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Abstract
Recent trends in renewable energy development in the United States (U.S.) show that new
installed capacity of utility-scale solar energy has exceeded 30% of total installed capacity
of all sources per year since 2013. Photovoltaic solar energy provides benefits in that no
emissions are produced; however, there are potential impacts from photovoltaic solar development on birds that include habitat loss and potential for collision mortality. Only 2 papers
in the peer-reviewed literature present fatality information from fatality monitoring studies at
a photovoltaic utility-scale solar energy facility; however, more data exists in unpublished
reports. To provide a more comprehensive overview of bird mortality patterns, we synthesized results from fatality monitoring studies at 10 photovoltaic solar facilities across 13 siteyears in California and Nevada. We found variability in the distribution of avian orders and
species among and within Bird Conservation Regions, and found that water-obligate birds,
which rely on water for take-off and landing, occurred at 90% (9/10) of site-years in the
Sonoran and Mojave Deserts Bird Conservation Region. We found that a cause of mortality
could not be determined for approximately 61% of intact carcasses, and that approximately
54% of all carcasses were feather spots, introducing uncertainty into the interpretation of the
fatality estimates. The average annual fatality estimate we calculated for photovoltaic solar
(high-end estimate of 2.49 birds per megawatt per year) is lower than that reported by
another study (9.9 birds per megawatt per year) that included one photovoltaic facility. Our
results provide a summary of fatalities in bird conservation regions where the facilities are
located, but expanding our conclusions to new regions is limited by the location of facilities
with fatality monitoring data.

Introduction
Recent trends in renewable energy development in the United States (U.S.) show that new
installed capacity of utility-scale solar energy (USSE) has exceeded 30% of total installed capacity of all energy sources per year since 2013 [1]. The development trend is predicted to continue, with USSE capacity increasing 6 times more than wind energy capacity between 2020
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and 2050. The prevalent technology of USSE development projects more than 1 megawatt
(MW) that deliver energy to the electric transmission grid is expected to be photovoltaic [2].
Photovoltaic (PV) technology uses semiconductor cells to convert solar energy into electricity,
and cells are assembled on panels that facilitate installation at energy facilities. Other types of
technology, such as concentrating solar power, which uses reflected sunlight to generate thermal energy, is less common in the U.S., and development trends have moved from concentrating solar power to PV facilities [3].
The lack of carbon dioxide emissions generated from PV solar energy is a benefit to reducing the impact of climate change, which has been identified as the single largest threat to wildlife, including birds [4]. As with all forms of development, there are potential impacts from PV
USSE development on birds, including habitat loss and potential for collision mortality [5].
Current PV technology requires approximately 1.5–3 hectares of land per MW of production,
and vegetation is often removed in regions such as deserts in the southwestern U.S. [6]. However, the benefits of site restoration to pollinators and other wildlife has been recently recognized [7], and developers in some regions of the U.S. are moving towards ecologically-based
site restoration and low impact site restoration [8]. Compared to impacts from wind energy
development, direct impacts to birds from PV solar development are not well studied [5].
Only 1 paper in the peer-reviewed literature presents fatality information from a monitoring
study at a PV solar facility in South Africa [9]. Other authors have summarized the potential
effects of solar energy development [5] or have predicted the cumulative effects on birds from
a projected solar buildout in the U.S. using PV and concentrated solar technology [6]. However, a current summary of bird fatalities at PV USSE facilities is generally lacking.
Given the rapid expansion of PV USSE, it is important to summarize the impacts to birds
given their susceptibility to collide with anthropogenic structures so that the potential impacts
of future PV USSE development can be evaluated [5,9]. Based on the comparatively sparse
data available in the peer-reviewed literature, generalizations of direct impacts of PV USSE to
birds are currently limited. For example, the unexpected detection of stranded, injured, or
deceased water-associated birds (i.e., species that rely on water for foraging, reproduction,
and/or roosting, such as herons and egrets [Pelecaniformes]) and water-obligate birds (i.e.,
species that cannot take flight from land, such as loons [Gaviiformes] and grebes [Podicipediformes]) at a PV USSE facility in the southwestern U.S. [5,10] led some researchers to propose
that these groups of birds mistook a PV solar USSE for water (lake effect hypothesis) [10].
However, the extent of mortality of water-associated and water-obligate birds is unknown;
indicating evidence supporting the lake effect hypothesis is in its infancy. Given the limited
peer-reviewed papers available, it is unknown if the pattern of water-obligate birds at PV solar
facilities is unique to one facility or widespread among facilities.
A potential source of information to enhance the understanding of bird fatality patterns at
PV USSE facilities is the gray literature. Several fatality monitoring reports have been prepared
voluntarily or to meet conditions included in the facility permit, and these reports contain
important information that should be synthesized by presenting the information in one location. Similar gray literature has been synthesized to provide an understanding of bird mortality
at wind projects [11,12]. Based on the relatively limited information on direct impacts to birds
from PV USSE facilities, our objective involved searching the primary and gray literature to
identify fatality studies in the U.S. that could be synthesized to provide inference into broader
scale patterns in the region or regions represented by available studies. Specifically, we were
interested in species composition and fatality estimates and how patterns varied spatially and
temporally among facilities. Further, we compared fatality estimates from PV USSE reports we
summarized to fatality estimates calculated by Walston et al. [6], whose analysis included multiple types of solar technology, including concentrating solar power.
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Methods
Literature search
We used several sources of information to obtain studies on bird fatality rates at PV USSE.
First, we conducted an internet-based search for studies on avian mortality at solar facilities in
a manner similar to that of Walston et al. [6]. We used Google [13] and Web of Science [14] to
search the term “solar energy” in various combinations with bird, avian, death, fatality, monitoring, mortality, and report. As fatality monitoring reports at PV USSE could also be available
outside of the peer-reviewed literature, we obtained studies on standardized surveys for avian
mortality at PV USSE from state and federal agencies, and from solar energy developers and
operators. We excluded any studies of residential PV or studies of concentrated solar power or
solar trough technologies.

Data review
Guided by the study objectives, we examined each study to identify data that were appropriate
for analysis. First, studies needed to use standardized fatality monitoring for a full year in the
solar field. At a minimum, standardized monitoring must include searches for evidence of bird
fatalities at regularly spaced intervals of time (although not necessarily consistent year round) at
a fixed sample of the solar field at a PV USSE facility. Studies could include results from other
infrastructure associated with PV USSE facilities (e.g., overhead lines, fences, generation-tie
lines). Given that features such as power lines and fences are ubiquitous on the landscape, we
only included data collected in the solar field since it represents the unique anthropogenic
defining PV USSE facilities. For sites with multiple full study years, each year was treated as a
separate study and is indicated by year in the analyses. Thus, we refer to each study as a siteyear. We created acronyms for each site and site-year by Bird Conservation Region (BCR [15]),
and distinguish among site-years when necessary (e.g., the first of two years of study at 1 site in
BCR 33, Sonoran and Mojave Deserts, has acronym SMD1-1). BCRs are an appropriate rubric
to group site-years because they were developed to aggregate ecologically similar regions in
North America with similar bird communities, habitats, and resource management issues.
Carcass-level information, including species and date of discovery, was necessary for species and group composition and arrival phenology analyses. As not all birds die because of collision with infrastructure, studies could contain results for birds that were found alive (e.g.,
stranded, injured, dehydrated) in addition to carcasses. Thus, to capture all birds found with a
single term, we refer to any discovery, regardless if the bird was alive, injured or deceased, as a
detection. All detections found in the solar field, whether during standardized searches or incidentally, were included in species composition and phenology analyses. Authors of the original
reports provided species determinations for detections, and we did not attempt to reclassify
species or species groups. To understand the phenology of detection occurrence over the year,
detections were assigned to Julian calendar days (1–365) and aggregated by week. We assigned
seasons based on typical season dates used in monitoring reports from the southwestern U.S.:
winter (November 1 –February 28/29), spring (March 1 –May 31), summer (June 1 –August
31), and fall (September 1 –October 31).
Suspected cause of death is generally provided in fatality monitoring studies and could include
collision with PV panels, overhead lines, or other infrastructure (e.g., buildings, fence lines), electrocution, predation, or an unknown cause [10]. Carcass condition was assigned by study authors
using a variety of terms (e.g., whole-intact carcass, partial carcass, dead-fresh, dead-semi fresh)
commonly used in fatality monitoring studies (e.g., U.S. Fish and Wildlife Service [16], Warren
Hicks et al. [17]). We reclassified detections into 3 consistent categories based on the designations
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Fig 1. Examples of an intact carcass (a), partial carcass (b, c), and feather spot (d) found at PV USSE facilities in the Southwestern U.S.
https://doi.org/10.1371/journal.pone.0232034.g001

in the reports: partial (less than intact carcasses, with some bone or tissue present), feather spot (at
least 5 tail feathers, or 2 primary feathers, or a total of at least 10 feathers with no attached bone or
tissue, within 5 meters of each other [18]), and intact carcass or live find (Fig 1).
If fatality estimates were reported, the estimates were only used in our analyses if accompanied by a measure of variation (e.g., variance, standard deviation, or confidence interval) and
if the estimates included adjustments for searcher efficiency and carcass persistence bias using
a peer-reviewed fatality estimator (e.g., Huso [19]). To provide a comparison among siteyears, we standardized fatality estimates, if not done so in the original study, by dividing the
total fatality estimate by the nameplate capacity to calculate bird fatalities/MW/year. As there
is also interest in understanding estimates in the context of land use and the potential contribution of background mortality (mortality not due to collision infrastructure [11]), we digitized the solar field for all sites from publicly available aerial imagery of facilities, and
calculated the total area (in hectares) occupied by the solar field using ArcGIS [20]. We then
divided the total fatality estimate by the measured hectares to obtain bird fatalities/hectare/
year. To compare variability in estimates, we calculated a standardized confidence interval
half-width as
0:5 �

upper confidence bound lower confidence bound
estimate

ð1Þ

to serve as an analog for coefficient of variation.
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Bird group categories
We used taxonomic order [21] or created groups based on a trait of interest (e.g., associated
with water) to aggregate birds for analysis. Bird groups developed for this review are diurnal
raptors, including eagles, hawks, kites, harriers, falcons, and vultures (Accipitriformes, Cathartiformes Falconiformes); and water-associated and water-obligate birds. We define water-associated birds (hereafter, water associates) based on life history traits, and include any species
that relies primarily upon aquatic habitats for the purposes of foraging, reproduction, and/or
roosting and could be present in the study areas based upon their known range. Water associates can walk on and take off from land. Given this definition, water associates include most
species of ducks, geese, and swans (Anseriformes); pelicans, herons, ibises, bitterns, and allies
(Pelecaniformes); coots and rails (Gruiformes); plovers, sandpipers, gulls, and allies (Charadriiformes); and osprey (Pandion haliaetus; Accipitriformes). We distinguish water-obligate
birds (hereafter, water obligates), which rely on water for landing or take off, from water associates because of the importance of water obligates to the foundation of the lake-effect hypothesis. Water obligates include loons, grebes, cormorants (Suliformes), and diving ducks
(Anseriformes), such as ruddy duck (Oxyura jamaicensis). S1 Appendix notes species that are
considered water associates and water obligates.
In fatality monitoring reports, detections were identified with varying levels of resolution
by the study authors, based on the condition of the detection, experience of the observer, and
the degree to which the detection could be examined. The resolution of species identification
in each site-year affected how detections were treated in the analyses. When detections could
not be identified to individual species, but identified to a species group (e.g., unidentified
duck), those detections were included in summaries by taxonomic order, as well as if a water
associate or water obligate. Detections that could not be identified to a species group (e.g.,
unidentified large bird) were pooled into an “unidentified” category when comparing composition of different taxonomic orders, and aggregated in the category of “other birds” in analyses
focused on water associates and water obligates.

Fatality estimates
For each study included in the data summary of estimates, mathematical models known as
estimators were used by the study authors to adjust the number of detections observed based
on biases in the searchers’ abilities to find carcasses and scavenging/removal of the carcasses
that might occur between searches. Searcher efficiency is a measure of how well an observer
was able to find detections present in search plots, typically presented as a proportion of carcasses found to those available to be found during the trial. In the studies summarized,
researchers placed trial bird carcasses to represent fatalities prior to actual searches to measure
how many of the trials were found. To account for possible effects of bird size, small birds (100
grams or less on average), medium birds (101–999 grams on average), and large birds (1000
grams or greater on average) were used, with some studies using only small and large birds.
Further, season was often included as a variable in analysis. Because observer detection is typically not perfect, searcher efficiency rates vary between 0 and 1.
Researchers measured how long a carcass persisted by conducting carcass persistence trials,
during which they placed trial bird carcasses at the facility and checked on the status of the
trial carcasses at varying intervals until the carcass vanished (assumed taken by a scavenger) or
is not detectable due to weathering or decomposition or when the trial time period was over.
The same size classes and seasonal estimates were included in carcass persistence analysis.
Using estimates of searcher efficiency and carcass persistence, and the number of detections
found during standardized searches, researchers estimated fatalities at each facility using a
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variation of the general underlying model:
F¼

c
r�p�a

ð2Þ

where F is the total number of fatalities, C is the number of detections found and included in
fatality estimation, r is the probability a carcass is available to be found on regular searches, p is
the probability of detecting a carcass (given it is available), and a is the proportion of solar field
surveyed [19,22].
Species, taxonomic order or group composition (i.e., the proportion of detections by species
or group) is an important metric to understand how frequently species or groups occur in the
detection dataset. However, species composition using the raw detection data could bias estimates because detection probability (i.e., probability a carcass is available to be found on a
search, and detected by a searcher) differed between small, medium, and large carcasses. Generally, probability of detection tends to increase with carcass size. To properly account for
detection probability among species, we calculated adjusted composition by dividing the
detection counts by the product of searcher efficiency and carcass persistence probability (i.e.,
detection probability; as in Huso [19]). When detection bias estimates were reported, we calculated site-year specific adjusted composition, accounting for size class, season (as reported in
each report), and year when applicable. Some studies did not distinguish between medium
and large birds, in which case we used the large bird detection probability for medium-sized
birds. When detection probability estimates were not reported for a site-year (4 site-years), we
calculated adjusted composition using the average detection probability (by size class) based
on all site-years with detection probabilities reported. Thus, the adjusted composition is a better representation of species composition than that calculated from raw detections.

Comparison of fatality estimates with other studies
Walston et al. [6] produced a range of capacity-weighted average mortality rate estimates for
Southern California and the United States, and based on fatality monitoring data from 3 studies in Southern California. These studies included 2 concentrating solar facilities, Solar One
and Ivanpah Solar Electric Generating System, and one PV solar facility, California Valley
Solar Ranch. Walston et al. [6] calculated a range of estimates from mortality attributable to
the facility (2.7 birds/MW/year), mortality from unknown causes (7.3 birds/MW/year) and
total mortality (9.9 birds/MW/year) at USSE facilities. When extrapolated to the built and
planned solar capacity in the study area (6 gigawatts [GW]), the result was an estimated
16,200–59,400 bird fatalities/year. A new estimate of average annual per MW bird mortality
for southern California was calculated using the PV solar (only) dataset presented in our
study. In addition, we also extrapolated avian fatalities to all of California and Nevada, using
updated solar buildout statistics from Walston et al. [8].

Results
Studies of bird fatality at PV solar facilities
We identified useable data that met our inclusion criteria from 13 site-years occurring between
November 2013 and September 2018 at 10 PV USSE facilities located in southern California in
Imperial, Riverside, San Bernardino, and San Luis Obispo counties, and Nevada in Clark and
Mineral counties (Fig 2; S2 Appendix). Facilities were located in the following BCRs: Sonoran
and Mojave Deserts (SMD; BCR 33), Coastal California (CC; BCR 32), and Great Basin (GB;
BCR 9). BCR 33 covers southeastern California and southern Nevada and adjoins the Sonoran
Desert. The region is arid and dominated by cacti (Caryophyllales), slow-growing grasses
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Fig 2. Phenology of avian detections found during standardized monitoring in the photovoltaic solar field at 7 sites from January 1, 2013, to September 1, 2018 in
the Sonoran and Mojave Deserts and Great Basin Bird Conservation Regions. Water associates are species that rely on water for foraging, reproduction, and/or
roosting; water obligates are species that cannot take flight from land; other birds are species not falling into either of those categories.
https://doi.org/10.1371/journal.pone.0232034.g002

(Poales), creosote bush (Larrea tridentata), and other desert shrubs. Waterbodies are relatively
limited, and important bird resources include the Colorado River and the Salton Sea. BCR 32
extends from the coast of California inland to the foothills of the Sierra Nevada Mountains.
Inland, the climate is hot and dry during summer, and the vegetation consists of mixed chaparral and remnant grasslands. BCR 9 is a relatively large area stretching from central Nevada
north to southern British Columbia, Canada. The BCR is in the rain shadow of the Cascade
Mountain Range, creating a dry climate with grasslands, sagebrush (Asterales), and shrubsteppe habitat in and lowlands, with piñon-juniper (Pinus-Juniperus spp.) woodlands and
open ponderosa pine (P. ponderosa) forests at higher elevations.
Survey methods were relatively similar among the sites (S3 and S4 Appendices); however,
project size varied from a nameplate capacity of 20 MW (SMD4) to 550 MW (SMD3 and
CC2).

Characterizing species and temporal patterns for bird fatalities at PV solar
facilities
Across the 13 site-years in our dataset with a complete year of monitoring in the PV solar field,
there were 669 avian detections. The data included detections of 86 identifiable species, representing 17 distinct taxonomic orders. The number of detections (unadjusted for detection
probability) by site-year ranged from 6 (SMD5-1) to 274 (CC1-2). The total number of detections by species across all studies ranged from 1 (38 different identifiable species) to 145
(mourning dove [Zenaida macroura]; S1 Appendix). Songbirds (Passeriformes) and pigeons
and doves (Columbiformes) had the highest number of detections (243 and 183, respectively),
whereas hummingbirds (Apodiformes), woodpeckers (Piciformes), and cormorants had the
fewest (2 in each taxonomic order).
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Table 1. Adjusted composition by taxonomic order (or group) by Bird Conservation Region (BCR) provided in fatality monitoring reports from January 1, 2013, to
September 1, 2018. Data are presented by site-year so that SMD1-1 is the first year report for site SMD1 and SMD1-2 is the second year report for site SMD1.
Sonoran and Mojave Deserts BCR

Taxonomic Order Name or
Groupa
Cormorants and allies
(Suliformes)
Cuckoos (Cuculiformes)

Great
Basin BCR

Coastal
California
BCR

SMD11

SMD12

SMD21

SMD31

SMD32

SMD41

SMD51

SMD52

SMD61

SMD71

GB1-1

CC12

0

0

0.64

0.53

0

0

0

0

0

0

0

0

CC2- Total
1
0

0.09

7.38

2.17

3.18

0

0

0

0

0

0

0

0

0

5.85

0.68

Doves and pigeons
(Columbiformes)

0

3.47

39.51

3.73

5.22

59.85

0

0.91

0

0

0

31.50

17.54

17.20

Ducks and geese
(Anseriformes)

0

2.17

1.91

12.29

11.22

0

0

1.44

0

0

0

0

0

3.07

Falcons and allies
(Falconiformes)

0

0

2.12

0

0

3.98

0

0

0

0

0

0

0

0.24

Grebes (Podicipediformes)

0

0.81

0

16.01

14.74

4.12

0

1.13

0

64.32

0

0.25

0

3.92

Grouse and allies
(Galliformes)

0

2.17

0

1.05

0.77

6.30

0

0

0

0

0

0

17.53

0.79

Raptors (Accipitriformes)

0

0

0.64

0.81

0

2.27

0

0.53

20.07

13.85

5.80

0

0

0.76

Loons (Gaviiformes)

3.30

1.63

0

2.10

1.20

0

0

0

3.76

0

0

0

0

0.59

Nightjars
(Caprimulgiformes)

31.36

0

2.15

0

4.82

0

21.55

0

0

0

0

0

0

1.52

Owls (Strigiformes)

0

0

5.31

0

0

4.12

0

0

0

0

0

1.25

0

0.95

Pelicans and allies
(Pelecaniformes)

0

0

3.18

0

2.77

0

0

0

0

0

0

0

0

0.68

Rails and allies
(Gruiformes)

0

0

4.88

14.62

17.68

0

12.47

3.49

0

0

0

0.5

0

4.79

Shorebirds and gulls
(Charadriiformes)

0

0

2.15

1.29

3.72

0

0

0

0

0

0

0

0

0.82

57.96

79.15

2.15

34.68

26.07

14.97

65.98

83.20

25.39

21.83

91.78

64.98

35.45

54.71

Hummingbirds
(Apodiformes)

0

1.93

0

1.46

0

0

0

0

0

0

0

0

0

0.31

Unidentified

0

6.51

32.20

10.42

11.78

4.39

0

7.56

50.78

0

2.42

1.52

23.63

8.58

Woodpeckers (Piciformes)

0

0

0

1.00

0

0

0

1.75

0

0

0

0

0

0.29

Songbirds (Passeriformes)

a

Water associates

0

2.17

7.86

18.44

25.16

0

12.47

1.96

0

0

0

0

0

6.28

Water obligatesa

3.30

2.44

4.88

28.40

26.18

4.12

0

4.63

3.76

64.32

0

0.75

0

7.75

a

Water associates are species that rely on water for foraging, reproduction, and/or roosting; water obligates are species that cannot take flight from land. Water-

associates and water obligates (gray shaded rows) are groups composed of species from Orders and are not additive with Orders in the table. Water associates and water
obligates do not contain the same species and are mutually exclusive.
https://doi.org/10.1371/journal.pone.0232034.t001

One taxonomic order was found during all site-years, songbirds (Table 1). Doves and
pigeons were also relatively widely represented, occurring at 62% (8 of 13) of site-years overall
and at 60% (6 of 10) of site-years in the SMD BCR (Table 1). Water associates were not as
widely distributed across site-years as water obligates; water associates occurred at 47% (6 of
13) of site-years, water obligates occurred at 77% (10 of 13) site-years. Water associates only
occurred in site-years in the SMD BCR, whereas water obligates occurred in one of three siteyears outside of the SMD BCR. Within the SMD BCR, water associates occurred at 57% (5 of
7) of facilities, and water obligates occurred at 100% (7 of 7) of facilities. Of identified species,
there were no species common to all site-years; the most widely represented species was
mourning dove, occurring at 62% (8 of 13) of site-years, including 60% (6 of 10) of site-years
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in the SMD BCR (S1 Appendix). The most common Passeriformes were western meadowlark
(Sturnella neglecta), found at 54% (7 of 13) of site-years, and horned lark (Eremophila alpestris), found at 46% (6 of 13) of site-years; other species were found at 5 or fewer site-years. Of
water obligates, only American coot (Fulica americana) and pied-billed grebe (Podilymbus
podiceps) were found at a site-year outside of the SMD BCR (S1 Appendix). Among water obligates within the SMD BCR, common loon (Gavia immer) was found at 50% (5 of 10) of siteyears; American coot and eared grebe (P. nigricollis) were each found at 40% (4 of 10) of siteyears; other water obligates were found at fewer than 40% of site-years (S1 Appendix).
Adjusted composition of songbirds was the highest percentage of all detections (54.71%)
and the highest percentage of detections at 69.23% (9 of 13) of site-years (Table 1). Doves and
pigeons were the next most highly represented taxonomic order, with adjusted composition of
17.20%, and the highest percentage of detections at 15.38% (2 of 13) of site-years. Although
water associates and water obligates did not occur consistently across sites-years, resulting in a
lower overall percentage of detections (6.28% and 7.75%, respectively), several site-years in the
SMD BCR contributed more to the adjusted composition for water associates and water obligates across all site-years. Water associates composed 7.86%, 18.44%, 25.16%, and 12.47% of
detections at SMD2-1, SMD3-1, SMD3-2, and SMD5-1, respectively; water obligates composed 28.4%, 26.18%, and 64.32% of detections at SMD3-1, SMD3-2, and SMD7-1, respectively. Overall, water associates composed 10.54% and water obligates had an adjusted
composition of 12.62% in the SMD BCR, whereas these groups were absent from site-years in
the GB BCR, and water obligates composed 0.75% in the CC BCR. Adjusted composition was
higher for water associates and water obligates the closer the site was to the Salton Sea (Fig 2).
The furthest sites from the Salton Sea showed almost no contribution of water associates and
water obligates to be adjusted composition: GB1-1 (none), CC1-2 (0.75% water obligates),
CC2-1 (none).
Identifiable species were most highly represented in adjusted composition by mourning
dove (12.92%), horned lark (11.93%), house finch (Haemorhous mexicanus; 8.41%), and western meadowlark (7.78%; S1 Appendix). The high adjusted composition of mourning dove was
driven by 3 site-years in the SMD and CC BCRs: SMD2-1, SMD4-1, and CC1-2. The waterobligate birds with the highest adjusted composition was American coot, representing 2.87%
overall, and American coot was represented in higher percentages at 4 SMD BCR projects:
SMD2-1 (4.25%), SMD3-1 (7.32%), SMD3-2 (9.47%), and SMD5-2 (3.49%). Eared grebe was
reported in 4 site-years in the SMD BCR, although adjusted composition was less than 3% at
all but 1 of those site-years. At SMD7-1, eared grebe composed 64.32% of all detections; however, there were only 7 total detections in the solar field for that site-year.
Timing of detections was included in all datasets except SMD2-1. The phenology of detections varied by season within the desert and non-desert ecoregions (Figs 3 and 4). For the
SMD and GB BCRs, detections were found in all months of the year, and detections of water
obligates were found in all months except February. Detections of water associates were found
in all months except January, June, and July. The highest concentration of all birds, and waterassociated and water-obligate bird detections in particular, was from September through early
November at PV USSE facilities in the SMD and GB BCRs (Fig 3). In the CC BCR, the highest
concentration of fatalities occurred between late September and early January, with only 2
water-obligate detections (September and January; Fig 4).
We summarized detections by day and week to attempt to capture variability in search
schedules between studies for different site-years. The maximum number of detections by day
and site-year for the CC BCR was 13 (CC1-2), and for the SMD BCRs the maximum number
of detections in a single day was 5 (SMD3-1). The maximum number of detections by week—
the most common search interval during the spring and fall survey periods in the dataset–and
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Fig 3. Phenology of avian detections found during standardized monitoring from January 1, 2013, to September 1, 2018 in the photovoltaic solar field at 2
sites in the Coastal California Bird Conservation Region. Water associates are species that rely on water for foraging, reproduction, and/or roosting; water
obligates are species that cannot take flight from land; other birds are birds not falling into either of those categories.
https://doi.org/10.1371/journal.pone.0232034.g003

Fig 4. Adjusted composition of water obligates, water associates, and other birds for 13 fatality monitoring site-years at photovoltaic solar facilities
in California and Nevada from January 1, 2013, to September 1, 2018. Water associates are species that rely on water for foraging, reproduction, and/or
roosting; water obligates are species that cannot take flight from land; other birds are birds not falling into either of those categories. N = total number of
detections for each site-year (e.g., CC2-1) represented on the map.
https://doi.org/10.1371/journal.pone.0232034.g004
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site-year was larger, with 23 for the CC BCR (CC1-2) and 9 for the SMD BCRs (SMD3-1 and
SMD3-2).

Characterizing carcass condition and suspected cause of death for bird
fatalities at PV solar facilities
Carcass condition and suspected cause of death data were present for all detections except
those from SMD2-1 (all detections) and 11 detections from SMD6-1 that were missing suspected cause data. Of the 599 avian detections with carcass condition data, feather spots had
the highest overall adjusted composition (53.79%), and were the majority of detections for 5 of
the taxonomic orders reported (Table 2). Partial carcass was the second most highly represented condition (31.65%), and composed the majority of detections for all taxonomic orders
where feather spots were not the most highly represented category. Intact carcasses and live
finds made up 14.56% of all detections, and were not more than 46% of detections for any single taxonomic order. Less than 1% of detections (8 of 599) were found alive.
There were 96 detections discovered as intact carcasses with suspected cause of death
recorded, representing 9 taxonomic orders (Table 3). The overall majority (61% adjusted composition) of intact carcasses and the majority within each taxonomic order represented were
recorded with unknown or indeterminable cause of death based on field evaluation. When suspected cause of death was determinable, collision with a panel or other solar infrastructure composed the highest percentage of carcasses with a known cause of death for all taxonomic orders.

Characterizing avian fatality estimates at PV solar facilities
Annual all bird fatality estimates adjusted for detection probability and search effort were
available for 11 of the 13 site-years (unavailable for CC2-1 and SMD2-1). Fatality estimates
Table 2. Adjusted composition by taxonomic order and carcass condition for detections provided in fatality monitoring reports ranging from January 1, 2013, to
September 1, 2018.
Common Order Name

Intact Carcass or Live Finda

Cormorants and allies (Suliformes)

Partial Carcass

Feather Spot

0

100

0

20.49

58.06

21.45

Doves and pigeons (Columbiformes)

5.42

10.00

84.58

Ducks and geese (Anseriformes)

13.25

72.52

14.23

0

0

100

17.63

63.37

19.00

Cuckoos (Cuculiformes)

Falcons and allies (Falconiformes)
Grebes (Podicipediformes)
Grouse and allies (Galliformes)
Raptors (Accipitriformes)

0

34.68

65.32

45.73

41.85

12.43

Loons (Gaviiformes)

35.16

64.84

0

Nightjars (Caprimulgiformes)

26.83

73.17

0

Owls (Strigiformes)

0

13.07

86.93

Pelicans and allies (Pelecaniformes)

0

100

0

25.05

61.13

13.82

0

100

0
58.51

Rails and allies (Gruiformes)
Shorebirds and gulls (Charadriiformes)
Songbirds (Passeriformes)

17.31

24.18

Hummingbirds (Apodiformes)

0

68.6

31.4

Unidentified

0

57.51

42.49

Woodpeckers (Piciformes)

0

76.78

23.22

14.56

31.65

53.79

Overall
a

Live find includes birds that were injured or stranded but unharmed in the PV solar array.

https://doi.org/10.1371/journal.pone.0232034.t002

PLOS ONE | https://doi.org/10.1371/journal.pone.0232034 April 24, 2020

11 / 21

PLOS ONE

Summary of bird fatalities at PV solar

Table 3. Adjusted composition of intact carcasses or live finds by suspected cause of death for detections provided in fatality monitoring reports ranging from January 1, 2013, to September 1, 2018.
Collision–PV Panela

Collision-Line

Cuckoos (Cuculiformes)

0.00

Doves and pigeons (Columbiformes)

5.77

Ducks and geese (Anseriformes)

Common Order Name

Collision-Other

Electrocution

Predation

Unknown

0.00

0.00

0.00

0.00

100.00

0.00

31.75

0.00

0.00

62.48

14.05

0.00

0.00

0.00

0.00

85.95

Grebes (Podicipediformes)

7.16

0.00

0.00

0.00

0.00

92.84

Raptors (Accipitriformes)

0.00

0.00

0.00

0.00

0.00

100.00

Loons (Gaviiformes)

0.00

0.00

0.00

0.00

0.00

100.00

Nightjars (Caprimulgiformes)

50.00

0.00

0.00

0.00

0.00

50.00

Rails and allies (Gruiformes)

27.15

0.00

0.00

0.00

0.00

72.85

Songbirds (Passeriformes)

15.75

16.15

10.88

1.94

1.93

53.35

Overall

15.82

11.36

9.47

1.36

1.36

60.63

a

PV = photovoltaic

https://doi.org/10.1371/journal.pone.0232034.t003

were standardized relative to the nameplate MW capacity of each PV USSE facility, a common
metric used in the analysis of avian fatalities from energy generation sources, especially wind
energy. Estimates ranged from 0.08 birds/MW/year (0.031 birds/hectare/year; SMD7-1) to
9.26 birds/MW/year (5.170 birds/hectare/year; CC1-2), with a mean of 2.49 birds/MW/year
(1.088 birds/hectare/year; Table 4). Excluding CC1-2, which could be considered an outlier in
the dataset as 42.70% of the detections were unknown-cause mourning dove feather spots and
Table 4. Annual all bird fatality estimates, adjusted for detection probability and search effort, per megawatt nameplate capacity and per hectare (with confidence
intervals), for 11 fatality monitoring studies at photovoltaic solar facilities in California and Nevada from January 1, 2013, to September 1, 2018.
Project
Acronym

Year

Megawatts

Array Area
(Hectares)

Technology

Analysis
Detections

Fatalities/Megawatt (Confidence
Intervala)

Fatalities/Hectare (Confidence
Interval)

CC1-2

2013–
2014

250

448

tracker

150

9.26 (7.56–11.86)

5.170 (4.223–6.625)

GB1-1

2017–
2018

50

140

tracker

14

5.72 (1.52–14.68)

2.037 (0.541–5.227)

SMD1-1

2016–
2017

235

681

tracker

2

0.20 (0.01–0.46)

0.062 (0.003–0.157)

SMD1-2

2017–
2018

235

681

tracker

18

2.08 (0.94–2.90)

0.719 (0.326–0.999)

SMD3-1

2015–
2016

550

1,206

fixed

74

1.05 (0.88–1.56)

0.480 (0.402–0.713)

SMD3-2

2016–
2017

550

1,206

fixed

74

1.92 (1.47–2.57)

0.874 (0.671–1.173)

SMD4-1

2017–
2018

20

51

tracker

22

2.55 (1.40–4.95)

1.000 (0.549–1.942)

SMD5-1

2016–
2017

250

727

tracker

3

0.23 (0.04–0.49)

0.078 (0.015–0.169)

SMD5-2

2017–
2018

250

727

tracker

20

2.99 (1.17–6.32)

1.028 (0.403–2.174)

SMD6-1

2017–
2018

50

138

tracker

11

1.36 (0.74–3.54)

0.494 (0.269–1.286)

SMD7-1

2016–
2017

250

635

tracker

7

0.08 (0.03–0.22)

0.031 (0.011–0.085)

a

All confidence intervals are 90% confidence intervals, with the exception of SMD6-1, which presented a 95% confidence interval.

https://doi.org/10.1371/journal.pone.0232034.t004
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the estimate was more than 1.5 times higher than the next highest estimate, the average annual
fatality rate was 1.82 birds/MW (0.680 birds/hectare/year). Confidence intervals were presented in the report for each site-year when an estimate was presented, and all confidence
intervals were 90% confidence intervals, with the exception of SMD6-1 (95% confidence interval). Site-years showed a comparatively wide range of variability, even when standardized by
the magnitude of the estimate. As an analog to coefficient of variation (standard deviation/estimate), the standardized confidence interval half-width varied from 0.23 (CC1-2) to 1.25
(SMD1-1). Thus, the upper/lower ends of the confidence intervals were generally separated
from the estimate by a distance between 0.23 and 1.25 times the estimate itself.
There was a strong positive correlation between nameplate MW capacity and solar field
area (Pearson’s Correlation Coefficient, ρ = 0.97, p < 0.001), so we used nameplate MW capacity as the metric for facility size. Annual per MW fatality estimates showed a relatively weak,
slightly negative relationship with facility size (slope = -0.003, p = 0.55, R2 = 0.04; Fig 5). CC12 was an outlier, but excluding these data did not appreciably change the overall relationship
between fatality rate and facility size.
The dataset was dominated by site-years in the SMD BCR, which showed variability in
annual fatality rates between 0.08 and 2.99 birds/MW/year (Fig 6). Annual fatality rate estimates in the CC and GB BCRs, represented by 1 site-year each, were higher than the SMD
BCR estimates. However, the estimate associated with GB1-1 had the widest 90% confidence

Fig 5. Annual all bird fatality estimates, adjusted for detection probability and search effort, per megawatt (MW; nameplate capacity), by nameplate capacity,
from January 1, 2013, to September 1, 2018.
https://doi.org/10.1371/journal.pone.0232034.g005
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Fig 6. Annual all bird fatality estimates, adjusted for detection probability and search effort, per megawatt (nameplate
capacity) by Bird Conservation Region, from January 1, 2013, to September 1, 2018. Vertical bars show 90% confidence
interval around estimates for each study except SMD6-1, which only reported a 95% confidence interval.
https://doi.org/10.1371/journal.pone.0232034.g006

interval of any site-year, extending below several estimates from the SMD BCR, and above the
upper confidence bound of the estimates from CC1-2.

Comparison of fatality estimates with other studies
Based on the dataset assembled for this manuscript, we updated the solar fatality estimate from
Walston et al. [6] to reflect a larger dataset of estimates derived from systematic monitoring
studies at PV USSE facilities that compose 9.7% of current and planned solar buildout in California and Nevada. We calculated the average annual fatality estimate of known and unknown
cause per MW at PV USSE facilities in desert BCRs to be 1.82 birds/MW/year. Using the
6-GW capacity cited in Walston et al. [6], and assuming predominantly PV development, the
result is an estimate of 10,920 fatalities/year in southern California, compared to Walston
et al.’s [6] known and unknown cause estimate of 59,400 fatalities/year in southern California.
Including the estimate from CC1-2 raises the average fatality rate to 2.49 birds/MW/year, or
14,940 bird fatalities/ year in Southern California. We also took updated estimates of USSE
development in California (14.562 GW) and Nevada (2.458 GW) from Walston et al. [8] to
derive an updated range of known and unknown cause estimates for all of California and
Nevada: 30,976 (excluding CC1-2) to 42,193 (including CC1-2) bird fatalities per year.

Discussion
Our study provided 4 main findings. First, we found variability in the distribution of taxonomic orders and species among and within BCRs; however, 3 species (mourning dove,
horned lark, and western meadowlark) were consistently found among site-years, with
adjusted composition greater than 5% over all site-years. Second, a phenology pattern emerged
where most detections occurred in fall in the SMD BCR, with a pattern of higher detections
occurring through winter in the CC BCR. Third, we found that most detections were of feather
spots, and that most detections were attributed to an unknown cause of fatality. Last, we found
that annual fatality rates never exceeded 2.99 fatalities/MW/year (1.03 fatalities/hectare/year)
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in the SMD BCR, were highest in the CC BCR where the rate was 9.26 fatalities/MW/year
(5.17 fatalities/hectare/year), and that fatality rates did not correlate with nameplate capacity.
Overall, the fatality rate we calculated for PV USSE using known and unknown cause fatalities
was lower than that calculated by Walston et al. [6], who used multiple types of USSE development to generate an average annual fatality rate per MW. Taken together, our results offer
important insight into the patterns of bird mortality at PV USSE facilities that will assist interested stakeholders in understanding the effects of an energy technology that is becoming more
common on the landscape.

Species composition and variation among PV solar facilities
We found variability in the species composition among site-years among and within a BCR.
Songbirds occurred in all site-years, which is consistent with patterns at other anthropogenic
features where songbirds were widely represented in fatality studies (e.g., Erickson et al. [11],
Longcore et al. [23]). The species detected in the most site-years included mourning dove,
western meadowlark, and horned lark. These 3 species, along with house finch, also had the
highest adjusted composition across the dataset. Mourning dove, western meadowlark, and
horned lark share several traits, including that these species are primarily ground dwelling,
inhabit landscapes with relatively low-growing vegetation, and have comparatively large populations in the U.S. in regions where the studies occurred [24]. Mourning dove and house finch
share a trait in that they associate with anthropogenic structures [24]. According to the Partners in Flight Bird Population Database [25], there are an estimated 12.8 million mourning
doves, 13.8 million western meadowlarks, 16.09 million horned larks, and 14.2 million house
finches in the 3 BCRs represented by site-years. Thus, the overall most common species found
as detections are generally abundant in the regions where the studies occurred and the species
share behavioral traits in that they move at or near ground level or associate with anthropogenic structures. It is possible that PV USSE facilities provide structure and an environmental
microclimate that attracts birds and other species, but none of the studies we reviewed compared mortality data to live bird count data, so it is unknown if mortality at PV USSE facilities
is associated with increased localized use.
We found that water associates were not as widely distributed among site-years as water
obligates, and that water obligates occurred at 9 of 10 site-years in the SMD BCR and at 1 of 3
site-years in the CC and GB BCRs. Mortality of water associates and water obligates is known
from other anthropogenic features, including wind turbines [26], communication towers
[23,27], and buildings [28]. However, wind turbines, communication towers, and buildings
represent comparatively tall, vertical hazards to migrating individuals, whereas PV solar panels
at the sites are generally within 3 meters of the ground. The collision of water obligates with
relatively low-lying PV panels raised questions by Kagan et al. [10] about the causal mechanism for occurrence (e.g., lake-effect hypothesis). None of the studies included in our summary provided hypotheses for the occurrence of water obligates, nor did the studies collect
data to investigate potential causal mechanisms such as the amount of polarized light reflected
by the PV panels or behavioral responses of water obligates to PV panels. Thus, none of the
studies provide insight into the causal mechanism responsible for the presence of water obligates at PV USSE in the SMD BCR, and we avoid speculating about possible causes given the
relative lack of important information (e.g., how water obligates perceive polarized light
reflected from PV solar panels). Rather, we focus our review on summarizing the spatial and
temporal patterns of occurrence.
The Salton Sea and Gulf of California serve as stop-over and winter habitat for hundreds of
thousands of water associates and water obligates [29]. For example, the majority of the eared
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grebe population in the U.S. winters in the Gulf of California [29]. Thus, at a broad scale
among BCRs, the concentration of water obligates in the SMD BCR at the Salton Sea is a plausible explanation for the variability in occurrence as concentrations of water obligates at similar stop-over areas are not known in the CC or GB BCRs near the sites. However, finer
resolution spatial exposure data are needed to begin to understand variability among site-years
within the SMD BCRs. Therefore, variation among BCRs appears associated with an abundance of migratory and over-wintering water obligates at the Salton Sea and the proximity of
the sites to the Salton Sea, but we cannot readily interpret the variation among site-years
within the SMD BCR given the absence of local exposure data at each site. An important limitation of our study and interpretation of the broad scale patterns of water-obligate bird occurrence is that our results are not predictive outside of the vicinity of the sites included. Our
statements should not be interpreted as evidence there will be water-obligate bird mortality at
PV USSE facilities developed in areas with concentrations of migrating or overwintering water
obligates because the causal mechanism for fatality risk is unknown. Rather, additional fatality
data collected can be evaluated to determine if results from a site align with, or fall outside of
the pattern evident in our summary.

Phenology
Peak number of detections per survey period was highest in fall in the Sonoran and Mojave
Deserts and GB BCRs and highest in fall and winter in the CC BCR. The phenology of detections mirrors patterns found at other anthropogenic features (e.g., buildings), and coincides
with higher abundance of birds following the breeding season [30]. The peak in detections in
the fall season at site-years in the SMD and GB BCRs is likely influenced by an increase in the
number of water associates and water obligates during the fall season. Although all bird detections tend to increase at the beginning of the fall period in September, detections of water associates and water obligates continued to increase until the end of October, whereas detections
of other birds declined steadily throughout the fall. Waterfowl, loons, and grebes are all known
to move in comparatively large numbers in fall when weather conditions are favorable for
migration [31,32,33]. Eared grebes stage at the Great Salt Lake in Utah, and synchronize
migration with upwards of 100,000 to 200,000 birds departing simultaneously en route to the
Gulf of California [34]. Thus, the increase in water associates and water obligates during fall is
likely explained by migratory movements to the wintering grounds.
Unlike mortality events of migratory birds at comparatively tall anthropogenic structures
where hundreds of whole-intact carcasses have been found in a single night at a single communication tower or building [26], the highest number of carcasses detected in a site-year single
visit was 13. Comparatively large-scale mortality events at communication towers or buildings
are generally associated with lighting and nights with relatively low cloud ceilings [35,36]. In
addition, no comparatively large downing events of water obligates were documented at any
site-year, although relatively large downing events of eared and western (Aechmophorus occidentalis) grebes have been documented during poor weather, or associated with other factors
such as wet parking lots [37]. Thus, the absence of large-scale mortality events of nocturnal
migrants at PV USSE is likely best explained by the low stature of PV panels and the general
lack of lighting.

Carcass type, condition, and uncertainty
The majority of detections in the site-years were feather spots, and a cause of mortality could
not be attributed for most detections, in contrast to patterns at comparatively tall structures
where cause is typically attributed to collision (e.g., Erickson et al. [26], Loss et al. [28]). Feather
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spots could occur from a number of sources, including background mortality (e.g., mortality
from predation [11]). At CC1-2, where the majority of detections were mourning doves, a
prey species, fatality monitoring was conducted at reference plots outside of the solar facility.
Reference plots equal in size to sample units within the facility (referred to as “tracker units”)
at CC1-2 were searched concurrently with sample units in the solar field. The resulting
adjusted fatality rate of 1.73 birds/tracker unit/year converts to an annual reference plot fatality
rate of 6.92 birds/MW/year (based on the approximate MW to tracker unit ratio of 0.25 MW
per tracker unit at the facility). All detections found in reference plots at CC1-2 were feather
spots, primarily composed of Columbiformes (45%), supporting the idea that some proportion
of the detections in the solar field at CC1-2 could be predation related, but the proportion cannot be conclusively stated because fatality events were not observed. At SMD3, Kagan et al.
(2014) estimated from opportunistic necropsies 31% of the carcasses examined were likely
impact trauma (e.g., collision with a solar panel or overhead line), 24% likely predation, with
most of the remaining carcasses of unknown cause. Thus, when considering impacts to birds
in general from anthropogenic structures, it is important to distinguish the certainty in cause
for building and tower mortality, where intact carcasses are found below the structures, from
PV USSE, where the majority of the detections are feather spots or partial carcasses found
throughout the PV array field.

Comparison of fatality estimates with other studies
We calculated an average annual fatality estimate for known and unknown cause per MW at
PV USSE (2.49 fatalities/MW/year, upper estimate) that was less than that provided by Walston et al. [6] (9.9 fatalities/MW/year), and the difference is driven by 3 factors. First, Walston
et al. [6] included data from the California Solar One and Ivanpah Solar Electric Generating
System (Ivanpah) where the concentrating solar flux has been shown to singe migratory birds
in fall and spring, and singeing does not occur at PV USSE [38]. Second, the fatality estimates
Walston et al. [6] used in their analysis included all infrastructure monitored (e.g., overhead
lines, generation tie-lines, fences), not just the solar field. Third, the only PV USSE facility
included in Walston et al. [6] is CC1-2 in our study, which had an average annual fatality estimate 5.1 times higher than the average among the other 12 site-years, possibly due to the contribution of background mortality of mourning doves. Therefore, the average annual fatality
estimate produced by Walston et al. [6] contains a mixture of solar technologies, was not limited to the PV solar field, and includes one PV facility with the highest annual fatality estimate
among site-years. Thus, our average annual fatality estimate (2.49 birds/MW/year) reflects current PV USSE development. However, as CC1-2 is included in our analysis, an average annual
fatality estimate of 1.82 birds/MW/year might be a more accurate representation at PV USSE
facilities in the BCRs where the studies occurred.
Even our conservative average annual fatality estimate (2.49 birds/MW/year) of known and
unknown detections was approximately 75% less than the known and unknown cause average
annual fatality estimate from Walston et al. [6] based on a 6-GW capacity in southern California. Furthermore, our conservative average annual fatality estimate for the entirety of California and Nevada, based on updated capacity, was 29% less than the average annual fatality
estimate by Walston et al. [6] for southern California alone. However, our conclusions from
an expanded dataset align with Walston et al. [6] in that avian mortality at PV USSE was lower
than other sources of anthropogenic bird mortality (e.g., Loss et al. [28]). The conclusions we
reached are relevant for regions within the BCRs represented by our dataset, in particular the
SMD BCR where most of the site-years occurred. Given that mortality risk is not well understood in different habitat contexts, we do not recommend extrapolating the average annual
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fatality estimates we calculated out to the current and projected buildout of the U.S., or to
other BCRs with markedly different habitats (e.g., BCR 19, Central Mixed Grass Prairie).

Conclusions
There are consistent patterns in several aspects of our analysis that could provide insight into
potential patterns of bird mortality at PV USSE outside of the BCRs where the studies
occurred; however, a primary limitation of our study in reaching broader generalizations is
that 77% (10 of 13) of site-years occurred in the SMD BCR. Four patterns that could provide
broader inference to other regions are: 1) the most widely occurring species among site-years
have populations in the millions in the BCRs where studies occurred, and 3 of the top 4 species
detected are ground-dwelling birds; 2) most detections occurred in fall; 3) there was no evidence of a comparatively large-scale fatality events of nocturnal migrating passerines or
migrating water associates or water obligates; 4) most detections were of unknown cause
feather spots. As none of the studies investigated the potential causal mechanism responsible
for the occurrence of water obligates, generalizations are limited to mortality patterns in the
SMD BCR where water obligates were found at 90% of site-years and 100% of PV USSE facilities. Proximity to a stop-over site for hundreds of thousands of water associates and water obligates could be a contributing factor to the variability among BCRs. The overall average annual
fatality estimate can be generalized to the habitats in the BCRs where the studies occurred with
more inference from the SMD BCR; however, generalizing the average annual fatality estimate
in BCRs where studies did not occur is not appropriate. The intent of our summary was to provide an understanding of overarching patterns in bird mortality at PV USSE and we feel providing management recommendations is outside of the scope of our summary. Instead, we
suggest that if fatality monitoring is conducted in areas outside of the regions where the studies
occurred that researches evaluate their fatality patterns against our summary. In order to predict whether water-associated and water-obligate birds will occur at PV USSE outside of the
SMD BCR, studies investigating the underlying causal mechanisms are needed. Further, a
summary or additional studies of the potential contribution of background mortality to PV
USSE fatality estimates could be considered to determine if suitable information exists to
untangle facility-related from background mortality.
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