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Wind power is increasingly meeting global renewable energy demands; however, more turbines leads to
increased bird-turbine collisions, particularly raptors, which can negatively impact populations. We estimated
annual turbine mortalities of the federally-protected golden eagle (Aquila chrysaetos) in the western United States
(2013-2024) with a Bayesian collision risk model (CRM). We used eBird relative abundance data to predict areas
where golden eagles are at lower or higher risk of turbine collisions and turbine data from the U.S. Geological
Survey U.S. Wind Turbine Database. From 2013 to 2024, estimated turbine hazardous volume in the lower- and
higher-risk zone increased by 198 % and 119 %, respectively. We used golden eagle data from wind energy
developments in the western United States to create prior-probability distributions for exposure in the lower- (n
= 8) and higher-risk (n = 36) zones and collision probability (n = 21). Mean (= SD) risk of golden eagle exposure
to turbines (eagle-mins-hr1-km™>) in the higher-risk zone (1.557 + 2.265) was >11 times that in the lower-risk
zone (0.138 + 0.162). Annual median [80 % credible interval] golden eagle mortalities predicted from the CRM
more than doubled from 110 [28-374] in 2013 to 270 [72-877] in 2024, although estimates had high uncer-
tainty. Anthropogenic mortality is the primary cause of death in adult golden eagles and recent trends indicate
their population may be declining. If the current rate of growth of the wind energy industry continues, it could
have conservation implications for golden eagle and other raptor populations.

1. Introduction

Global energy demand is increasingly being met from renewable
energy sources in an effort to reduce atmospheric carbon dioxide and
curb climate change. Wind turbines are one of the leading new sources
of power generation worldwide (Dunnett et al., 2020; Lee and Zhao,
2022), and in the United States, the wind energy industry is rapidly
growing with the power capacity of wind turbines more than tripling
since 2008 (U.S. Department of Energy, 2021). Coincident with this
marked increase in the number of turbines on the landscape is increased
risk of bird collisions and potential impacts on their populations. Mor-
tality from wind turbine collisions in the United States has been esti-
mated to exceed half a million birds annually, including >80,000
raptors (Smallwood, 2013). Raptors are among the species most strongly
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affected by wind turbines (primarily through direct mortality) and as
such, are particularly vulnerable to expanding wind energy develop-
ment (Diffendorfer et al., 2021; Madders and Whitfield, 2006; Watson
et al., 2018). However, the large-scale population-level impacts of wind
energy development remain largely unknown.

Raptor vulnerability to turbine collisions stems from their soaring
flight, wide-ranging behavior, generally low displacement by opera-
tional wind energy developments, and the limited degree to which they
perceive turbine rotors as dangerous (Dahl et al., 2013; Hunt and Wat-
son, 2016; Madders and Whitfield, 2006). Increases in this source of
mortality can have negative effects on raptors at a population level,
particularly for long-lived, slow-reproducing species (Carrete et al.,
2009; Dahl et al., 2012; Watson et al., 2018) and wide-ranging or
migratory species (Carrete et al., 2009); even low levels of additional

! Present Address: U.S. Geological Survey, Northern Rocky Mountain Science Center, 2327 University Way, Suite 2, Bozeman, Montana 59,717, USA
2 present Address: Department of Fish, Wildlife and Conservation Ecology, New Mexico State University, P.O. Box 30003, MSC 4901, Las Cruces, New Mexico

88003, USA

https://doi.org/10.1016/j.biocon.2024.110961

Received 18 May 2024; Received in revised form 17 December 2024; Accepted 26 December 2024

Available online 30 December 2024

0006-3207/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:jgedir@nmsu.edu
www.sciencedirect.com/science/journal/00063207
https://www.elsevier.com/locate/biocon
https://doi.org/10.1016/j.biocon.2024.110961
https://doi.org/10.1016/j.biocon.2024.110961
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

J.V. Gedir et al.

wind turbine mortality may be significant for long-lived species with
low productivity and slow maturation rates (Drewitt and Langston,
2006; Whitfield et al., 2004). The golden eagle (Aquila chrysaetos),
among the largest of the raptors, is particularly vulnerable to mortality
from wind turbines and is a legally protected species in the United States
(The Migratory Bird Treaty Act, 16 USC §§703-712; The Bald and
Golden Eagle Protection Act, 16 U.S.C. 668-668c). Golden eagles are
predatory making them more susceptible to wind turbine collisions than
scavengers, because while fixed on prey during hunting, they may not
detect turbine rotors (Madders and Whitfield, 2006). A significant
amount of golden eagle habitat in the United States overlaps with areas
where wind resources are amenable to wind energy development,
potentially jeopardizing the viability of local and migratory populations
(National Renewable Energy Laboratory, 2017; Tack et al., 2020).
Indeed, high levels of golden eagle mortality have been observed at wind
energy developments in the western United States (Pagel et al., 2013;
Smallwood and Thelander, 2008). The golden eagle population in the
western contiguous United States has remained stable (lambda ~ 1) for
several decades (2016 population size ~ 32,000 individuals); however, a
recent study suggests that anthropogenic sources account for a high
proportion (74 %) of adult mortality and that this take is likely unsus-
tainable (Millsap et al., 2013, 2022). For a species with high adult sur-
vival and low reproductive rates, like the golden eagle, small increases
in mortality rates can lead to population declines; this has been reported
in other raptor species (e.g., Eurasian griffon [Gyps fulvus], Lekuona and
Ursua, 2007; Egyptian vulture [Neophron percnopterus], Carrete et al.,
2009; white-tailed hawk [Geranoaetus albicaudatus], Ledec et al., 2011).
Here, we quantified the potential wind turbine mortalities of golden
eagles in the western contiguous United States west of the 100th me-
ridian (hereafter western U.S.).

Collision risk models (CRMs) are a useful tool for assessing the po-
tential impacts of wind turbines on birds (see Masden and Cook, 2016)
and models have been developed specifically to quantify the risk of
raptors colliding with turbines (e.g., Eichhorn et al., 2012; Holmstrom
et al.,, 2011; Murgatroyd et al., 2020). A CRM generally requires site-
specific data, including an estimate of the number of birds within a
turbine’s hazardous space (i.e., to estimate the likely number of collision
events) and a calculation of the probability of a collision occurring.
However, there is often a lack of site-specific data to inform the CRM,
particularly at larger spatial scales. Additionally, many CRMs do not
provide estimates of uncertainty around the predicted number of colli-
sion events. Knowledge of uncertainty allows managers to make de-
cisions with a more complete understanding of possible risks involved.
New et al. (2015) developed a CRM that is structured in a Bayesian
framework, whereby site-specific data in the model can be substituted or
supplemented with prior-probability distributions created from data
collected at wind energy developments. Furthermore, this model was
developed using golden eagle data and the Bayesian approach is
designed to readily accommodate sources of uncertainty in mortality
estimates. Therefore, this serves as an ideal modeling approach for our
objective of estimating golden eagle mortalities and quantifying uncer-
tainty at the scale of the western U.S.

An important component of CRMs is exposure of birds to turbines,
which is largely correlated with bird density. The western U.S. is the
core of the golden eagle range in North America, where >80 % of their
North American population occurs (Katzner et al., 2020; Millsap et al.,
2013). Within this large geographic area there is substantial heteroge-
neity in landscape composition and configuration, undoubtedly leading
to spatial variation in the distribution of golden eagle relative abun-
dance (Fink et al., 2023). Relative abundance estimates of golden eagles
have been mapped using data from a variety of sources, including GPS
tracking data (Brown et al., 2017; McCabe et al., 2021), nest sites (Dunk
et al., 2019), and data from widespread targeted surveys (Nielson et al.,
2016). However, these datasets do not provide adequate temporal (i.e.,
annual) or spatial coverage to inform exposure of eagles to turbines on a
large scale. An alternative is to use relative abundance predictions based
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on the year-round, semi-structured, and spatially-unrestricted citizen
science sampling program eBird (Kelling et al., 2019; Sullivan et al.,
2009) to stratify the landscape based on some of the spatial heteroge-
neity in eagle abundance. Relative abundance predictions generated
from eBird checklist data have already been shown to perform well in
identifying areas of high importance for eagles at a continental scale
(Ruiz-Gutierrez et al., 2021; Stillman et al., 2023).

We took a similar approach as Ruiz-Gutierrez et al. (2021) using
eBird relative abundance predictions as the basis for delineating areas of
relatively low and high golden eagle wind turbine collision risk in the
western U.S. We used these exposure-risk zones and a CRM to predict
potential annual golden eagle mortalities from wind turbines in the
western U.S. from 2013 to 2024. Our results fill a critical gap in our
understanding of the potential effects of wind energy developments on
golden eagle population viability at a large scale and in the core of their
range. Predictions of golden eagle mortalities, which incorporate un-
certainty, will help managers make more informed decisions to balance
competing objectives of alternative energy development and eagle
population viability.

2. Materials and methods
2.1. Turbine data

The initial release of the U.S. Geological Survey U.S. Wind Turbine
Database was in July 2013 and includes the locations and specifications
of onshore wind turbines throughout the United States (Diffendorfer
et al., 2014). Each release of the database adds newly-installed turbines
and undergoes rigorous quality control, including visually verifying
turbine locations using high-resolution satellite imagery, removing
decommissioned turbines (starting in 2018), removing duplicate tur-
bines, and reclassifying structures incorrectly classified as turbines or
residential-scale turbines (Rand et al., 2020). We compiled wind turbine
data from years that were available for download (2013, 2014, and
2018-2024; Diffendorfer et al., 2014; Hoen et al., 2018) and used these
data to calculate the hazardous volume of each turbine based on indi-
vidual turbine specifications and annual turbine-specific daylight hours
based on turbine locations (see Eq. 2 below). We removed turbines
located in Alaska and Hawaii, and in 2013 and 2014, we removed
decommissioned turbines, turbine locations that were described as “pad
only” or “no turbine”, and turbines that were identified as having “no
blades” or were non-operational. For turbines where rotor diameters
were not reported, but turbine manufacturer and model or capacity were
reported, we obtained rotor diameters from “Windturbines database”
(https://en.wind-turbine-models.com/turbines). For other turbines
where rotor diameters were not reported, in each year’s dataset we
calculated mean rotor diameter by turbine construction year, identified
the year when there was a marked increase in rotor diameter, grouped
turbines built in years before and after this cutoff, and imputed the mean
rotor diameter by time period. Thus, our assumptions of turbine size,
when not provided, are informed by the most similar turbines in terms of
construction year and size. We assigned the mean of all reported rotor
diameters to those turbines where rotor diameter was not reported and
construction year was unknown. We then estimated annual golden eagle
mortalities from the total hazardous volume summed from individual
turbines.

2.2. Relative abundance

We developed maps of golden eagle exposure to collision risk based
on seasonal relative abundance estimates generated by The Cornell
University Lab of Ornithology using eBird data (eBird abundance,
Version 2021; Fink et al., 2022). The eBird relative abundance repre-
sents the average number of golden eagles expected to be seen by an
observer during 1 h at the optimal time of day for detecting golden
eagles, and who travels <1 km during the observation session (for more
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details on eBird data collection methods, see https://ebird.org/spain
/science/status-and-trends/faq#mean-relative-abundance). We used
predicted relative abundance rasters at a 2.96- x 2.96-km grid-cell res-
olution for each of four periods: non-breeding (7 December—7 February);
pre-breeding migration (8 February—6 June); breeding (7 June-30
August); and post-breeding migration (31 August-6 December). Using
multiple seasons of data allowed us to identify locations with higher
predicted relative abundance in any single season and ensures that any
important periods of golden eagle use across the annual cycle are
captured. We assumed areas of lower and higher golden eagle relative
abundance correspond with areas of lower and higher risk of wind
turbine mortality, respectively, because of the presumption that there is
a predictable relationship between exposure risk (which is related to
abundance) and collision probability. Therefore, we mapped the
threshold between the lower- and higher-risk zones at the 50th quantile,
and thus, the lower 50th quantile corresponds to a lower relative risk of
golden eagle mortality and the upper 50th quantile corresponds to a
higher relative mortality risk. We excluded cell values of zero when
defining the thresholds delineating lower versus higher risk for each
seasonal raster. Our assumption was that including zero-value cells in
creating those seasonal thresholds would include areas where golden
eagles were not at risk for colliding with turbines because they were not
predicted to occur in those cells during a given season. We then
reclassified grid cells in each seasonal raster as O (lower risk; below the
50th quantile) and 1 (higher risk; above the 50th quantile). Finally, we
combined seasonal rasters into a single raster, defining a cell as lower
risk if all overlapping grid cells were 0 in every season.

2.3. Collision risk model

We used a CRM that was developed for estimating avian fatalities at
wind energy developments (New et al., 2015). The CRM assumes there is
a predictable relationship between pre-construction eagle use (eagle
exposure) and subsequent fatalities resulting from collisions with wind
turbines, and this relationship is dependent on the hazardous space of
the turbines, the time eagles spend in this hazardous space, and the
probability of an eagle colliding with a turbine while within the haz-
ardous space (collision probability) (Eq. 1).

F =JCe (€D)

Here, F is eagle fatality rate (eagles-year 1), 1 is eagle exposure
which accounts for the time eagles spend in a turbine’s three-
dimensional hazardous space as a function of survey effort (eagle-
minutes-hour™*-km™3), C is collision probability (eagle collisions-eagle-
minute ™), and ¢ is the expansion factor, which is the combined tem-
poral and spatial exposure risk across all turbines (Eq. 2).

¢ = tnhar? 2

Here, 7 is turbine location-specific annual daylight hours (i.e., golden
eagles exhibit diurnal behavior), n is the number of turbines, h is turbine
hazardous space height (a constant set at 200 m to correlate with the
designated height for eagle-use surveys), and r is turbine rotor radius (m;
rotor diameter/2; nhar? = total hazardous volume). We calculated
turbine-specific annual daylight hours of golden eagle exposure from
daily daylight hours based on the geographic coordinates of the turbine.
In addition, we used this location information to adjust the number of
hours of exposure to reflect the migratory behavior of golden eagles; for
any months when golden eagles are expected to be absent, daylight
hours in the model were set to zero. In our models, we treated each
turbine independently and turbines were assumed to be operating dur-
ing all daylight hours.

The CRM parameters are modeled in a Bayesian framework where
uncertainty surrounding eagle exposure and collision probability are
defined by golden eagle-specific prior-probability distributions (priors)
for each parameter. The CRM incorporates priors for eagle exposure and
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collision probability, and the expansion factor (the only site-specific
data included in the CRM for our analyses). We ran the CRM to esti-
mate annual golden eagle mortalities across all onshore wind turbines in
the western U.S.

2.4. Creating prior distributions

The exposure and collision probability priors that we used in the
CRM were created from data collected at wind energy developments
throughout the western U.S. We created the exposure priors from golden
eagle-use data collected at proposed sites of wind energy developments
prior to the construction of turbines. Exposure risk is generally estimated
by conducting >60-min surveys counting the number of minutes golden
eagles are observed flying at a height of <200 m within approximately
800-m radius survey plots distributed within the area of the proposed
wind energy development. We excluded data from plots with a radius <
800 m and from sites where surveys were not conducted across all
seasons. We developed risk zone-specific exposure priors for golden
eagles in the western U.S. based on which risk zone the wind energy
developments that were used for creating the priors were located (i.e.,
wind energy development centroids buffered by 3.2 km). If a buffered
centroid intersected with a higher-risk zone raster cell, we considered it
to be within the higher-exposure risk zone. The collision probability
prior is created from golden eagle mortality monitoring data collected
once the turbines are operational (see New et al., 2021). The collision
probability prior we used in the CRM was taken from New et al. (2021)
and was estimated using data from 21 wind energy developments that
were not risk-zone specific (Table 1). The mean and variance of the
exposure and collision probability priors were calculated from mixture
distributions based on these data and were assumed to come from
gamma and beta distributions, respectively (New et al., 2015). We
conducted all analyses in R 4.1.2 (R Core Team, 2021).

3. Results
3.1. Turbine data

As of July 2013, the U.S. Wind Turbine Database contained 25,704
operational onshore wind turbines in the western U.S. with an estimated
hazardous volume of 17.4 km? (Fig. 1). As of November 2024, there
were 32,579 operational onshore turbines in the database in the western
U.S. and the hazardous volume was estimated at 47.0 km® (Figs. 1 & 2).
This represents an increase of 26 % in the total number of turbines and
171 % in hazardous volume from 2013 to 2024. Among the operational
turbines where turbine specifications were reported, mean (+ SD) tur-
bine sizes increased substantially from 2013 to 2024, with rotor di-
ameters increasing 44 % (2013: 66.0 + 27.6 m, n = 20,661; 2024: 94.9
+ 25.9 m, n = 29,912), hub heights increasing 22 % (2013: 65.3 &+ 21.9
m, n = 20,115; 2024: 79.4 + 14.2 m, n = 29,527), and total turbine
heights increasing 29 % (2013: 98.6 + 35.0 m, n = 20,135; 2024: 127.2
+ 25.0 m, n = 29,528).

In 2013, turbines in the western U.S. were distributed fairly evenly
between the lower- and higher-risk zones (lower 53 %; higher 47 %),
and by 2024, about two-thirds (68 %) of the turbines were in the lower-
risk zone (Fig. 1). From 2013 to 2024, the number of turbines in the
lower-risk zone increased by 63 %, whereas in the higher-risk zone there
was a decrease of 14 % (Fig. 1). In contrast, over the same period,
estimated hazardous volume of turbines in the lower-risk zone increased
by 198 %, and despite the number of turbines in the higher-risk zone
decreasing, there was an increase in estimated hazardous volume of 119
% (Fig. 1).

3.2. Prior distributions

We used golden eagle-use survey data from 44 wind energy de-
velopments in the western U.S. to create the exposure priors for the
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Table 1
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Golden eagle exposure (eagle-mins-hr~!-km~3; by risk zone) and collision probability (eagle collisions-eagle-min ) prior distribution parameters used in the collision

risk model to estimate golden eagle mortalities in the western U.S.

Eagle exposure priors

Collision probability priors

Risk zone Gamma parameters Beta parameters
n' Mean =+ SD a B n Mean =+ SD a B
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Fig. 1. Total (a) number and (b) hazardous volume (km®) of wind turbines in the western U.S. (2013-2024) by risk zone and year. Points represent years where data

were available.

CRM; 8 developments were in the lower-risk zone and 36 in the higher-
risk zone (Fig. 3; Table 1; Supplementary Materials Fig. S1 and
Table S1). The exposure prior used to estimate golden eagle mortalities
in the lower-risk zone was Gamma(0.7268, 5.2507) with mean (& SD)
0.138 + 0.162 eagle-minutes-hour *-km™3 (Table 1; Supplementary
Materials Fig. S1a). The exposure prior used in the higher-risk zone was
Gamma(0.4725, 0.3034) with mean 1.557 + 2.265 eagle-minute-
s-hour 1.km~2 (Table 1; Supplementary Materials Fig. S1b). The colli-
sion probability prior (i.e., not risk-zone specific) used in the CRM was
Beta(1.29, 227.6) with mean 0.006 + 0.005 eagle collisions-eagle-
minute ! (Table 1).

3.3. Mortality

Results from the CRMs predict that in 2013 the median number of
golden eagle mortalities from wind turbines in the western U.S. was 110
[80 % credible interval: 28-374], and by 2024 estimates more than
doubled to 270 [72-877] (Fig. 4). The exposure priors for both the
lower- and higher-risk zones are strongly right-skewed (Supplementary
Materials Fig. S1) resulting in the estimated golden eagle mortalities
having high uncertainty. The annual increase of 8.8 % in predicted
median golden eagle mortalities from 2013 to 2020 increased by 49 %
annually from 2020 to 2024 (Fig. 4). Modeled estimates of golden eagle
mortalities in the higher-risk zone increased at a higher rate and had
greater uncertainty than those in the lower-risk zone (Fig. 4). From 2013
to 2024, predicted median golden eagle mortalities in the lower-risk
zone increased 197 % (2013: 15 [3-57]1; 2024: 44 [8-168]), whereas
in the higher-risk zone the increase was 118 % (2013: 62 [7-318]; 2024:
136 [14-695]) (Fig. 4; Supplementary Materials Fig. S2). When in-
creases in predicted mortalities were examined annually, the lower-risk
zone showed similar increases from 2013 to 2020 (13.9 %) and
2020-2024 (12.6 %); however, annual increases in estimated mortalities
in the higher-risk zone were more than double from 2020 to 2024 (13.4

%) than from 2013 to 2020 (6.0 %) (Fig. 4).
4. Discussion

In this study we examined potential golden eagle mortalities from
collisions with wind turbines in the western U.S. from 2013 to 2024. The
data indicate that turbine infrastructure (i.e., the total hazardous vol-
ume of turbines) has increased significantly over this period. Our CRMs
predicted that the annual number of golden eagle mortalities from wind
turbines may have more than doubled over eleven years, which could
have significant population-level effects. The golden eagle population in
the western U.S. has remained stable for several decades (1968-2016;
Millsap et al., 2013, 2022), a period which includes the initial influx of
wind turbines in the US (c. 1998) followed by slow growth until 2006,
but also a period of significant increase in wind power from 2007 to
2016 (Wiser and Bolinger, 2019). It could appear the golden eagle
population is resilient to increases in mortality attributed to growth in
the wind energy industry; however, recent demographic modeling
suggests the population may have been declining at a low rate since
2016, and that additional mortality, unless mitigated for, is not sus-
tainable (Millsap et al., 2022). Indeed, a map based on eBird data pro-
duced by the Cornell Lab of Ornithology displaying cumulative trends in
estimated golden eagle relative abundance from 2012 to 2022 (https
://science.ebird.org/en/status-and-trends/species/goleag/trends-map;
Fink et al., 2023) indicates predicted golden eagle relative abundance
has declined over much of its western U.S. range and areas where de-
clines occurred align with areas where the most turbines have been
constructed (Fig. 2). Furthermore, the increase in turbine hazardous
volume in the western U.S. from 2020 to 2024 has been more significant
than in the preceding years, and if this trend continues, it would be
expected these declines would continue or increase in future.

The primary causes of adult golden eagle mortality in the U.S. come
from anthropogenic sources such as shootings, collisions, electrocutions,
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Fig. 2. Location of wind turbines (blue dots; n = 32,579) in the western U.S. as of November 2024 (Hoen et al., 2018, 2024 update v7_2). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

or poisoning (Hunt, 2002; Russell and Franson, 2014; Hunt et al., 2017;
Millsap et al., 2022). Moreover, in areas where wind energy develop-
ment has become widespread, collisions with wind turbines can account
for a significant proportion of anthropogenic mortality in golden eagles
(Hunt, 2002; Hunt et al., 2017). Human-caused mortality is generally
considered to be additive to natural mortality in golden eagles (Katzner
et al., 2017) and other raptor species (Watson et al., 2018), and so has
the potential to have a negative impact at a population level. For
example, a study of golden eagle survival across the western U.S.
(1997-2013) showed that if anthropogenic mortality is assumed to be
additive, removing it would increase survival 6-12 % depending on the
age class (USFWS, 2016). Furthermore, a subsequent study of the same
population extending to 2016 suggested that if anthropogenic mortality
was assumed to be entirely additive, it could lead to a decline in the
golden eagle population in the western U.S. (Millsap et al., 2022). Other
research examining golden eagle survival in California found that when
turbine mortality was censored, subadult and floater survival increased
from 0.79 to 0.90, and this change was enough to shift the population
trajectory from declining to growing (Hunt, 2002). However, in pop-
ulations of predators that have long lifespans, like the golden eagle,
when anthropogenic mortality exceeds natural mortality, the population
may demonstrate a reduced density-dependent response resulting in
increases in other demographic rates (e.g., Gantchoff et al., 2020).
Indeed, Accipitriformes will vary their age at first reproduction in
response to competing selective pressures (Millsap et al., 2019). Spatial

demographic simulation modeling of a golden eagle population exposed
to increasing renewable energy development demonstrated that even
small increases in mortality associated with renewable energy infra-
structure (e.g., turbine and vehicle collisions, power pole electrocutions)
could have negative consequences for population dynamics (Wiens
et al., 2017). Therefore, the recent accelerated growth and expected
future growth of wind power in the western U.S. could have a significant
negative impact on the golden eagle population.

We compared our estimates of mortalities from the CRMs to those
estimated by Millsap et al. (2022) from dead recoveries of transmittered
golden eagles in the western U.S. The number of golden eagles killed
annually from collisions (i.e., including automobile, wind turbine,
power line, train, and undetermined collisions) estimated from recov-
ered birds with transmitters deployed between 1997 and 2016 was 611
(median [95 % credible interval]: first year birds 51 [11-143]; after first
year birds 560 [322-877]; Millsap et al., 2022). Cause of death could be
determined for 126 of the 611 recovered golden eagles of which 16
(12.7 %) were due to collisions, and of those collision mortalities, at
least two (12.5 %) were from wind turbines (Millsap et al., 2022).
Extrapolating from mortalities where cause was confirmed to total
mortalities (i.e., 12.5 % of 611 total collision mortalities) predicts 76
golden eagles killed by wind turbines annually. This estimate includes
data up to 2016, and we do not have an estimate of mortalities for 2016;
however, our median [80 % credible intervals] estimates of annual
golden eagle turbine collisions for 2014 and 2018 are 113 [29-385] and
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Fig. 4. Estimated median golden eagle mortalities from wind turbines in the western U.S. (2013-2024) by risk zone and year. Points represent years where data were
available to estimate mortalities. We present shading of estimates from the 40th to 60th quantiles to enable a clearer visualization of mortality trends and difference
in uncertainty between the lower- and higher-risk zone. These are median estimates from the posterior density distributions (see Supplementary Materials Fig. S2), so
total mortalities do not equal the sum of lower- and higher-risk mortalities.
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153 [41-497], respectively. While based on limited data, this extrapo-
lation suggests results from our analysis are a reasonable estimation of
golden eagle mortalities from wind turbines.

Another consideration when determining the impact of turbine
mortality on golden eagle population demography, is how age classes
may be differentially affected. First year birds in the western U.S. golden
eagle population had 75 % mortality from natural causes, whereas 74 %
of mortalities in after-first year individuals were human-caused (Millsap
et al., 2022). More specifically, golden eagle mortality from wind tur-
bines in a population in California was much higher in subadults and
adults (i.e., after-first year birds) than in juveniles (i.e., first year birds),
which is likely because juveniles are provisioned by their parents and do
not hunt during part of their first year, and turbine collisions often occur
when individuals are distracted while pursuing prey (Hunt, 2002; Hunt
et al.,, 2017). Also, among adults, floaters (i.e., non-breeding in-
dividuals) had much higher turbine mortality than individuals occu-
pying breeding territories, likely due to the tendency for breeders to stay
within or near their territories, and as such, having smaller home ranges
(Hunt, 2002; Hunt et al., 2017). Therefore, although our estimates of
mortalities are not age-specific, if these patterns are accurate, most
mortalities that we predicted are likely to be of subadults or adults
(particularly floaters). Elasticity analysis of vital rates of golden eagles in
the western U.S. identified adult survival as the most important de-
mographic parameter relative to population growth (Millsap et al.,
2022), and consequently, this higher turbine mortality in adults could
have detrimental effects at a population level.

There are several advantages to the structure of the CRM used in this
study to estimate golden eagle mortalities and incorporating turbine
specification and location data from the U.S. Wind Turbine Database.
Although the CRM was designed to be used to estimate mortalities at
individual wind energy developments incorporating site-specific eagle-
use and fatality data, this approach is not realistic at the spatial scale of
the western U.S. Hence, the Bayesian framework allowed the models to
be informed with priors for exposure risk that were developed for areas
identified as lower or higher risk of golden eagle turbine collisions
specific to the western U.S., which yielded more relevant estimates of
mortalities at this large spatial scale than if nationwide priors had been
used that were not risk-zone specific. Furthermore, the data used to
create the prior distributions capturing the variability among wind en-
ergy developments facilitated estimates of exposure risk and collision
probability that can be applied to any region or at any spatial scale, and
these priors can be updated in an adaptive management framework as
more data become available. Additionally, the Bayesian approach allows
estimation of uncertainty in mortalities which provides insights into the
potential risks involved when managers are making decisions, essential
for guiding species conservation and management strategies. Although
our estimates of mortalities generally had high uncertainty, this uncer-
tainty should decrease as more data are included. Secondly, relating
hazardous volume to exposure risk and collision probability instead of
turbine numbers, allows accounting for the repowering of turbines. For
example, considering the growth of the wind energy industry from 2013
to 2024, it is surprising to see a decrease of 14 % in the number of
turbines in the higher-risk zone despite a 119 % increase in hazardous
volume; this is primarily due to a combination of the greater size of
newly-constructed turbines and the repowering of old turbines with
larger turbines. Advances in turbine technology allow for partial
repowering with larger rotors without the need to replace towers
(Brgndsted et al., 2023), which makes for an efficient, less expensive
way to increase power output, but further increases hazardous volume
and golden eagle exposure to collision risk. Thirdly, using eBird relative
abundance predictions generated from eBird checklist data from
important periods of the golden eagle annual cycle allowed us to identify
areas where golden eagles are at lower or higher risk of turbine exposure
in any single season. This is essential to capture any period of higher use
for migratory species like the golden eagle that have important spatio-
temporal population dynamics (Johnston et al., 2020), and provides the
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necessary temporal and spatial coverage to suitably inform golden eagle
exposure to turbines at the large scale of the western U.S. Our estimates
of exposure risk calculated from data collected at wind energy de-
velopments in the lower- and higher-risk zones (Fig. 3) suggested that
golden eagle exposure to turbines in the higher-risk zone was potentially
more than eleven times that of the lower-risk zone (Table 1), and as
such, estimating risk zone-specific golden eagle mortalities provides
relevant overall estimates of mortalities in the western U.S. This suggests
that building a fraction of the number of turbines in the higher-risk zone
compared to the lower-risk zone could result in a similar number of
golden eagle mortalities (see Figs. 1 & 4), and so highlights the impor-
tance of careful consideration when proposing locations for construction
of new wind energy developments.

Following many years of apparent stability for the golden eagle
population in the western U.S., recent trends indicate it may now be
declining (Millsap et al., 2013, 2022). Given that the primary cause of
mortality in adult golden eagles is from anthropogenic sources
(including mortalities from wind turbine collisions), the rapidly growing
wind energy industry is cause for concern, which highlights the conflict
that exists between the desire, perhaps necessity, to pursue channels for
renewable energy production and the consequences on wildlife con-
servation. This increasing wind energy development is occurring glob-
ally (Dunnett et al., 2020; Lee and Zhao, 2022) and negative population-
level effects are becoming apparent in many raptor species around the
world (Watson et al., 2018). The potential impact of increasing wind
power on threatened and protected species emphasizes the importance
of monitoring construction of wind energy developments and quanti-
fying subsequent turbine mortalities to better conserve and manage
these species that are at risk of decline. The accelerated increase in wind
power from 2020 to 2024 suggests that wind will remain an important
source of renewable energy in future and will continue its significant
growth. When projecting impacts on raptor populations into the future,
it is essential to also consider how climate change could affect species
ranges and distributions, as well as wind turbine buildout scenarios in
response to potential shifts in areas that are amenable to effective wind
power. Further research should assess the conservation implications for
golden eagle and other raptor populations in response to a rapidly
growing wind energy industry and whether it is plausible for other
sources of mortality to be sufficiently reduced to mitigate potential in-
creases in wind turbine mortality.
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