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Abstract

Increased interest in renewable energy has fostered development of wind and solar energy

facilities globally. However, energy development sometimes has negative environmental

impacts, such as wildlife fatalities. Efforts by regional land managers to balance energy

potential while minimizing fatality risk currently rely on datasets that are aggregated at conti-

nental, but not regional scales, that focus on single species, or that implement meta-analy-

ses that inappropriately use inferential statistics. We compiled and summarized fatality data

from 87 reports for solar and wind facilities in the Mojave and Sonoran Deserts region of

southern California within the Desert Renewable Energy Conservation Plan area. Our goal

was to evaluate potential temporal and guild-specific patterns in fatalities, especially for pri-

ority species of conservation concern. We also aimed to provide a perspective on

approaches interpreting these types of data, given inherent limitations in how they were col-

lected. Mourning doves (Zenaida macroura), Chukar (Alectoris chukar) and California Quail

(Callipepla californica), and passerines (Passeriformes), accounted for the most commonly

reported fatalities. However, our aggregated count data were derived from raw, uncorrected

totals, and thus reflect an absolute minimum number of fatalities for the monitored period.

Additionally, patterns in the raw data suggested that many species commonly documented

as fatalities (e.g., waterbirds and other nocturnal migrants, bats) are rarely counted during

typical pre-construction use surveys. This may explain the more commonly observed mis-

match between pre-construction risk assessment and actual fatalities. Our work may serve

to guide design of future scientific research to address temporal and spatial patterns in fatali-

ties and to apply rigorous guild-specific survey methodologies to estimate populations at

risk from renewable energy development.

Introduction

Increased interest in renewable energy as a tool to address climate change and meet growing

demand of the global energy market has fostered rapid development of wind and solar energy
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facilities both in the United States and around the world. As a result, renewable energy devel-

opment is rapidly expanding to meet increased demand without increasing CO2 emissions.

Since 2009 in the U.S.A., growth rates of installed capacity of utility-scale wind and solar

energy exceed 300% and 9400% respectively [1–3].

Renewable energy development often results in some level of negative environmental

impact, notably habitat loss and fragmentation, along with fatalities of birds and bats [4–6].

These fatalities are largely believed to be caused by collisions with turbines, photovoltaic pan-

els, and heliostat solar reflectors, or other facility infrastructure (e.g., perimeter fences, gen-tie

and associated transmission lines). However, birds may also be killed at solar facilities by unin-

tentional grounding or singeing from the concentrated beams of sunlight at CSP power tow-

ers, and both birds and bats have been documented drowned in wastewater evaporation ponds

found at concentrated solar power (CSP) facilities or been inadvertently trapped in facility

buildings and equipment [7–12]. Consequently, there is substantial interest in finding tools to

balance the competing interests of maximizing energy production potential and minimizing

fatality risk to both local and migratory wildlife species. To do this though, first, developers

and land management agencies need to identify the potential avian and bat species at risk and

the numbers of individuals of each species found dead at these facilities.

Current research to describe impacts of renewable energy on wildlife often focuses either

on single species or taxa (e.g., [13–15]) or on meta-analyses that summarize and analyze fatal-

ity estimates generated across a suite of individual environmental reports or datasets [7, 10, 16,

17]. Alternatively, they may rely on pre-construction risk assessment use surveys to estimate

fatality risk at a given location [18, 19]. However, there are limitations to inference from these

approaches [12]. For example, these assessments are biased towards facilities with publicly

available data or where authors have sole access to confidential reports. In fact, none of these

published meta-analyses that summarized data from environmental reports from wind or

solar facilities have either systematically or randomly sampled the facilities that were included

in analyses. As a consequence, even the most complete compendia [e.g., 7, 16] omit many

reports that are not publicly available and, thus, the level of inference of their analyses is con-

strained. Similarly, the field survey techniques used to generate fatality data often are inconsis-

tent among reports or facilities. As such, use of inferential statistics to estimate pooled fatality

rates is problematic [20, 21]. Additionally, pre-construction surveys are often designed to meet

state or federal monitoring guidelines or requirements (e.g. Environmental Impact Reviews

(EIR) or Statements (EIS)), rather than defined research objectives, and surveys may be limited

to focal species groups (e.g. raptors) or be spatially or temporally limited (e.g., breeding season

point counts), all factors that can reduce the applicability of pre-construction monitoring data

to assess post-construction fatality risk [18, 22]. Finally, meta-analyses often group species into

broad categories (e.g., raptors, waterbirds, passerines), may ignore some taxa altogether (e.g.,

bats) and do not identify individual facilities. This approach is a useful data visualization tool

for pooled data, but it can obscure important temporal, spatial, and taxon- or species-specific

patterns of substantial interest, especially for threatened or endangered species.

Within the U.S.A., regional land managers and regulators are tasked to use the “best avail-

able science” to make permitting and mitigation decisions for renewable energy facilities [23].

However, the substantial limitations of existing studies and reports as outlined above can

obscure that science. In particular, existing data on wildlife fatalities at renewable energy facili-

ties within regions are rarely consolidated into a single data repository and may be available

only as difficult-to-interpret single-species studies, large meta-analyses, consultant reports, or

a widely dispersed set of datasheets reported to multiple agencies by wildlife consultants.

The objective of this study was to address this problem by compiling and summarizing data

on fatalities from renewable energy facilities in one region of the U.S.A. that is a focus for
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renewable energy development. We evaluated fatality data from parts of the Mojave and Sono-

ran Deserts of southern California that are within the Desert Renewable Energy Conservation

Plan (DRECP) area [24]. Our goals were (1) to quantify numbers of fatalities of birds and bats

counted at renewable energy facilities in the vicinity of the DRECP, (2) to examine the dataset

to identify potential temporal and taxonomic-specific patterns in fatalities, especially for prior-

ity species of conservation concern, and (3) given the variability and inconsistency among

strategies and availability of reports, to provide a perspective on interpreting these fatality data

and the caveats that might accompany those interpretations. By presenting trends in the raw

data, we hope to broadly describe an appropriate frame of reference for inference about num-

bers of species-specific fatalities at these facilities and to provide a starting point for subsequent

studies with robust experimental design that can lead to stronger inference.

Materials and methods

Study area

The DRECP was approved in 2016 by the California Energy Commission (CEC), California

Department of Fish and Wildlife (CDFW), Bureau of Land Management (BLM), and U.S. Fish

and Wildlife Service (FWS) to identify areas in the region that may be appropriate for utility-

scale renewable energy development, to facilitate the application process for renewables, and

to manage long-term conservation in the region. Land cover in the Mojave desert is scrub

dominated by creosote bush (Larrea tridentata), Joshua tree (Yucca brevifolia), and number of

cactus and succulent plants adapted to desert habitat. Land cover in the Sonoran Desert is typi-

fied by cacti, especially saguaro (Carnegiea gigantea) and cholla (Cylindropuntia spp.), but also

includes species found in the Mojave desert. Topography in both habitats is rugged with steep

mountains and hillsides punctuated by alluvial flats. The climate in both regions is exception-

ally arid, although the Sonoran desert is unique in having two seasonal monsoons [25]. The

DRECP is a focus for renewable energy development and there is substantial management

interest in understanding potential impacts to wildlife from this development. As such, post-

construction monitoring is more regular in the DRECP than in many other regions of the

USA, making it a good site for the evaluation we performed here.

Data collection and analyses

We use three methods to obtain data on fatalities at renewable energy facilities within the

DRECP boundary for the time period ranging from the first installation of wind turbines in

the Tehachapi Pass in the early 1980s through December 2019. First, we used online search

engines to search the internet for environmental reports that had been posted online. Second,

we searched publicly available document collections and California-specific public databases

(e.g., American Wind Wildlife Institute documents library (https://awwic.nacse.org/), Califor-

nia Energy Commission) to identify environmental reports they contained. Finally, we queried

databases at federal, state, and county-level agencies for environmental reports not collected in

our other searches. We focused especially on gathering unpublished environmental reports,

usually by consultants (hereafter, “consultant reports”), containing wildlife survey data from

proposed and operational wind and solar energy facilities located within or closely adjacent

(<20km) to the DRECP boundary. Many of the reports published prior to 2018 we accessed

have also been summarized in a previous review of the effects of renewable energy on birds

and bats [12]. We also searched the sources listed above for data available from peer-reviewed

published literature that included species-specific fatality totals that were not reported

elsewhere.
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As part of our third search method outlined above, we included consultant reports provided

to FWS and BLM, as well as raw data for fatalities and injured birds found incidentally or dur-

ing systematic surveys provided in the form of spreadsheets required under Special Purpose

Utility Permits (SPUT) issued to energy facilities (hereafter, “SPUT reports”). These permits

authorized the electrical utilities to collect and temporarily possess migratory bird carcasses

found at facilities. SPUT reports are only required to document avian fatalities, not bats. How-

ever, if the authors voluntarily included bat fatalities in their report, we included those num-

bers in our subsequent data summary. All data were from facilities located on public lands,

primarily BLM administered lands.

For each consultant or SPUT report, we documented the facility name, energy source and

technology type (e.g., wind, solar photovoltaic (PV), concentrating solar power (CSP) para-

bolic troughs, CSP power tower) and the construction periods (pre- or post- construction).

We also summarized the start and end dates of the surveys, the type of survey data collected

(e.g., fatality surveys, incidental reporting), and details of the survey methodologies. Finally,

we recorded detections of wildlife fatalities, their date, and, where noted, the type of infrastruc-

ture with which the fatality was associated (e.g., sometimes fatalities are associated with build-

ings, fences, or power lines at facilities, rather than the electrical generating infrastructure

itself). Although we collected data on both fatalities and injured birds and bats, our subsequent

analyses only included individuals found dead, or who later died as a result of their initial

injuries.

In some cases, data were summarized across seasons or annual reporting periods and were

thus not suitable for subsequent within-season or period analysis. Some facilities had multiple

reports for overlapping periods of time (e.g., we obtained both annual and monthly summary

reports for the same year). To avoid double-sampling, we excluded those reports that spanned

the shorter monitoring periods. Additionally, sometimes the monitoring dates and associated

raw fatality data available in SPUT reports overlapped the time period for a given consultant

report. In those cases, we preferred to use the individual observations available in the SPUT

data, as they tended to have more precise temporal information than did the consultant reports

(i.e., they usually specify the date and location for each individual carcass, whereas the consul-

tant reports typically aggregate data across periods or taxa).

We compiled the numbers of raw “uncorrected” fatalities documented in consultant and

SPUT reports into summary tables by energy type (e.g., solar or wind), with fatality totals

grouped by species and summed by individual years, across all years monitored, and at each

energy facility. These raw fatality totals were not adjusted for factors such as searcher efficiency

or carcass persistence that can negatively influence detection probabilities [20] We also calcu-

lated the proportion of total fatalities comprised by each species or species group. We summa-

rized these annual fatality totals in an uncorrected manner (e.g., totals were not weighted by

search frequency or seasonal differences in survey effort) across all monitoring periods with

available data. Our subsequent analyses focused on the uncorrected fatality survey totals for a

number of federal and state-listed species of conservation priority (hereafter “focal species”).

In the DRECP, these were willow flycatcher (Empidonax traillii), least Bell’s vireo (Vireo bellii
pusillus), bank swallow (Riparia riparia), western yellow-billed cuckoo (Coccyzus americanus
occidentalis), Gila woodpecker (Melanerpes uropygialis), northern flicker (Colaptes auratus),
burrowing owl (Athene cunicularia), and Swainson’s hawk (Buteo swainsoni). We also summa-

rized cumulative fatality totals for several focal species groups that can be difficult to differenti-

ate in remains, including rails (Rallidae), thrashers (Mimidae), and warblers (Parulidae).
Finally, in addition to fatality summary tables, we summarized data in the SPUT reports by

month to evaluate temporal patterns of fatalities. We did not include the consultant reports in
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these monthly summaries because those reports only sometimes contained temporal data at

the scale needed for this analysis.

While these reports typically are designed to meet guidelines or requirements of state and

federal environmental reviews (e.g., environmental impact statements or reviews; EIS or EIR),

they seldom implement experimental study designs, thereby restricting the inferences across

facilities [12]. For example, most consultant reports with fatality monitoring data calculated an

index of fatalities relative to nameplate capacity of a given facility (i.e., fatalities/MW) to stan-

dardize rates relative to other locations. However, this metric does not necessarily account for

variation in mortality rates resulting from factors such as season, geographic region, turbine

characteristics (e.g., rotor-swept area, hub height, blade length), turbine operational status

(e.g., curtailment periods, non-operational (broken) turbines, rotations per minute) [26], tech-

nology type (e.g., Solar PV, CSP parabolic trough, CSP Power Tower, Wind), or variation in

survey efforts (e.g., size of search area, frequency of searches, use of detection dogs versus

human searchers whether or not surveys accounted for detection probability). Additionally,

adjusted fatality estimates that accounted for survey biases in searcher efficiency or carcass per-

sistence in the landscape were commonly calculated only for broad taxonomic groupings (e.g.,

passerines, water-associated birds, bats) or size categories (e.g., small birds, medium birds,

large birds), rather than for individual species, limiting our ability to compare species-specific

fatality estimates among facilities. Furthermore, some facilities in our dataset only reported

incidental observations. As such, to gain the broadest inference from all documented fatalities,

we ignored corrections for survey bias, and we report raw totals to represent the minimum

number of fatalities at a given location. This is because it would be misleading and statistically

inappropriate to apply inferential statistics to the cumulative dataset of fatality estimates or

likewise to directly interpret data patterns across facilities for data of varying rigor. However,

although these minimum totals may not be fully equivalent across facilities due to methodolog-

ical differences such as sampling duration or survey effort, these pooled data can still provide

general information about species detected as fatalities, temporal patterns, and fatalities

among types of renewable energy.

Results

We obtained 87 consultant reports and, after excluding duplicated datasets, we evaluated

information from 64 reports on fatality surveys at 18 facilities (11 wind, 7 solar) conducted

between 1996 and 2019. In these reports there were documented 262 species or species groups

and 4757 fatalities that were not listed in SPUT reports. We also considered data in SPUT

reports from 10 facilities (3 wind, 7 solar), including 3 (2 solar, 1 wind) for which there were

no available consultant reports (Tables 1 and S1 and S2 and Fig 1 and S1 Text). In the SPUT

reports (S1 and S2 Tables) there were 3326 documented fatalities from 223 species or species

groups. Some, but not all, of these data in SPUT reports were originally mentioned in the con-

sultant reports. Data in these reports are provided in the Supporting Information (S1 and S2

Tables).

Data were collected in all months of the year, but only 76% of the facilities conducted mor-

tality surveys for 12 continuous months (Table 1). Additionally, 33% (n = 7) of these facilities

conducted surveys in the same month more than once, while 4 other facilities compiled reports

for multiple years, but solely documented fatalities discovered incidentally, rather than during

systematic surveys. For facilities from which SPUT reports were available, nearly all (90% or 9

facilities and 3326 observations) reported fatalities across multiple years, although these obser-

vations included both survey and incidentally found carcasses.

PLOS ONE Wildlife fatalities at renewable energy facilities in a targeted development region

PLOS ONE | https://doi.org/10.1371/journal.pone.0295552 December 15, 2023 5 / 15

https://doi.org/10.1371/journal.pone.0295552


Trends in fatalities of birds and bats at DRECP solar facilities

The species most commonly reported as found dead at solar facilities was mourning dove

(Zenaida macroura; n = 355 carcasses; S1 Table). Yellow-rumped (n = 256; Setophaga coro-
nate) and yellow warblers (n = 180; Setophaga petechia) were the next most commonly found

species. Brown-headed cowbird (n = 155;Molothrus ater), eared grebe (n = 153; Podiceps nigri-
collis), white-crowned sparrow (n = 137; Zonotrichia leucophrys), Wilson’s warbler (n = 133;

Cardellina pusilla), greater roadrunners (n = 126; Geococcyx californianus) and American coot

(n = 124; Fulica americana) were the next most common species identified. Considering both

SPUT and consultant reports together, passerines accounted for nearly 30% of all reported spe-

cies and 60% of all uncorrected observations (n = 3522 passerines) (S1 Table). However, these

data were dominated by a few families (Fig 2), primarily warblers (n = 905; Parulidae) and

sparrows (n = 638; Passerellidae), blackbirds (n = 386; Icteridae), and swallows (n = 371;Hirun-
dinidae). Large numbers of carcasses were reported as being of unknown species (n = 12 76;

22%), including 194 classified only as “unknown bird”.

Individual focal species and one focal group (thrashers) were rarely reported found at solar

facilities (again considering both types of reports; S1 Table). The most common of these were

northern flicker (n = 22 carcasses), burrowing owl (n = 11), bank swallow (n = 9), and Crissal

Table 1. Availability of fatality data from unpublished reports or SPUT datasheets by energy facility.

Report SPUT

Facility Type County Monitoring Dates Monitoring Dates

Solar

IMP_1 PV Imperial 6–10/2016 --

IMP_2 PV Imperial 10/2014–9/2016 --

RIV_1 PV Riverside 3-5/2016 1/2016–12/2019

RIV_2 PV Riverside 8/2011–10/2014 9/2011–12/2019

RIV_3 CSP Trough Riverside 3/2015–2/2017 3/2015–12/2019

RIV_4 PV Riverside -- 3/2016–4/2019

SBD_1 PV San Bernardino -- 4/2014–12/2019

SBD_2 CSP Tower San Bernardino 11/2013–10/2015 11/2011–7/ 2018

SBD_3 CSP Trough San Bernardino 10/2013–10/2015, 3/2016 10/2013–12/2019

Wind

IMP_3 HAT Imperial 3/2018–3/2019 1/2013–12/2015

KER_1 HAT Kern 6/2009–5/2010 --

KER_2 HAT Kern 3/2011–5/2019 --

KER_3 HAT Kern 3/2013–2/2015 --

KER_4 HAT Kern 1/2013–1/2017 --

KER_5 HAT Kern -- 1/2015–12/2015

KER_6 HAT Kern 6/2009–6/2010, 8/2011–6/2013 1/2017–12/2019

Tehachapi HAT Kern 10/1996–5/1998 --

RIV_5 HAT Riverside 3/2008–3/2009 --

RIV_6 HAT Riverside 8/1995–8/2000, 8/2009–8/2014 --

San Gorgonio HAT Riverside 3/1997–5/1998 --

SD_1 HAT San Diego 1/2006–1/2007 --

Facilities are codes by county, types are solar photovoltaic (PV), concentrating solar power trough or tower (CSP Trough or Tower), and wind turbines, which were

solely horizontal axis turbine (HAT). Data could be available either as a consultant report (Report) or a spreadsheet in a Special Purpose Utility Taking Permit (SPUT).

“Monitoring Dates” indicates whether or not that data type was available, and dates are given as month/year.

https://doi.org/10.1371/journal.pone.0295552.t001
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thrasher (n = 3; Toxostoma crissale). However, there were large numbers of grebes and rails, as

noted above, as well as 77 sora (Porzana carolina) and 14 common gallinules (Gallinula
galeata). Likewise, as noted above, warblers were reported in very large numbers; these totals

include a large number of unknown warbler species (n = 94), and>15 fatalities of six other

warbler species. Interestingly, the warblers and hummingbirds were more commonly found at

the single CSP facility, and the waterbirds were more commonly found at the PV and solar

trough facilities (Fig 2).

Fig 1. Location of wind and solar facilities used to assess results from fatality surveys at facilities within and in close

proximity to the Desert Renewable Energy Conservation Plan Area (“DRECP” in blue) in California, U.S.A. (in yellow).

Facilities are given names that show the county in which they are located (e.g., KER1 is in Kern County, SBD1 is in San

Bernardino County, RIV1 is in Riverside County, IMP1 is in Imperial County, and SD1 is in San Diego County). Also shown in

white are the locations of the Tehachapi and San Gorgonio Wind Resource areas. Basemap made with Natural Earth (www.

naturalearthdata.com). DRECP boundary obtained from https://drecp.databasin.org/datasets/

b1eb4709a1eb4f6db1dfe7dd5479f6c9/[24].

https://doi.org/10.1371/journal.pone.0295552.g001
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Bats were also rarely reported found at solar facilities (n = 149), with Canyon Bats (Para-
strellus hesperus) accounting for 26% (n = 39) of these carcasses. However, in some cases,

reports only documented avian fatalities or did not identify bat fatalities to species. In addition,

SPUT reports are only required to document avian fatalities, so these totals reflect a minimum

number of bats found at solar facilities.

Trends in fatalities of birds and bats at DRECP wind facilities

California quail (n = 236; Callipepla californica) and chukar (n = 212; Alectoris chukar) were

the most common species reported dead in both types of reports from wind facilities (S2

Fig 2. Total raw, uncorrected counts of bird or bat carcasses (n = 8054; grouped by taxonomic family), documented in

consultant and SPUT reports from renewable energy facilities in the Desert Renewable Energy Conservation Plan Area. Plots

are by facility subtype (e.g., Solar PV, Concentrating Solar Power (CSP) parabolic trough, CSP Power Tower, and Wind). Plot color

is indicative of the broad species groups commonly used in meta-analyses (e.g., [7, 16]) that merge multiple Orders and Families.

https://doi.org/10.1371/journal.pone.0295552.g002
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Table). At an order level, Passeriformes (n = 725) and Galliformes (n = 460) comprised 58% of

documented bird fatalities (n = 2043; Fig 3). Beyond the many carcasses that could not be iden-

tified, other common species found dead included mourning dove (n = 89) and red-tailed

hawk (n = 79; Buteo jamaicensis), western meadowlark (n = 50; Sturnella neglecta), rock pigeon

(n = 50; Columba livia), dark-eyed junco (n = 45; Junco hyemalis), and greater roadrunner

(n = 41).

Only three focal species and one species from a focal group (i.e., thrashers) were found

dead more than twice at wind facilities. These included northern flicker (n = 21), burrowing

owl (n = 5), ash-throated flycatcher (n = 3;Myiarchus cinerascens), California thrasher (n = 7;

Toxostoma redivivum). There were no focal rails found dead at wind facilities (Figs 2 and 3).

American Coot (n = 25; Fulica americana) and Sora (n = 3; Porzana carolina) and other water-

associated species (n = 34; e.g., Podicipediformes, Anseriformes, Gruiformes, Gaviiformes)

accounted for only 3% of total reported fatalities. Among passerine families, sparrows

(n = 146) and warblers (n = 102) were more commonly found at wind facilities than other

groups. The most frequently found warblers included yellow-rumped (n = 19), Wilson’s

(n = 18), and orange-crowned (n = 13; Leiothlypis celata) warblers. Additionally, bat fatalities

accounted for nearly 7% (n = 142) of the overall documented fatalities at wind facilities, with

the most common species including Mexican free-tailed bats (n = 47; Tadarida brasilensis)
and Hoary bats (n = 37; Lasiurus cinereus).

Temporal patterns in fatalities at renewable facilities within the DRECP

Considering only data in SPUT reports, bird and bat fatalities were reported across all months

at both wind and solar facilities. However, most incidents occurred during migration periods,

especially at solar facilities, with nearly half of fatalities (48%; n = 1580) reported during fall

(September-November). That said, temporal patterns varied by Order and broad species groups

(Fig 3). For example, migrant waterbirds (e.g., Podicipediformes, Anseriformes, Gruiformes,

Gaviiformes) and passerines (Passeriformes) were predominantly found during migration peri-

ods, while fatalities of raptors (e.g., Falconiformes, Strigiformes) occurred across all seasons. In

contrast, fatalities of Caprimulgiformes primarily occurred during the summer breeding season.

For the limited SPUT-reported bat fatalities (n = 33), most incidents at wind facilities occurred

during fall migration involving migratory species (e.g., Mexican Free-tailed bats), whereas inci-

dents at solar facilities were primarily resident bat species (e.g., Canyon bats).

Discussion

The data in these reports are, to our knowledge, the best publicly available dataset to describe

species-specific patterns in fatalities at renewable energy facilities within the DRECP. That

said, there are several issues regarding study design and data quality that affect inference based

on these data (see [12] for documentation of these patterns). As such, these data must be inter-

preted with caution, with few statistical analyses and from a qualitative perspective. Here we

provide a perspective on interpreting them and the caveats that might accompany those

interpretations.

The most important caveat is that the aggregated count data we report were not the result

of random or systematic sampling of renewable facilities and they were not conducted in a

manner that was standardized across all facilities. For example, differences in survey method-

ologies, (e.g. frequency of survey visits, time of year, size of the search area, use of dogs to

search for carcasses) can all influence the number of carcasses found. Likewise, because

searcher efficiency and scavenger removal rates for dead birds and bats (to correct raw totals

for individuals killed but not detected by searchers on subsequent surveys) were only
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sometimes estimated, those fatality data are not useful for comparison across all sites [12]. As

such, it would be inappropriate to use inferential statistics to analyze aggregated data or to

interpret patterns in fatality estimates across facilities [27]. Thus, even straightforward com-

parison of count data must be done with extreme caution and these totals should be inter-

preted to reflect the absolute minimum number of fatalities at a given location during the

monitored time period. Given these caveats, these data can still provide some insight into pat-

terns of species detected as fatalities and about differences among facilities and among technol-

ogy types. Identification of these patterns also may serve as a starting point for subsequent

studies with robust experimental design that can lead to stronger inference.

Waterbirds (e.g., teal (Anas spp.), mallard (Anas platyrhynchos), grebes (Podicipedidae),
loons (Gavia spp.), phalaropes (Phalaropus spp.), ruddy duck (Oxyura jamaicensis), spotted

sandpiper (Actitis macularius)), and forest-nesting warblers (orange-crowned, yellow-rumped,

Townsend’s (Setophaga townsendi), Wilson’s) both were common in the list of fatalities (S1

Fig 3. Ridgeplot of the temporal distribution of raw, uncorrected counts of bird or bat carcasses (n = 3304; grouped by taxonomic order), documented in SPUT

reports from renewable energy facilities in the Desert Renewable Energy Conservation Plan Area (DRECP). Plots are by month and facility subtype (e.g., Solar PV,

Concentrating Solar Power (CSP) parabolic trough, CSP Power Tower, and Wind). Plot color is indicative of the broad species groups commonly used in meta-analyses

(e.g., [7, 16]) that merge multiple Orders. Number of reported fatalities is shown with each plot (no plots were generated for� 2 fatalities).

https://doi.org/10.1371/journal.pone.0295552.g003
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and S2 Tables). However, these taxonomic groups were rarely counted on pre-construction

use surveys or point counts for live birds documented in reports we surveyed at solar facilities

(S1 Text, TJC unpublished observations). This is notable and suggests the weak relationship

between risk assessment pre-construction and actual fatalities post-construction at wind facili-

ties also applies to solar facilities.

Although formal statistical comparison to detect trends would be inappropriate, existing

data may provide sufficient insight to guide design of follow-up studies that could explore

these patterns and to develop rigorous taxon-specific survey methodologies to estimate popu-

lations at risk. While it is possible that there were real biological difference in species present

during the two construction phases, at face value, that seems unlikely. In fact, the type and

quality of data collected often differs between pre- and post- construction surveys, with pre-

construction surveys only rarely incorporating any bias-corrections to account for detection

probabilities [12]. Similarly, data often are collected at different spatial and temporal scales,

such that pre-construction use surveys monitor a large potential facility site, but post construc-

tion surveys focus only on a smaller project footprint or individual facility components (e.g.,

turbines).

Survey methods at pre-construction sites also may not have been appropriate for the species

at risk of fatality (e.g., monthly point counts for cryptic or rare species), or they may have been

conducted at the wrong time of year or time of day to detect a given species (i.e., surveying

during the nesting season for a species only present during migration, or surveying during the

day for a nocturnally migratory species). As such, these surveys can only observe species that

are physically present during the defined pre-construction survey period, while carcass

searches provide evidence that a species was present at a given location (regardless of whether

the observer was present when the fatality occurred). For example, although both waterbirds

and warblers are nocturnal migrants [e.g., 28, 29] of the two, only warblers typically stopover

in desert habitats that lack bodies of water that are necessary for many waterbirds (e.g., grebes,

loons) to initiate flight behaviors. As a result, migration surveys or point counts conducted

during daylight hours may be effective to detect warblers but not waterbirds. However, as

point counts for live birds are designed to detect vocalizing songbirds during the breeding sea-

son, this survey technique may not be as effective during migration and winter months. Use

surveys that are effective throughout the year, that detect nocturnally migrating passerines,

and that can include replication over multiple years, may be appropriate as follow-ons to the

existing work. Furthermore, radar, radio-telemetry arrays, or other similar tools [e.g., 30–32]

may provide additional insight into flight patterns and behaviors of migratory species that

cross over a proposed solar facility, that may be at risk, or that may not be detected during day-

time surveys. All of these factors can cause discrepancies between species and numbers found

pre- vs post-construction.

Comparison of fatalities among sites and among renewable energy technologies is difficult

with these data of varying quality. That said, there are some patterns that may merit future

study that can be gleaned from the cumulative dataset. For example, few waterbirds but many

raptors were reported dead at wind facilities, but the opposite pattern was noted at solar facili-

ties (many waterbirds, few raptors) (Fig 2). Also, it is noteworthy that at solar facilities, water-

bird fatalities were reported at some PV and CSP solar trough facilities, with causes of death

due to collisions with panels, unintentional grounding, or drowning in the wastewater evapo-

ration ponds, but fatalities only rarely reported at the CSP tower facility (i.e., Solar_SBD_2;

Tables 1 and S1). The opposite pattern was true for warblers and hummingbirds, with most

fatalities detected at the single CSP tower (Fig 2), likely due to feather singeing from the con-

centrated sunlight beams. Additionally, for most of these species, fatalities occurred primarily

during migration periods, highlighting the risk these facilities may pose when located in the
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vicinity of major migration flyways, including the Pacific Flyway that includes southern Cali-

fornia (Fig 3; also see [33]). It also is noteworthy that greater roadrunners were found in large

numbers at both solar and wind facilities, but it is unclear what ecological factors may be

increasing fatalities for this species [34]. Finally, it would be valuable to focus future work to

see if these patterns hold up more broadly across greater numbers of facilities. If these patterns

were also to be observed in robustly designed studies, then it would be possible to evaluate

temporal and spatial patterns in fatalities relative to known migration timing, corridors, and

landscape features.

A weakness of existing reporting is that often there is insufficient information in publicly

available consultant reports to associate species-specific fatalities with the corresponding infra-

structure or seasonal timing of deaths (also see [12]). For example, reports typically document

fatalities, not only at wind turbines or solar panels, but also in the vicinity of transmission

lines, perimeter fences, and evaporation ponds. However, this detail is commonly summarized

only for broad taxonomic groups or across the entire monitoring period, an approach which

can obscure temporal, spatial, or species-specific patterns in fatalities. Data on the location of

fatalities at solar facilities (e.g., at the power block, fence, gen-tie line, road, pond) are often

provided with carcass recovery dates in SPUT forms used by consultants. Incorporating this

information into species-specific analyses may be a useful tool to examine within-site trends in

fatalities. If additional information was provided on when and where carcasses were found, it

would allow managers to better understand species-specific differences in causes of death at

these facilities. This in turn could guide future efforts to standardize monitoring and improve

fatality mitigation practices at facilities and associated infrastructure buildout, such as trans-

mission lines [35]. For example, the large number of Galliform birds that die at wind facilities

(Fig 2) is unexpected since these birds tend to fly at relatively low altitudes above ground.

Research from other areas suggests ptarmigan, Lagopus spp. and other grouse species die from

collision with large monopoles, rather than from impact by turbine blades [36]. More detailed

information on locations of fatalities of the Galliformes we note here would provide insight

into if they may have died in a similar manner.

Finally, our study emphasizes the importance of applying best management practices for

study design, utilization, and data aggregation and dissemination of pre- and post-construc-

tion monitoring data [12], especially within regions such as the DRECP that have been priori-

tized for renewable energy buildout. Given that there is a known emphasis on future

development in the DRECP, establishing region wide research objectives, standardized survey

methodologies, and improving overall data sharing and aggregation would improve our

understanding of fatality patterns and provide guidance retarding effective mitigation prac-

tices for affected species.

Conclusions

There are many anthropogenic sources of bird and bat mortality [11, 37–39]. As renewable

energy becomes increasingly more abundant, there is growing interest in understanding its

effects on wildlife. Although it is usually inappropriate to draw statistical inference from stud-

ies whose methodology is not standardized, there is still substantial information that can be

gained by comparison of data in these studies. Our work highlights both the strengths and

weaknesses of this approach and it also identifies a number of species that may prove to be of

particular concern to managers because of the frequency with which they are found dead at

renewable energy facilities within the DRECP area.

PLOS ONE Wildlife fatalities at renewable energy facilities in a targeted development region

PLOS ONE | https://doi.org/10.1371/journal.pone.0295552 December 15, 2023 12 / 15

https://doi.org/10.1371/journal.pone.0295552


Supporting information

S1 Table. Fatality data obtained from monitoring reports and SPUT datasets from solar

energy facilities within the desert renewable energy plan area.

(XLSX)

S2 Table. Fatality data obtained from monitoring reports and SPUT datasets from wind

energy facilities within the desert renewable energy plan area.

(XLSX)

S1 Text. All reports included in analyses for fatality surveys and pre-construction use sur-

veys.

(PDF)

Acknowledgments

Any use of trade, firm, or product names is for descriptive purposes only and does not imply

endorsement by the U.S. Government. We thank H. Beeler, T. Borneman, T. Dietsch, P. San-

zenbacher and others who provided reports and other data. We also thank M. Morrison, T.

Dietsch, and P. Sanzenbacher, and multiple anonymous reviewers for providing constructive

comments on earlier drafts of this manuscript.

Author Contributions

Conceptualization: Tara J. Conkling, Amy L. Fesnock, Todd E. Katzner.

Data curation: Tara J. Conkling, Amy L. Fesnock, Todd E. Katzner.

Funding acquisition: Amy L. Fesnock, Todd E. Katzner.

Investigation: Tara J. Conkling, Todd E. Katzner.

Methodology: Tara J. Conkling, Todd E. Katzner.

Resources: Amy L. Fesnock.

Visualization: Tara J. Conkling.

Writing – original draft: Tara J. Conkling, Todd E. Katzner.

Writing – review & editing: Tara J. Conkling, Amy L. Fesnock, Todd E. Katzner.

References
1. Hoen B, Diffendorfer JE, Rand J, Kramer L, Garrity C, Hunt H. United States Wind Turbine Database

(ver. 2.2, October 2019) U.S. Geological Survey, American Wind Energy Association, and Lawrence

Berkeley National Laboratory data release; 2019 [2452; USWTDB_V2_2_20191004:[Available from:

https://www.sciencebase.gov/catalog/item/57bdfd8fe4b03fd6b7df5ff9.

2. American Wind Energy Association. U.S. Wind Industry First Quarter 2020 Market Report 2020 [2591.

Available from: https://www.awea.org/getattachment/Resources/Publications-and-Reports/Market-

Reports/2020-U-S-Wind-Industry-Market-Reports-(1)/Q12020_Public/WPA_Q1_PublicDownload/1Q-

2020-WPA-Report_Pubic-Version.pdf.aspx?lang=en-US.

3. Wiser R, Lantz E, Mai T, Zayas J, DeMeo E, Eugeni E, et al. Wind vision: A new era for wind power in

the United States. Electr J. 2015; 28(9): 120–32. https://doi.org/10.1016/j.tej.2015.09.016.

4. Hernandez RR, Easter S, Murphy-Mariscal ML, Maestre FT, Tavassoli M, Allen EB, et al. Environmen-

tal impacts of utility-scale solar energy. Renew Sustain Energy Rev. 2014; 29: 766–79. https://doi.org/

10.1016/j.rser.2013.08.041.

5. Allison TD, Diffendorfer JE, Baerwald EF, Beston JA, Drake D, Hale AM, et al. Impacts to wildlife of

wind energy siting and operation in the United States. Issues Ecol. Ecological Society of America; 2019.

PLOS ONE Wildlife fatalities at renewable energy facilities in a targeted development region

PLOS ONE | https://doi.org/10.1371/journal.pone.0295552 December 15, 2023 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0295552.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0295552.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0295552.s003
https://www.sciencebase.gov/catalog/item/57bdfd8fe4b03fd6b7df5ff9
https://www.awea.org/getattachment/Resources/Publications-and-Reports/Market-Reports/2020-U-S-Wind-Industry-Market-Reports-(1)/Q12020_Public/WPA_Q1_PublicDownload/1Q-2020-WPA-Report_Pubic-Version.pdf.aspx?lang=en-US
https://www.awea.org/getattachment/Resources/Publications-and-Reports/Market-Reports/2020-U-S-Wind-Industry-Market-Reports-(1)/Q12020_Public/WPA_Q1_PublicDownload/1Q-2020-WPA-Report_Pubic-Version.pdf.aspx?lang=en-US
https://www.awea.org/getattachment/Resources/Publications-and-Reports/Market-Reports/2020-U-S-Wind-Industry-Market-Reports-(1)/Q12020_Public/WPA_Q1_PublicDownload/1Q-2020-WPA-Report_Pubic-Version.pdf.aspx?lang=en-US
https://doi.org/10.1016/j.tej.2015.09.016
https://doi.org/10.1016/j.rser.2013.08.041
https://doi.org/10.1016/j.rser.2013.08.041
https://doi.org/10.1371/journal.pone.0295552


6. Marques AT, Batalha H, Rodrigues S, Costa H, Pereira MJR, Fonseca C, et al. Understanding bird colli-

sions at wind farms: An updated review on the causes and possible mitigation strategies. Biol Conserv.

2014; 179: 40–52.

7. Kosciuch K, Riser-Espinoza D, Gerringer M, Erickson W. A summary of bird mortality at photovoltaic

utility scale solar facilities in the Southwestern U.S. PLoS One. 2020; 15(4): e0232034. https://doi.org/

10.1371/journal.pone.0232034 PMID: 32330207

8. Walston LJ, Jr, Rollins KE, LaGory KE, Smith KP. A preliminary assessment of avian mortality at utility-

scale solar energy facilities in the United States. Renewable Energy. 2016; 92: 405–14.

9. American Wind Wildlife Institute. AWWI Technical Report: 2nd Edition: Summary of bird fatality monitor-

ing data contained in AWWIC. Washington, DC. Available at www.awwi.org; 2020.

10. Loss SR, Will T, Marra PP. Estimates of bird collision mortality at wind facilities in the contiguous United

States. Biol Conserv. 2013; 168: 201–9. https://doi.org/10.1016/j.biocon.2013.10.007.

11. Smallwood KS. Utility-scale solar impacts to volant wildlife. The Journal of Wildlife Management. 2022;

86(4): e22216. https://doi.org/10.1002/jwmg.22216.

12. Conkling T, Loss S, Diffendorfer J, Duerr A, Katzner T. Limitations, lack of standardization, and recom-

mended best practices in studies of renewable energy effects on birds and bats. Conserv Biol. 2020; 35

(1): 64–76. https://doi.org/10.1111/cobi.13457 PMID: 31913528

13. Katzner TE, Nelson DM, Braham MA, Doyle JM, Fernandez NB, Duerr AE, et al. Golden Eagle fatalities

and the continental-scale consequences of local wind-energy generation. Conserv Biol. 2017; 31(2):

406–15. https://doi.org/10.1111/cobi.12836 PMID: 27677518

14. Winder VL, McNew LB, Gregory AJ, Hunt LM, Wisely SM, Sandercock BK. Effects of wind energy

development on survival of female greater prairie chickens. J Appl Ecol. 2014; 51: 395–405. https://doi.

org/10.1111/1365-2664.12184

15. Ellerbrok JS, Delius A, Peter F, Farwig N, Voigt CC. Activity of forest specialist bats decreases towards

wind turbines at forest sites. J Appl Ecol. 2022; 59(10): 2497–506. https://doi.org/10.1111/1365-2664.

14249.

16. Erickson WP, Wolfe MM, Bay KJ, Johnson DH, Gehring JL. A comprehensive analysis of small-passer-

ine fatalities from collision with turbines at wind energy facilities. PLoS One. 2014; 9(9): e107491.

https://doi.org/10.1371/journal.pone.0107491 PMID: 25222738

17. Lloyd JD, Butryn R, Pearman-Gillman S, Allison TD. Seasonal patterns of bird and bat collision fatalities

at wind turbines. PLoS One. 2023; 18(5): e0284778. https://doi.org/10.1371/journal.pone.0284778

PMID: 37163474

18. Katzner T, Bennett VJ, Miller T, Duerr A, Braham M, Hale AM. Wind energy development: methods for

assessing risks to birds and bats pre-construction. Human–Wildlife Interactions. 2016; 10(1): 42–52.

19. U.S. Fish and Wildlife Service. U.S. Fish and Wildlife Service land–based wind energy guidelines: U.S.

Fish and Wildlife Service; 2012 [737. Available from: https://www.fws.gov/ecological-services/es-

library/pdfs/WEG_final.pdf.

20. Huso MM, Dalthorp D, Miller TJ, Bruns D. Wind energy development: methods to assess bird and bat

fatality rates post-construction. Human–Wildlife Interactions. 2016; 10(1): 62–70.

21. Huso MM, Dietsch T, Nicolai C. Mortality Monitoring Design for Utility-Scale Solar Power Facilities.

Open-File Report 2016–1087. Reston, Virginia; 2016. Report No.: 506 Contract No.: Open-File Report

2016–1087.

22. Ferrer M, de Lucas M, Janss GF, Cadaso E, Muñoz AR, Bechard MJ, et al. Weak relationship between

risk assessment studies and recorded mortality in wind farms. J Appl Ecol. 2012; 49: 38–46. https://doi.

org/10.1111/j.1365-2664.2011.02054.x.

23. BLM. Science for Decision-making: U.S. Bureau of Land Management; 2022 [Available from: https://

www.blm.gov/learn/science-in-the-blm/about-science.

24. BLM. Desert Renewable Energy Conservation Plan Record of Decision for the Land Use Plan Amend-

ment to the California Desert Conservation Area Plan, Bishop Resource Management Plan, and

Bakersfield Resource Management Plan U.S. Bureau of Land Management; 2016.

25. Reynolds JF, Kemp PR, Ogle K, Fernández RJ. Modifying the ‘pulse–reserve’paradigm for deserts of

North America: precipitation pulses, soil water, and plant responses. Oecologia. 2004; 141: 194–210.

https://doi.org/10.1007/s00442-004-1524-4 PMID: 15042457

26. Huso M, Conkling T, Dalthorp D, Davis M, Smith H, Fesnock A, et al. Relative energy production deter-

mines effect of repowering on wildlife mortality at wind energy facilities. J Appl Ecol. 2021; 58(6): 1284–

90. https://doi.org/10.1111/1365-2664.13853

27. Levy PS, Lemeschow S. Sampling of populations: methods and applications. Hoboken, NJ: Wiley;

2008. 576 p.

PLOS ONE Wildlife fatalities at renewable energy facilities in a targeted development region

PLOS ONE | https://doi.org/10.1371/journal.pone.0295552 December 15, 2023 14 / 15

https://doi.org/10.1371/journal.pone.0232034
https://doi.org/10.1371/journal.pone.0232034
http://www.ncbi.nlm.nih.gov/pubmed/32330207
http://www.awwi.org
https://doi.org/10.1016/j.biocon.2013.10.007
https://doi.org/10.1002/jwmg.22216
https://doi.org/10.1111/cobi.13457
http://www.ncbi.nlm.nih.gov/pubmed/31913528
https://doi.org/10.1111/cobi.12836
http://www.ncbi.nlm.nih.gov/pubmed/27677518
https://doi.org/10.1111/1365-2664.12184
https://doi.org/10.1111/1365-2664.12184
https://doi.org/10.1111/1365-2664.14249
https://doi.org/10.1111/1365-2664.14249
https://doi.org/10.1371/journal.pone.0107491
http://www.ncbi.nlm.nih.gov/pubmed/25222738
https://doi.org/10.1371/journal.pone.0284778
http://www.ncbi.nlm.nih.gov/pubmed/37163474
https://www.fws.gov/ecological-services/es-library/pdfs/WEG_final.pdf
https://www.fws.gov/ecological-services/es-library/pdfs/WEG_final.pdf
https://doi.org/10.1111/j.1365-2664.2011.02054.x
https://doi.org/10.1111/j.1365-2664.2011.02054.x
https://www.blm.gov/learn/science-in-the-blm/about-science
https://www.blm.gov/learn/science-in-the-blm/about-science
https://doi.org/10.1007/s00442-004-1524-4
http://www.ncbi.nlm.nih.gov/pubmed/15042457
https://doi.org/10.1111/1365-2664.13853
https://doi.org/10.1371/journal.pone.0295552


28. Cullen SA, Jehl Jr JR, Nuechterlein GL. Eared Grebe (Podiceps nigricollis), version 1.0. 2020. In: Birds

of the World [Internet]. Ithaca, NY, USA: Cornell Lab of Ornithology. Available from: https://doi.org/10.

2173/bow.rethaw.01.

29. Hunt PD, Flaspohler DJ. Yellow-rumped Warbler (Setophaga coronata), version 1.0. 2020. In: Birds of

the World [Internet]. Ithaca, NY, USA: Cornell Lab of Ornithology. Available from: https://

birdsoftheworld.org/bow/species/yerwar/.

30. Kunz TH, Arnett EB, Cooper BA, Erickson W, Larkin RP, Mabee TJ, et al. Assessing impacts of wind-

energy development on nocturnaly active birds and bats: A guidance document. J Wildl Manage. 2007;

71(8): 2449–86. https://doi.org/10.2193/2007-270.

31. Bonter DN, Gauthreaux SA, Jr, Donovan TM. Characteristics of important stopover locations for migrat-

ing birds: remote sensing with radar in the Great Lakes Basin. Conserv Biol. 2009; 23(2): 440–8. https://

doi.org/10.1111/j.1523-1739.2008.01085.x PMID: 18983598

32. Taylor P, Crewe T, Mackenzie S, Lepage D, Aubry Y, Crysler Z, et al. The Motus Wildlife Tracking Sys-

tem: a collaborative research network to enhance the understanding of wildlife movement. Avian Con-

serv Ecol. 2017; 12(1). https://doi.org/10.5751/ACE-00953-120108.

33. Conkling TJ, Vander Zanden HB, Poessel SA, Loss SR, Allison TD, Diffendorfer JE, et al. Learning

from real-world experience to understand renewable energy impacts to wildlife. California Energy Com-

mission; 2020. Report No.: CEC-500-2020-012.

34. Katzner TE, Braham M, Conkling TJ, Diffendorfer JE, Duerr A, Loss SR, et al. Assessing population-

level consequences of anthropogenic stressors for terrestrial wildlife. Ecosphere. 2020; 11(3): e03046.

https://doi.org/10.1002/ecs2.3046

35. Gauld JG, Silva JP, Atkinson PW, Record P, Acácio M, Arkumarev V, et al. Hotspots in the grid: Avian

sensitivity and vulnerability to collision risk from energy infrastructure interactions in Europe and North

Africa. J Appl Ecol. 2022; 59(6): 1496–512.

36. Stokke BG, Nygård T, Falkdalen U, Pedersen HC, May R. Effect of tower base painting on willow ptar-

migan collision rates with wind turbines. Ecol Evol. 2020; 10(12): 5670–9. https://doi.org/10.1002/ece3.

6307 PMID: 32607182

37. Loss SR. Avian interactions with energy infrastructure in the context of other anthropogenic threats.

The Condor. 2016; 118(2): 424–32.

38. Calvert AM, Bishop C, A., R. D. Elliot, E. A. Krebs, T. M. Kydd, C. S. Machtans, et al. A synthesis of

human-related avian mortality in Canada. Avian Conserv Ecol. 2013;8(2): 11. https://doi.org/10.5751/

ACE-00581-080211.

39. Thompson M, Beston JA, Etterson M, Diffendorfer JE, Loss SR. Factors associated with bat mortality at

wind energy facilities in the United States. Biol Conserv. 2017; 2015: 241–5. https://doi.org/10.1016/j.

biocon.2017.09.014 PMID: 31048934

PLOS ONE Wildlife fatalities at renewable energy facilities in a targeted development region

PLOS ONE | https://doi.org/10.1371/journal.pone.0295552 December 15, 2023 15 / 15

https://doi.org/10.2173/bow.rethaw.01
https://doi.org/10.2173/bow.rethaw.01
https://birdsoftheworld.org/bow/species/yerwar/
https://birdsoftheworld.org/bow/species/yerwar/
https://doi.org/10.2193/2007-270
https://doi.org/10.1111/j.1523-1739.2008.01085.x
https://doi.org/10.1111/j.1523-1739.2008.01085.x
http://www.ncbi.nlm.nih.gov/pubmed/18983598
https://doi.org/10.5751/ACE-00953-120108
https://doi.org/10.1002/ecs2.3046
https://doi.org/10.1002/ece3.6307
https://doi.org/10.1002/ece3.6307
http://www.ncbi.nlm.nih.gov/pubmed/32607182
https://doi.org/10.5751/ACE-00581-080211
https://doi.org/10.5751/ACE-00581-080211
https://doi.org/10.1016/j.biocon.2017.09.014
https://doi.org/10.1016/j.biocon.2017.09.014
http://www.ncbi.nlm.nih.gov/pubmed/31048934
https://doi.org/10.1371/journal.pone.0295552

