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Abstract

Raptors, including eagles, are geographically widespread and sit atop the food chain,
thereby serving an important role in maintaining ecosystem balance. After facing population
declines associated with exposure to organochlorine insecticides such as dichlorodiphenyl-
trichloroethane (DDT), bald eagles (Haliacetus leucocephalus) have recovered from the
brink of extinction. However, both bald and golden eagles (Aquila chrysaetos) are exposed
to a variety of other toxic compounds in the environment that could have population impacts.
Few studies have focused on anticoagulant rodenticide (AR) exposure in eagles. Therefore,
the purpose of this study was to determine the types of ARs that eagles are exposed to in
the USA and better define the extent of toxicosis (i.e., fatal iliness due to compound expo-
sure). Diagnostic case records from bald and golden eagles submitted to the Southeastern
Cooperative Wildlife Disease Study (University of Georgia) 2014 through 2018 were
reviewed. Overall, 303 eagles were examined, and the livers from 116 bald eagles and 17
golden eagles were tested for ARs. The percentage of AR exposure (i.e., detectable levels
but not associated with mortality) in eagles was high; ARs were detected in 109 (82%)
eagles, including 96 (83%) bald eagles and 13 (77%) golden eagles. Anticoagulant
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rodenticide toxicosis was determined to be the cause of mortality in 12 (4%) of the 303
eagles examined, including 11 bald eagles and 1 golden eagle. Six different AR compounds
were detected in these eagles, with brodifacoum and bromadiolone most frequently
detected (81% and 25% of eagles tested, respectively). These results suggest that some
ARs, most notably brodifacoum, are widespread in the environment and are commonly con-
sumed by eagles. This highlights the need for research to understand the pathways of AR
exposure in eagles, which may help inform policy and regulatory actions to mitigate AR
exposure risk.

Introduction

While golden eagle (Aquila chrysaetos) populations have remained relatively stable since the
1970s, bald eagle (Haliaeetus leucocephalus) populations have made dramatic recoveries since
the banning of dichlorodiphenyltrichloroethane (DDT) in 1972 [1,2]. However, many threats
from other toxicants still exist for eagles and other raptors, including exposure to anticoagulant
rodenticides (ARs; [3-5]). Anticoagulant rodenticides are used globally to control rodents in
urban and suburban settings, as well as in agricultural and conservation or habitat restoration
settings [6]. First and second generation anticoagulant rodenticides (FGARs and SGARs,
respectively) interfere with the activation of vitamin K-dependent clotting factors in the liver,
which may lead to life-threatening hemorrhage following minor trauma or exertion during
routine activities [6,7]. The two groups of chemicals cause similar clinical signs in intoxicated
animals. However, compared with FGARs, SGARs have a longer half-life in the tissues and a
lower LDs, in multiple domesticated animals (summarized by [8]) resulting in greater poten-
tial for intoxication after a single ingestion [4,7]. These properties make SGARs more efficient
at killing target rodent species, but also increase the risk of non-target wildlife intoxication
through both primary and secondary exposures [4]. In 2008, the United States Environmental
Protection Agency (US EPA) published a final risk mitigation decision on ten rodenticide
compounds aimed, in part, to reduce wildlife exposures to SGARs [9]. This, and subsequent
actions by the EPA, placed limits on the sale and distribution of products containing SGARs to
general consumers and placed regulations on products for use by pest management profes-
sionals during structural pest control activities or for agricultural applications [9,10]. Despite
these risk mitigation actions, AR exposure is common in numerous wildlife taxa [11,12].
Exposure to and resulting toxicosis due to ARs is well documented in numerous raptor spe-
cies and typically occurs as secondary exposure after ingestion of exposed or intoxicated prey spe-
cies, including rodents and other small mammals [13-16]. Individual case reports of mortality
due to AR toxicosis, as well as larger subclinical exposure studies, have been described in multiple
raptor species [8,17,18]. However, few studies have assessed the types of compounds and tissue
concentrations in bald and golden eagles. Therefore, the purpose of this study was to determine
the prevalence of exposure and toxicosis, geographic distribution, and types of ARs detected in
the liver of bald and golden eagles that underwent diagnostic evaluation at the Southeastern
Cooperative Wildlife Disease Study (SCWDS; University of Georgia) in the United States.

Materials and methods

Fresh or frozen whole carcasses or select tissues collected from deceased bald and golden eagles
were submitted to SCWDS by personnel from 18 supporting state wildlife management agen-
cies and the United States Fish and Wildlife Service from 2014 through 2018. Specimens were
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submitted for morbidity and mortality investigations as part of each agency’s wildlife health
program. All birds were aged according to feather coloration on the head and body and were
categorized as first-year, immature (one to four years) or adult (> five years). Complete post-
mortem examinations were performed on all eagles, including gross and histopathologic
examination, as well as additional ancillary diagnostic testing as needed to arrive at a diagnosis.
Ancillary tests included radiology, bacteriology, virology, parasitology, and toxicology. Addi-
tionally, sex, county and state of origin were recorded for each bird. Upon completion of diag-
nostic investigations, eagle carcasses were transferred to the National Eagle Repository
(Commerce City, Colorado).

Liver samples from a subset of submitted eagles (n = 133) were submitted to the California
Animal Health and Food Safety Laboratories (CAHFSL; Davis, California) for quantitative
testing of ARs by reverse phase ultraperformance liquid chromatography-tandem mass spec-
trometry [19]. Liver tissue was submitted from all eagles with lesions consistent with AR toxi-
cosis (i.e., unexplained hemorrhage), as well as from a subset presumed to have died from
other causes that were selected randomly or at the request of the original submitter. The assay
detects the SGARs brodifacoum, bromadiolone, difenacoum, and difethialone, as well as the
FGARs chlorophacinone, diphacinone, coumachlor, and warfarin. Detection limits spanned
0.75-25 ng/g wet weight, and lower quantitation limits were established as 50 ng/g. Trace levels
were reported when a compound was detected but was below a quantifiable level. The quantity
and type of each AR detected, if any, were recorded for each bird. Any eagle with detected lev-
els of one or more ARs, regardless of concentration, was categorized as ‘exposed.” Diagnosis of
‘AR toxicosis’ required detection of at least one AR compound in the liver in addition to gross
or microscopic evidence of hemorrhage anywhere in the carcass (e.g., subcutaneous, intramus-
cular, intracoelomic, visceral) determined to be unrelated to other potential causes (e.g.,
trauma or infection). Traumatic causes of mortality (e.g., gunshot, collision, intraspecific
aggression, electrocution, unknown) in eagles were diagnosed based on presence of consistent
postmortem lesions. All examinations were performed by licensed veterinarians with addi-
tional training or specialized qualifications in veterinary pathology.

Results

Between 2014 and 2018, 247 bald eagles and 56 golden eagles were submitted to SCWDS for
diagnostic evaluation. Golden eagle submissions were primarily from states in the western
USA:AK(n=1),AZ(n=1),CO (n=5),GA (n=2),ID (n=5),KS (n=1), MT (n=1), NE
(n=3),NM(n=10),NV(n=8),OK(n=1),OR(n=1),PA(n=2), TX (n=3),UT (n=5),
WA (n=2), WV(n =1),and WY (n = 4). Bald eagle submissions were primarily from states in
the eastern USA: AL (n =1), AR (n = 3), FL (n = 60), GA (n = 35), KY (n =15), LA (n =2),
MD(n=1),MO(n=1),MS(n=1),NC(n=6),PA(n=104),SC(n=4), TN (n=1),UT
(n=3), VA (n=2),and WV (n = 7). Tissues from 116/247 (47%) bald eagles and 17/56 (30%)
golden eagles totaling 133 eagles (44% of all eagles) were tested for ARs. Table 1 provides a
summary of overall AR exposure among bald eagles and golden eagles, as well as a breakdown
of birds exposed to a single AR, or more than one AR.

A summary of the quantity and types of ARs detected is presented in Table 2. The most
commonly detected compound in all eagles tested was brodifacoum (107/133; 81%). Couma-
chlor and warfarin, two of the FGARs included in the testing panel, were not detected in tis-
sues from any eagle.

The geographic distribution of eagles with AR exposure and toxicosis is depicted in Fig 1.

The highest numbers of eagles were submitted by the states of Pennsylvania (106 eagles;
35%), Florida (59 eagles; 20%), and Georgia (37 eagles; 12%). Within these three states, ARs
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Table 1. Percent exposure and number of anticoagulant rodenticide (AR) compounds detected in bald and golden eagles submitted to the Southeastern Cooperative
Wildlife Disease Study (University of Georgia), 2014-2018.

Overall AR exposure 1 AR >1 AR
No. tested No. exposed % exposed No. exposed (%) No. exposed (%)
Bald eagles 116 96 83 56 (48) 40 (35)
Golden eagles 17 13 77 4 (24) 9 (53)
Overall 133 109 82 60 (45) 49 (37)

https://doi.org/10.1371/journal.pone.0246134.t001

were detected in 29/35 (83%) eagles tested from Pennsylvania, 44/52 (85%) eagles tested from
Florida, and 9/11 (82%) eagles tested from Georgia. During the study, eagles were most com-
monly submitted and tested for ARs in 2016 (51) followed by 2017 and 2015 (32 eagles each
year). Fig 2 shows the distribution of eagles tested for and exposed to ARs per study year.

Anticoagulant rodenticide toxicosis was diagnosed as the cause of mortality in 11/247 (5%)
bald eagles examined and 1/56 (2%) golden eagles examined, which represents 4% (12/303) of
all eagles examined. Seven eagles (6 bald eagles, 1 golden eagle) that died from AR toxicosis
had multiple compounds detected. Among birds diagnosed with AR toxicosis, brodifacoum
was detected in 100% (12/12) of eagles. Difethialone was detected in 5/12 (42%) eagles diag-
nosed with AR toxicosis, bromadiolone in 4/12 (33%) eagles, and difenacoum in 1/12 (8%)
eagle. The single golden eagle diagnosed with AR intoxication had brodifacoum and broma-
diolone detected in its tissues. No FGARs, including chlorophacinone, coumachlor, diphaci-
none, or warfarin, were detected among eagles that died from AR toxicosis; all 12 eagle deaths
were associated exclusively with SGARs.

Among eagles diagnosed with AR toxicosis, the grossly evident (i.e., anatomic) and histo-
logic distribution of the associated hemorrhage most commonly included the coelomic cavity
(9/12; 75%), gastrointestinal tract (6/12; 50%), and lungs (4/12; 33%; Fig 3). A summary of the
compounds detected, distribution of lesions, and demographic and geographic information
on the 12 cases of confirmed AR toxicosis is presented in Table 3.

Among all eagles (n = 303) submitted to SCWDS from 2014 to 2018, the most commonly
diagnosed cause of mortality was trauma (e.g., collision, gunshot, electrocution, unknown);
this included 49% (147/303) of all eagles, 47% (116/247) of bald eagles, and 55% (31/56) of
golden eagles. Among bald eagles (n = 116) and golden eagles (n = 17) tested for ARs, 35 and
four, respectively, were diagnosed with both trauma and AR exposure.

Table 2. The frequency of eight anticoagulant rodenticide (AR) compounds detected in 116 bald eagles and 17 golden eagles submitted to the Southeastern Cooper-
ative Wildlife Disease Study (University of Georgia), 2014-2018.

AR Compound Bald eagles exposed/116 tested (%) Golden eagles exposed/17 tested (%) Total exposed/133 tested (%)
First Generation AR
Chlorophacinone 1(1) 1(6) 2(2)
Coumachlor 0(0) 0(0) 0(0)
Diphacinone 1(1) 2(12) 3(2.3)
Warfarin 0 (0) 0(0) 0 (0)
Second Generation AR
Brodifacoum 98 (85) 1(65) 107 (81)
Difenacoum 11* (10) 2(12) 13* (10)
Difethialone 21 (18) 1(6) 22 (17)
Bromadiolone 25 (22) 8 (47) 33 (25)

*Testing panels in two bald eagles in 2014 did not include difenacoum (n = 114 bald eagles, 131 total eagles).

https://doi.org/10.1371/journal.pone.0246134.t1002
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Fig 1. The geographic distribution of eagles submitted for postmortem examination to the Southeastern Cooperative Wildlife Disease Study, 2014-2018.
Highlighted are counties dead eagles were received; and which eagles were not tested for AR (dark gray), no AR was detected (blue), AR exposure documented (yellow),
or AR toxicosis confirmed (red). One eagle submitted from Matanuska Susitna County, Alaska is not shown and had no ARs detected. Black lines represent United
States Fish and Wildlife Service Eagle Management Units, designated by the United States Migratory Bird Flyways.

https://doi.org/10.1371/journal.pone.0246134.9001

Discussion

Our data indicate that among eagles submitted to a large wildlife research and diagnostic ser-
vice and tested for AR compounds over a multi-year period, the majority were exposed to one
or more AR compounds. Exposure rates were over 80% among eagles from the three states
with the highest numbers of submissions (Pennsylvania, Florida, and Georgia). However, AR
toxicosis was infrequently diagnosed as a primary cause of mortality in eagles. Despite the high
prevalence of AR compounds detected in eagle tissues in the present study, approximately 4%
of eagles were determined to have died from AR toxicosis. This may suggest that overt death
due to ingestion of high AR quantities is relatively rare among these birds. Conversely, it is
possible this is an underestimate because of biases and limitations associated with the passive
detection of sick and dead wildlife [20] or difficulty in determining thresholds for toxicosis.
Furthermore, much remains to be understood regarding individual and population-level
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Fig 2. Bar graph depicting the number of eagles submitted to the Southeastern Cooperative Wildlife Disease
Study, 2014-2018, that were tested for anticoagulant rodenticides and those in which one or more AR compounds

were detected.

https://doi.org/10.1371/journal.pone.0246134.9002

Fig 3. Lesions associated with AR toxicosis in eagles. A: A bald eagle with unclotted blood surrounding the base of
the heart within the coelom. B: A bald eagle with abundant, unclotted blood overlying the liver and surrounding the
heart and filling much of the coelomic cavity. C: Photomicrograph of the liver from a bald eagle showing abundant
erythrocytes (hemorrhage) outside an arterial wall and spilling into the adjacent parenchyma. Hematoxylin and eosin

(HE) stain.
https://doi.org/10.1371/journal.pone.0246134.g003
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Table 3. Geographic, demographic, anticoagulant rodenticide (AR) compound liver levels, and anatomical location of hemorrhage for bald eagles (BAEA) and
golden eagles (GOEA) diagnosed with AR toxicosis that were submitted to the Southeastern Cooperative Wildlife Disease Study (University of Georgia), 2014

2018.
Case | Species | Location (County, | Year | Age | Sex | Anticoagulant rodenticide compound and concentration Anatomic location of hemorrhage*
State) (ng/g wet weight)
Brodifacoum | Bromadiolone | Difethialone | Difenacoum
1 BAEA Irwin, GA 2014 | Ad. Trace ND ND ND Coelomic cavity, subcutis, intra-ocular
2 | BAEA Monroe, PA 2015 | Ad. Trace ND ND ND Oropharynx, pulmonary interstitium*,
gastrointestinal tract, coelomic cavity
BAEA Pinellas, FL 2016 | Ad. 96 Trace ND ND Lung, ovary, heart, brain*
BAEA Crawford, PA | 2016 | Juv. 170 ND ND ND Lung, coelomic cavity, heart, proventriculus
5 | BAEA Collier, FL 2016 | Ad. 490 85 Trace ND Coelomic cavity, large intestinal lumen®,
kidney*
6 | BAEA Gulf, FL 2017 | Ad. | F Trace ND ND ND Coelomic cavity, periarticular, pulmonary
interstitium*, brain*, liver*
7 GOEA Lake, OR 2017 | Juv. | F Trace Trace ND ND Coelomic cavity, perirenal adipose, pulmonary
interstitium*, spleen
BAEA Seminole, GA | 2018 | Ad. Trace Trace Trace ND Oropharynx, coelomic cavity
9 | BAEA Allen, KY 2018 | Ad. 77 ND ND ND Intestinal and proventricular serosa, skeletal
muscle
10 | BAEA Decatur, GA 2018 | Ad. | M Trace ND Trace ND Coelomic cavity
11 | BAEA Lee, FL 2018 | Ad. | M 760 ND Trace Trace Brain*, esophagus”, intestinal serosa, kidney*
12 | BAEA York, PA 2018 | Ad | F 69 ND Trace ND Coelomic cavity

* = histological lesion only.

https://doi.org/10.1371/journal.pone.0246134.t003

implications of subclinical AR exposure and non-lethal effects in eagles, as well as in many
other wildlife species [21].

The pathways of AR exposure in the bald and golden eagles in this study are not clear and
such an understanding remains a significant research gap [22]. As predatory and scavenging
species high in the trophic web, eagles are at risk for repeat exposure and bioaccumulation of
ARs [5]. Compared to other raptors, bald eagles less commonly predate rodents and thus have
probably been a less frequent target for studies documenting AR tissue residues. Interestingly,
we recorded a similar prevalence of AR exposure in bald eagles when compared to golden
eagles, which are known to regularly consume rodents and other mammals. Further study is
warranted to understand the pathways of AR exposure in these two eagle species, as well as
other raptors [5]. There have been relatively few studies to investigate AR exposure or toxicosis
specifically in eagles; such data have typically been limited to a component of larger raptor tox-
icology or mortality studies. Retrospective studies investigating causes of eagle mortality iden-
tified AR toxicosis as an extremely rare and often non-existent cause of mortality in bald
eagles in western Canada [23], Virginia [24] and throughout the USA [25]. One study
described mortality in a bald eagle (in 1995) and a golden eagle (in 1996) in New York associ-
ated with warfarin and brodifacoum toxicosis, respectively, but eagles were under-represented
in this study compared to other raptor species [8]. Samples from golden eagles in California in
the late 1990’s revealed 8/10 (80%) eagles with brodifacoum exposure [26], and in New York
in 1998-2001, 1/5 (20%) bald eagles had AR exposure [27]. The only other large study of AR
exposure specifically in eagles was conducted in Norway. In that study, 69% of 16 golden eagles
had detectable levels of SGARs, including brodifacoum, bromadiolone, difenacoum, and/or
flocoumafen [28]. As resourceful predators and scavengers that inhabit diverse habitats that
may include landscapes with variable human influence (e.g., agricultural lands, industrial and
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suburban development), bald and golden eagles are likely exposed to ARs through a variety of
potentially complex, interacting, and variable pathways that are poorly understood but cer-
tainly extend beyond consumption of target rodent populations [22]. Investigations of poten-
tial ecological factors driving AR exposure are important for mitigating risk through effective
policy and management [5,22].

Despite likely complex contributors to AR exposure and toxicosis across the landscape
related to biological differences between species, the percentage of bald eagles (83%; 96/116
tested) and golden eagles (77%, 13/17 tested) with AR exposure in this study was comparable
to those in other raptor species from previous studies in the USA. In Massachusetts from
2006-2010, 89% (n = 80) of red-tailed hawks (Buteo jamaicensis), 73% (n = 40) of barred owls
(Strix varia), 87% (n = 23) of eastern screech owls (Megascops asio), and 100% (n = 18) of
great-horned owls (Bubo virginianus) had detectable brodifacoum levels in the liver [17]. In
New Jersey from 2008 to 2010, 81% (n = 105) of red-tailed hawks and 82% (n = 22) of great-
horned owls had brodifacoum and/or bromadiolone detected within the liver [18]. Slankard
and others (2019) [29] showed that 33% of 48 barn owls (Tyto alba) sampled in Kentucky
from 2012-2016 had at least one AR detected in the liver. Stone et al. (2003) [27] investigated
AR exposure in 19 raptor species in New York and observed the highest prevalence of AR
exposure in great horned owls (81%; n = 53) and red-tailed hawks (58%, n = 78) among species
with more than ten individuals tested. Studies in Europe showed a similar prevalence of AR
exposure in raptors to those observed in the USA. In the United Kingdom, [30] showed that
84% of barn owls, 94% of red kites (Milvus milvus), and 100% of Eurasian kestrels (Falco tin-
nunculus) had detectable ARs in liver samples. In France, 3/4 (75%) Eurasian kestrels, 7/10
(70%) barn owls, 2/5 (20%) tawny owls (Strix aluco), and 10/11 (91%) common buzzards
(Buteo buteo) had SGAR exposure as detected in liver samples [31]. Although varying study
designs prevent direct comparisons across these studies, the high prevalence of AR exposure
commonly reported in multiple raptor species is alarming.

Despite variation in the number of eagle submissions by states in the present study, we doc-
umented AR exposure in bald and/or golden eagles in all four United States Migratory Bird
Flyways. Further, AR toxicosis was documented in all but the Central Flyway, including a
golden eagle in the Pacific Flyway, and bald eagles in the Mississippi and Atlantic Flyways.
Although variation in the geographic distribution of a variety of raptor species with AR expo-
sure has been documented [15,32], we did not observe obvious patterns. However, there was
significant variation in geographic distribution of case submissions by species with 91% (51/
56) of golden eagles originating from the Pacific and Central Flyways and 99% (243/246) of
bald eagles originating from the Mississippi and Atlantic Flyways. This may explain the
observed, yet subtle variation in the types of compounds detected in tissues of bald and golden
eagles (e.g., 47% of golden eagles were exposed to bromadiolone compared to 22% of bald
eagles), as it relates to regional differences in availability of common prey species, toxicant use,
agricultural practices, and land use. It is possible that targeted active surveillance for ARs
among particular eagle populations (e.g., bald eagles in the western United States) could reveal
meaningful patterns. Overall, we surmise the geographic distribution of exposure and toxicosis
in the present study may relate to submission biases, rather than the true distribution or fre-
quency of AR exposure on the landscape. This study was dependent upon reporting of mori-
bund or dead eagles by the public, prompt recovery of carcasses, as well as submission of cases
by wildlife agency personnel. The large number of submissions from the eastern USA is, in
part, related to the geographic region of SCWDS member state wildlife agencies (i.e., predomi-
nantly the southeastern USA). Diagnostic data from wildlife often carries an inherent submis-
sion bias based on carcasses that are more easily seen and recovered (e.g., animal size and
habitat type dependent) and motivated public or biologist response to report or submit them.
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Further, numerous golden eagles were submitted as part of satellite-GPS tracking and moni-
toring efforts by the USFWS, which allowed for improved carcass recovery.

Brodifacoum and bromadiolone were the most frequently detected AR compounds in
eagles in this study. In particular, brodifacoum was detected in 81% of eagles (85% bald eagles,
65% golden eagles) tested for ARs and was found in 100% of the eagles diagnosed with AR tox-
icosis. The frequent detection of brodifacoum is similar to previous reports in barn, barred,
and great horned owls in several regions of Canada and the eastern USA (Kentucky), multiple
raptor species in the northeastern USA (New York), barn owls and tawny owls (United King-
dom), and golden eagles (California) [26,27,29,30,32]. The most commonly detected ARs in
this study were SGARs, which may reflect their popularity as a rodenticide during the study
period, but also their tendency to persist longer in tissues [7,32-34]. The prolonged tissue resi-
dues of SGARs, in particular brodifacoum, highlight the potential for multiple AR compound
exposures in individual birds. For instance, of the 109 eagles (out of 133 tested) with AR expo-
sure in this study, 40/96 (42%) bald eagles and 9/13 (69%) golden eagles were exposed to more
than one AR compound and 58% (7/12) of eagles (1/1 golden eagle, 6/11 bald eagles) diag-
nosed with AR toxicosis were exposed to more than one AR compound. Results of controlled
AR exposures reveal that SGAR-exposed American kestrels subsequently exposed to a FGAR
may experience more adverse anticoagulant effects than were observed in naive and previously
FGAR-exposed kestrels [34]. Such experimental exposure studies, together with field evidence
presented in this and other field studies, suggest an increased opportunity for bioaccumulation
of one or more AR compounds and subsequent cumulative effects [5,34].

Although SGARs were commonly detected in the current study, the only FGARs we
detected in bald and golden eagle tissues were chlorophacinone and diphacinone. This
included only two bald eagles (n = 116 tested) and three golden eagles (n = 17 tested)

(Table 2). The scarcity of detected FGARs among tested eagles may be related to lack of expo-
sure and/or shorter AR compound half-lives in host tissues [32,35].

The diagnosis of AR toxicosis in raptors and other wildlife has numerous challenges [36].
The specific concentrations of individual AR compounds that cause coagulopathy in bald
eagles and golden eagles have not been determined due to the inability to perform experimen-
tal studies to determine lethal doses. In the present study, some eagles had gross or micro-
scopic evidence of hemorrhage consistent with AR toxicosis, with only trace levels of
compounds detected. Conversely, other eagles had AR levels as high as 750 ng/g (brodifa-
coum) with no gross or microscopic evidence of coagulopathy, further emphasizing the diag-
nostic challenge in these cases. Additionally, the anatomic location and severity of observed
hemorrhage are highly variable, and may be affected by concurrent diagnoses, such as trauma.
In our study, we diagnosed trauma (e.g., collision, intraspecific aggression, gunshot, electrocu-
tion, unknown) as the cause of mortality in 49% (147/303) of eagles, including 47% (116/247)
of bald eagles and 55% (31/56) of golden eagles. Among these cases of trauma in which AR
testing occurred, 35 bald eagles and four golden eagles with traumatic injuries also had con-
firmed AR exposure. Confirming AR toxicosis in such cases is challenging, and it is possible
that hemorrhage observed in some of these eagles was worsened by AR exposure. When live
bird sampling is possible, the use of blood clotting assays (e.g., prothrombin time), in conjunc-
tion with other diagnostic tools, may assist in the diagnosis of AR exposure and intoxication in
certain settings and is an area worthy of further study [37]. Additional diagnostic challenges
are the marked variation in the postmortem quality of the samples and potential complications
of freeze-thaw artifact, which can reduce the ability to detect microscopic lesions. As a result,
wildlife biologists, diagnosticians and veterinarians may approach and interpret cases of sus-
pected AR toxicosis differently, resulting in variable clinical and postmortem diagnoses.
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Causes of wildlife mortality are often multifactorial, and as such, determining potential
underlying risk factors and mechanism is challenging. Herring and others (2017) [5] have
speculated that while exposure of golden eagles to lead, ARs, and physical trauma in the west-
ern USA may occur independently, the potential for synergistic effects should be explored [5].
Considering how common AR exposure was observed in both bald eagles and golden eagles in
the current study, the potential for sublethal effects of AR exposure should be further studied
to assess for more subtle effects on behavior, survivability, or reproduction as described in
other species [38,39]. Thomas et al. (2011) [15] performed a probabilistic analysis to determine
potentially significant AR levels in the liver of red-tailed hawks, barn owls, barred owls, and
great-horned owls. This type of analysis would be useful with a larger dataset than ours, con-
taining a higher sample size of eagles with AR toxicosis.

Results also reveal that despite the US EPAs mitigation efforts implemented for SGARs in
2015, there is still widespread exposure among bald and golden eagle populations to these
compounds. Our study did not look for temporal change in the prevalence of exposure, and
future AR studies on eagles should do so to determine if a decline in exposure results from
recent regulatory changes. Slankard and others (2019) [29] examined prevalence of AR expo-
sure in barn owls in Kentucky 2012 to 2016 and observed a decline in prevalence over the
course of the study. It is unclear if the decline in SGAR exposure in barn owls was directly
related to the 2015 implementation of US EPA mitigation efforts or if it represents species-spe-
cific variation or geographical differences in SGAR availability and use. Previous studies exam-
ining AR levels in eagles largely pre-dated the year 2015, and thus have limited utility toward
assessing recent trends in AR exposure in eagles. The contributing factors to the high percent-
ages of eagles exposed to AR compounds in the present study are unknown, but may relate to
the continued use of SGAR compounds. This may be caused by the purchase and stock-piling
of SGAR compounds prior to the restrictions, or the failure of the restrictions to reduce the
risk of secondary exposure since eagles may be secondarily exposed to AR compounds through
currently legal applications. The prevalence of exposure is concerning, and the documentation
of SGAR toxicosis in eagles in this study suggests that exposure and mortality due to SGAR
exposure remains a problem in eagles, despite recent risk mitigation efforts [23-25]. In addi-
tion to studying potential lethal doses and subclinical effects on individuals, continued moni-
toring of these compounds in eagles, other raptors, as well as mammalian carnivores or
predators, may provide valuable insights into potential population-level impacts and identifi-
cation of hotspots of exposure and mortality, both of which may influence future efforts to
mitigate exposure.
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