Naidoo et al. 2018).
Globally, Pb is a major threat to scavenging

raptors that feed on hunter-killed offal, and un-
retrieved game and managed pest carcasses that
have been shot with Pb-based ammunition (Haig
et al. 2014, Ecke 2017, Garbett et al. 2018, Gil-
S�anchez et al. 2018). As one of the largest preda-
tory and scavenging species of raptors, Golden
Eagles (Aquila chrysaetos) are at risk of substantial
Pb exposure from scavenging throughout their
global range (Austria, Kenntner et al. 2007;
Canada, Wayland and Bollinger 1999; Germany,
Kenntner et al. 2007; Italy, Squadrone et al. 2018;
Japan, Ishii et al. 2017; Sweden, Ecke 2017;
Switzerland, Jenni et al. 2015; USA, Langner
et al. 2015). Golden Eagles often breed and for-
age in proximity to agricultural environments
(Craig and Craig 1984, Menkens and Anderson
1987) and are attracted to hunter-killed offal and
recreational shot and agriculture pest manage-
ment subsidies (Harmata and Restani 1995,
Legagneux et al. 2014, Herring et al. 2017).
Within North America, Pb exposure in Golden

Eagles is well documented; however, most of the
available information has been derived from free-
ranging (migrating or breeding) adult birds (Pattee
et al. 1990, Stauber et al. 2010, Langner et al. 2015,
Watson and Davies 2015). In contrast, Pb exposure
in Golden Eagle nestlings is relatively understud-
ied despite evidence suggesting that early devel-
opmental stages are the most critical periods for
exposure to environmental contaminants, in par-
ticular Pb (Hoffman et al. 1985, Eps�ın et al. 2015,
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Herring et al. 2017). Further, little is known about
how local subsidies associated with recreational
shooting/hunting and pest management shooting
on or near agricultural lands during the breeding
season influence nestling health or Pb exposure.
To determine the extent of Pb exposure in Golden
Eagle nestlings in the western United States associ-
ated with agriculture and pest shooting (e.g.,
ground squirrels Sciuridae, coyotes Canis latrans)
and potential influence of shot subsidies, we sam-
pled nestlings in four western states, examining
both biological and landscape factors that influ-
enced Pb exposure and nestling growth rates.
Additionally, we evaluated a common biomarker
of Pb exposure (delta-aminolevulinic acid dehy-
dratase [d-ALAD], a precursor to impaired heme
synthesis) to determine if there were associated
physiological effects and sought to determine
potential sources of Pb exposure using Pb stable
isotope ratios.

METHODS

Study area
We sampled Golden Eagle nestlings at four loca-

tions across the western United States, including
Butte Valley in northern California, Northern
Great Basin in central and eastern Oregon, the
Morley Nelson Snake River Birds of Prey National
Conservation Area and surrounding regions in
southern Idaho, and the Bighorn Basin in Wyom-
ing (Fig. 1). Nest sites were a mixture of cliffs
(81%) and trees (19%), with tree nests being in
either cottonwood (Populus), juniper (Juniperus), or
pine (Pinus) trees. Detailed descriptions of the
study areas and diet of Golden Eagles can be
found in Bedrosian et al. (2017) and Preston et al.
(2017). During April to June, 2013–2016, we sam-
pled 258 individual Golden Eagle nestlings from
156 individual nests for a total of 401 blood sam-
ples. When possible, we sampled blood from each
individual nestling twice: The first sampling
occurred at 14–51 d post-hatch and the second
sampling occurred at 27–61 d after hatch develop-
ment, because blood Pb concentrations can be
dynamic over time. We collected blood (<1% of
body mass) from the brachial vein using 25- to 27-
gauge heparinized needles and syringe, or a but-
terfly needle and ethylenediaminetetraacetic acid
(EDTA) vacuum collection tubes, and stored blood
on ice until freezing at �80°C. An aliquot of blood

was taken was taken to determine hematocrit for
d-ALADmeasurements.
During the first nest entry, nestlings were

banded with a stainless-steel U.S. Geological Sur-
vey leg band or were uniquely marked for subse-
quent identification and later banded if nestlings
were too small to retain a band. During each nest
entry, we recorded mass to the nearest 100 g using
a Pesola spring scale (Pesola AG, Schindellegi,
Switzerland) and estimated age based on feather
development, following Hoechlin (1976) and Dris-
coll (2010). Given the variation in development of
nestlings during visits, we could not definitively
assign hatch order or sex to individuals.

Blood Pb determination
Blood samples were digested using concen-

trated, ultra-pure nitric acid following Andersen
(1996), filtered through a 45-lm polyvinylidene
difluoride filter, and spiked with an internal stan-
dard (indium). We determined Pb concentrations
of digested blood samples using a Thermo Scien-
tific X-Series II CCT ICPMS (Thermo Fisher Sci-
entific, Waltham, Massachusetts, USA). External
calibration curves were prepared in aqueous
solutions using a commercial Pb standard (Ricca
Chemical Company, Arlington, Texas, USA; PPB
IKN-100). Certified reference materials (blood;
National Institute of Standards and Technology
SRM 955c), method blanks, and duplicates were
used for method validation. Lead recovery aver-
aged 98.6% � 4.7% for certified reference materi-
als (n = 14), the absolute relative percent
difference for duplicates averaged 8.2% � 2.2%
(n = 18), and the limit of detection for Pb was
0.002 lg/g. Some nestlings (16%) had blood Pb
concentrations below the limit of detection, and
we used the method of median semi-variance
(SemiV) to estimate values for the left-censored
data as described by Zoffoli et al. (2013). The
SemiV approach to handling left-censored data
minimizes the bias in associated error for the
mean and standard deviation (Zoffoli et al. 2013)
and is not flawed like traditional substitution
and deletion methods that have no statistical
underpinning (Helsel 2006, Zoffoli et al. 2013).
We present blood Pb concentrations as lg/g
(parts per million; ppm) wet weight. Lead con-
centrations are often reported in lg/dL, which
can be estimated by multiplying lg/g concentra-
tions by 100.
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Blood Pb isotopes
Pb stable isotopes can be used as tracers of

environmental pollution with ratios of the indi-
vidual Pb isotopes reflecting potential sources
(Kom�arek et al. 2008, Finkelstein et al. 2012,
Legagneux et al. 2014, Sriram et al. 2018). To
understand potential sources of Pb exposure in
Golden Eagle nestlings, we randomly selected a
subset of blood samples for analysis of Pb stable
isotope ratios that spanned the entire range of Pb
exposure we previously identified in the Pb-anal-
ysis stage. To ensure independence among sam-
ples, we only analyzed Pb ratios from one
nestling per nest. We procured donated unfired
rounds of ammunition that are commonly used
throughout our study area for either recreational
ground squirrel shooting or agriculture pest man-
agement shooting to estimate the 206Pb/207Pb iso-
tope ratios of Pb-based ammunition; Federal
American Eagle .223 (Federal Ammunition,
Anoka Minnesota, USA), Federal Sierra .308, and
Remington Core Lokt 30-06 (Remington Arms
Company, Madison, North Carolina, USA). Addi-
tionally, we recovered known ammunition type
fragments from shot ground squirrels from two
regions of our study in California and Oregon
(Herring et al. 2016); Hornady .17 HMR V-Max
(Hornady Manufacturing Company, Grand
Island, Nebraska, USA), Hornady .17 Win Super
Mag, Remington Thunderbolt .22 solid, and CCI

.22 hollow point (CCI Ammunition, Lewiston,
Idaho, USA).
All Pb isotope work was conducted in a Class

100 clean laboratory at the Keck Collaboratory for
Plasma Spectrometry, Oregon State University.
Blood samples were digested using successive
treatments of concentrated, ultra-pure nitric acid.
Bullet fragments were leached with 1 mol/L HCl
and resulting leachates were collected to represent
the bullets. Sample Pb was isolated by anion
exchange chromatography using the AG 1-X8
(100–200 mesh) resin (Bio-Rad Laboratories, Her-
cules, California, USA) as previously des-
cribed (Weis et al. 2006). Lead isotopes were mea-
sured using the Nu Plasma 023 (Nu Instruments,
Charlestown, Massachusetts, USA) multi-collector
inductively coupled plasma mass spectrometer.
Samples and standards were prepared in 3% nitric
acid and introduced into the instrument with an
Aridus II desolvating nebulizer system (CETAC
Technologies, Omaha, Nebraska, USA). Ion signal
intensities were measured for masses 202 through
208 (isotopes of Pb and Hg). We used the NIST
(USA) SRM 981 natural Pb (isotopic) standard for
monitoring analytical run instrument drift and
normalization of all measured Pb isotopic ratios.
At the start of each analytical session a batch (≥3)
of the NIST SRM 981 standard was run. Samples
were run following a modified sample-standard
bracketing measurement protocol, where the

Fig. 1. Nest site locations of Golden Eagle (Aquila chrysaetos) nestlings sampled in California (CA), Idaho (ID),
Oregon (OR), and Wyoming (WY) during 2013–2016.
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standard was run after every two samples. A mini-
mum of two USGS-certified reference materials,
BCR-1 (basalt; 206Pb/207Pb certified ratio = 1.2099)
and AGV-1 (andesite; 206Pb/207Pb certified ratio =
1.2037), were run during each analytical session
for quality assurance (Weis et al. 2006). Certified
reference material 206Pb/207Pb ratios (� SD) aver-
aged 1.2100 � 0.0005 (BCR-1; n = 6) and 1.2038 �
0.0006 (AGV-1; n = 8) across all analytical sessions.

Delta-aminolevulinic acid dehydratase
Delta-aminolevulinic acid dehydratase activity

is a precursor to heme synthesis and a sensitive
indicator of physiological response to Pb expo-
sure (Eps�ın et al. 2015). After identifying the
range of Pb exposure, we randomly selected a
subset of blood samples for d-ALAD determina-
tion that spanned that full range. We measured d-
ALAD activity using a variation of the European
standard method (Berlin and Schaller 1974). We
mixed 100 lL of whole blood with 1.5 mL nanop-
ure water in a 5-mL centrifuge tube and vortexed
at 2000 rpm for 10 s. We added 1 mL of 10 lmol/
L ALA solution (Sigma, St. Louis, Missouri,
USA), vortexed for 10 s, and incubated in the
dark at 38°C for 60 min. One mL of trichloroacetic
acid stop solution (10%) was added to stop the
reaction, followed by 10-second vortex. We then
centrifuged tubes for 10 min at 2000 9 g and a
100-lL aliquot in duplicate was removed and
transferred to a 96-well plate. Ehrlich’s indicator
reagent (100 lL) was added and plates were
read on a VERSAmax (Molecular Devices, Sunny-
vale, California, USA) microplate reader at
555 nm. Delta-aminolevulinic acid dehydratase
activity is presented as nmol�min�1�mL�1 whole
blood. Absolute relative percent difference for
duplicates averaged 2.1% � 0.9%.

Landscape analysis
To understand the potential influence of agri-

cultural subsidies on Golden Eagle nestling Pb
exposure and growth rates, we used ArcMap
10.4.1 (ESRI, Redlands, California, USA) to quan-
tify a suite of landscape variables associated with
each nest site. We first calculated the land area
(km2) within the core area of the nest where a
sample was collected (4.7 km + 1 standard error
[SE]; Marzluff et al. 1997) that was comprised of
hay (primarily alfalfa; Medicago sativa) agriculture
(hereafter core subsidy area) using the U.S.

Department of Agriculture’s National Agricul-
tural Statistics Service; Crop Scape and Cropland
Data Layers (U.S. Department of Agriculture
2016). Although multiple crop types existed
within the core area of some nests, we focused
our analysis on hay crops because they can be a
source of important Golden Eagle prey resources
(Bedrosian et al. 2017, Herring et al. 2016, 2017),
are commonly sites of intensive recreational and
pest management shooting activity which pro-
vide subsidies (Herring et al. 2016, McTee et al.
2017, 2019), and are the most common crop across
the landscape studied (72%). Core subsidy area
served as a proxy for potential abundance of agri-
cultural-associated prey and we assumed that
prey abundance and/or availability increased
with core subsidy area. We then measured the
distance (km) from each nest to the nearest hay
field (hereafter distance to subsidy) using the
CropScape and Cropland Data Layers. Distance
to subsidy served as a measurement of subsidy
resource access. We assumed that adult Golden
Eagle nests that were closer to hay fields would
have increased access to shot subsidies. Because
there were annual changes in which fields were
farmed, as well as their boundaries, we used
year-specific layers for each nest that was associ-
ated with the year in which it was sampled.

Data analysis
We used an information-theoretic approach

(Burnham and Anderson 2002) and linear mixed
models in R (LME4; R Development Core Team,
2011) to determine the variables that most influ-
enced Pb concentrations and growth rates in
Golden Eagle nestlings. We built and ranked sepa-
rate competing candidate models to understand
how Pb concentrations in each bird were influ-
enced by differing biological and landscape vari-
ables. We included all possible variable
combinations to ensure a balanced design, which
facilitates a comparison of variable weights, and
included an intercept only (null) model and global
model. Where appropriate we included linear,
quadratic, and cubic forms of variables (e.g., age;
Herring et al. 2013) in preliminary models, but
only retained the linear forms in the final model
set as they always had the most support. When
examining factors influencing nestling Pb expo-
sure, we included the following variables in our
model: nestling age (days post-hatch based on
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plumage estimates), distance from nest to nearest
subsidy (km), and core subsidy area (km2). Prior
to analysis we evaluated correlations between all
parameters included in modeling efforts; we
found no signs of correlations between model
parameters (all r ≤ 0.19). We also included a
unique identifier for each nestling and nest within
each year as random effects to account for the
repeated sampling of nestlings, and the non-inde-
pendence of sampling multiple nestlings within a
nest. Similarly, we included region as a main effect
in all models, to account for potential differences
in diet across the landscape. In some cases, the
same territory or nest was sampled in multiple
years, but we treated each year as an independent
sample. We then used Akaike’s information crite-
rion adjusted for small samples sizes (AICc) to
evaluate the fit of the data to each model and con-
sidered the model with the lowest AICc value to
be the most parsimonious (Burnham and Ander-
son 2002). We ran all possible models and consid-
ered candidate models with DAICc ≤ 2.0 to be
equally plausible and models with DAICc > 4.0 to
have less support. We determined the relative
ranking of each model by subtracting each candi-
date model’s AICc value from the best model
(DAICc). We present all candidate models with
DAICc ≤ 4.0 and the null model in Tables 1, 2. We
calculated Akaike weights to assess the weight of
evidence for candidate models (Burnham and
Anderson 2002), and calculated cumulative vari-
able weights by summing Akaike weights across
all models that included the variable to assess the
relative importance of each variable. We calculated
model-averaged beta coefficient estimates from all
candidate models (Burnham and Anderson 2002)
and present them with 85% confidence intervals to
avoid variable selection uncertainty (Arnold 2010).
We evaluated all possible two-way interactions
across all models and did not include them in the
final model set because they lacked support.

We used the same model selection procedures
as above to examine how biological and land-
scape variables influenced nestling growth rates.
We first calculated growth rates for individuals
where we had nestling mass data from two con-
secutive visits by subtracting mass at nest entry 2
from mass at nest entry 1, then dividing the dif-
ference in mass by the number of days between
nest entry 1 and nest entry 2. Because Golden
Eagle nestlings follow a logistic growth curve

(Collopy 1986) we only used data from the linear
portion of the relationship between growth rate
and age (10–50 d). Our initial models indicated
that distance to subsidy was an important factor
influencing Pb exposure (see Results) and there-
fore could not include both distance to subsidy
and Pb concentration together in the same growth
rate model. Thus, we used a two-stage approach
for determining which variable had more support
for influencing nestling growth rates. We first ran
separate models with either distance to subsidy
or Pb concentration as the independent variables
and growth rate as the dependent variable and
compared the AICc values from each model. The
AICc value for distance to subsidy
(AICc = 1124.81) was 7.63 AICc units lower than
Pb concentration (AICc = 1132.44), demonstrating
that the model with distance to subsidy had more
support for explaining variation in nestling
growth rates than Pb concentrations. Therefore,
we retained distance to subsidy in subsequent
nestling growth models and excluded Pb concen-
trations. We then ran the full model set that
included distance to subsidy and core subsidy
area as fixed effects. As in the previous models,
we also included nest ID as a random effect to
account for the non-independence of sampling
multiple nestlings within a nest and region in
every model to account for potential differences
across regions.
We examined the relationship between nest-

ling blood Pb concentrations and d-ALAD activ-
ity by fitting an exponential model (Finkelstein
et al. 2012) with d-ALAD activity as the depen-
dent variable and Pb concentration as the inde-
pendent variable.
To understand the relationship between blood

Pb concentrations and 206Pb/207Pb isotope ratios,
we fit non-linear models to the data, selecting the
model that best fit the data while minimizing the
number of model parameters to avoid over fit-
ting. Finally, to understand the potential origins
of Pb in nestling Golden Eagles, we compared
blood 206Pb/207Pb isotope ratios from Golden
Eagle nestlings to Pb-based bullets sampled in
this study and from the literature (Tsuji et al.
2008, Finkelstien et al. 2012). We also included
206Pb/207Pb isotope ratios from additional poten-
tial background sources (gasoline, Flegal et al.
2010; paint, Jaeger et al. 1998, Finkelstein et al.
2012; regional ore processing Pb effluent, Shiel
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et al. 2010; soil, Reimann et al. 2011). All esti-
mates of background Pb isotope sources used
were the most recent and geographically like our
study.

RESULTS

Nestling Pb
During 2013 to 2016 we sampled 401 Golden

Eagle nestlings from 156 unique nest and year
combinations (Butte Valley = 60, Northern Great
Basin = 214, Morley Nelson Snake River Birds of
Prey National Conservation Area = 103, Bighorn
Basin = 24). Because the number of nests with
three nestlings were low (n = 4) we did not
include the third nestling (i.e., the smallest) in our
statistical analyses. However, concentrations
from the third nestling are presented separately
as a geometric mean and are included in our
summary of Pb exposure thresholds. Across all
years and regions, nestling blood Pb levels (lg/g
ww) ranged from <0.001 to 1.093 lg/g ww
(n = 397) and the geometric mean Pb (�SE) level
was 0.015 � 0.002 lg/g ww. The geometric mean
Pb level in third nestlings was 0.009 � 0.004 lg/g
ww. Twenty-six percent of Golden Eagle nestlings

contained Pb concentrations associated with sub-
clinical poisoning for sensitive species (0.03–
0.2 lg/g ww, n = 104; Mart�ınez-L�opez et al. 2004,
Finkelstein et al. 2012, Eps�ın et al. 2015), Pb con-
centrations in 4% of nestlings exceeded subclini-
cal poisoning benchmarks (0.2–0.5 lg/g ww,
n = 16; Franson and Pain 2011), <1% exceeded
values associated with clinical poisoning (0.5–
1.0 lg/g ww, n = 1; Franson and Pain 2011), and
<1% (n = 1) had concentrations deemed to cause
severe clinical poisoning (>1.0 lg/g ww; Franson
and Pain 2011).

Variables influencing nestling Pb
The top model explaining Pb concentrations in

nestling Golden Eagles contained only distance
to subsidy, with a model weight of 0.46 (Table 1).
One additional model that included age and dis-
tance to subsidy had reasonable support (<2
AICc units; Table 1), but the weight of the evi-
dence suggested the top model was 2.13 times
more likely than the next competitive model
(Table 1). Using variable weights to assess vari-
able importance, we found that models contain-
ing distance to subsidy had a combined AICc

weight of 0.92, whereas there was little evidence

Table 1. Ranking of candidate models describing variables influencing Pb concentrations in nestling Golden
Eagles (n = 397) in the western United States.

Model structure K �2LogL DAICc wi Evidence ratio

Distance to subsidy 8 1319.58 0.00 0.46 1.00
Distance to subsidy + age 9 1319.00 1.51 0.22 2.13
Distance to subsidy + area of subsidy 9 1319.53 2.03 0.17 2.77
Distance to subsidy + age + area of core subsidy 10 1318.94 3.56 0.08 5.92
Intercept 7 1328.14 6.47 0.02 24.40

Notes: Differences were determined using Akaike’s information criterion adjusted for sample size (DAICc), model likelihood
(�2LogL), model weight (wi), number of parameters (K), and the weight of the evidence that the top model is better than the
selected model (evidence ratio). Models presented include only those that were within four AICc units of the top model
(DAICc = 0) and the null (intercept) model.

Table 2. Ranking of candidate models describing variables influencing nestling Golden Eagle growth rates
(n = 131) in the western United States.

Model structure K �2LogL DAICc wi Evidence ratio

Distance to subsidy 7 1105.63 0.00 0.70 1.00
Distance to subsidy + area of core subsidy 8 1105.62 2.28 0.22 3.13
Intercept 6 1113.95 6.09 0.03 20.69

Notes: Differences were determined using Akaike’s information criterion adjusted for sample size (DAICc), model likelihood
(�2LogL), model weight (wi), number of parameters (K), and the weight of the evidence that the top model is better than the
selected model (evidence ratio). Models presented include only those that were within four AICc units of the top model
(DAICc = 0) and the null (intercept) model.
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for the effects of nestling age (0.32) or core sub-
sidy area (0.30). Nestling Pb concentrations
declined exponentially with increasing distances
to subsidies (Fig. 2), and there was a 65% reduc-
tion in Pb concentrations from the closest
(0.03 km) to the furthest (10.23 km) subsidy field
(b = �0.229 � 0.157–85% confidence interval).
Eighteen percent of nestlings within 1 km of a
subsidy field had Pb concentrations exceeding
the 0.10 lg/g background threshold (Craighead
and Bedrosian 2008, Finkelstein et al. 2012),
whereas 5% of nestlings exceeded this bench-
mark between 1 and 2 km from a subsidy field,
and only 1% of nestlings >2 km from subsidy
fields exceeded the background threshold
(Fig. 2).

Nestling growth rates
We found that the most parsimonious model

explaining nestling growth rates contained only
distance to subsidy, with a model weight of 0.70
(Table 2). No other models were found to be
competitive (<2 AICc units; Table 2). Nestling
growth rates were negatively correlated with dis-
tance to subsidy fields and declined by 67%
across the observed range (0.03–7.79 km;
b = �7.112 � 4.849; Fig. 3). The growth rates of
nestlings 3 km or closer to subsidy fields aver-
aged 48 � 4 g/d, whereas those located farther
than 3 km from subsidy grew at an average rate
of only 34 � 10 g/d.

Delta-aminolevulinic acid dehydratase
There was a negative exponential relationship

between blood d-ALAD activity and Pb concen-
trations (d-ALAD activity = 0.31 + 4.80 9

e(�3.78*Pb µg/g), P = 0.003, r2 = 0.49; Fig. 4).

Nestling Pb isotopes
The 206Pb/207Pb stable isotope ratios ranged

from 1.166 to 1.230, spanning ratios associated
with a range of sources, from historic gasoline to
Pb-based ammunition. Additionally, variation in
206Pb/207Pb ratios was heterogeneous across the
range of Pb exposure; below 0.10 lg/g ww the
coefficient of variation (CV) in Pb stable isotope
ratios was 17%, whereas the CV was less than half
that (8%) at concentrations above 0.10 lg/g
(Fig. 5). The 206Pb/207Pb ratios were related to
blood Pb concentrations in a non-linear fashion
(206Pb/207Pb = 1.197 9 Pb lg/g ww/(3.15E�05 + Pb
lg/g ww) + 0.064 9 Pb lg/g ww), r2 = 0.28;
Fig. 5). At the lowest Pb exposure levels, stable
isotope ratios increased sharply with slight
increases in Pb concentrations, and there was an
inflection point at Pb concentrations of 0.01 lg/g,
above which the slope decreased and Pb stable
isotope ratios were less variable. Across all birds,
45% of blood Pb stable isotope ratios fell within
the range associated with Pb-based ammunition
from this (206Pb/207Pb = 1.219 � 0.004 standard
error) and previous studies (206Pb/207Pb = 1.221
� 0.002; Finkelstein et al. 2012, 1.228 � 0.002;
Tsuji et al. 2008), 31% of stable Pb isotope ratios

Fig. 2. Relationship between whole-blood lead (Pb) concentrations (lg/g ww) in nestling Golden Eagles
(Aquila chrysaetos; n = 397) and the distance from nest to nearest subsidy field (km) in the western United States
(California, Idaho, Oregon, Wyoming). Dashed lines indicate the 95% confidence interval.
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were consistent with that of soil (206Pb/207Pb =
1.199 � 0.003; Reimann et al. 2011), 7% were con-
sistent with background Pb (206Pb/207Pb = 1.175 �
0.003, e.g., historic atmospheric Pb gasoline emis-
sions; Flegal et al. 2010), and the remaining 17%
had isotopic signatures indicating a mixture of
sources (Fig. 5). Stable isotope ratios in the major-
ity of blood samples with elevated Pb concentra-
tions above 10 lg/g ww (89%) overlapped with

Pb-based ammunition, whereas stable isotope
ratios from 67% of samples below 0.02 lg/g ww
overlapped with those of historic atmospheric Pb
gasoline emissions or soil Pb (Fig. 5).

DISCUSSION

We provide among the most comprehensive
assessments to date of Pb exposure in nestling

Fig. 3. Relationship between partial residuals of growth rate (g/d) and the distance to nearest subsidy (km) in
nestling Golden Eagles (Aquila chrysaetos; n = 131) in the western United States (California, Idaho, Oregon,
Wyoming). Dashed lines indicate the 95% confidence interval. Partial residuals are measured from a model
including region.

Fig. 4. Relationship between delta-aminolevulinic acid dehydratase (d-ALAD) activity (nmol PBG/min/mL
blood) and whole-blood lead (Pb) concentration (lg/g ww) in nestling Golden Eagles (Aquila chrysaetos; n = 23)
in the western United States (California, Idaho, Oregon, Wyoming). Delta-aminolevulinic acid dehydratase activ-
ity declined 68% across the observed range of Pb concentrations (0.01–0.34 lg/g). Dashed lines indicate the 95%
confidence interval.
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Golden Eagles in North America, detailing
potential drivers and sources of exposure, physi-
ological effects, and hazards associated with Pb
that are faced by nestlings. Golden Eagle nest-
lings experienced wide-ranging Pb exposure,
with Pb levels spanning three orders of magni-
tude. Although most nestling Pb concentrations
were relatively low (<0.03 lg/g), 26% exceeded
concentrations that would impair physiological
condition in Pb-sensitive species (Mart�ınez-
L�opez et al. 2004, Finkelstein et al. 2012, Eps�ın
et al. 2015). As such, we observed a 67% reduc-
tion in d-ALAD activity across the range of nest-
ling Pb concentrations. We also found strong
support that habitat type was an important pre-
dictor of nestling Pb exposure. Specifically, nest-
lings reared near hay fields had higher Pb
concentrations than those more distant from hay
fields (suggesting an ecological trap dependent
on proximity to shooting fields), and concentra-
tions declined exponentially with increasing

distance. Importantly, despite having higher Pb
concentrations near hayfields, growth rates were
higher in nestlings located closer to subsidy
fields than those further away.
The proximity of nests to potential subsidies

had a strong effect on Golden Eagle nestling Pb
exposure; in fact, 98% of the top 10th percentile
concentrations occurred within 2 km of subsidy
fields, whereas 39% of nestlings further than
2 km from the nearest subsidy fields had Pb con-
centrations in the lower 25th percentile.
Although consumption of Pb-based bullet frag-
ments left in big game offal is commonly associ-
ated with Pb exposure in scavenging birds such
as Golden Eagles (Craighead and Bedrosian
2008, Legagneux et al. 2014, Langner et al. 2015),
our research occurred during the spring and
early summer—outside the legal big game hunt-
ing season. Recreational and pest control shoot-
ing of ground squirrels and prairie dogs is
common during this period and can result in

Fig. 5. Relationship between whole-blood lead (Pb) stable isotope ratios (206Pb/207Pb) and whole-blood Pb con-
centrations (lg/g ww) in nestling Golden Eagles (Aquila chrysaetos; n = 29) in the western United States (Califor-
nia, Idaho, Oregon, Wyoming) represented by black dots. The shaded regions represent the mean � standard
error for 206Pb/207Pb isotope ratio for Pb-based ammunition (1Tsuji et al. 2008, 2Finkelstein et al. 2012, 3Current
study), background soil measured in California (4Reimann et al. 2011), lichen samples from northern California
reflecting historic atmospheric Pb gasoline emissions (5Flegal et al. 2010), regional ore processing Pb effluent
(6Shiel et al. 2010), and Pb-based paint (7Jaeger et al. 1998/Finkelstein et al. 2012). The crosshair symbols on the
right y-axis represent the 206Pb/207Pb isotope ratios of Pb-based bullets sampled in the current study. Dashed lines
indicate the 95% confidence interval for the relationship between blood Pb concentrations and 206Pb/207Pb isotope
ratios.
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over 100 shot animals per day per shooter left in
fields (Pauli and Buskirk 2007, Herring et al.
2016). Moreover, most of the bullet fragments
retained in shot ground squirrel and prairie dogs
carcasses are comprised of Pb; 7–35% of the car-
casses contain a potential lethal dose of Pb to
raptors in a single meal (Knopper et al. 2006,
Pauli and Buskirk 2007, Herring et al. 2016)
assuming nestlings consumed the entire carcass
and digested all the Pb fragments. Further, shoot-
ing activity can serve as a cue for attracting rap-
tors and other avian scavengers to a site
(Harmata and Restani 1995, White 2005).
Although not all regions we sampled had exten-
sive ground squirrel shooting in hay fields, recre-
ational shooters often select natural areas near
agriculture fields likely because of access (Pauli
et al. 2019) and other forms of recreational shoot-
ing of agricultural pests often occur (e.g., coyotes;
Stauber et al. 2010, Watson and Davies 2015).

Prey availability (prey density and vulnerabil-
ity to capture) ultimately defines when and
where birds forage (Boutin 1990, Gawlik 2002).
However, in our study we found little support
for core subsidy area, which served as a proxy
for potential abundance or density of agricul-
tural-associated prey but strong support for the
distance to subsidy. This suggests that Pb expo-
sure in Golden Eagles was driven more by the
simple availability of carcasses shot with Pb-
based ammunition than the actual abundance or
potential density of prey at subsidy fields. In
other words, adult Golden Eagles were attracted
to shooting sites likely because there were shot
carcasses there, not necessarily because of how
much prey might have been at that subsidy field.
This is an important finding because it demon-
strates just how important shooting fields may
be during the breeding season, if they occur
within the foraging range of Golden Eagles.

Although closer proximity to potential subsi-
dies may increase Pb exposure in nestling
Golden Eagles, the potential impairment from Pb
exposure may be at least partially offset by the
energetic benefits of increased food availability,
as evidenced by higher nestling growth rates for
those birds closest to potential subsidies. As a
corollary, subsidies may benefit Golden Eagles in
some ways, they may also create an ecological
trap where adult Golden Eagles are attracted to
abundant shot ground squirrels but have no

behavior cue to alert them to the risk of Pb expo-
sure from the subsidy which causes physiologi-
cal impairment in nestlings (Battin 2004, Fritsch
et al. 2019). However, without evidence of a true
effect on population growth rates we cannot be
certain that ground squirrel shooting or other
forms of pest management on hay fields truly
acts as an ecological trap for breeding golden
eagles, or raptors in general. One important
caveat to these findings is that because of the
strong relationship between distance to subsidies
and Pb concentrations, we could not determine if
Pb exposure influenced growth rates. However,
the procedure we used to determine which vari-
able (distance to subsidy or Pb concentration) to
include in the final growth models did suggest
that the relationship between nestling growth
rates and distance to subsidy had more support
than that between growth rates and Pb concen-
trations. This should not be interpreted as Pb
does not influence Golden Eagle nestling growth
rates; rather that for the range of Pb in
nestlings the benefit of subsidies on nestling
growth exceeded any impairment caused by Pb.
Understanding how prey availability differs

with respect to habitat types within nest site core
foraging areas would help improve our under-
standing of when and where Golden Eagle nest-
lings may be exposed to Pb and could be critical
when considering potential management scenar-
ios to mitigate Pb exposure. The degree to which
proximity to hay fields results in increased prey
availability and increased access to shot subsidies
likely varies among landscapes, influenced by (1)
the juxtaposition of hay fields and Golden Eagle
nest site habitat, (2) presence of prey species that
are positively associated with hay cultivation,
and (3) recreational or pest control shooting that
is similarly associated with hay cultivation. For
example, Belding’s ground squirrels (Urocitellus
beldingi) attain very high densities within sprin-
kler-irrigated alfalfa fields, causing substantial
economic losses that require pest control mea-
sures such as poisoning and shooting (Whisson
et al. 1999), and attracting high levels of recre-
ational shooting (Herring et al. 2016). This situa-
tion represents a spatially identifiable, focused
source of Pb exposure within this squirrel’s geo-
graphic range (Oregon and California study
areas; Herring et al. 2016) that is more amenable
to remediation than more dispersed hunting,
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recreational, and pest shooting (Stauber et al.
2010, Pauli et al. 2019).

The suppression of d-ALAD activity, which is
a precursor to heme synthesis and a sensitive
indicator of physiological response to Pb expo-
sure, is a common effect of Pb exposure in rap-
tors (see Hoffman et al. 1985, Redig et al. 1991,
Henny et al. 1994). However, only limited infor-
mation is available regarding how the effects of
low-level Pb exposure influences d-ALAD (see
Mart�ınez-L�opez et al. 2004, Finkelstein et al.
2012, Eps�ın et al. 2015). We found suppressed d-
ALAD activity (8% below reference) at blood
concentrations as low as 0.03 lg/g. Moreover,
the rate of suppression we measured indicates
that Golden Eagle nestlings with whole-blood Pb
concentrations of 0.10 lg/g ww would have 28%
lower d-ALAD activity relative to background
Pb exposure. Similarly, d-ALAD activity would
be reduced by 49% and 63% when blood Pb con-
centrations reach 0.20 and 0.30 lg/g, respectively.
The inhibition of d-ALAD activity can result in
reduction of blood hemoglobin concentrations
and anemia (Ferreyra et al. 2015), as well as mor-
phological changes to red blood cells that result
in hemolysis (Pattee and Pain 2003, Mateo et al.
2003, Mitchell and Johns 2008). Further, these
negative physiological effects can result in the
generation of reactive oxygen species that can
enhance lipid peroxidation and cause DNA dam-
age (Gurer and Ercal 2000).

Effects of Pb exposure can manifest in many
additional ways beyond reduction in d-ALAD
activity. It is unclear what effect current levels of
Pb exposure and associated physiological effects
might have on productivity or nestling survival,
but Pb concentrations were generally not high
enough to result in outright mortality (Franson
and Pain 2011). Regardless, the first year of a
bird’s life is generally associated with the highest
probability of mortality given the need for rapid
growth and neurological development in order
to successfully fledge and learn to survive on
their own (Lack 1954, Newton 1979, McIntyre
et al. 2006), thus any exposure to Pb in nestling
Golden Eagles may be an additional stressor and
exacerbate these difficulties. Moreover, perma-
nent neurological impairment from experimental
Pb exposure in developing rat and mouse mod-
els has been shown to manifest in lifelong deficits
in behavior (Kuhlmann et al. 2009), learning

(Sawyer and Strupp 1996, Li et al. 2014), and
memory effects (Li et al. 2014) as adults. Similar
long-term research in developing birds is lacking,
but behavioral and learning impacts have been
documented in response to experimental Pb dos-
ing of common tern (Sterna hirundo) nestlings
(Burger and Gochfeld 1985, Gochfeld and Burger
1988). Additionally, across the Golden Eagle
nestlings we sampled, 34% of all nestlings had
blood Pb concentrations that have been shown to
impair flight in adult eagles (Ecke 2017), assum-
ing whole-blood Pb concentrations were similar
when nestlings fledged. On average, nestlings
remained in the nest for an additional 2–3 weeks
after blood sampling and would continue to be
at risk of localized Pb exposure even after fledg-
ing.
Mitigating Pb exposure in nestling Golden

Eagles requires an understanding of potential Pb
sources. Pb stable isotopes provide a unique tool
for differentiating potential sources of Pb, and
have been employed effectively for this purpose
in wildlife toxicology studies (see Finkelstein
et al. 2012, Legagneux et al. 2014, Sriram et al.
2018). Consistent with other research on Pb expo-
sure in avian scavengers, we observed a positive
relationship between 206Pb/207Pb isotope ratios
and whole-blood Pb concentrations (Church
et al. 2006, Finkelstein et al. 2012, Legagneux
et al. 2014). Overall, 45% of all Golden Eagle
nestling samples were consistent with Pb-based
ammunition as being the source of exposure, and
above blood concentrations of 0.10 lg/g ww, that
proportion increased to 89% of the nestlings. In
contrast, 206Pb/207Pb isotope ratios were more
variable in birds with blood Pb concentrations
below 0.10 lg/g ww. Lead exposure below
0.10 lg/g ww more likely represents background
environmental sources of Pb, such as historic
atmospheric Pb gasoline emissions and soil expo-
sure (Flegal et al. 2010, Reimann et al. 2011), or
mixing of ammunition Pb isotope signatures
with background sources.
Agricultural subsidies can benefit breeding

raptors when they enhance food availability
(Cort�es-Avizanda et al. 2012, Oro et al. 2013), or
improve the predictability of obtaining food (Bar-
tumeus et al. 2010, Cort�es-Avizanda et al. 2012).
This can decrease energetic costs of foraging and
improve physiological condition and breeding
performance (Robb et al. 2008, Oro et al. 2013).
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Potential subsidies, such as ground squirrels,
available to Golden Eagle nestlings in close prox-
imity to agricultural fields were associated with
higher growth rates than in nestlings more dis-
tant from fields, where shooting occurred. How-
ever, there is concomitant Pb exposure and
associated decreased d-ALAD activity which can
have cascading effects on their health (Mitchell
and Johns 2008, Ferreyra et al. 2015, Gurer and
Ercal 2000). Understanding how these observed
effects (positive and negative) influence Golden
Eagles as they transition into fledglings and sub-
adults may help put these results into a broader
demographic perspective and provide conserva-
tion managers with critical information from for
evaluation of proposed measures taken to reduce
Pb exposure across the landscape associated with
recreational shooting and agricultural pest
management.
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