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Abstract: Increasing global energy demand is fostering the development of renewable energy as an alternative
to fossil fuels. However, renewable energy facilities may adversely affect wildlife. Facility siting guidelines
recommend or require project developers complete pre- and postconstruction wildlife surveys to predict risk
and estimate effects of proposed projects. Despite this, there are no published studies that have quantified
the types of surveys used or how survey types are standardized within and across facilities. We evaluated 628
peer-reviewed publications, unpublished reports, and citations, and we analyzed data from 525 of these sources
(203 facilities: 193 wind and 10 solar) in the United States and Canada to determine the frequency of pre- and
postconstruction surveys and whether that frequency changed over time; frequency of studies explicitly designed
to allow before-after or impact-control analyses; and what types of survey data were collected during pre- and
postconstruction periods and how those data types were standardized across periods and among facilities. Within
our data set, postconstruction monitoring for wildlife fatalities and habitat use was a standard practice (n =
446 reports), but preconstruction estimation of baseline wildlife habitat use and mortality was less frequently
reported (n = 84). Only 22% (n = 45) of the 203 facilities provided data from both pre- and postconstruction,
and 29% (n = 59) had experimental study designs. Of 108 facilities at which habitat-use surveys were conducted,
only 3% estimated of detection probability. Thus, the available data generally preclude comparison of biological
data across construction periods and among facilities. Use of experimental study designs and following similar
field protocols would improve the knowledge of how renewable energy affects wildlife.

Keywords: best practices, experimental design, mortality, renewable energy, sampling bias, solar energy,
wildlife monitoring, wind energy

Limitaciones, Falta de Estandarización y las Mejores Prácticas Recomendadas en Estudios de los Efectos de las
Enerǵıas Renovables sobre las Aves y los Murciélagos

Resumen: La creciente demanda global por enerǵıa está fomentando el desarrollo de enerǵıas renovables como
una alternativa a los combustibles fósiles. Sin embargo, las instalaciones de enerǵıas renovables pueden afectar de
manera adversa a la fauna. Las pautas para la ubicación de dichas instalaciones recomiendan o requieren que los
desarrolladores de los proyectos realicen censos previa y posteriormente a la construcción de las instalaciones para
pronosticar el riesgo y estimar los efectos de los proyectos propuestos. A pesar de esto, no existen estudios publica-
dos que hayan cuantificado los tipos de censo usados o cómo los tipos de censo están estandarizados para las insta-
laciones en espećıfico y en general. Evaluamos 628 publicaciones revisadas por pares, reportes sin publicar y refer-
encias y analizamos los datos de 525 de estas fuentes (203 instalaciones: 193 de enerǵıa eólica y 10 de enerǵıa solar)
en los Estados Unidos y Canadá para determinar la frecuencia de los censos previos y posteriores a la construcción
y si dicha frecuencia cambió con el tiempo; para determinar la frecuencia de los estudios diseñados expĺıcitamente
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2 Renewable Energy Effects

para permitir los análisis antes-y-después o de control-impacto; y para determinar cuáles tipos de datos fueron
recolectados previa y posteriormente a la construcción y cómo aquellos tipos de datos estuvieron estandarizados
a través de los periodos y entre las instalaciones. Dentro de nuestro conjunto de datos, el monitoreo posterior a la
construcción de las fatalidades fauńısticas y el uso de hábitat fue una práctica común (n = 446 reportes), pero la
estimación previa a la construcción de la ĺınea base del uso de hábitat por la fauna y la mortalidad estuvo reportada
con menor frecuencia (n = 84). Sólo el 22% (n = 45) de las 203 instalaciones proporcionaron datos de los censos
previos y posteriores a la construcción y el 29% (n = 59) contó con diseño de estudios experimentales. De las 108
instalaciones en las que se realizaron censos de uso de hábitat, sólo el 3% incluyó la estimación de la probabilidad de
detección. Por lo tanto, los datos disponibles generalmente impiden la comparación de los datos biológicos durante
los periodos de construcción y entre las instalaciones. El uso del diseño de estudios experimentales y el seguimiento
de protocolos de campo similares mejoraŕıa el conocimiento sobre cómo las enerǵıas renovables afectan a la fauna.

Palabras Clave: enerǵıa eólica, enerǵıa renovable, enerǵıa solar, diseño experimental, mejores prácticas, moni-
toreo de fauna, mortalidad, sesgo de muestreo
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Introduction

Rapid development of renewable energy sources has oc-
curred worldwide due to growing interest in mitigating
effects of climate change while meeting global energy
needs (Dincer 2000; Hoffert et al. 2002; Katzner et al.
2016a). Solar and wind energy are the most rapidly grow-
ing renewable energy sectors and now constitute >139
GW of total installed generating capacity in the United
States (45.4 GW solar and 97.22 GW wind) (National
Renewable Energy Laboratory 2017b; American Wind
Energy Association 2019) and Canada (22.3MW solar and
11.9 GW wind) (Poissant et al. 2016; Canadian Wind En-
ergy Association 2017). Like many other power produc-
tion plants, renewable energy facilities can have adverse
effects on wildlife. At wind facilities, birds and bats col-
lide with wind turbine rotor blades, and at solar facilities,
birds collide with panels and are singed at light concentra-
tion towers (e.g., Loss et al. 2013; Kagan et al. 2014; ICF
International 2016). Additionally, wind and solar energy
development may indirectly affect wildlife through habi-
tat loss and fragmentation and by altering foraging, breed-
ing, and migratory behaviors (Drewitt & Langston 2006;
Arnett et al. 2007; Cryan et al. 2014; Millon et al. 2015).

Because of these effects on wildlife, state, provincial,
and federal, natural resource agencies often recommend

or require wildlife risk assessments be conducted prior
to the construction of a facility (California Energy
Commission & California Department of Fish and Game
2007; U.S. Fish and Wildlife Service 2012, 2013; Katzner
et al. 2016a). Risk assessment involves, for example, bird
point count and nest surveys, bat acoustic surveys, or
other site-specific approaches to quantify the presence
and activity of species potentially exposed to the
proposed energy facility. Guidelines also recommend
specific impact-assessment protocols, typically carcass
searches to estimate the number of birds or bats killed,
be conducted during construction and operation of an
energy facility (U.S. Fish and Wildlife Service 2012; Huso
et al. 2016a; Huso et al. 2016b).

Beyond impact assessment, using survey data to inform
siting of energy facilities is one of the most common
strategies to avoid and minimize the risk to wildlife popu-
lations from this activity. Efforts to inform siting have led
to several overarching questions of substantial interest
to the energy industry, policy makers, and conservation
professionals, such as how can negative effects to wildlife
species of concern be avoided, how can existing survey
data be used to inform siting of renewable energy facil-
ities, are the right data being collected to inform siting,
and how do modifications of facility designs alter wildlife
behavior, space use, site avoidance, and, ultimately, risk?
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Although monitoring to date is only sometimes
designed to answer questions such as these, agencies
and scientists often want to use monitoring data for this
purpose. Rigorous preconstruction risk assessments,
and postconstruction fatality monitoring and wildlife-use
data could answer these questions and improve siting
decisions. However, circumstantial evidence suggests
that there is room for improvement in study design and
rigor. For example, data collected in pre- and postcon-
struction surveys are often not directly comparable (e.g.,
preconstruction wildlife activity or habitat-use surveys vs.
postconstruction carcass counts). Further limiting com-
parisons between data sets, wildlife surveys may be taxon
or species specific (e.g., bat acoustic surveys and Golden
Eagle [Aquila chrysaetos] nest surveys), and each survey
type may monitor different variables, such as abundance
(e.g., point counts and migration surveys), habitat
use (e.g., behavioral observations), and reproductive
behavior (e.g., nest surveys). Additionally, carcass counts
may incorporate different sampling strategies or fatality
estimators to determine total fatalities at a facility (Huso
et al. 2016a). This wide variety of survey approaches
makes it difficult to empirically assess total numbers
of animals killed or cumulative impacts across multiple
facilities (Loss et al. 2013) and to generate accurate
fatality predictions at or across facilities (e.g., U.S. Fish
and Wildlife Service 2012; Argonne National Laboratory &
National Renewable Energy Laboratory 2015b; Huso et al.
2016a).

Despite frequent calls for an increase in rigor of data
collection and study design at renewable energy facilities
(e.g., Kunz et al. 2007a; Kunz et al. 2007b; Strickland et al.
2011), the degree to which these practices are imple-
mented is unclear, largely because there have been no for-
mal quantitative analyses of the study designs and survey
methods employed. We conducted the first such empir-
ical synthesis to determine how the field has progressed
in incorporating these practices. We reviewed and
quantified the extent to which wildlife fatality and use
surveys are standardized across pre- and postconstruction
periods and among different energy facilities. We focused
on 3 key questions that have, to our knowledge, not been
assessed: how frequently were both pre- and postcon-
struction surveys implemented and has that frequency
changed over time, how frequently were studies ex-
plicitly designed to allow before-after or impact-control
analyses, and what types of survey data are collected
during pre- and postconstruction periods and how are
those data types standardized across periods and among
facilities? Based on our analyses, we devised best practice
suggestions for pre- and postconstruction wildlife surveys
to increase the utility of future surveys for predicting
risk and estimating impacts at individual energy facilities
and, thus, for assessing broader-scale impacts on wildlife
populations.

Methods

Literature Search

We used online search engines and publicly available
document collections to locate peer-reviewed literature
and unpublished reports (hereafter referred to as reports)
containing pre- or postconstruction wildlife survey data
from proposed and operating wind and solar facilities in
the continental United States and Canada. We restricted
our scope to surveys on birds and bats. In Google Scholar
and Web of Science, we used the keywords “wind
turbine,” wind, solar, mortality, fatality, “wildlife use,”
and “carcass search” and the names of renewable energy
facilities. We compiled as many reports as we could from
the period spanning the first installation of wind turbines
in North America in the early 1980s through December
2017 from national public databases and, because of
funding priorities and the long history of renewable
energy there, California-specific public databases
(American Wind Wildlife Institute 2017; California
Energy Comission 2017; National Renewable Energy
Laboratory 2017a; Pacific Northwest National Laboratory
2017). We also solicited reports from federal, state, and
California county agencies, and we accessed data
summarized in previous reviews of renewable energy
effects on birds (Loss et al. 2013) and bats (Thompson
et al. 2017). We obtained previously compiled and
publicly available reports for facilities in California and
Nevada, from the U.S. Fish and Wildlife Service (H.
Beeler, personal communication), and Alberta, New
Brunswick, and Ontario. We also used Google to search
for and locate additional reports that were not in other
document collections or indexed in scientific literature
databases. Finally, we checked published bibliographies
(Johnson & Arnett 2004; Argonne National Laboratory
& National Renewable Energy Laboratory 2015a) and
reference lists in our compilation to find other reports.

Most of our data were from facilities on public lands.
Regulatory agencies generally have limited monitoring
or reporting oversight for privately owned facilities on
private land unless they are specifically outlined in state
regulations, federal guidelines, or power-purchase agree-
ments. As a result, to the extent they were collected, data
from many facilities on private property or developed by
private companies were not publicly accessible and thus
mostly not included in our data set. These limitations on
data availability restricted which samples were available
to us and thus may affect the interpretation of results.

Data Organization

We extracted from each document the energy source
(wind or solar) and technology type (e.g., turbine
models) used at each facility, dates wildlife surveys were
conducted (including year), the facility construction
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period or periods studied (pre- vs. postconstruction),
and whether the study used an experimental study
design either with reference sites or with a before-
and-after construction analyses. We also recorded the
type of survey data collected (e.g., fatality [carcass] or
wildlife-use surveys) and information about the survey
techniques (e.g., search frequency and survey area),
including whether studies contained trials to estimate
and correct for biases associated with using raw carcass
counts (e.g., searcher detection efficiency and carcass
removal, proportion of area searched) or ignoring
detection probability of live animals in wildlife-use
surveys. We recorded the initial operation year for each
facility based on reports or publicly available records.

For some facilities, multiple reports provided
information on overlapping periods. For example, in
some cases, we had monthly and annual summary
reports for the same year. To avoid double-sampling
in these cases, we excluded the reports covering the
shorter period. We also excluded from our analyses
preconstruction reports for proposed facilities that
were never completed due to the presence of species
of conservation concern, lack of permit approval, or
shifts in developer funding priorities. Other reports
we did not include were for facilities currently under
construction or that were so recently completed that
postconstruction data had not yet been compiled and
publicly reported. Finally, we excluded reports if we
were unable to determine which facilities were studied.

We recorded citation data or summary information
for 108 reports that we were unable to locate or
obtain (hereafter citation-only records and summary
documents, respectively). For these reports, whenever
possible, we extracted from the title or summary
information the construction period, facility name,
and survey dates and used these data in our analyses.
For example, we included citation-only records when
summarizing the number of studies from each facility
type and for which wildlife monitoring occurred, but
not for analyses that required actual monitoring results.

We assigned each report to the facility concerned
and used facility as our unit of replication. Some large
facilities had a series of construction periods or multiple
operators (e.g., Altamont Pass Wind Resource Area [ICF
International 2016]). However, we could not always
determine whether data from these within-facility units
were statistically independent. Thus, by grouping at
the facility level, we were conservative with regard to
differences across facilities. In fact, differences among
facilities may have appeared larger if we had been able
to consider data from these subunits independently.

Data Analyses

To determine how frequently pre- and postconstruction
surveys were implemented and whether frequency

changed over time, we summarized report data by
facility, construction periods monitored, and year of
initial operation. We also calculated Fisher’s exact test
values and pairwise comparisons with adjusted p values
(α = 0.05) with packages vcd and RVAideMemoire in R
3.4.0 (Meyer et al. 2016; R Core Team 2017; Hervé 2019)
to assess whether the construction periods monitored
at a facility varied by initial operation year (i.e., whether
data existed for only one [pre- or postconstruction] or
both periods). Analyses were conducted separately for
wind and solar facilities, but in the case of wind facilities,
we grouped data into 5-year intervals (e.g., 2006–2010
and 2011–2015) to reduce the size of our contingency
table and increase sample sizes for all groups.

To determine how frequently studies were explicitly
designed to allow before-after or control-impact
analyses, we identified facilities that had both pre-
and postconstruction monitoring data, and those that
incorporated undeveloped reference sites as controls.
We used the same Fisher’s exact test analyses as above
to determine whether incorporation of experimental
design varied by initial operation year. Again, analyses
were conducted separately for wind and solar facilities.

To determine what types of survey data were collected
and how are those data types were standardized across
periods and among facilities, we calculated summary
statistics describing use of survey methods in each con-
struction period and among facilities. We categorized sur-
vey types as carcass searches, breeding-site surveys (e.g.,
searches for nests or bat maternal colonies), taxon-or
status-specific surveys, and quantification of local popula-
tions. We analyzed each survey category separately with
a Fisher’s exact test to determine whether the frequency
with which one (pre- or postconstruction) or both peri-
ods were monitored varied by initial operation year. Fi-
nally, we quantified the number of facilities incorporating
detection probabilities in fatality surveys (e.g., searcher
efficiency and carcass persistence trials) and habitat-use
surveys (e.g., mark recapture and distance sampling).

Results

Frequency of Pre- and Postconstruction Surveys and
Evolution of Survey Methods

We compiled information in 628 reports and citations
from 231 facilities in 33 states and provinces (Fig. 1).
We excluded 103 that were duplicates, contained no
data, or were from facilities that were incomplete or not
constructed (Fig. 2). The majority of reports were for
wind facilities (n = 470 reports, 90%), from the postcon-
struction period (n = 446, 85%), and for both birds and
bats (n = 420, 80%) (Fig. 3). Only 22% of facilities (4 solar
and 41 wind) had data on fatalities or wildlife use for
>1 project period (Table 1). The proportion of facilities
with data from single or multiple construction periods
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(a)

(b)

Figure 1. Location of (a)
wind and (b) solar energy
facilities used in an
evaluation of wildlife
surveys at such facilities. All
solar facilities used in this
study were located in
California. Also shown is
the total energy capacity for
both sectors in each state or
province as of 2017.

(Fig. 4) did not vary by initial year of facility operation
for either wind (p = 0.55) or solar energy (p = 0.49).

Frequency of Experimental Design in Surveys

Reports from only 29% of facilities (n = 59) incorporated
some element of experimental survey design. These

included before-after (n = 42), control-impact (n = 8),
or a traditional before-after control-impact (BACI) design
(n = 8). One additional facility used both a before-after
and a control-impact design, but not in a traditional
combined BACI framework. However, the proportion of
facilities including experimental design elements did not
vary by initial operation year, for either solar (p = 0.80)

Conservation Biology
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6 Renewable Energy Effects

Figure 2. Number of reports evaluated
that described pre- and postconstruction
monitoring of wildlife at renewable
energy facilities (dark gray, report
categories not included in analyses;
white, report categories included in
analyses). Figure also shows which
reports addressed our research objectives
to (a) determine frequency of pre- and
postconstruction surveys and whether
frequency changed over time and
frequency of studies designed explicitly to
allow before-after or control-impact
analyses and (b) determine the types of
survey data collected and how data types
were standardized across periods and
among facilities.

Figure 3. Number of renewable energy facilities in the
contiguous United States and Canada (1981–2016)
from which we were able to gather monitoring reports
on surveys conducted preconstruction,
postconstruction, or during both periods. Data are
sorted by renewable energy type.

or wind (p = 0.03, all pairwise comparisons adjusted p �
0.23).

Types of Survey Data and Data Standardization

After removing 69 citation-only records that did not con-
tain information about survey methods, our reduced data
set contained 456 reports (173 facilities: 163 wind and 10
solar) (Fig. 2). Systematic and incidental fatality surveys
(n = 356 reports) were conducted almost exclusively
(99%) during postconstruction periods. Conversely, use

surveys were common during both pre- and postcon-
struction periods.

Twenty-one survey types were used to quantify habitat
use at facilities (Supporting Information). These included
point counts (n = 146 total reports, 60% of 77 precon-
struction reports, 26% of 372 postconstruction reports,
3 reports had both pre- and postconstruction data, and 1
report had data collected during construction), behav-
ioral observations (n = 39 total, 12% of preconstruc-
tion reports and 8% of postconstruction reports), nest
searches (n = 77, 36% of preconstruction reports and
13% of postconstruction reports), and acoustic surveys
(n = 54 total, 18% of preconstruction reports and 10% of
postconstruction reports).

Of the 163 wind facilities for which we obtained data
on wildlife-use surveys, 25% had data from >1 project
period, and 59% of those, which translated into 15% of
all facilities, used the same survey approaches during
both pre- and postconstruction periods (Tables 1 and 2).
At those 24 facilities, where the same survey was used
pre- and postconstruction, 79% (n = 19) incorporated
elements of experimental study design. Of the 10 solar
facilities for which we obtained data on wildlife surveys,
none included the same data-collection approach
for pre- and postconstruction surveys. The type of
wildlife-use survey implemented in each construction
period (Supporting Information) was not affected by the
facility’s initial operation year for either wind (breeding
site: p = 0.30; population counts: p = 0.88; and taxon
or species-specific: p = 0.54) or solar (breeding site: p =
1.0; and taxon or species-specific: p = 1.0).

Of the 163 wind and solar facilities with information
about fatality survey methods, 96% (n = 156, 6 solar and
150 wind) incorporated searcher efficiency and carcass
persistence data when conducting fatality surveys to ac-
count for imperfect detection of carcasses by observers.

Conservation Biology
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Table 1. Total number of reports used for analyses of the frequency with which monitoring at renewable energy facilities in Canada and the United
States (1981–2016) occurred during different construction periods (i.e., preconstruction, postconstruction, or both), the names of the renewable
energy facilities, the state or province in which the facility is located, the construction period or periods in which fatality or wildlife-use monitoring
occurred, and whether or not that facility utilized the same survey method during both monitoring periods.

Construction period

Type Facility name State or province pre post both Same survey method

Solar Blythe (Mesa) CA 6 1 0 no
California Valley Solar Ranch CA 1 3 0 no
Campo Verde CA 1 2 0 no
Genesis Solar CA 3 3 0 no

Wind Dry Lake AZ 2 2 0 yes
Alta CA 3 13 0 yes
Hatchet Ridge CA 1 2 0 no
High Winds CA 0 2 1 yes
Manzana Wind CA 2 8 0 yes
Montezuma Hills CA 4 0 1 yes
North Sky River CA 1 4 0 no
Ocotillo CA 3 1 0 yes
Pine Tree CA 1 2 0 no
Rising Tree CA 1 1 0 yes
Shiloh CA 2 9 0 yes
Tehachapi CA 1 3 0 no
Mars Hill ME 2 2 0 no
Record Hill ME 2 1 0 yes
Big Blue MN 1 3 0 yes
Buffalo Ridge MN 1 17 0 yes
Judith Gap MT 1 2 0 yes
Lempster Mountain NH 0 2 1 yes
Spring Valley NV 2 3 0 yes
Maple Ridge NY 1 6 0 yes
Munnsville NY 1 1 0 yes
Biglow Canyon OR 1 7 0 no
Eurus Combine Hills Turbine Ranch OR 2 2 0 yes
Klondike OR 2 5 0 yes
Leaning Juniper OR 1 2 0 no
Casselman PA 1 4 0 no
Titan I SD 1 1 0 no
Wessington Springs SD 1 2 0 yes
Searsburg VT 4 2 0 yes
Hopkins Ridge WA 1 2 0 no
Kittitas Valley WA 1 1 0 no
Lower Snake River WA 2 1 0 no
Wild Horse Wind Facility WA 2 2 0 no
Blue Sky Green Field WI 2 2 0 no
Forward Energy Center WI 0 1 1 yes
Beech Ridge WV 1 3 0 yes
Laurel Mountain WV 1 3 0 no
Mount Storm WV 4 9 0 no
Foote Creek Rim WY 1 1 0 no
Arthur Ontario 0 2 1 yes
Wolfe Island Ecopower Centre Ontario 2 7 0 yes
Total 73 152 5 24

In contrast, 3% (1 wind and 2 solar) of the 108 facilities
that monitored avian habitat use incorporated some
measure of detection probability into modeled estimates.

Discussion

Ours is the first analysis to quantitatively illustrate
how wildlife risk and impact surveys are conducted at

renewable energy facilities. Despite frequent calls for
improved rigor of data collection and study design in this
field of conservation research (e.g., Kunz et al. 2007a;
Strickland et al. 2011; Huso et al. 2016a;), we found
this rigor was only sometimes applied and that pre-
and postconstruction surveys were rarely comparable,
regardless of the level of rigor. We also documented
that study design components, such as control-impact or
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Figure 4. Construction
period when wildlife
monitoring was conducted
at 203 renewable energy
facilities in the contiguous
United States and Canada
for which reports were
collected. Data are sorted by
year during from 1981 to
2016.

before-after designs, were rarely used at renewable
energy facilities.

Although risk assessments are often tailored to specific
facilities and species thought to be affected, the data
and design concerns we found limit prediction and
management of impacts at new energy facilities and
estimation of broad-scale, cumulative, and population-
level impacts to wildlife. Continued expansion and
implementation of more rigorous approaches to study
designs within existing monitoring frameworks may
lead to additional conservation and research benefits
by assuring that funding to study renewable energy
impacts not only contributes to meeting facility-specific
objectives (e.g., informing turbine siting and estimation
of facility-specific collision fatality rates) but also
improves the understanding of the cumulative impacts of
renewables on specific wildlife populations (e.g., Nichols
& Williams 2006; Piorkowski et al. 2012; Sells et al. 2018).

Frequency of Pre- and Postconstruction Surveys and
Experimental Design Elements

Postconstruction monitoring for wildlife fatalities was a
common component of reports in our data set. However,
only one-fifth of reports suggested that data collection
of any survey type occurred during both pre- and
postconstruction periods. Furthermore, as regulatory
agencies have, with time, developed new permitting re-
quirements and monitoring guidelines (California Energy

Commission & California Department of Fish and Game
2007; U.S. Fish and Wildlife Service 2012), our results
suggest that the frequency of data collection during both
periods has not similarly increased. Surveys in both of
these periods, or those incorporating reference sites, are
important because preconstruction or reference-site data
provide context for interpreting postconstruction data
(Katzner et al. 2016a). This is because species-specific
abundance or activity patterns may have shifted follow-
ing facility construction or an unknown proportion of
fatalities in postconstruction surveys may be due to other
causes (i.e., background mortality). Without this context,
postconstruction surveys may provide a quantitative
estimate of wildlife fatalities, but little insight into the
biological significance of an energy facility for local or
regional wildlife populations (Katzner et al. 2016a).

Even in infrequent instances where data were
collected during both pre- and postconstruction periods,
elements of scientific rigor or experimental design were
only sometimes incorporated. The majority of studies
appeared designed to meet requirements or guidelines
of federal (e.g., USFWS 2012) or state environmental
impact statements or reviews (EIS or EIR), which rarely
encourage or mandate specific research questions
or experimental approaches, despite other monitoring
frameworks recommending such procedures (Kunz et al.
2007a; Strickland et al. 2011). As such, data collection
may be deliberately structured to gather different types
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of pre- and postconstruction data. This lack of specificity
may also occur because BACI studies or other rigorous
experimental designs are not always possible due to
logistical and financial constraints limiting data collection
across multiple seasons or at reference sites (Anderson
et al. 1999; Strickland et al. 2011). However, the lack of
a rigorous study design may limit the local and general
utility of these data (Nichols & Williams 2006; Field et al.
2007; Sells et al. 2018).

Degree of Data Standardization

Of the small number of facilities with both pre-
and postconstruction data collection, only half had
the same biological information collected in both
periods (Table 2). Most of these were the facilities
that incorporated elements of experimental study
design. A large number of protocols provide guidance
on standardized data collection and analyses for
postconstruction fatality surveys (e.g., Anderson et al.
1999; Kunz et al. 2007a; Huso et al. 2016a). However,
there are fewer guidelines for preconstruction use
surveys (Strickland et al. 2011; Katzner et al. 2016a).

Guidance for both pre- and postconstruction studies
is important because the rigor of the study design influ-
ences the accuracy of fatality predictions (Kuvlesky Jr.
et al. 2007; Marques et al. 2014; Schuster et al. 2015). For
example, mismatched spatial scales of pre- and postcon-
struction surveys likely contributed to a poor correlation
between predicted risk and recorded fatality of raptors at
wind farms in Spain (Ferrer et al. 2012). Similarly, abun-
dance of individuals at a site does not necessarily correlate
with collision risk that is driven by biological factors, such
as taxonomy or behavior (Hull et al. 2013). We found
spatial and temporal mismatches that likely reduced the
utility of data for comparing and predicting risk and
estimating impacts. For example, preconstruction point
counts often were conducted at the broad scale of entire
facilities, whereas fatality surveys often focused on local-
scale within-facility processes. Likewise, avian abundance
surveys were conducted less frequently during migration
periods than during breeding or wintering seasons.

Guidance on survey approaches could encourage the
use of methods to estimate detection probabilities of live
animals. Because detection rates are never 100%, count
data should be corrected by detection probability (e.g.,
p or ĝ) to account for animals present but undetected.
Distance sampling (e.g., Buckland et al. 2001; White
2005; Sollmann et al. 2016), N-mixture models (e.g.,
Royle 2004; Kéry et al. 2005; Sillett et al. 2012), and an
array of other analytical approaches allow estimation of,
and adjustment for, detection probabilities to estimate
the abundance of both living animals (e.g., point counts)
and carcasses. Such approaches have become the norm
in peer-reviewed studies of animal distribution and abun-
dance. However, in our review, detection probability

was almost universally applied for fatality surveys, yet
almost never estimated for wildlife-use surveys.

Fatality estimates have been combined across facilities
to explore factors affecting fatality rates for birds and
bats. Similar analyses could be done for the abundance
of terrestrial species if data were available. However,
combining wildlife abundance data across facilities is
difficult because detection probabilities were almost
never estimated in abundance and use studies and
because of substantial among-study variation in both pre-
and postconstruction survey approaches. In many cases,
data were likely collected with the appropriate sampling
intensity and protocols to minimize bias while estimating
parameters of interest (Morrison et al. 2008). Little
change to existing sampling designs would, therefore, be
required to generate estimates of detection probability.
Inclusion of raw survey data (e.g., in appendices or online
supplements or with links to online data repositories)
would allow researchers to generate detection-corrected
abundance or use estimates and to link them to fatality
data to better elucidate the relationship between
predicted and actual impacts from energy facilities.

Increasing Data Quality and Availability

Adding rigor to wildlife-use and impact surveys at renew-
able energy facilities would enhance the understanding
of changes in local mortality, prediction of collision
risk, quantification of effects of future energy facilities,
and monitoring of mitigation effectiveness (Anderson
et al. 1999; Kunz et al. 2007a; Ferrer et al. 2012; Huso
et al. 2016a). Further, if survey monitoring, analytical
approaches, and questions addressed were synchronized
across facilities, large-scale analyses could be conducted
to assess the effects of renewable energy on wildlife
populations. Although we acknowledge the challenges of
shifting the prevailing monitoring paradigm, increasing
scientific rigor may also be cost-effective over the long
term for the burgeoning renewable energy industry. This
is because improved facility siting, wildlife management,
and energy planning and development may have
long-term ramifications on ecosystems and wildlife
populations (e.g., Katzner et al. 2016b; Frick et al. 2017;
Katzner et al. 2019). Building scientifically rigorous
databases (Romesburg 1981; Reynolds et al. 2011; Sells
et al. 2018) on wildlife use and impacts in relation to
energy facilities would streamline future development
and perhaps reduce the need for future costly research at
each energy facility by providing a more comprehensive
understanding of the likely impacts of individual pro-
posed facilities and broader energy planning strategies.

The availability of survey data likely influenced our
results and constraints on that availability probably
occurred due to several factors. First, reporting require-
ments and report accessibility vary among countries,
states, and counties, resulting in geographically variable
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data availability relative to installed energy capacity
(Fig. 1). Second, regulatory agencies often have limited
monitoring capabilities or oversight for facilities that are
privately owned or on private land. Third, data from one
or both construction phases are sometimes not made
available due to concerns that they could be used in
lawsuits against developers or operators (Dinnell & Russ
2006; Subramanian 2012). Fourth, time lags between
data collection and report publication likely contribute
to older data being more available than newer data.
Fifth, reports may be available in hard copy only and not
online or on private computers or intranets not visible
to search engines.

Due to these factors, some regions and recent periods
were likely undersampled, as were facilities that are
privately owned or on private property. For example,
a small number of solar facilities on public property
in California are regulated by the California Energy
Commission (CEC), which requires reports be published
on the CEC website at quarterly or annual intervals
(California Energy Commission 2010). In contrast, no
state agency regulates or archives reports for California
wind facilities, thus proportionately fewer reports are
available for the large number of wind facilities in the
state. Similarly, fewer reports were available in states with
a greater proportion of private land. For example, Texas
(97% privately owned) has the largest installed wind
capacity in the United States (>22,600 MW), but our
data set included reports from only 4% (n = 6) of the 136
active wind projects in the state (American Wind Energy
Association 2018). These limitations on data availability
reduced our samples sizes, which may have influenced
statistical significance and interpretation of our test
results.

A mechanism to address this data availability issue
may be through voluntary submission of monitoring
records to a central repository. The U.S. Federal Aviation
Administration has such a system (National Wildlife Strike
Database) that has tracked wildlife-aircraft incidents
across the United States since 1990 (Dolbeer et al.
2016; FAA 2017). These data provide opportunities for
researchers and managers to identify patterns in aviation
risk and to adjust management strategies in ways that
would not be possible if data were not collected similarly
and aggregated together (e.g., DeVault et al. 2011;
Dolbeer 2015; Dolbeer et al. 2016). A publicly available
data repository for renewable energy would also have
tremendous benefit not only for conservation scientists
and wildlife managers, but also for energy developers,
who frequently also desire to understand renewable
energy impacts on wildlife and to build cost-effective and
generalizable mitigation protocols. Both the American
Wind Wildlife Institute and National Renewable Energy
Laboratory have taken steps in this regard by compiling
public document libraries, including peer-reviewed liter-
ature and unpublished reports from multiple wind facil-

ities in North America (American Wind Wildlife Institute
2017; National Renewable Energy Laboratory 2017a).

Best Practices to Improve Monitoring

Our results identify gaps in the data on wildlife impacts
from renewable energy facilities and suggest mechanisms
to address these gaps. Specifically, we quantitatively
illustrated how current monitoring practices have limited
the ability to estimate and minimize local and large-scale
risks of renewable energy to wildlife. This limitation
arises due to substantial differences in the types of data
collected, lack of data collection in all construction and
operation periods, and constraints on data availability
and accessibility. However, our results also suggest that
these limitations can be overcome through widespread
implementation of rigorous monitoring practices that
will help minimize risk to wildlife, streamline facility
siting decisions, and reduce costs of future research and
monitoring, thereby providing mutual benefit to both
renewable energy and wildlife conservation.

In particular, our results emphasize the following best
management practices for study design, implementation,
and dissemination. First, it is important to include
specific questions and use methods carefully designed
to answer those questions. Second, it is important to
incorporate the same type of monitoring across locations
and periods and account for detection rates for both
fatalities and wildlife use. Third, it is important to use
reporting protocols that protect confidential data but
also allow data to be aggregated for meta-analyses to
improve wildlife conservation practices and minimize
environmental consequences of renewable energy.

Several of these best practices have been noted in prior
work, but our empirical analysis suggests that they are
infrequently applied. Implementing these practices may
be logistically and financially feasible with existing tools
such as the survey and analysis methods used in many
published studies, the relatively few examples of rigorous
study designs with both pre- and postconstruction, and
existing data repositories designed to allow meta-
analyses. Application of these tools, in conjunction with
continued advances in sampling methods, may allow
wildlife managers and the energy industry to more
accurately and cost effectively anticipate both the local
effects and range-wide cumulative impacts of renewable
energy to wildlife.
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