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Abstract

Recreational ground squirrel shooting is a popular activity throughout the western United

States and serves as a tool for managing ground squirrel populations in agricultural regions.

Belding’s ground squirrels (Spermophilus beldingi) are routinely shot in California, Nevada,

and Oregon across habitats that overlap with breeding avian scavengers. Ground squirrels

shot with lead (Pb)-based bullets may pose a risk to avian scavengers if they consume car-

casses containing Pb fragments. To assess the potential risk to breeding avian scavengers

we developed a model to estimate the number, mass, and distribution of Pb fragments in

shot ground squirrels using radiographic images. Eighty percent of shot carcasses con-

tained detectible Pb fragments with an average of 38.6 mg of Pb fragments. Seven percent

of all carcasses contained Pb fragment masses exceeding a lethal dose for a model raptor

nestling (e.g. American kestrel Falco sparverius). Bullet type did not influence the number of

fragments in shot ground squirrels, but did influence the mass of fragments retained. Beld-

ing’s ground squirrels shot with .17 Super Mag and unknown ammunition types contained

over 28 and 17 times more mass of Pb fragments than those shot with .22 solid and .22 hol-

low point bullets, respectively. Ground squirrel body mass was positively correlated with

both the number and mass of Pb fragments in carcasses, increasing on average by 76%

and 56% respectively across the range of carcass masses. Although the mass of Pb

retained in ground squirrel carcasses was small relative to the original bullet mass, avian

scavenger nestlings that frequently consume shot ground squirrels may be at risk for Pb-

induced effects (e.g., physiology, growth, or survival). Using modeling efforts we found that

if nestling golden eagles (Aquila chrysaetos), red-tailed hawks (Buteo jamaicensis), and

Swainson’s hawks (B. swainsoni) consumed shot ground squirrels proportionately to the

nestling’s mass, energy needs, and diet, 100% of the nestling period would exceed a 50%

reduction in delta-aminolevulinic acid dehydratase production threshold, the last 13–27% of

the nestling stage would exceed a reduced growth rate threshold, but no nestlings would be

expected to exceed a level of Pb ingestion that would be lethal.
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Introduction

Lead (Pb) exposure is a serious conservation threat to birds [1] because it causes significant

behavioral and physiological impairment as well as direct mortality at environmentally-rele-

vant exposures [1–4]. Although avian Pb exposure has been associated with numerous sources

such as Pb-based paints [5], mining [6,7], and fishing tackle [8,9], spent ammunition is often

the most widespread source of Pb to scavenging birds [10–16]. Carcasses from big game hunt-

ing are a well-described vector of Pb exposure to avian scavengers [14,17,18], but other shoot-

ing and hunting activities may also cause Pb exposure in avian scavengers.

Recreational varmint shooting may provide a substantial delivery vehicle for Pb exposure to

avian scavengers [19–21], especially in regions of the western United States where ground

squirrel and prairie dog populations (hereafter ground squirrel, e.g., Richardson’s ground

squirrel Urocitellus richardsonii; [20], black-tailed prairie dogs Cynomys ludovicianus; [21])

overlap with agriculture or ranching activities and are considered major pests. Damage to

agricultural crops (e.g., alfalfa Medicago sativa) across the central and western United States

from mammalian pests can result in substantial financial loss, thus shooting may be a valuable

and effective management tool [22,23]. Ground squirrel shooting is generally unregulated

(although in some states a hunting license is required), and shot ground squirrel carcasses are

commonly left in fields where they can be consumed by scavengers. The extremely high densi-

ties of ground squirrels in some areas (up to 300 ha-1; [22]), make it possible for a single person

to shoot hundreds of squirrels per day from a single prairie dog colony or agricultural field

[19]. The total number of ground squirrels shot per year across the central and western United

States is unknown, but more than 1.1 million ground squirrels were shot in South Dakota in

one year alone [24]. Moreover, the expandable Pb bullets that are commonly used for this

activity may distribute Pb fragments throughout ground squirrel carcass [21], potentially

enhancing exposure likelihood for scavenging birds. In North America there are at least 13

bird species that commonly scavenge dead ground squirrels, including bald eagles (Haliaeetus
leucocephalus), common ravens (Corvus corax), ferruginous hawks (Buteo regalis), golden

eagles (Aquila chrysaetos), red-tailed hawks (Buteo jamaicensis), and Swainson’s hawks (B.

swainsoni) [25–27].

Little is quantitatively known about the extent to which shot ground squirrels may act as a

vector for Pb to avian scavengers. More specifically, an understanding of the number of bullet

fragments, their mass, and distribution within shot ground squirrels carcasses is critical for

understanding risk to avian scavengers, particularly during their breeding season when ground

squirrels may comprise a substantial portion of nestling diets; see [28–30]. The number and

mass of Pb fragments remaining in a carcass is important because many small Pb fragments in

a carcass allow for Pb to be more easily ingested [31,32]. Additionally, smaller size fragments

increase the effective surface area of Pb in the intestinal tract, which allows Pb to be more read-

ily absorbed into the blood stream by scavengers [33]. Further if small fragments are distrib-

uted throughout much of a shot ground squirrel carcass, avian scavengers may be more likely

to consume those fragments in comparison to either larger fragments or an unfragmented bul-

let which can be more easily avoided or regurgitated [31,32]. Finally, there is a range of bullet

types and calibers commonly used to shoot ground squirrels. Differences in bullet fragmenta-

tion patterns associated with bullet types and calibers may influence the number, mass, and

distribution of fragments in shot ground squirrels [34].

Our objectives in this study were to quantify the potential for shot grounds squirrels to act

as a vector for Pb exposure in breeding avian scavengers and determine if specific types of

commonly used ammunition differed with respect to numbers, mass, or distribution of frag-

ments in carcasses. To do so, we examined shot Belding’s ground squirrels (U. beldingi) from
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California and Oregon, and quantified the number, mass, and distribution of fragments in car-

casses relative to ammunition types using radiography. We validated radiography results by

extracting bullet fragments from a subset of shot ground squirrel carcasses. Additionally, using

estimates of Pb fragments from shot ground squirrels, we modeled potential Pb exposure in

nestling raptors relative to published toxicity benchmarks (physiology, growth, and survival)

while accounting for nestling age, diet, food mass requirements, and Pb content of shot ground

squirrels. We discuss these results in the context of potential exposure to breeding avian scav-

engers that routinely scavenge at shooting fields and bring ground squirrels to their nestlings.

Methods

Ethics Statement

We made every attempt to reduce disturbance, stress, and other impacts to target and non-tar-

get species during the course of this research. We conducted the research and salvaged dead

ground squirrels under Oregon Department of Fish and Wildlife Research Permits 009–14

and 064–15.

Study area

The western United States (US) are major producers of alfalfa in the US, with approximately

40% of the US production and nearly 3 million ha of alfalfa acreage coming from just 11 west-

ern states [35]. Within California, Nevada and Oregon, alfalfa is one of the top three crops in

acreage [35], and yield losses due to ground squirrel damage can be as high as 18–46% in some

areas [22]. Ground squirrel densities in alfalfa fields can vary considerably and have been

reported to range from 12–296 ha-1 [22]. We conducted our research in Lake (43.228628˚ N

-120.939178˚ W) and Malheur Counties (43.406875˚ N -118.715316˚ W) OR and Siskiyou

County (41.823356˚ N -121.700228˚ W) CA USA, three agricultural regions with extensive

alfalfa production, widespread ground squirrel shooting activity, and wide-ranging breeding

scavenging bird populations including Golden Eagles.

During 2014 and 2015, we collected carcasses of shot ground squirrels from these three

areas. Ground squirrel shooting routinely occurs throughout all three areas, both as a recrea-

tional activity and as a tool to manage ground squirrel populations. These activities mostly

occur between March, when ground squirrels emerge from hibernation, and August, when

ground squirrels often begin hibernation.

Ground squirrel sampling

We salvaged shot ground squirrels immediately after shooting events on alfalfa fields under

two different scenarios; 1) squirrels that were shot with mixed, unknown ammunition types

(n = 6 fields), and 2) squirrels that were shot with known ammunition types (n = 5 fields). In

the case ground squirrels shot with known ammunition types, details on ammunition type

were provided by land owners or private individuals that shot ground squirrels. The first

approach to ground squirrel carcass collections allowed us to assess the number of fragments,

distribution, and mass of fragments from carcasses that were readily available on the land-

scape. Secondly, the collection of carcasses shot with known ammunition type allowed us to

determine if specific types of ammunition resulted in different numbers, distribution, or mass

of Pb fragments in shot carcasses. All ground squirrels were shot and killed under natural field

conditions at distances ranging from approximately 20–150 m. In order to ensure that Pb

fragments in salvaged ground squirrels were representative of common conditions, ground

squirrels were shot and retrieved by private citizens engaged in this activity, or by private
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land-owners that shot, retrieved, and then donated carcasses. No ground squirrels were shot

specifically for the purposes of this study and U.S. Geological Survey staff did not shoot any of

the ground squirrels in the this study. Specimens were placed in polyethylene storage bags,

labeled with ammunition type, placed on wet ice in the field, and then stored frozen at -20˚C

until processing and analysis.

Laboratory methods

In the laboratory, we weighed carcasses to the nearest 0.01 g using Ohaus Adventure Pro bal-

ance (Ohaus Corporation, Parsippany, New Jersey, USA), removed the dermal tissue (skin and

fur) from each specimen, and stored them frozen in plastic bags until radiographic analysis.

The dermal tissue was removed from each carcass to facilitate improved digestion and extrac-

tion of bullet fragments from carcasses. We assumed that the dermal layer retained a limited

amount of Pb and is not a significant source of Pb to avian scavengers because it is typically

regurgitated upon consumption [36,37]. However, we radiographed each pelage to validate

this assumption. We radiographed all carcasses and pelage samples at the Oregon Zoo Veteri-

nary Medical Center using a Del Medical Linear MC-150 radiograph gantry (UMG/DEL Med-

ical, Harrison New York, USA) equipped with a Del Medical CM Series control panel. For all

radiographs, we set amperage to 2.0 mAs and voltage to 50 kVp. We positioned carcasses ven-

tral side up next to their dermal tissue and with a scale of known size.

We analyzed all radiograph images using ImageJ software (J 1.46r; [38]), and converted

them to an 8-bit grayscale images. Individual pixels were automatically assigned an exposure

value given their resistance to the radio waves (e.g., metal fragments completely resist radio

waves). Using the threshold adjustment option, we converted each digital radiograph into a

binary file, creating a black and white image based upon the previously assigned exposure val-

ues. We manually adjusted the threshold settings to 130; pixels above this value were converted

to white, and pixels below the value were converted to black [38]. Once all fragments were

identified, we recorded the number of fragments, number of pixels in each fragment, and the

total combined number per ground squirrel. Pixels were converted to an area estimate (mm2)

by calibrating the digital image using a scale of known size that was next to each carcass during

radiograph acquisition (Fig 1). We measured the distribution of fragments throughout car-

casses by first measuring the maximum distance observed between bullet fragments as well as

the length of the carcass from the base of the tail to most distal portion of the head (Fig 1). We

then calculated the distribution of fragments as a ratio of the distance between the two farthest

apart fragments relative to the length of the carcass.

In order to validate the accuracy of radiograph images for estimating bullet fragment num-

bers, distribution, and mass in ground squirrels, we extracted bullet fragments from a subset of

carcasses (n = 30) using a digestion procedure. We used a three-step process to separate bullet

fragments from each carcass. (1) We conducted a preliminary tissue decomposition step in a

pressure cooker (Maxi-Matic; City of Industry, California, USA) with 1 liter of deionized

water for 9 hours at a maximum pressure of 90 kpa and temperature of 120˚C. (2) We then fur-

ther digested the squirrels in a 2.5% solution of WME-2717, an industrial enzyme blend, (Cre-

ative Biomart; Shirley, New York, USA), used to treat drainage systems at slaughterhouses by

rapidly digesting protein. We digested each squirrel in solution at 50˚C for 7–10 days. To stop

the enzyme digestion process, we added a 10% bleach solution. We then stored the resulting

solution in a refrigerator at 4C until further processing. (3) To extract bullet fragments from

the digest, we first filtered the solution through 500μm and 210μm sieves to remove bones and

large, undigested tissue particles. Sieves were examined under a dissecting microscope to

ensure no visible bullet fragments remained. We then used a gold prospecting sluice box (Back
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Packer Sluice, Angus MacKirk; Garden City, Idaho, USA) to recover bullet fragments from

the remaining carcass solution. We positioned the sluice box at an angle of 12˚ with running

water flowing at variable rates, and then gradually fed material from the digest into the sluice

to ensure maximum capture of bullet particles. All material that passed through the sluice

box was collected in a container at the end of the sluice box. Bullet fragment material caught

in the sluice box riffles were extracted with forceps or by using a 5 mL bulb pipette and placed

in labeled 25 mL glass scintillation vials. All carcass material was processed twice through

the sluice box. Material collected from the sluice box riffles was then oven dried at 50˚C in

uncapped scintillation vials. Once dry, vials were capped and stored at room temperature. We

visually inspected all fragments to determine if they were Pb core material, jacket material, or

combined Pb/jacket fragment material under a stereomicroscope (model M3Z, Wild Heer-

brugg; Heerbrugg, Switzerland), separating the three fragment types. Recovered fragments

were individually weighed using a micro balance (± 0.001mg; model Pro 11, Satorius; Boho-

meia, New York, USA). Fragments that were too small to be weighed on their own because

they could not be handled without breaking were counted and weighed together as an

aggregate.

Laboratory methods validation. In order to test whether the digest and extraction proce-

dure resulted in any appreciable digestion and loss of solid Pb particles, we subjected Pb

fragments spanning a range of sizes (1.3–154 mg, n = 78) to the same procedures, and then

measured fragment masses pre and post tissue decomposition. Pb fragments subjected to this

procedure lost an average 1.6% (± 0.2) of their initial mass indicating there was a minimal

effect from this procedure. We also tested whether the enzyme solution would change the

Fig 1. Radiograph of Belding’s ground squirrel carcass shot with a 20 grain .17 Super Mag bullet. Bullet

fragments appear as white flecks throughout the carcass. Total number of fragments recovered from the carcass

was 156; 97% (n = 151) consisted strictly of Pb with a total mass of 61 mg of Pb. Dashed horizontal and vertical

lines illustrate how the maximum distribution of bullet fragments was measured relative to the length of carcass

(base of the tail to most distal portion of the head) illustrated by the solid lines. White scale object in lower right of

image is 12.6 mm in width.

doi:10.1371/journal.pone.0167926.g001
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mass of Pb fragments by placing 15 Pb fragments of varying mass (3–28.6 mg) in the same

solution and following the identical procedures as above. As with the initial decomposition

step, the enzyme solution did not have an appreciable influence on the mass of Pb fragments

(mean mass loss = 0.42% ± 0.18). Finally, we tested the efficacy of fragment capture through

the sluice box by adding 10 Pb bullet fragments of varying masses (6–35 mg) each to the digests

of two separate ground squirrel carcasses that had not been shot but were salvaged after being

hit by a vehicle on an adjacent highway to the study area. The sluice box operator was blind to

the number of fragments. In both trials, 100% of the fragments were recovered using the gold

sluice box procedure.

Statistical methods

To estimate the number of bullet fragments in shot ground squirrel carcasses, we used a two-

step statistical procedure. We first developed a linear regression model to estimate the number

of fragments in shot carcasses using the radiograph estimate of fragments. Using a subset of

the carcasses where we had both radiograph fragment counts and digestion fragments counts,

our linear regression model included the number of digested fragments as the response vari-

able and the radiograph count as the independent variable. We used the parameter estimates

from this linear regression model to estimate the number of fragments across all ground squir-

rel carcasses (mixed unknown or known caliber and bullet type). This approach allowed us to

estimate bullet fragment numbers in carcasses that were only radiographed, and not digested.

We excluded data from one ground squirrel carcass from all analyses because the bullet frag-

ments in the radiograph were so highly clustered in the head region of the ground squirrel that

they could not be counted or measured accurately by the Image J software. In this case, the

Image J software identified 94 fragments in the carcass, but the extracted carcass actually con-

tained 398 bullet fragments. Removing this data point decreased the value of the beta coeffi-

cient estimate, thus our estimates derived from this model were lower than if we had left this

outlier in the model. We then tested whether the number of estimated fragments in carcasses

differed by type of ammunition (e.g., mixed unknown or known caliber and bullet type)

using an analysis of covariance (ANCOVA) model. The estimated number of fragments was

included as the response variable, with type of ammunition as the independent variable. We

included ground squirrel mass as a covariate to control for variation in squirrel size differences

because individuals ranged in mass from 54–521 g during shooting activities. We also included

an interaction term for ammunition type × ground squirrel mass in order to test for slope dif-

ferences among bullet types across the mass of shot ground squirrels. We tested for differences

in the distribution of bullet fragments throughout shot ground squirrel carcasses by the type of

ammunition (mixed unknown or known caliber and bullet type) using an ANCOVA model.

We included the percent distribution of fragments as the response variable, bullet type as the

independent variable, carcass mass as a covariate to control for size differences among shot

ground squirrel carcasses, and an interaction term for ammunition type × ground squirrel

mass.

Similar to estimating the number of bullet fragments in shot ground squirrel carcasses

above, we used a two-step statistical procedure to estimate the total mass (mg) of bullet frag-

ments in shot ground squirrel carcasses. We first developed a linear regression model to esti-

mate the total mass of bullet fragments in shot carcasses using the radiograph estimate of

fragment area (mm2; 21). Using a subset of the carcasses where we had both fragment area

(from radiographs) and bullet fragment mass (from digests), our linear regression model

included fragment mass as the response variable and fragment area as the independent vari-

able. We used the parameter estimates from this linear regression model to estimate the total
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mass of fragments across all ground squirrel carcasses (mixed unknown or known caliber and

bullet type). We then tested whether the estimated mass of Pb fragments in carcasses differed

by ammunition type (e.g., mixed unknown or known caliber and bullet type) using an

ANCOVA model where the estimated mass of fragments was the response variable, and

ammunition type was the independent variable. We included mass of ground squirrel car-

casses as a covariate to control for carcass size differences and an interaction term for ammuni-

tion type × ground squirrel mass. Lastly, to determine if there was a relationship between the

number of bullet fragments and mass of bullet fragments in shot ground squirrel carcasses we

ran a correlation analysis where the log estimated fragment mass was the response variable

and log estimated number of bullet fragments was the independent variable. We dropped

interaction terms from all final models if they were non-significant (P>0.10) and natural log-

transformed data to improve normality of residuals where appropriate.

After validating the approaches described above to estimate the number and mass of Pb

fragments retained in ground squirrels after being shot, we developed several modeling scenar-

ios for Pb exposure in nestlings of three bird species that regularly consume scavenged ground

squirrels (golden eagle, red-tailed hawk, and Swainson’s hawk). We calculated estimates of

daily ground squirrel consumption rates (g/day) for each species based upon nestling growth,

food requirements, and diet selection. We then applied our estimates of Pb availability in shot

ground squirrels (mg Pb/g ground squirrel) to model potential daily Pb exposure associated

with the ground squirrel consumption for each species. Finally we applied those estimates to

thresholds for toxicity effects (physiology, growth, and survival) based on published data.

Nestling growth rates (mass) were adjusted for each day in the nest based upon growth

models derived from nest observations for each species [39–42]. The proportion of golden

eagle, red-tailed hawk, and Swainson’s hawk diet derived from ground squirrels was assigned

for each species (29%, 42%, 40%, respectively) based upon published studies in states where

ground shooting is common and overlaps with nesting of each bird species [28,29,43]. Dietary

Pb-content was assigned a value of 0.21 mg Pb/g of ground squirrel, the mean value from esti-

mates of Pb fragments retained in ground squirrel carcasses.

A threshold for physiological effects was estimated from a Pb dosing study on red-tailed

hawks. Red-tailed hawk adults dosed with 0.82 mg Pb/kg body weight suffered a 55% reduc-

tion in delta-aminolevulinic acid dehydratase activity after seven days exposure; cumulative

consumption was approximately 6.34 mg of Pb or 5.74 mg/kg body mass over that time period

[44]. Lead can impair the production of delta-aminolevulinic acid dehydratase, a precursor

for heme synthesis [1,6,12]. Elevated Pb concentrations resulting in decreased heme synthesis

can cause anemia in birds [1]. A threshold for growth effects was estimated from a Pb dosing

study on American kestrels (Falco sparverius). Growth rates were impaired by Pb at a dosing

rate of 125 mg Pb/kg body mass, resulting in lower growth rates than controls after 4 days of

exposure and a cumulative consumption of approximately 6 mg of Pb or 306 mg/kg body

mass [45]. A survival threshold was estimated using the same study [45]. Forty percent of

dosed (625 mg Pb/kg body mass) kestrel chicks died after six days of exposure and a cumula-

tive Pb consumption of approximately 70 mg of Pb (range = 60–80 mg of Pb; [45]) or 2294

mg/kg body mass. We calculated cumulative daily exposure (mg Pb/kg body mass) based

upon the above criteria (hereafter field conditions model). In doing so, we assumed that 100%

of the Pb ingested from shot ground squirrels was assimilated into the raptor nestling, which is

reasonable given that 76% of all fragments were very small (<12.5 mg) [21,32]. Previous exper-

imental research has shown that avian scavengers do not avoid ingesting bullet fragments this

small when foraging on carcasses [32]. Thus to calculate cumulative daily Pb exposure in
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raptor nestlings we used the following formula

Pb exp
mg
d

� �
¼
Xd

ðmf � gsdÞ � PbÞ=mn

where d is a day in a nest, mf = mass of food/day required in g, gsd = proportion of diet derived

from ground squirrels, Pb = mass of Pb (mg)/g of ground squirrel, and mn = nestling mass on

each day in the nest in kg. We defined the numbers of days in the nest post hatch as 70, 32, and

32 for golden eagles, red-tailed hawks, and Swainson’s hawks respectively.

Our field conditions model did not allow for the generation of confidence intervals around

the daily Pb exposure estimate because it was developed using individual data for each day

(either a point estimate [e.g., mass] or a mean [e.g., diet]). To provide a credible interval (95%

CI) around our estimates of daily cumulative Pb exposure, we used a Monte Carlo simulation

[46] to generate additional data associated with variables in our field conditions model based

on their mean and standard deviation derived from multiple studies [28,29,43]. We used Pro-

gram R [46] to simulate 1000 values for each variable listed above assuming each parameter

followed a normal distribution. We then utilized those 1000 iterations in the field conditions

model to estimate the stand error and develop our 95% CI for the cumulative daily Pb expo-

sure. We did not have estimates of the mean and standard deviation for the mass of chicks at

individual time steps, and therefore did not generate additional data for that variable.

Given the large amount of variation in both the mass of Pb fragments in shot ground squir-

rels and the proportion of raptor nestling diet that is derived from ground squirrels we devel-

oped three additional Pb exposure models to provide insight into the varying effects of diet

and the amount of Pb in carcasses on Pb exposure and risk to nestling raptors. (1) We esti-

mated the daily cumulative Pb exposure associated with the maximum proportion diet of

derived from ground squirrels (47%, 61%, 71%) for golden eagles, red-tailed hawks, and

Swainson’s hawks respectively [28,29,43] while maintaining exposure to Pb constant at 0.21

mg Pb/g of ground squirrel (hereafter maximum ground squirrel diet model). (2) We esti-

mated the daily cumulative Pb exposure associated with the maximum mass of Pb observed in

a single shot ground squirrel (195 mg or 1.04 mg/g of ground squirrel mass) for golden eagles,

red-tailed hawks, and Swainson’s hawks while maintaining the proportion of diet (29–42%)

derived from ground squirrels constant (hereafter maximum Pb mass model). (3) We esti-

mated the daily cumulative Pb exposure associated with the maximum proportion of raptor

nestling diet derived from ground squirrels and the maximum mass of Pb observed in a single

shot ground squirrel as above (hereafter maximum ground squirrel diet and Pb mass model).

Results

We salvaged 127 Belding’s ground squirrels in 2014 and 2015 that were shot with a combina-

tion of known (n = 81) and mixed unknown (n = 46) ammunition types. Known ammunition

consisted of Hornady.17 HMR V-Max (n = 22; Hornady Manufacturing Company, Grand

Island NE USA), Hornady .17 Mach II V-Max (n = 13), Hornady .17 Win Super Mag (n = 6),

Remington Thunderbolt .22 solid (n = 20; Remington Arms Company, LLC, Madison NC

USA), and CCI .22 hollow point (n = 20; CCI Ammunition, Lewiston ID USA) rounds

(Table 1). We detected and recovered bullet fragments in 24 of the 30 (80%) digested carcasses

(Fig 1). Among those 24 carcasses that contained bullet fragments, 100% contained Pb frag-

ments, 21% contained combined Pb and jacket material, and 37% contained jacket fragments.

Further, 93% of the associated fragment mass in digested carcasses was exclusively Pb frag-

ments, 6% was bullet jacket material, and 1% was combined Pb and bullet jacket material.

Lead Exposure from Shot Ground Squirrels
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Bullet fragments numbers

Radiograph-derived estimates of bullet fragment numbers were highly correlated with frag-

ment number recovered from digested ground squirrels (F1,28 = 26.39, P< 0.0001, R2 = 0.96;

Fig 2A). After accounting for the mass of shot ground squirrel carcasses we found no effect of

bullet type on the number of bullet fragments in shot carcasses (F5,87 = 1.97, P = 0.09; Table 1),

but ground squirrel mass was positively correlated with numbers of bullet fragments in car-

casses (F1,87 = 8.63, P = 0.004). The number of fragments increased by 76%, on average (β =

0.004 ± 0.003 [95% confidence interval]; Fig 3A), across the range (54–521 g) of Belding’s

ground squirrel carcass masses. After accounting for the mass of shot Belding’s ground squir-

rels we also found that the distribution of bullet fragments throughout carcasses differed by

bullet type (F5,74 = 2.62, P = 0.03). However, after controlling for the overall alpha level in our

Tukey’s pairwise tests we did not detect a significant difference in the distribution of bullet

fragments between any of the bullet types (P>0.05). However, there was a general trend of the

distribution of bullet fragments being greater in carcasses shot with .17 Super Mag bullets and

random unknown bullet types (Table 1), whereas the distribution tended to be lower among

all other bullet types (Table 1). Mass of ground squirrels did not influence the distribution of

bullet fragments (F1,74 = 0.72, P = 0.39). Because we did not digest dermal material, estimates

of bullet fragment numbers and mass in dermal material are derived strictly from the radio-

graphic methods; across all carcasses we observed fragments in dermal tissues in 57% (17 of

30) of the carcasses, but the dermal tissue contained only 3.8% of the total number of frag-

ments and 6.1% of mass of fragments associated with a ground squirrel carcass.

Bullet fragments mass

Individual bullet fragment mass in digested ground squirrels ranged from 0.003 to 96.252 mg

(n = 969) and the largest range within an individual squirrel was 0.008 to 96.252 mg. Most frag-

ments recovered were relatively small; 76% of the fragments weighed less than 12.5 mg and

had a mean surface area of 6.05 mm2 ± 2.61 SE (range = 0.04–56.01 mm2; Fig 4). Radiograph-

derived bullet fragment area was highly correlated with the total mass of fragments recovered

from digested ground squirrels (F1,18 = 8.81, P< 0.0001, R2 = 0.81; Fig 2B). Across all radio-

graphed ground squirrels, estimated total fragment mass ranged from 0.003 to 195.35 mg per

Table 1. Bullet fragment numbers and mass of Pb fragments associated with known and unknow bullet types used for shooting Belding’s ground

squirrels in California and Oregon, USA during 2014 and 2015. Mean and standard error (SE) are back-transformed model derived estimates controlling

for the mass of ground squirrels being shot.

Bullet

Type

n Original

bullet mass

(mg)

Original

bullet

grains

Reported

muzzle

velocity (m/s)

Estimated

fragment #sa per

ground squirrel

SE Estimated Mass

of Pb (mg) per

ground squirrel

SE % of

original

bullet mass

% distribution of

fragments in

carcasses

SE

Unknown 46 - - - 22.21 4.89 7.64 3.44 - 41.70 4.51

.17 HMRa 21 1102 17 777 16.26 4.72 2.43 1.36 0.22% 30.13 5.80

.17 Mach

IIa
13 1102 17 640 10.93 4.26 0.81 0.63 0.07% 25.54 8.90

.17 Super

Maga
6a 1296 20 914 47.59 21.89 12.90 12.00 1.00% 60.98 8.93

.22 solidb 20 2592 40 383 13.45 3.77 0.26 0.15 0.01% 29.21 6.70

.22 hollow

pointc
20 2333 36 384 11.39 3.19 0.45 0.26 0.02% 31.48 5.57

a Hornady
bRemington
cCCI

doi:10.1371/journal.pone.0167926.t001
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squirrel with an estimated surface area ranging from 0.01–63.90 mm2 (mean = 7.56 ± 1.38 SE).

After accounting for mass of ground squirrel carcasses, we found that bullet type influenced

the log mass of bullet fragments retained in carcasses (F5,87 = 5.71, P = 0.0001). Post hoc

Tukey’s HSD tests found that ground squirrels shot with unknown and Super Mag .17 bullets

retained more bullet fragment mass than .22 hollow point (P = 0.04) and .22 solid ammunition

(P = 0.009) but similar amounts to .17 HMR and .17 Mach II (P>0.05; Table 1). Similarly, car-

casses shot with random unknown bullet types retained more bullet fragment mass than .22

hollow point (P = 0.0005) and .22 solid ammunition (P = 0.004) but similar amounts to .17

HMR, .17 Mach II, and .17 Super Mag bullets (P>0.05; Table 1). Mass of ground squirrels was

also positively correlated with mass of Pb fragments in carcasses (F1,87 = 9.91, P = 0.002). The

total mass of Pb fragments increased on average by 56% (β = 0.009 ± 0.006; Fig 3B) across the

range of Belding’s ground squirrel carcass masses. Lastly, we found that there was a strong cor-

relation between the log estimated total number of bullet fragments and log estimated mass of

bullet fragments (F1,92 = 14.27, P<0.0001, R2 = 0.69; Fig 5).

Raptor nestling exposure

Under all model scenarios, the cumulative Pb dose for nestlings of all three raptor species

exceeded the cumulative exposure threshold associated with a 50% reduction in delta-aminole-

vulinic acid dehydratase production for every day of the nestling stage (Fig 6A–6F). The growth

effects threshold was surpassed for golden eagle nestlings at 52, 8, 45, and 2 days of age based on

the field conditions, maximum ground squirrel diet, maximum Pb mass, and maximum ground

squirrel diet and Pb mass models, respectively (Fig 6A and 6B). For golden eagle nestlings this

would result in potential growth effects occurring for the final 26%, 89%, 36%, and 98% of the

nestling stage under each modeling scenario, respectively. The growth effects threshold was sur-

passed for red-tailed hawk nestlings 18, 2, 10, and 1 days of age based on the field conditions,

maximum ground squirrel diet, maximum Pb mass, and maximum ground squirrel diet and Pb

mass models, respectively (Fig 6C and 6D). This would result in potential growth effects occur-

ring for the final 44%, 94%, 59%, and 97% of the nestling stage under each respective scenario.

The growth effects threshold was surpassed for Swainson’s hawk nestlings at 24, 2, 15, and 1 days

of age based on the field conditions, maximum ground squirrel diet, maximum Pb mass, and

maximum ground squirrel diet and Pb mass models respectively (Fig 6E and 6F). This would

result in potential growth effects occurring for the final 25%, 94%, 53%, and 97% of the nestling

stage under each respective scenario. Only under the maximum ground squirrel diet and maxi-

mum Pb mass model did nestling golden eagles, red-tailed hawks, and Swainson’s hawks exceed

the survival threshold at 56, 25, and 27 days of age, respectively (Fig 6B, 6 and 6F). Across golden

eagle, red-tailed hawk, and Swainson’s hawk nestlings this could result in survival effects occur-

ring in the final 20%, 22%, and 16% of the nestling stage (Fig 6B, 6D and 6F).

Discussion

Recreational ground squirrel shooting is a popular activity throughout the western United

States and also serves as an important tool for managing ground squirrel populations,

Fig 2. Relationship between (A) number of bullet fragments estimated via radiograph and number of bullet

fragments in digested carcass; (B) radiograph-derived estimate of bullet fragment area (mm2) and mass of

bullet fragments recovered from digested Belding’s ground squirrel carcasses. We used the relationship

y = 0.870 + 1.774×radiograph bullet fragments numbers to predict numbers of bullet fragments and y = -0.217

+ 1.321×log total radiograph bullet fragment surface area to predict the log mass of fragments in carcasses

we did not digest.

doi:10.1371/journal.pone.0167926.g002
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particularly in alfalfa fields [22,47]. Ground squirrels shot with Pb-based bullets may pose a

risk to avian scavengers if Pb remains in the carcass and is available to scavenging birds. We

Fig 3. Relationship between numbers of bullet fragments in ground squirrel carcasses (A) and partial residuals for

mass of bullet fragments (B) and mass of Belding’s ground squirrel carcasses.

doi:10.1371/journal.pone.0167926.g003
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found similar numbers of bullet fragments in ground squirrels across bullet types, but the total

estimated fragment mass differed by ammunition type (e.g., Super Mag .17). One caveat to

these findings is that all ground squirrels were shot under natural field conditions, thus factors

that might influence fragmentation behavior of each bullet type such as shot placement, dis-

tance to target, and angle of entry were not standardized [34]. Although these factors may

influence some of the fragmentation behavior of the bullets tested in this study, the results we

present reflect the bullet’s behavior when shooting ground squirrels in the wild and thus reflect

the potential Pb exposure to avian scavengers.

The distribution of bullet fragments in ground squirrel carcasses may play an important

role in the likelihood of avian scavenger being exposed to Pb depending on the degree of frag-

ment dispersal. Birds scavenging shot ground squirrel carcasses may be more likely to ingest

Pb fragments if those fragments are distributed throughout the carcass as compared to just

being clustered in a small area. We further expect that shot ground squirrel carcasses that are

delivered to nestling birds with more dispersed fragments would increase the likelihood of Pb

exposure. Although our post hoc models could not identify differences among bullet types as

determined by the main effect of bullet type in our model, there was an apparent trend for car-

casses shot with .17 Super Mag bullets to have fragments dispersed more than 2 times further

than the other bullet types (Table 1). The .17 Super Mag bullets have much higher reported

muzzle velocity (3000 fps/914 mps) relative to other known bullet types (mean = 1796 fps/547

Fig 4. Distribution of the mass (mg) of carcass bullet fragments extracted from Belding’s ground squirrel

carcasses.

doi:10.1371/journal.pone.0167926.g004
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mps), which likely resulted in this increased fragment dispersal. Higher muzzle velocities also

contribute to increased bullet expansion and fragmentation upon impact [48].

The influence of target mass and bullet type has important implications for potential avian

exposure to Pb fragments in ground squirrels and other related taxa. Similar to our findings,

87% of black-tailed prairie dog carcasses shot in Wyoming prairie dog colonies contained bul-

let fragments [21]. However, those prairie dog carcasses containing bullet fragments with

nearly six times more Pb by mass relative to ground squirrels in the present study (228 vs

38.6 mg). We found that both the number and mass of retained fragments increased with

increasing ground squirrels size, likely because the carcass had more tissue in which fragments

become ensnared in larger ground squirrels [49]. Black-tailed prairie dog mass ranges between

650 and 1100g [50], which is 2.8–4.7 times heavier than the average Belding’s ground squirrel

in the present study. Additionally, the prairie dogs were shot with expandable Pb bullets that

were 2.1 times heavier (55 gr; 3554 mg; [21]) than those used on ground squirrels (mean = 26

gr; 1685 mg). Moreover, the muzzle velocity of ammunition used in the study of prairie dogs

was relatively high (3250 fps (990 m s-1), increasing the potential for fragmentation and

increased retention of fragments [48] in the larger black-tailed prairie dogs. However, it is

Fig 5. Correlation between the estimated mass (mg) of bullet fragments in ground squirrel carcass and

estimated total fragment numbers from shot Belding’s ground squirrel carcasses.

doi:10.1371/journal.pone.0167926.g005
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unclear whether the increased fragment numbers and total mass in carcasses observed in Pauli

and Buskirk [21] relative to ours resulted from higher velocity or heavier bullets or a combina-

tion of those factors.

Limitations to the accuracy and precision of radiograph images for estimating the number

and mass of bullet fragments in ground squirrel carcasses can inhibit robust estimates of Pb

Fig 6. Daily cumulative Pb exposure (mg/kg body mass) for nestling golden eagles, red-tailed hawks, and

Swainson’s hawks. Cumulative exposure thresholds for physiology, growth, and survival effects are shown as horizontal

lines.

doi:10.1371/journal.pone.0167926.g006
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exposure to avian scavengers. In both our study and the above study on black-tailed prairie

dogs [21] where complete carcass digestion was utilized, radiographs underestimated the num-

ber of fragments. In particular, the slope of the line for the relationship between radiograph

and carcass digestion fragment counts was substantially greater than one (β = 1.77), indicating

that radiographic methods fail to detect a proportionally great number of fragments as the

number of fragments in a carcass increases (Fig 2A). However, the fragment mass vs fragment

area figure (Fig 2B) suggests that those fragments were very small, accounting for a very low

proportion of residual bullet mass. Studies that only partially dissect and digest sections where

visible fragments occurred may miss smaller fragments not captured by the radiograph. This is

evidenced by a previous study that visually removed bullet fragments in shot black-tailed prai-

rie dogs [51], where 40% of the carcasses were found to contain bullet fragments, in compari-

son to 80–87% in our study and Pauli and Buskirk’s [21] study respectively. Further, our

results differed considerably from the above study that visually removed bullet fragments [51]

and one additional study that examined bullet fragments in shot Richardson’s ground squirrel

carcasses; see [20]. Our digested ground squirrels either had more Pb mass [20], or less mass

but more fragments [51], than those two previous studies. However, in both of those studies

ground squirrels were not completely digested and their results may not accurately reflect

either the total number or mass of Pb fragments in the carcasses. Although the overall mass of

missed fragments may be small, the potential for those smaller fragments to be absorbed into

the blood stream is greater given their larger surface area to mass ratio [33]. We caution that

future studies utilizing radiographs to identify the number of bullet fragments in shot carcasses

should consider first digesting a subset of carcasses to estimate the relationship between radio-

graphed estimates with actual estimates of fragment numbers or mass. Similarly, studies that

have previously examined the number of Pb-bullet fragments retained in gut piles or carcass of

deer or surrogate deer species (e.g., sheep) using only radiograph images; see [52–55] may

have underestimated the true number of fragments retained and thus potential risk to avian

scavengers, although validating those estimates using digestion procedures may be logistically

infeasible.

Across bullet types, less than 1% of the original bullet mass remained in ground squirrel

carcasses as fragments. This differs considerably other estimates where over 7% of the original

bullet mass remained in shot ground squirrel carcasses [21]. As discussed above, these differ-

ences are likely driven by the mass of the species of ground squirrel being shot and the ammu-

nition type used. Yet some carcasses retained enough Pb to be potentially lethal to nestling

birds if ingested in a single meal. In fact, 7% (9 of 127) of carcasses in our study exceeded 60

mg of Pb, a level of cumulative exposure that has resulted in 40% mortality in nestling Ameri-

can kestrels (Falco sparverius) after six days of dosing [45]. Thus, we conclude there is an ele-

vated likelihood that mortality could result from a nestling consuming a single shot ground

squirrel delivered by an adult avian scavenger in a single meal.

Estimating potential risk to nestlings from this form of Pb exposure is complicated by a

number of ecological and toxicological factors such as diet, changing energetic requirements

of growing nestlings, Pb assimilation rates, and differences in Pb toxicity among species. We

used literature-derived estimates of effects of Pb exposure on nestling physiology, growth and

survival to model potential cumulative Pb exposure throughout the nestling stage for golden

eagles, red-tailed hawks, and Swainson’s hawks. Under all models, we found that all species

exceeded the 50% reduction in delta-aminolevulinic acid dehydratase production threshold

for the entire nestling stage. It is unclear what, if any, potential long term effects could occur

from such a substantial reduction in delta-aminolevulinic acid dehydratase production; how-

ever, nestlings have been able to recover after reduction to less than 5% of normal without

severe clinical hematological effects [56]. However, recent experimental Pb pellet dosing

Lead Exposure from Shot Ground Squirrels
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studies on red-legged partridges (Alectoris rufa) have shown that even low one-time doses of

109 mg resulted in substantial suppression of delta-aminolevulinic acid dehydratase produc-

tion, and activity levels were only 34% of normal after 21 days [57]. Regardless, recovery only

occurs when Pb exposure ceases. Despite this, a 50% reduction in delta-aminolevulinic acid

dehydratase production could result in anemic conditions in nestlings [45]. To our knowledge,

no studies have examined the response of delta-aminolevulinic acid dehydratase production in

any of these species’ nestlings to Pb exposure in the wild.

Reduced growth rates of nestlings can also occur in association with Pb exposure, although

generally only at high doses [45,58]. Under the field conditions model, the growth effects

threshold was not exceeded until nestlings were between 18 to 52 days of age or 73–87% of the

time through the nestling stage for golden eagles, red-tailed hawks, and Swainson’s hawks. At

this stage, nestlings have achieved 89–100% of their growth [39–42], thus it is unlikely that a

significant reduction in growth would be expected. However, under the maximum ground

squirrel diet, maximum Pb mass, and maximum ground squirrel diet and maximum Pb mass

models, the growth effect threshold was exceeded when nestlings ranged from 1 to 45 days of

age or 63–100% of the time through the nestling stage across all species. Among the most seri-

ous potential effects of reduced growth associated with Pb exposure is a reduction in brain

weight. Lead exposure in nestling American kestrels [45], European starlings (Sturnus vulgaris;
[59]), and mallard ducklings (Anas platyrhynchos; [60]) has been linked to reduced brain

weights. Although unsubstantiated in birds, decreased mammalian brain weights associated

with Pb exposure resulted in decreased cognitive function [61,62].

Experimental Pb exposure effects on raptor nestling survival have only been found to occur

under relatively high Pb doses (e.g., 625 mg/kg body mass; [45]). Correspondingly, we esti-

mated that raptor nestlings would exceed the survival threshold in only the maximum ground

squirrel diet and maximum Pb mass model when nestlings reached 25 to 56 days of age or the

final 21–25% of the nestling stage. This particular model was intended to examine Pb exposure

to nestling raptors under a potential worst-case scenario for ground squirrel shooting. How-

ever, we note that all of our models were developed only to look at Pb exposure associated with

shot ground squirrels, and as such do not incorporate other potential sources of Pb from the

landscape where these birds nest. For instance, coyotes (Canis latrans) and a variety of rabbit

species (Leporidae) are also shot as pests during the nesting season; these carcasses also could

contain Pb fragments and would increase the overall Pb burden in nestling raptors [63,64].

Additionally, chukar (Alectoris chukar) are common in the diets of golden eagles and recent

research has shown that nearly 10% of chukars’ gizzards contained Pb-based pellets [65]. As an

additional caveat to our nestling exposure modeling, we note that we utilized estimates of Pb

only from ground squirrels shot in our study areas. In this study area, shooters typically used

.17 or .22 caliber rifles and the mass of Pb retained was small relative to other studies; see [21].

In other regions where ground squirrel shooting is common, shooters often use larger calibers

(e.g., .223; [21]). If Belding’s ground squirrels were shot with these larger calibers, we expect

that carcasses would retain more Pb mass than observed in our study. Without knowing what

proportion of those larger caliber bullets would be retained in a shot Belding’s ground squirrel

it is difficult to determine exactly how much of an increase in Pb exposure and effects risk

might occur.

Despite these uncertainties, these findings illustrate the importance of more accurate esti-

mates of raptor dietary reliance (and other avian scavengers) on shot carcasses, and strength-

ening these estimates would improve our knowledge of the risk of Pb-laced ground squirrels

to nestling physiology, growth, and survival. For some species that rely heavily on already dead

prey and in particular prey that have been shot (e.g. common ravens; [14,66]), we expect that

the likelihood of Pb exposure effects in those nestlings would be even higher than for the
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raptor species modeled in our study. Additionally, the effects of Pb exposure are not limited to

those few chosen in our modeling efforts. Recent research has shown that Pb can be maternally

transferred to avian embryos resulting in inhibited blood delta-aminolevulinic acid dehydra-

tase activity, negative immune responses, and increased oxidative stress levels [57]. Nestling

exposure to Pb in their diet can also result in negative effects on immune parameters [67],

lower hemoglobin levels [68], less vigorous food-acquisition behaviors and poor coordination

[2], among other effects. Furthermore, adult facultative and obligate avian scavengers also

scavenge dead ground squirrels [25–27] and would be exposed to lead during the breeding sea-

son. The exact effects of lead exposure associated with ground squirrel shooting in adult avian

scavengers is unknown, however, lead exposure associated with other forms of hunting or rec-

reational shooting can result in physiological effects [1,3,12] to outright mortality [64]. For

long-lived raptors, physiological and survival effects of lead exposure on adults are likely more

critical to demography than effects that may influence productivity measures [69,70].

Conservation and management implications

Differences in the bullet fragment mass retained in carcasses among ammunition types may be

a valuable factor for supporting management decisions. We found that ground squirrels shot

with .17 Super Mag bullets retained over 28 times as much bullet fragment mass than either

.22 solid or .22 hollow point bullets. Outreach and education efforts that communicate how

bullet type influences potential scavenger exposure may be a useful approach for resource

management. Reducing the number of carcasses on the landscape that contain bullet frag-

ments may be another useful tool for reducing Pb exposure in avian scavengers [20,64,71].

However, recent modeling efforts examining different mitigation scenarios associated with big

game hunting (e.g., gut pile removal vs non-lead ammunition) to reduce Pb exposure in

golden eagles consistently showed that the use of non-Pb ammunition is likely more effective

than removing gut piles in reducing eagle mortality [72]. Further, these effects became even

stronger when densities of gut piles on the landscape increased [72]. It is unclear whether

these results are directly transferrable to the case of ground squirrel shooting, where hundreds

of shot carcasses may be left on a field in the presence of even larger large numbers of live

ground squirrels.

Acknowledgments

We appreciate the support and cooperation of landowners throughout the Butte Valley, Crane,

and Christmas Valley. We thank L. Broduer, S. Norton, J. Nelson, A. Schick, C. Vennum, B.

Woodbridge for field and laboratory work. The Oregon Zoo provided access to radiograph

equipment and D. Shepherdson and T. Storms facilitated access. C. Epps and three anony-

mous reviewers provided valuable comments on an earlier draft of this manuscript. Any use of

trade, product, or firm names is for descriptive purposes only and does not imply endorsement

by the U.S. Government.

Author Contributions

Conceptualization: GH CAE.

Data curation: GH MTW.

Formal analysis: GH CAE MTW.

Funding acquisition: GH CAE.

Investigation: GH CAE MTW.

Lead Exposure from Shot Ground Squirrels

PLOS ONE | DOI:10.1371/journal.pone.0167926 December 12, 2016 18 / 22



Methodology: GH CAE MTW.

Project administration: GH CAE.

Resources: GH CAE MTW.

Software: GH MTW.

Supervision: GH CAE.

Validation: GH CAE MTW.

Visualization: GH.

Writing – original draft: GH CAE MTW.

Writing – review & editing: GH CAE.

References
1. Haig SM, D’Elia J, Eagles-Smith CE, Fair JM, Gervais J, Herring G, et al. The persistent problem of

lead poisoning in birds from ammunition and fishing tackle. Condor. 2014; 116: 408–28.

2. Burger J, Gochfeld M. Behavioral impairments of lead-injected young Herring gulls in nature. Fund Appl

Toxicol. 1994; 23: 553–561.

3. McBride TJ, Smith JP, Gross HP, Hooper MJ. Blood-lead and ALAD activity levels of Cooper’s hawks

(Accipiter cooperii) migrating through the southern Rocky Mountains. J Raptor Res. 2004; 38: 118–124.

4. Schulz JH, Millspaugh JJ, Bermudez AJ, Gao X, Bonnot TW, Britt LG, et al. Acute lead toxicosis in

mourning doves. J Wildl Manage. 2006; 70: 413–421.

5. Finkelstein ME, Gwiazda RH, Smith DR. Lead poisoning of seabirds: environmental risks from leaded

paint at a decommissioned military base. Environ Sci Tech. 2003; 37: 3256–3260.

6. Henny CJ, Blus LJ, Hoffman DJ, Grove RA. Lead in hawks, falcons and owls downstream from a mining

site on the Coeur D’Alene River, Idaho. Environ Monitor Assess. 1994; 29: 267–288.

7. Hansen JA, Audet D, Spears BL, Healy KA. Brazzle RE, Hoffman DJ, et al. Lead exposure and poison-

ing of songbirds using the Coeur d’Alene River Basin, Idaho, USA. Integ Environ Assess Manage.

2011; 7: 587–595.

8. Franson JC, Hansen SP, Creekmore TE, Brand CJ, Evers DC, Duerr AE, et al. Lead fishing weights

and other fishing tackle in selected waterbirds. Waterbirds. 2003; 26: 345–352.

9. Pokras MA, Kneeland MR, Major A, Miconi R, Poppenga RH. Lead objects ingested by Common Loons

in New England. In: Watson RT, Fuller M, Pokras M, Hunt WG, editors. Ingestion of lead from spent

ammunition: implications for wildlife and humans. The Peregrine Fund, Boise, Idaho, USA. 2009. pp.

283–287.

10. Scheuhammer AM, Templeton DM. Use of stable isotope ratios to distinguish sources of lead exposure

in wild birds. Ecotoxicology. 1998; 7: 37–42.

11. Church ME, Gwiazda R, Riseborough RW, Chamberlain CP, Farry S, Heinrich W, et al. Ammunition is

the principal source of lead accumulated by California Condors re-introduced to the wild. Environ Sci

Technol. 2006; 40: 6143–6150. PMID: 17051813

12. Finkelstein ME, Doak DF, George D, Burnett J, Brandt J, Church M, et al. Lead poisoning and the

deceptive recovery of the critically endangered California condor. Proc Natl Acad Sci USA. 109: 2012;

11449–11454. doi: 10.1073/pnas.1203141109 PMID: 22733770

13. Lambertucci SA, Dona´zar JA, Huertas AD, Jim´enez B, Sa´ez M, Sa´nchez-Zapata JA, et al. Widening

the problem of lead poisoning to a South-American top scavenger: lead concentrations in feathers of

wild Andean Condors. Biol Conser. 2011; 144: 1464–1471.

14. Legagneux P, Suffice P, Messier JS, Lelievre F, Tremblay JA, Maisonneuve C. High risk of lead con-

tamination for scavengers in an area with high moose hunting success. PLOS ONE. 2014; 9: e111546.

doi: 10.1371/journal.pone.0111546 PMID: 25389754

15. Behmke S, Fallon J, Duerr AE, Lehner A, Buchweitz J, Katzner T. Chronic lead exposure is epidemic in

obligate scavenger populations in eastern North America. Environ Inter. 2015; 79: 51–55.

16. Madry MM, Kraemer T, Kupper J, Naegeli H, Jenny H, Jenny L, et al. Excessive lead burden among

golden eagles in the Swiss Alps. Environ Res Letters. 2015; 10: 034003.

Lead Exposure from Shot Ground Squirrels

PLOS ONE | DOI:10.1371/journal.pone.0167926 December 12, 2016 19 / 22

http://www.ncbi.nlm.nih.gov/pubmed/17051813
http://dx.doi.org/10.1073/pnas.1203141109
http://www.ncbi.nlm.nih.gov/pubmed/22733770
http://dx.doi.org/10.1371/journal.pone.0111546
http://www.ncbi.nlm.nih.gov/pubmed/25389754


17. Craighead D, Bedrosian B. Blood lead levels of Common Ravens with access to big-game offal. J Wildl

Manage. 2008; 72: 240–245

18. Franson JC, Russell RE. Lead and eagles: demographic and pathological characteristics of poisoning,

and exposure levels associated with other causes of mortality. Ecotoxicology. 2014; 23: 1722–1731.

doi: 10.1007/s10646-014-1337-0 PMID: 25173769

19. Vosburgh TC, Irby LR. Effects of recreational shooting on prairie dog colonies. J Wildl Manage. 1998;

62: 363–372.

20. Knopper LD, Mineau P, Scheuhammer AM, Bond DE, McKinnon DT. Carcasses of shot Richardson’s

ground squirrels may pose lead hazards to scavenging hawks. J Wildl Manage. 2006; 70: 295–299.

21. Pauli JN, Buskirk SW. Recreational; shooting of prairie dogs: a portal for Pb entering wildlife food

chains. J Wildl Manage. 2007; 71: 103–108.

22. Whisson DA, Orloff SB, Lancaster DL. Alfalfa yield loss from Belding’s ground squirrels in Northerneast-

ern California. Wildl Soc Bull. 1999; 27: 178–183.

23. Whisson DA, Orloff SB, Lancaster DL. The economics of managing Belding’s ground squirrels in alfalfa

in northeastern California. Human conflicts with wildlife: economic consideration. Proc USDA Nat Wildl

Res Center Symp. 2000. pp. 104–108.

24. Reeve AF, Vosburgh TC. Recreational shooting of prairie dogs. In: Hoogland JL, editor. Conservation

of the black-tailed prairie dog. Island Press, Washington, D.C. 2005. pp. 139– 156.

25. Shmutz JK, Rose KA, Johnson RG. Hazards to raptors from strychnine poisoned ground squirrels. J

Raptor Res 1989; 23: 147–151.

26. Harmata AR, Restani M. Environmental contaminants and cholinesterase in blood of vernal migrant

bald and golden eagles in Montana. Intermount J Sci 1995; 1: 1–15.

27. Hoogland JL. Black-tailed prairie dog Cynoms ludovivianus and allies. In: Feldhammer GA, Thompson

BC, Chapman JA, editors. Wild mammals of North America: biology, management, and conservation.

Johns Hopkins University Press, Baltimore, Maryland, USA. 2003. pp. 232–247

28. Kochert MN, SteenhofK, Mcintyre CL, Craig EH. Golden Eagle (Aquila chrysaetos), The Birds of North

America Online (A. Poole, Ed.). Ithaca: Cornell Lab of Ornithology; Retrieved from the Birds of North

America Online: http://bna.birds.cornell.edu/bna/species/684. 2002.

29. Preston CR, Beane RD. Red-tailed Hawk (Buteo jamaicensis), The Birds of North America Online (A.

Poole, Ed.). Ithaca: Cornell Lab of Ornithology; Retrieved from the Birds of North America Online: http://

bna.birds.cornell.edu/bna/species/052.doi:10.2173/bna.52. 2009.

30. Schmutz JK. Hawk occupancy of disturbed grasslands in relation to models of habitat selection. Con-

dor. 1989; 91: 362–371.

31. Krone O, Kenntner N, Trinogga A, Nadjafzadeh M, Scholz F, Sulawa J, et al. Lead poisoning in white-

tailed sea eagles: causes and approaches to solutions in Germany. In: Watson RT, Fuller M, Pokras M,

Hunt G, editors. Ingestion of lead from spent ammunition: implications for wildlife and humans. The Per-

egrine Fund, Idaho. 2009. pp. 289–301.

32. Nadjafzadeh M, Hofer H, Krone O. Lead exposure and food processing in white-tailed eagles and other

scavengers: an experimental approach to simulate lead uptake at shot mammalian carcasses. Eur J

Wildl Res. 2015; 61: 763–774.

33. Baltrop D, Meek F. Effect of particle size on lead absorption from the gut. Arch Environ Health. 1979;

34: 280–285. PMID: 475473

34. Caudell JN. Review of would ballistic research and its applicability to wildlife management. Wildl Soc

Bull. 2013; 37: 824–831.

35. U.S. Department of Agriculture. Crop production 2014 summary. http://www.usda.gov/nass/PUBS/

TODAYRPT/cropan15.pdf. 2015.

36. Duke GE, Evanson OA, Jegers A. Meal to pellet intervals in 14 species of captive raptors. Comp Bio

Phys. 1976; 53: 1–6.

37. Lawler EM, Duke GE, Redig PT. Effect of sublethal lead exposure on gastric motility of red- tailed

hawks. Arch Environ Contam Toxicol. 1991; 21: 78–83. PMID: 1898121

38. Rasband WS. ImageJ. U. S. National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.

gov/ij/, 1997–2014. 2014.

39. Olendorf RR. Quantitative aspects of growth in three species of buteos. Condor. 1974; 76: 466–468.

40. Parker JW. Growth of the Swainson’s hawk. Condor. 1976; 78: 557–558.

41. Springer MA, Osborne DR. Analysis of growth of the Red-tailed Hawk. Ohio J Sci. 1983; 83: 13–19.

42. Collopy MW. Parental care and feeding ecology of Golden Eagle nestlings. Auk. 1984; 101: 753–760.

Lead Exposure from Shot Ground Squirrels

PLOS ONE | DOI:10.1371/journal.pone.0167926 December 12, 2016 20 / 22

http://dx.doi.org/10.1007/s10646-014-1337-0
http://www.ncbi.nlm.nih.gov/pubmed/25173769
http://bna.birds.cornell.edu/bna/species/684
http://bna.birds.cornell.edu/bna/species/052.doi:10.2173/bna.52
http://bna.birds.cornell.edu/bna/species/052.doi:10.2173/bna.52
http://www.ncbi.nlm.nih.gov/pubmed/475473
http://www.usda.gov/nass/PUBS/TODAYRPT/cropan15.pdf
http://www.usda.gov/nass/PUBS/TODAYRPT/cropan15.pdf
http://www.ncbi.nlm.nih.gov/pubmed/1898121
http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/


43. Bechard MJ, Houston CS, Sarasola JH, England AS. Swainson’s Hawk (Buteo swainsoni), The Birds of

North America Online (Poole A, Ed.). Ithaca: Cornell Lab of Ornithology; Retrieved from the Birds of

North America Online: http://bna.birds.cornell.edu/bna/species/265. 2010.

44. Redig PT, Lawler EM, Schwartz S, Dunnette JL, Stephenson B, Duke GE. Effects of chronic exposure

to sublethal concentrations of lead acetate on heme synthesis and immune function in red-tailed hawks.

Arch Environ Contam Toxicol. 1991: 21: 72–77. PMID: 1898120

45. Hoffman DJ, Franson JC, Pattee OH, Bunck CM, Anderson A. Survival, growth and accumulation of

ingested lead in nestling American kestrels (Falco sparverius). Arch Env Contam Toxic. 14: 89–94.

46. R Development Core Team. R: a language and environment for statistical computing v. 2.15.0. R Foun-

dation for Statistical Computing, Vienna. http://www.R-project.org/. 2012.

47. Kalinoswski SA, deCalesta DS. Baiting regimes for reducing ground squirrel damage to alfalfa. Wildl

Soc Bull. 1981; 9: 268–272.

48. Caudell JN, Stopak SR, Wolf PC. Lead-free, high-powered rifle bullets and their applicability in wildlife

management. Human-Wildl Inter. 2012; 6: 105–111.
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