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Abstract. The development and expansion of wind energy is considered a key global threat
to bat populations. Bat carcasses are being found underneath wind turbines across North and
South America, Eurasia, Africa, and the Austro-Pacific. However, relatively little is known
about the comparative impacts of techniques designed to modify turbine operations in ways
that reduce bat fatalities associated with wind energy facilities. This study tests a novel
approach for reducing bat fatalities and curtailment time at a wind energy facility in the United
States, then compares these results to operational mitigation techniques used at other study
sites in North America and Europe. The study was conducted in Wisconsin during 2015 using
a new system of tools for analyzing bat activity and wind speed data to make near real-time
curtailment decisions when bats are detected in the area at control turbines (N = 10) vs. treat-
ment turbines (N = 10). The results show that this smart curtailment approach (referred to
as Turbine Integrated Mortality Reduction, TIMR) significantly reduced fatality estimates
for treatment turbines relative to control turbines for pooled species data, and for each of
five species observed at the study site: pooled data (–84.5%); eastern red bat (Lasiurus borealis,
–82.5%); hoary bat (Lasiurus cinereus, –81.4%); silver-haired bat (Lasionycteris noctivagans,
–90.9%); big brown bat (Eptesicus fuscus, –74.2%); and little brown bat (Myotis lucifugus, –91.4%).
The approach reduced power generation and estimated annual revenue at the wind energy
facility by ≤ 3.2% for treatment turbines relative to control turbines, and we estimate that the
approach would have reduced curtailment time by 48% relative to turbines operated under a
standard curtailment rule used in North America. This approach significantly reduced fatali-
ties associated with all species evaluated, each of which has broad distributions in North Amer-
ica and different ecological affinities, several of which represent species most affected by wind
development in North America. While we recognize that this approach needs to be validated in
other areas experiencing rapid wind energy development, we anticipate that this approach has
the potential to significantly reduce bat fatalities in other ecoregions and with other bat species
assemblages in North America and beyond.
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INTRODUCTION

The broad adoption of wind-generated power into the
global energy portfolio has the potential to substantially
decrease carbon and greenhouse gasses emitted into the

atmosphere by humans and help build environmentally
sustainable economies (DeCarolis and Keith 2006, Chu
and Majumdar 2012, IPCC 2014, Jacobson et al. 2015).
Despite the promise of wind energy, however, some
stakeholders have expressed concerns that wind energy
facilities can have negative impacts on individual ani-
mals, wildlife populations, species, and ecosystems
(Kuvlesky et al. 2007, Saidur et al. 2011, S�anchez-
Zapata et al. 2016, Banerjee et al. 2017, Gasparatos
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et al. 2017, Gibson et al. 2017, Zerrahn 2017). For
example, some bird species have been impacted by wind
energy facilities, including songbirds, raptors, waterfowl,
and other species (Drewitt and Langston 2006, Lovich
and Ennen 2013, Katzner et al. 2016). Bat ecologists
have also expressed concerns about the impacts of wind
energy development on bats (Kunz et al. 2007, Arnett
et al. 2008, 2016, Cryan and Barclay 2009, Arnett and
Baerwald 2013, Alverez and Lidicker 2015, Hein and
Schirmacher 2016). In North America, dead bats have
been observed at most operational wind energy facilities
where data are available (Arnett and Baerwald 2013,
Arnett et al. 2016, Zimmerling and Francis 2016), and
some researchers in North America have concluded that
fatalities resulting from interactions with wind turbines
are potentially resulting in tens to hundreds of thou-
sands of fatalities annually (Cryan 2011, Arnett and
Baerwald 2013, Hayes 2013, Smallwood 2013, Frick
et al. 2017). Furthermore, recent population dynamics
modeling suggests that some species, such as North
American hoary bats (Lasiurus cinereus; Frick et al.
2017), may be at significantly increased risk for popula-
tion extinctions due to wind energy development. Ecolo-
gists in other geographic areas have also observed
substantial bat fatalities associated with wind energy
facilities, including in M�exico, Central and South Amer-
ica (Bernard et al. 2014, Rodr�ıguez-Dur�an and Feli-
ciano-Robles 2015); Eurasia (Rydell et al. 2010,
Amorim et al. 2012, Voigt et al. 2012, 2016, Lehnert
et al. 2014); Africa (Doty and Martin 2013, Aronson
et al. 2014); Australia, New Zealand, and the Pacific
Islands (Gorresen et al. 2008, Hull and Cawthen 2013);
among other locations (see Arnett et al. 2016 for a com-
prehensive global review). These observations imply that
the impacts of wind energy facilities on bat populations
are not constrained to North America and Europe,
where most research has occurred, but may impact bat
populations globally.
Concerns over the past decade about the impacts of

wind energy development on bat populations and spe-
cies have led to an improved understanding of where
and when various bat species are most susceptible to
negative interactions at wind energy facilities. At the
local scale, analyses of bat behavior and occurrence pat-
terns, along with radar imagery and videography of bats
flying at and near wind energy facilities, has improved
our understanding of how bat behavior is influenced by
wind turbines and rotating turbine blades (Horn et al.
2006, Cryan 2008, Weller and Baldwin 2012, Cryan et al.
2014a, Jameson and Willis 2014). On regional and conti-
nental scales, use of stable isotope analyses, wildlife
tracking, and various approaches to geospatial modeling
have led to an improved understanding of the seasonal
movement patterns and distributions of migratory spe-
cies, along with information related to when and where
these species might be most susceptible to negative inter-
actions at wind energy facilities (Santos et al. 2013,
Cryan et al. 2014b, Roscioni et al. 2014, Hayes et al.

2015, Rodhouse et al. 2015, Plyant et al. 2016, Weller
et al. 2016). Additionally, observational and manipula-
tive studies at wind energy facilities have led to an
improved understanding of how these facilities can be
operated in ways that reduce bat fatalities (Arnett and
Baerwald 2013, Arnett et al. 2016). For example, it has
been proposed that bats tend to be more active during
periods associated with moderate and low wind speeds
(Kerns et al. 2005), and thus may be at more risk around
wind turbines when wind speeds are lower (for reviews
of this literature, see Arnett and Baerwald 2013, Arnett
et al. 2016).
A number of studies have demonstrated that modify-

ing nighttime wind energy facility operation so that tur-
bine blades are only allowed to rotate very slowly and
are thus not a substantial danger to bats, or in some
other way modified when the late summer and autumn
migratory period coincides with lower wind speeds, can
substantially reduce bat fatalities (Behr and von Hel-
versen 2006, Baerwald et al. 2009, Arnett et al. 2011,
Beucher et al. 2011, Young et al. 2011, Good et al.
2013, Martin 2015, Martin et al. 2017). These modifica-
tions in turbine operation aimed at reducing bat fatali-
ties are generally referred to collectively as operational
mitigation (USFWS 2012, Arnett and Baerwald 2013).
Those approaches expected “to reduce to the smallest
practicable amount or degree” are referred to as mini-
mization (U.S. Fish and Wildlife Service 2012:61); in this
paper we use the term “mitigation” (“avoiding or mini-
mizing significant adverse impacts. . .” (U.S. Fish and
Wildlife Service 2012:61), because it is not yet clear to us
the magnitude of possible reductions in fatalities at wind
energy facilities.
Operational mitigation can be viewed as part of a mit-

igation hierarchy (Kiesecker et al. 2009, Marques et al.
2014, Peste et al. 2015) of possible approaches to avoid,
minimize, and compensate for the impacts of wind
energy facilities on bat populations and species. Mitiga-
tion strategies have successfully reduced bat fatalities
observed at wind energy facilities and have been incor-
porated into key regulatory guidance documents in
North America and Europe (USFWS 2012, Rodrigues
et al. 2014). For example, a common operational mitiga-
tion strategy in North America is to curtail by pitching
the blades, rotating the blades out of the prevailing wind,
which causes them to rotate slowly (less than one full
rotation per minute), when wind speeds are below a cer-
tain threshold (e.g., 5.0 or 6.5 m/s) and bats are more
likely to be present. These strategies are generally
referred to as “blanket curtailment” when all turbines in
a wind facility are curtailed under certain wind condi-
tions with the intent of reducing bat fatalities (T. Allison,
personal communication). However, mitigation strategies
that require wind energy facilities to curtail wind tur-
bines when bats are most at risk, such as at night from
mid-summer through late autumn, tend to coincide with
periods of high electrical demand (Gripe 2004, Jacobson
et al. 2015) and can reduce the amount of energy that a
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wind energy facility can produce during these periods. In
an attempt to reduce bat fatalities while optimizing
energy production, research has begun to focus on the
development of models to predict when bats might be at
most risk at a given wind energy facility, and in auto-
mated monitoring of bats at wind energy facilities
(Arnett et al. 2016). For example, curtailment algo-
rithms using correlative statistical models are being used
in Europe to make predictions about the level of risk to
bats at wind energy facilities under various environmen-
tal conditions, and to guide curtailment decisions (Kor-
ner-Nievergelt et al. 2013, Hanagasioglu et al. 2015,
Behr et al. 2017). When compared to blanket curtail-
ment approaches, these predictive modeling approaches
have substantial promise in helping to reduce bat and
other wildlife fatalities while increasing operational flexi-
bility (e.g., allowing the turbines to continue producing
energy when they might otherwise be curtailed based
only on wind speed information) and energy production
at wind energy facilities (Behr et al. 2017). However,
application of statistical risk models across larger geo-
graphic areas (such as at the regional and continental
scales) and among a variety of bat species assemblages
may be much more challenging, and may require many
years of data to sufficiently train models, even within a
given ecoregion (Voigt et al. 2015, 2016). Other
approaches to reducing bat fatalities at wind energy
facilities have focused on technological advances in real-
time acoustic and video monitoring of bats and birds at
these facilities (Willmott et al. 2015) and using electro-
magnetic and ultrasonic signals and deterrents to reduce
bat activity near turbines (Nicholls and Racey 2007,
2009, Szewczak and Arnett 2007, Arnett et al. 2013,
Gorresen et al. 2015, Cryan et al. 2016). These techno-
logical advances also suggest substantial promise, but
may not always be applicable across species assemblages
in a variety of ecoregions (Arnett et al. 2016).
Despite these advances in our understanding of bat

ecology and behavior, along with the development of
techniques and technologies for reducing bat fatalities at
wind energy facilities, some stakeholders and wind
energy producers have expressed an interest in finding
ways to reduce bat fatalities while increasing the time
during which turbines continue operation and power
production relative to standard operational mitigation
approaches (AWWI 2017, Martin et al. 2017). These
stakeholders have also expressed an interest in so-called
“smart curtailment” approaches that use and combine
information about real-time bat activity and environ-
mental information, such as weather conditions, and
which might be generalizable across large spatial areas
(such as within and among ecoregions and continents)
and species assemblages. Some of the goals of smart cur-
tailment strategies are to improve power production and
economic performance at wind energy facilities, while
reducing impacts on bats and their populations; improve
regional grid reliability (including at the fine temporal
scale of seconds to minutes); contribute more to green

energy sustainability goals and benchmarks through
reductions in use of carbon-intensive energy sources
(Jacobson et al. 2015), including during high use peri-
ods; and reduce the financial and regulatory uncertainty
associated with wind energy facility development and
operation (AWWI 2017).
Here, we describe a controlled experiment to test a

smart curtailment approach for reducing bat fatalities at
wind energy facilities and reducing curtailment time
when compared to blanket curtailment techniques. This
program of research and technology development has
six key ongoing goals: (1) use real-time bat acoustic
monitoring to provide near real-time feedback (e.g.,
within seconds to minutes) about bat activity to a wind
energy facility’s supervisory control and data acquisition
(SCADA) unit, which can in turn be used to curtail tur-
bines only when active bats are detected in the area and
the risk level is considered high; (2) significantly reduce
bat fatalities of all bats when compared to normally
operated turbines; (3) significantly reduce migratory bat
fatalities, including fatalities associated with species in
the Lasiurus and Lasionycteris genera, which have been
substantially impacted by wind energy development in
North America (Arnett et al. 2016, Frick et al. 2017);
(4) significantly reduce Myotis fatalities, which is the
most speciose genus in the United States and Canada,
and populations of some species are in decline due to
bat white-nose syndrome (Frick et al. 2010); (5) reduce
curtailment time relative to blanket curtailment by
allowing turbines to continue operation when bats are
not detected; and (6) develop a smart curtailment
approach that has the potential to be generalizable and
useful in a variety of geographic regions, wind speed
regimes, and with different resident and migratory bat
assemblages. We view this project from an adaptive man-
agement perspective (Williams 2011) and strive to recog-
nize and articulate the uncertainties associated with this
smart curtailment approach and the long-term dynamics
of bat populations with continental-scale distributions,
some of which also migrate on continental scales. Thus,
this project is part of a collaborative, long-term research
program aimed at understanding the strengths and
weaknesses of various strategies for reducing bat fatali-
ties at wind energy facilities.

METHODS

Study area

This study took place at the Blue Sky Green Field
Wind Energy Center, Fond Du Lac County, Wisconsin
(hereafter BSGF; Fig. 1). This is an ~42 km2 (4,200 ha)
wind energy production site operated by We Energies.
BSGF provides wind-generated electricity to consumers
in Wisconsin and Michigan’s Upper Peninsula region.
Construction of the facility was initiated in 2007 and
production began in 2008. BSGF consists of 88 mono-
pole Vestas Wind Systems V82 turbines (Vestas 2005).
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Each turbine is 80 m tall, with 41 m blades and a
rotor-swept area of 5,281 m2, and maximum height of
121 m (Vestas 2005). The V82 model turbines initiate
power generation of 0.25 MW at a cut-in speed of
3.5 m/s (Vestas 2005); this is the wind speed at which the
generator is engaged and the turbine begins providing
power to the electric grid (Wagner and Mathur 2013).
This model is feathered and blades rotate slowly below
the cut-in speed. As wind speed increases, power genera-
tion increases to a maximum production of 1.65 MW at
13.4 m/s (Vestas 2005 this value is sometimes referred to
as “nameplate rating” or “rated power”). The turbines
have a cut-out wind speed of 24.1 m/s (Vestas 2005, Sut-
ter and Schumacher 2017); this is the speed at which
power generation is discontinued by rotating the blades
out of the prevailing wind to prevent damage to the tur-
bine (Wagner and Mathur 2013). Of the 88 turbines at
the BSGF site, 20 were representatively allocated to con-
trol and treatment groups, with 10 turbines in each group
(Fig. 1); once a turbine was selected for the treatment or
control group it stayed in that group for the duration of
the study. Turbines were selected for control and treatment
groups using a systematic design using a random starting
point and adjusted as necessary depending on landowner
participation. Due to landowner constraints the turbines
could not be allocated to groups in a formally random
way. Treatment and control turbines were spatially paired
such that pairs of control and treatment turbines were near
each other and control and treatment turbines were allo-
cated throughout the BSGF facility.
The BSGF site is situated between Lake Winnebago

and Lake Michigan near the edge of the Niagara
Escarpment in the Southeastern Wisconsin Savannah
and Till Plain ecoregion (Omernik et al. 2000). Elevation
at turbines ranges from about 240 to 335 m above sea
level. The principal land use in the area is agriculture,
interspersed with woodlands and wetlands. The area
experiences a humid continental climate with hot sum-
mers (mean high temperature in July ~27.4°C), cold win-
ters (mean low temperature in January –12.6°C), and
about 795 mm average annual precipitation Midwestern
Regional Climate Center using the Chilton, Calumet
County, Wisconsin climate summary data; data available
online).9 BSGF has a relatively low wind speed regime
when compared to some other parts of North America,
which has the potential to make the site more dangerous
for bats and also exposes wind developers and investors
to slower returns on investment. The average annual
wind speed at BSGF is 6.3 m/s, with substantial propor-
tions of power generation occurring between 3.5 and
8.5 m/s (Sutter and Schumacher 2017). Wind speed var-
ies by season and time of day, with average wind speeds
tending to be lowest in July and August, then increased
in September and October and throughout much of the
rest of the year, with warmer season wind speeds tending

to be higher at night (Sutter and Schumacher 2017). The
BSGF facility has a capacity factor of 26.9%; this is the
ratio of average annual power production compared to
the peak potential production for the combined wind
turbines at the facility. The BSGF capacity factor is in
the lower end of capacity factors for the United States
(~26–51%; Sutter and Schumacher 2017).
Seven bat species are known to occur in southeastern

Wisconsin near the BSGF site (Kurta 2017): little brown
bat (Myotis lucifugus), northern long-eared bat (M.
septentrionalis), big brown bat (Eptesicus fuscus), tri-
colored bat (Perimyotis subflavus), silver-haired bat
(Lasionycteris noctivagans), hoary bat (Lasiurus ciner-
eus), and eastern red bat (Lasiurus borealis) (data avail-
able online).10 The Myotis, Eptesicus, and Perimyotis
species are either known to, or likely to, hibernate in
areas near summer habitat and are not known to migrate
long distances between summer and winter habitat
(Kurta 2017). These species are likely to occur through-
out the year, with activity levels lowest during the winter
hibernation period and highest during the spring, sum-
mer, and autumn. The three Lasiurine species (L. nocti-
vagans, L. cinereus, and L. borealis) tend to undertake
seasonal migrations and are known to move long dis-
tances between summer and winter grounds (Cryan
2003, Cryan et al. 2014b, Weller et al. 2016). Lasiurine
species occur most frequently among bat carcasses
found underneath wind turbines in North America
(Arnett et al. 2016). Summer and winter bat roosting
habitat occurs in various areas in southern Wisconsin,
and a hibernation site for cave-dwelling bats, such as
Myotis species, is located within 25 km of the wind
energy facility (e.g., Neda Mine).

Acoustic and wind data collection and analysis

Acoustic detectors for recording and transmitting bat
acoustic data (ReBAT) and a Turbine Integrated Mortal-
ity Reduction (TIMR) systems (Normandeau Associates,
Gainesville, Florida, USA) were used to detect, record,
transmit, and analyze bat sound information. ReBAT
systems consist of hardware and software designed for
detecting, filtering, recording, and transmitting full
spectrum bat acoustic data in remote conditions, and can
be mounted on the nacelles of wind turbines. Four
ReBAT systems were mounted on turbine nacelles.
One ReBAT system was mounted on a treatment turbine,
one ReBAT system was mounted on each of two control
turbines, and one ReBAT system was mounted on a tur-
bine that was not included in study (Fig. 1). The four
ReBAT systems were deployed so that they sampled the
airspace above and below each ReBAT system at turbines
in the northern, northwestern, southwestern, and south-
eastern parts of the wind energy facility; these are the
directions from which bats would be expected to be flying
given the prevailing wind regime in the area. Each

9 https://mrcc.illinois.edu/mw_climate/climateSummaries/clim
Summ.jsp 10 https://github.com/mark-a-hayes/TIMR-species-data
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ReBAT system consisted of two acoustic detectors, one
of which sampled the airspace below the nacelle and the
other was fitted with a reflector plate to sample the air-
space above the nacelle level. There was no obvious qual-
itative difference in quality of sound files recorded at
detectors with and without reflector plates, or while tur-
bines were operating vs. during curtailment. Each detec-
tor contained a directional ultrasonic sensor with a
frequency range of 1–125 KHz capable of continuously
sensing sounds from 0 to 90 dB intensity (SensComp
2013; Binary Acoustics Technology, Tucson, Arizona,
USA). Each ReBAT system detected and fed continuous
sound information to a digitizer and then a filter, which
selected sound information for recording using a stan-
dardized filter setting (frequency range: 15–80 KHz), and
recorded sound information in 1.7 s WAV files, along
with associated metadata, including a time stamp, the
sensor identification, and the ReBAT system that
recorded the file. Once WAV files were created and stored
in ReBAT storage, they were subjected to an algorithm
designed to identify probable bat call information within
sound files (SCAN’R Snapshot Characterization and
Analysis software for bat call analysis; Binary Acoustics
Technology, Tucson, Arizona, USA). Each ReBAT sys-
tem was affixed to the side of the turbine nacelle’s cool-
ing radiator, which on this model of turbine extends
across the top of the nacelle. The ReBAT systems sent all
recorded sound files identified as containing probable
bat call information in real-time via modems and the cel-
lular network to the TIMR server located at the BSGF
operations center. Acoustic data from the four ReBAT

systems were continuously consolidated, processed, and
analyzed in near real-time using automated scripts, and a
network, server, and database system maintained at the
BSGF operations center (see Sutter and Schumacher
2017 for full details). Subsequently, the acoustic data
were retrieved daily by the Normandeau Operations Cen-
ter in Gainesville, Florida, for analysis and long-term
storage. The wind speed data (m/s) used was collected in
10-min increments and was provided by the BSGF
SCADA to Normandeau’s TIMR system. The wind
speed data (m/s) for risk analysis were derived from an
anemometer mounted on the nacelle of 1 turbine (B16);
the central location of this turbine in the wind facility
and past wind speed data suggested that this turbine rep-
resented typical wind conditions experienced at the
BSGF site. The stakeholder group considered consoli-
dating wind speed information from more than one tur-
bine but concluded that using this turbine would be
suitable for the TIMR risk model. The average wind
speed for each 10-min period was used as the wind-speed
measurement for the period. Wind speed data were mea-
sured and collected concurrently to acoustic data collec-
tion, and wind speed data for each turbine in the study
was also collected. The optimal number and placement
of ReBAT systems for a given wind energy facility and
turbine model is an area of continuing research.

The smart curtailment model

A risk model was used to make continuous near real-
time binary risk assessments and provide feedback to

FIG. 1. The Blue Sky Green Field study site, Fond Du Lac County, Wisconsin, USA. Map A shows the locations of individual
wind turbines (red dots), including turbines used in the study (circled), including control turbines (C; N = 10), treatment turbines
(T; N = 10), and turbines with ReBATacoustic systems mounted on them (R; N = 4). Map B shows the study location (yellow star)
in the context of other wind energy facilities in the United States. These maps were created using the USGS Wind Farm interactive
site (https://eerscmap.usgs.gov/windfarm/).

Xxxxx 2019 BAT FATALITIES AT WIND ENERGY FACILITIES Article e01881; page 5

https://eerscmap.usgs.gov/windfarm/


the BSGF control facility through a SCADA interface.
The risk model was applied during the mid-summer
through autumn period (15 July–31 October), and daily
from 18:00 to 06:00 the following morning during July
and August and 18:00 to 07:00 the following morning
during September and October. At all other times the
risk model was not used and wind turbines operated
normally. The binary risk model combined current wind
speed conditions with current consolidated acoustic bat
activity data using the ReBAT/TIMR system, as follows:
if the measured wind speed was <8.0 m/s, and ≥1 bat call
sequence was identified by the ReBAT systems in the
previous 10 min, then the risk was considered high and
all treatment turbines were curtailed by pitching the
blades out of the wind and allowing the blades to rotate
at ≤1 rpm, while control turbines were allowed to oper-
ate normally; alternatively, if the measured wind speed
was ≥8.0 m/s, all turbines were allowed to operate nor-
mally without curtailment regardless of bat activity. For
the purposes of this study a bat call sequence was con-
sidered a recorded WAV file with one or more sounds
that passed the filter settings and SCAN’R algorithm,
and thus was considered to represent probable bat sound
information. Each 10-min period was considered dis-
cretely, not on a rolling time basis. The decision to use
7.9 m/s as the upper threshold for curtailment, as
opposed to 5.0, 6.5, or 6.9 m/s (USFWS 2016), for
example, was made after consultation with the key stake-
holders. Given that, during the prior year, bat sounds
were sometimes recorded at wind speeds >6.9 m/s (Sut-
ter and Schumacher 2017), the stakeholder group
decided to set the curtailment threshold at 7.9 m/s. Cor-
relative statistical risk models were considered for use in
this study (e.g., Poisson, zero-inflated, and generalized
linear mixed models; see Sutter and Schumacher 2017
for full details). But because a statistical model that
seemed likely to reliably predict fatality risk at this site
was not immediately evident given earlier data and anal-
ysis, a statistical risk model was not used during this
study. There was no difference between control and
treatment operation when wind speeds were ≥8.0 m/s.
The risk prediction derived from the curtailment rules
was communicated every 10 min as a binary risk esti-
mate (low or high) to the SCADA unit of the BSGF
facility. Smaller and larger curtailment intervals were
considered (e.g., 5 and 30 min), but the 10-min interval
was considered a reasonable timeframe with which to
make curtailment decisions. When the risk communi-
cated to the SCADA unit was high, the SCADA would
undertake the appropriate action for each of the treat-
ment turbines, and would take no action for the control
turbines. For the first period considered to be of high
risk, the treatment turbines were curtailed for 30 min.
Thereafter, if the risk was still high, the risk model would
consider returning to normal operation every 10 min
and would do so once a low-risk prediction was received.
All time periods were considered discretely, not on a roll-
ing time basis.

Carcass searches and fatality analysis

Carcass searches.—The 20 turbines in the study were
searched once daily for bat and bird carcasses by trained
technicians between 1 June and 31 October 2015 (Gru-
ver et al. 2016). The search plots were square (80 by
80 m) and were established such that the turbine tower
was centered on the plot. During prior carcass monitor-
ing at this wind energy facility (Gruver et al. 2016) ~90%
of carcasses fell within 40 m of turbine towers. A carcass
“fall distribution” study was not conducted during this
study, so the distribution of control and treatment car-
casses is not fully understood. We recommend inclusion
of a fall distribution study in future studies. Transects
spaced 5.0 m apart were established in each plot (80 m
transect, 5 m between transects, 16 transects per plot).
Technicians walked transects at ~45–60 m/min while
searching the ground for bat and bird carcasses. While
walking transects technicians strived to search 3 m on
either side of the transect line so that the search area for
each new transect overlapped with the previous transect.
If a transect was along the edge of a plot, the searcher
searched in the same manner as for interior transects,
but if carcasses were found outside a plot they were not
included as carcasses discovered within the plot. To
maintain relatively consistent and easily searchable
ground cover within and among plots, vegetation was
mowed regularly and herbicide applications were applied
as needed during the course of the study. Fine-scale data
related to vegetation cover and height on search plots
was not collected; we encourage collection and use of
such data in future studies. It was assumed that the
ground cover on all plots was approximately equivalent.
Carcass searches were initiated in the morning with the
first plot search occurring as soon as practical after sun-
rise. Technicians typically required <30 min of search
time per plot (16 transects 9 80 m/transect = 1,280 m
per plot; thus, 1,280 m/52.5 m/min = 24 min/plot); the
time a technician spent on a plot varied depending on
the number of carcasses found and the time necessary to
record data and photograph carcasses. Plots were
searched daily during the study period. The plots were
allocated to a rotating search schedule so that plots were
searched by different searchers at different times of day
throughout the study period. Technicians logged search
information on standardized forms, including date and
time of carcass discovery; the species identity of each
carcass; the age and sex, if known; the geographic coor-
dinates where the carcass was found; the distance and
bearing from the turbine tower; the condition of the car-
cass (intact, scavenged, etc.); the approximate age in
days of the carcass (fresh carcasses were identifiable
from the physical characteristics of the carcass, such as
the shape and opacity of the eyes, etc.); and other com-
ments as necessary. Carcasses were photographed where
they were found. Safety procedures related to adverse
weather and lightning were followed during carcass
searches. All carcasses were identified using a unique
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code, removed from the plot, and stored in a freezer on
the BSGF study site. For the purposes of this analysis
we assumed that most carcasses would land within the
search plots, and the number of carcasses discovered in
control and treatment plots was compared. We did not
attempt to develop fatality estimates for the entire wind
energy facility, but rather focused on estimated fatalities
that were available for detection in control vs. treatment
plots. Likewise, searcher and turbine data that may be
useful in modeling bat fatality at these wind turbines
was not used in this analysis (such as searcher identify,
search time, weather conditions, and influence of missed
searches and turbine maintenance); we recommend col-
lection and consideration of data associated with these
and similar covariates in future studies.
Because turbines were allocated to control and treat-

ment groups in a way that was spatially balanced and
included a random starting location, we assumed that
local environmental factors and land-use patterns with
the potential to influence bat activity around wind tur-
bines, and thus fatality rates at individual turbines,
would tend to be absorbed across the control and treat-
ment groups and were not likely to bias one group
against the other. Examples of these possible affects are
proximity to the perimeter of the wind energy facility;
proximity to preferred commuting corridors, foraging
areas, and roosting resources; local insect diversity and
density; variability in wind regime and environmental
conditions across the wind energy facility; proximity to
roads and highways; proximity to water resources; main-
tenance issues related to turbines that resulted in one or
more turbine being inactive for a short period of time;
land-use histories and patterns associated with a given
property, including the crop grown, land-use, geological
substrate, and/or soil type; historical applications of her-
bicides and pesticides on crops and vegetation; proxim-
ity to small communities, towns, and natural areas;
variation in elevation across the study area; and/or tem-
poral variability in local environmental factors, growth
of vegetation, biomass, insect density and diversity, and
other factors that changed on local scales over the
course of the study. Although these variables were not
considered during this study, we recommend considera-
tion and possible inclusion of these and similar variables
in future research.

Fatality analysis.—The daily carcass search results were
compiled into a dataset for analysis. This included the
species identity of each carcass found at turbines each
day from 15 July to 31 October 2015 (109 d). Prior to
final analysis, and because of very low bat activity levels
and low carcass counts in October, the final data set was
truncated to include the period from 15 July to 30
September 2015 (78 d; Sutter and Schumacher 2017).
The total number of carcasses for each species found
each day at the 10 control and 10 treatment turbines was
also compiled, and this data set represented the data
frame on which analysis was carried out. This data

frame consisted of a vector for control and treatment
turbines for pooled data and for each of six species for
which carcasses were found during the study (Lasiurus
borealis, L. cinereus, Lasionycteris noctivagans, Myotis
lucifugus, Eptesicus fuscus, and Perimyotis subflavus).
Three fatality estimators were used to estimate the

total number of carcasses that were available for detec-
tion in the search plots associated with control and treat-
ment turbines during the study: the Erickson et al.
(2004) estimator, the Huso (2011) estimator, and the
Korner-Nievergelt et al. (2011) estimator. These fatality
estimators derive estimates of the number of carcasses
available for detection based on data from carcass
searches and estimates of searcher efficiency and carcass
persistence rates. Initially, just the Huso estimator was
considered for final fatality estimation, which has been a
common practice in the United States. However, some
fatality estimators are based on different underlying con-
ceptual models and treat new and old carcasses differ-
ently (Huso [2011] compared to Korner-Nievergelt et al.
[2011]). Simulation results (Korner-Nievergelt et al.
2011; Figs. 1 and 2) suggested to these researchers that
some estimators, including the Huso estimator, can be
biased under certain conditions, such as with short
search intervals and relatively high carcass persistence
rates, as experienced at BSGF. Thus, given that it was
unclear to some members of our group which fatality
estimator would result in unbiased and the most precise
fatality estimates, the three fatality estimators were used
in this study, each viewed as representing an empirically
derived estimate of the carcasses available for detection
inside search plots in the study. The fatality estimates for
control and treatment turbines derived from these esti-
mators were also consolidated into ensemble fatality
estimates for the pooled data and for each species by
taking the unweighted mean of the three fatality estima-
tors; ensemble estimates are often considered when there
is uncertainty about which model from a set of possible
models results in non-biased and precise estimates under
the conditions of the study (Clarke et al. 2009). Searcher
efficiency and carcass persistence rates for this study
were derived from trials conducted at the BSGF site dur-
ing 2015 following standard protocols (see Gruver et al.
2016; USGS Fatality Estimator software, Data Series
729; available online).11 The carcass persistence rates
were estimated by fitting four distributions (exponential,
log-logistic, lognormal, and Weibull) to the data and
choosing the model associated with the lowest Akaike’s
information criterion corrected for small sample sizes
(AICc) following the methods of Huso (2011); the model
with the lowest AICc value was considered the best
model given the data and models considered, and the
daily carcass persistence estimate derived using this
model was considered the best estimate, given the data
available and the model set considered (Burnham and
Anderson 2002). Searcher efficiency rates were estimated

11 https://pubs.usgs.gov/ds/729/
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using logistic regression (Hosmer et al. 2013) following
the approach of Huso (2011). Carcass persistence and
searcher efficiency rates were estimated using the Fatal-
ity Estimator software (USGS Fatality Estimator, Data
Series 729; see footnote 11). Mean estimated carcass per-
sistence and searcher efficiency rates, and 95% confi-
dence intervals were used in fatality estimation
simulations (see below).
The estimateN fatality simulation function in the R

package carcass (Korner-Nievergelt et al. 2016) was then
used to complete Monte Carlo fatality estimation simu-
lations in the R statistical software environment (R Core
Team 2018; version 3.5.0). For these simulations, the fol-
lowing parameters were used: count, the number of car-
casses found over the course of the study in control or
treatment plots; f, estimate of mean searcher efficiency
(0.60); f.lower, estimate of the lower 95% confidence
interval for f (0.421); f.upper, estimate of the upper 95%
confidence interval for f (0.779); s, estimate of mean
daily carcass persistence probability (0.92); s.lower, esti-
mate of the lower 95% confidence interval for s (0.89);
s.upper, estimate of the upper 95% confidence interval
for s (0.95); d, number of days between searches (1);
n, number of days in the study (78); arrival, discrete
(meaning that carcasses are assumed to arrive simultane-
ously each day, not continuously over a 24-h period (as
with some models in mathematical biology that use dis-
crete assumptions, the discrete assumption used here is a
recognized simplification of natural processes, and we
concluded that without mathematical processes yet avail-
able to us that more closely simulated natural process,
the discrete assumption was acceptable for our purposes;
we also concluded that the discrete assumption was

likely superior to the continuous assumption);
nmax, maximum number of possible fatalities in control
or treatment plots (600 for pooled data and 150 for indi-
vidual species data); nsim, number of Monte Carlo simu-
lations (10,000). Given that we were interested in
estimating the number of carcasses available for detec-
tion within search plots, we used a = 1 (default), which
is the proportion of animals killed that fall into the
searched area. Thus we constrained these simulations to
considering only carcasses available for detection within
search plots. Monte Carlo simulations were conducted
for each of the three fatality estimators for each of the
following species groups: all control or treatment car-
casses pooled in one group (pooled), eastern red bats,
hoary bats, silver-haired bats, big brown bats, and little
brown bats. Ensemble estimates for each group were also
calculated. When using the Huso estimator only fresh
carcasses that were determined to have died during the
prior 24 h were used; when using the Erickson et al. and
Korner-Nievergelt et al. estimators all carcasses found
during carcass searches were used. In total, 36 Monte
Carlo simulations were performed each using 10,000
runs. Prior to proceeding with analysis, we looked for
differences in the patterns of carcass distance from tur-
bines among control and treatment turbines. We evalu-
ated histograms of distances between these groups, and
compared the proportion of carcasses in each group
occurring at 5-m increments from turbines using the Wil-
coxon signed-rank test (see Samuels et al. 2012 for a dis-
cussion of this test), which is a nonparametric test used
when normality cannot be assumed and when the data
are composed of paired vectors (control vs. treatment
turbines); we assumed that search effort was equivalent

FIG. 2. Fatality estimates for pooled fatalities for all species using each of three fatality estimators (Erickson et al. 2004, Huso
2011, and Korner-Nievergelt et al. 2011) at control and treatment turbines at the Blue Sky Green Field study site, Wisconsin, USA.
These are the results of 10,000 Monte Carlo simulations for each estimator and all bat species considered as a pooled group and
includes eastern red bat (Lasiurus borealis), hoary bat (Lasiurus cinereus), silver-haired bat (Lasionycteris noctivagans), big brown
bat (Eptesicus fuscus), and little brown bat (Myotis lucifugus). The results for individual species are shown in the supplementary
materials. Data were collected at 10 control and 10 treatment turbines at the Blue Sky Green Field Wind Energy Center, Fond Du
Lac County, Wisconsin, USA, 15 July–31 October 2015.
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across distances from the turbine tower. TIMR applied
the treatment when bats were detected and mean wind
speed was <8.0 m/s, so the TIMR treatment could be
applied at wind speeds throughout this range. Thus we
did not expect the treatment to positively and signifi-
cantly bias distance from the turbine towers when com-
paring carcasses found at treatment vs. control turbines.
As a final step, the daily differences between the num-

ber of carcasses found at control and treatment turbines
were compared again using the Wilcoxon signed-rank
test (Samuels et al. 2012). Normality assumptions in the
control, treatment, and difference vectors for each group
were checked using quantile-quantile plots (Q–Q plots)
and the Shapiro-Wilk Normality Test (Crawley 2013),
and each paired set of vectors failed these normality
tests, as did the difference vector. We used the total num-
ber of carcasses found each day during the study at con-
trol and treatment turbines for pooled data and for
individual species data. These data consisted of paired
vectors comparing the daily carcasses found at control
and treatment turbines for each of the 78 d. The null
hypothesis of this test was that there was no difference
between control and treatment populations, which can
be stated as H0: lD = 0. For this test we used a = 0.05.
As described above for fatality estimation, we assumed
in this test that random effects that were not accounted
for in this study tended to be distributed among the con-
trol and treatment groups so that these effects were not
likely to substantially bias the results or influence their
interpretation. Our intent in using this test was to evalu-
ate whether there was evidence for a daily difference in
carcasses found at control and treatment plots.

Economic analysis

The following economic assumptions were used to
estimate the revenue difference of control turbines rela-
tive to treatment turbines, which were valid during the
timeframe of the 2015 study: an overnight localized mar-
gin price (LMP, in US$) of $15/MWh; a production tax
credit (PTC) of $20/MWh; and a renewable energy credit
(REC) of $5/MWh. This results in a gross poten-
tial market revenue of $15/MWh + $20/MWh + $5/
MWh = $40/MWh (Sutter and Schumacher 2017). This
gross revenue does not include potential operational
changes due to unanticipated maintenance, grid restric-
tions, or agreements with local municipalities to reduce
sound and/or shadows produced by turbine operations.
During the course of the study, each turbine was moni-
tored for average wind speed (m/s), power generation
(MW), total hours of power generation (h), percent of
available time that the turbine was generating power
(%), hours of curtailment (h), percentage of the time the
turbine was curtailed, estimated loss in generation due
to curtailment (MW), and percent of the available time
that the turbine was available for power generation (%).
This information was used to estimate power generation
and revenue for all control and treatment turbines, and

the difference between power generation and revenue for
these turbines when combined into control and treat-
ment groups (Sutter and Schumacher 2017). As a final
step, we estimated the percent change in curtailment
time using the BSGF TIMR model compared to operat-
ing the same turbines under the U.S. Fish and Wildlife
Service’s technical assistance standard of blanket 6.9 m/s
curtailment (U.S. Fish and Wildlife Service 2016). This
economic analysis is part of ongoing research aimed at
better understanding various operational mitigation and
smart curtailment options and their potential economic
influences on wind energy facilities under varying envi-
ronmental and economic conditions; thus the economic
analysis here is viewed as a foundation for ongoing com-
parisons to other operational mitigation strategies.
The data and code package used for the carcass and

fatality analysis is available in a Zenodo repository (see
Data Availability). This repository includes a spread-
sheet summarizing fatality data, along with code in the
R language used for conducting the carcass and fatality
analysis. Full calculations for the economic analysis are
shown in Sutter and Schumacher (2017).

RESULTS

Between 15 July and 30 September 2015, 216 bat car-
casses of six species were found inside search plots at the
20 turbines included in this study (Table 1): eastern red
bats (Lasiurus borealis; n = 43), hoary bat (Lasiurus ciner-
eus; n = 57), silver-haired bat (Lasionycteris noctivagans;
n = 49), big brown bat (Eptesicus fuscus; n = 34), little
brown bats (Myotis lucifugus; n = 32), and tri-colored bat
(Perimyotis subflavus; n = 1; due to the low level of car-
casses found fatality estimation analysis was not per-
formed on this species). For all species the number of
carcasses found at control turbines (fully operational;
n = 27–48 carcasses per species) was greater than the
number found at treatment turbines (smart curtailment
using TIMR; n = 3–9 carcasses per species). Carcasses
were found at 19 of 20 turbines, and there was no evi-
dence that a substantially larger or smaller number of
bats was found at any turbine within the control and
treatment groups. Searcher efficiency was estimated as
0.600 (95% CI: 0.421–0.779), and carcass persistence was
estimated as 0.92 (95% CI: 0.89–0.95; see Gruver et al.
2016 for full detail including model selection results).
Fatality estimates for the number of bats available for
detection within search plots tended to be similar using
the Erickson et al., Huso, and Korner-Nievergelt et al.
estimators (Table 1, Fig 2). In all cases the number of
estimated fatalities at control plots was significantly
higher vs. treatment plots and the distribution of results
from Monte Carlo simulations did not overlap (Fig. 2).
The unweighted ensemble mean of fatality estimates for
control vs. treatment plots was significantly higher in all
five species, with the change in estimated fatalities using
the treatment ranging from –74.2% (big brown bats) to
�91.4% (little brown bats) when compared to control
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turbines (Table 1). While the Monte Carlo simulations
using the three fatality estimators resulted in non-overlap-
ping distributions of fatality estimates for the pooled data
(Fig. 2), the Huso estimator tended to result in distribu-
tions with more variance (Fig. 2). The results from the
Wilcoxon signed-rank tests suggest that the number of
carcasses found daily at control plots tended to be signifi-
cantly higher than at treatment plots in pooled data and
in individual species data (Table 2).
The average wind speed measured at all turbines dur-

ing the study period was 5.7 m/s. The average wind
speed at control turbines (5.6 m/s) was slightly lower
than for treatment turbines (5.8 m/s). All turbines in the
study were available for power generation >90% of
the time, with all but one turbine available >96.5% of the
time (one treatment turbine was available 90.7% of
the time). This reduction in availability of this turbine
would tend to reduce the energy production for the
treatment group while potentially reducing the number
of fatalities associated with this turbine during this period
of operation. We estimate that this effect could reduce
energy production for treatment turbines by a maximum
of 0.58% (96.5%–90.7%/10 turbines = 5.8/10 = 0.58%)
and decrease fatalities by an approximately correspond-
ing amount. In this study we were not able to identify
when an individual turbine was unavailable for energy
production and incorporate this information into fatal-
ity estimates. We recommend consideration of these
details in future studies, along with attempts to incorpo-
rate this information into fatality estimates. Treatment
operated turbines produced ~85.2% of the power and
revenue that the control turbines did during the period
of the study (Table 3). The 78 d during which the study
took place (15 July–30 September) represented a period
during which the lowest average monthly wind speeds
are experienced at the BSGF site (Sutter and Schu-
macher 2017). Thus, given that the treatment operated
turbines generated 85.2% of the power and revenue when
compared to the control turbines, the TIMR smart
curtailment approach used at BSGF is expected to
reduce annual power generation and revenue at BSGF
by (78 d/365 d/yr) 9 14.8% ≤ 3.2%/yr for the year of this
study. Treatment turbines were curtailed for on average
176 h between the cut-in speed of 3.5 m/s and the upper
curtailment threshold of 7.9 m/s, and we estimate that
turbines would have been curtailed for an average of
363 h under 6.9 m/s blanket curtailment rules (U.S. Fish
and Wildlife Service 2016). Thus, curtailment time for
treatment turbines was ~48.5% ((176/363) 9 100) less than
would have been expected under this blanket curtailment
rule.

DISCUSSION

This was the first controlled experiment to test the use
of real-time bat acoustic data in combination with envi-
ronmental data to guide near real-time curtailment at a
wind energy facility in North America. These results T
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demonstrate how smart curtailment, combining acoustic
and environmental information in near real time, can be a
useful tool for reducing the impacts of wind energy facili-
ties on individual bats and bat populations, while increas-
ing the wind energy facility’s ability to extract energy
from the wind. Although collecting and analyzing acous-
tic data in near real-time and then communicating a risk
prediction to a wind energy facility’s SCADA unit
requires some technological sophistication and may
require associated facility-specific adaptation, once equip-
ment and infrastructure are in place, along with a risk
model to guide curtailment decisions, the approach is rel-
atively straightforward to implement. This approach did
not require prior data to train models and is not based on
statistical assumptions about model structure that may or
may not be reasonable given the data, ecoregion and spe-
cies assemblage (Voigt et al. 2015).
This study estimates that the TIMR treatment

decreased fatalities available for detection inside plots by
84.5% on average for pooled species and by 74–91% for
individual species when compared to control turbines,
while resulting in an annual reduction in power genera-
tion and revenue of ≤3.2%. In this study, carcasses of
three migratory tree bat species (L. borealis, L. cinereus,
and L. noctivagans), and three species presumed to be
year-round residents of the area (E. fuscus, M. lucifugus,

and P. subflavus) were found in search plots. There tended
to be larger numbers of migratory tree bat species found
in search plots, and slightly fewer of the resident species
found (Table 1). Strikingly higher proportions of migra-
tory tree bats, compared to Myotis and Eptesicus, have
been observed at study sites in Alberta, Canada (Brown
and Hamilton 2006, Baerwald et al. 2009), West Virginia
(Young et al. 2011), Indiana (Good et al. 2013), and Ver-
mont (Martin et al. 2017). The individual migratory tree
bat species have different seasonal migration patterns and
life histories (Cryan 2003), and the resident species in our
study area are likely to move among warm and cold sea-
son roosting and foraging resources in different ways and
at different times (Kurta 2017), potentially influencing
susceptibility to interactions with wind turbines. It is not
clear why the BSGF site would result in relatively higher
fatalities for Eptesicus and Myotis species compared to
some other North American sites, but this may have to
do with the combined effects of population densities and
natural history characteristics of these species in southern
Wisconsin, potentially in combination with the relatively
lower wind speed regime at the BSGF site. For example,
the BSGF site is north of an abandoned mine (Neda
Mine) that is known to be used as a hibernation site by
large congregations of little brown bats (Myotis lucifu-
gus), as well as by big brown bats (Eptesicus fuscus),
among other species (Rupprecht 1980). It is possible that
these species might be affected by nearby wind energy
facilities as they transition during the autumn to this and
similar hibernation sites. Some sites in Ontario, Canada
have also experienced higher Myotis and Eptesicus fatal-
ities (Zimmerling and Francis 2016), and it is possible
that this part of the North American continent is an area
of higher risk to these bats.
The TIMR smart curtailment approach resulted in

significant reductions in fatalities across these five spe-
cies, some of which almost certainly use echolocation in
different ways when flying at heights that would make
them susceptible to wind turbines. In terms of fatality
reduction, these results compare favorably to previous
research conducted at wind energy facilities in North
America. Studies of operational mitigation in North
America available in the literature have concentrated in
Alberta, Canada, and in the mid-western and eastern

TABLE 2. Results from Wilcoxon signed-rank tests for
comparing carcasses found daily in this study.

Species group V P

Pooled 1,683 <0.0001
LABO 322 0.0001
LACI 430 <0.0001
LANO 432 <0.0001
EPFU 307 0.0025
MYLU 197 0.0004

Notes: V, critical value for the test; Pooled, all bat species
considered as a pooled group; LABO, eastern red bat (Lasiurus
borealis); LACI, hoary bat (Lasiurus cinereus); LANO, silver-
haired bat (Lasionycteris noctivagans); EPFU, big brown bat
(Eptesicus fuscus); MYLU, little brown bat (Myotis lucifugus).
Data were collected at 10 control and 10 treatment turbines at
the Blue Sky Green Field Wind Energy Center, Fond Du Lac
County, Wisconsin, USA, 15 July–31 October 2015.

TABLE 3. Comparison of power generation and estimated revenue for the turbines used in this study.

Operation group

Power Generation (MW) Revenue (US$)

Total Per turbine Theoretical Total Per turbine Theoretical

Control 6,063 606 53,358 242,538 24,254 2,134,334
Treatment 5,165 516 45,456 206,620 20,662 1,818,252
Difference 898 90 7,902 35,918 3,592 316,082
% Control 85.2 85.2 85.2 85.2 85.2 85.2

Notes: MW, megawatt; Total, total for the 10 turbines in a group (control or treatment); Per turbine, average per turbine in a
group; Theoretical, estimated value for all 88 turbines at the BSGF site during the study; Difference, absolute value of Control �
Treatment values; % Control = (Treatment/Control) 9 100. All values are rounded to the nearest MW or dollar. Data were col-
lected at 10 control and 10 treatment turbines at the Blue Sky Green Field Wind Energy Center, Fond Du Lac County, Wisconsin,
USA, 15 July–31 October 2015.
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United States. Foundational research occurred in south-
eastern Alberta (Brown and Hamilton 2006, Baerwald
et al. 2009). These studies evaluated the influences of
braking and locking turbine blades at low wind speeds
(Brown and Hamilton 2006), in altering cut-in speeds,
changing the pitch angle of the blades, and feathering
turbine blades (rotating the turbine blades to 90° and
rotating so they are parallel with the prevailing wind
direction; Baerwald et al. 2009, Arnett et al. 2016),
which resulted in fatality reductions of 50–60% at treat-
ment turbines. Arnett et al. (2011) conducted extensive
analysis of bat fatalities at a wind energy facility in Penn-
sylvania and showed that increasing cut-in speeds from
3.5 to 5.0 and 6.5 m/s reduced bat fatalities by 44–93%.
Young et al. (2011) combined increasing cut-in speeds
and feathering blades, with treatments in the first half
and second half of nights at a wind energy facility in
West Virginia resulted in fatality reductions of 50–72%;
these results supported the hypothesis that bat activity
and fatalities can sometimes be highest during the first
half of the night. However, Hein et al. (2013) in another
West Virginia study did not find significant differences
in fatalities when the first and second half of the night
were used as treatments. Good et al. (2013) conducted a
series of cut-in speed experiments at a wind energy facil-
ity in western Indiana, which resulted in fatality reduc-
tions of 36–78%. Martin et al. (2017) combined near
real-time information about wind speed and temperature
at a wind energy facility in Vermont, which resulted in
fatality reductions of 34–78%. Schirmacher et al. (2018)
used wind speed information measured on a meteorolog-
ical tower compared to wind speed measured on turbine
nacelles to compare 10- and 20-min rolling average blan-
ket curtailment, and found that wind speed measured on
a meteorological tower combined with 20-min rolling
average wind speed measurements resulted in the largest
mean reduction in estimated fatalities. The TIMR
approach reported here used 7.9 m/s as the threshold for
considering curtailment if bats were detected; this is
higher than the 5.0, 6.5, and 6.9 m/s blanket curtailment
options often considered in conservation planning docu-
ments (U.S. Fish and Wildlife Service 2016). Thus, the
TIMR approach would be expected to provide some
protection to bats above even the blanket 6.9 m/s curtail-
ment approach, especially when bats are expected to be
flying in wind speeds ≥7.0 m/s, as is seen at the BSGF
site (Sutter and Schumacher 2017). Additionally, the
TIMR threshold for curtailment could be changed as
more information becomes available, and could be chan-
ged mid-way through a deployment season. However, it
is currently unclear how changes in wind-speed thresh-
olds would influence fatality rates.
This study used four ReBAT acoustic monitoring sys-

tems distributed among the 88 turbines at the ~4,200 ha
wind facility (one ReBAT system per ~1,050 ha). It is
not yet clear what the optimal number and placement of
ReBAT system is on wind turbines, but this configura-
tion of ReBAT systems was successful in providing an

effective prediction of risk at this wind facility, even for
hoary bats, which appear to sometimes fly without using
echolocation (Corcoran and Weller 2018). These results
suggest that bats may be visiting wind turbines in spatial
and/or temporal clusters such that when one bat’s vocal-
izations triggers curtailment this protects other bats that
may be visiting the wind facility at about the same time.
Collecting acoustic information associated with other
turbines in addition to the turbines at which ReBAT sys-
tems are deployed might help clarify the optimal number
and placement of ReBAT systems at a given wind facil-
ity. Likewise, combining acoustic information with
videography may also help clarify how bat behavior and
risk is correlated in space and time around wind turbines
and across species. During future deployments, and after
considering the layout of turbines at the wind facility, it
would be reasonable to begin with one ReBAT system
per ~1,000 ha across the facility, then add or remove
ReBAT systems as needed in future years, ideally within
an adaptive management framework (Williams 2011).
The acoustic data collected by these ReBAT systems can
also provide daily acoustic post-construction monitoring
for the site and would provide daily information about
bat activity patterns at the facility. This information
should allow biologists and managers to develop a sig-
nificantly improved understanding of bat activity at the
site, and how risk varies among species and is influenced
by turbine location, season, environmental conditions,
and time of night.
Several North American studies have reported esti-

mates of the economic impacts of the treatments
employed. Baerwald et al. (2009) reported a loss of
$3,000–$4,000 (Canadian $) for the 1-month study at 15
turbines. Arnett et al. (2011) reported an estimated loss
in power generation of <1%/yr, and Martin et al. (2017)
reported an estimated loss in power generation of
~1%/yr. The power generation and revenue loss resulting
from the TIMR treatment reported here was estimated
to be ≤3.2%/yr for the year of the study, which is higher
than the loss reported by Arnett et al. (2011) and Martin
et al. (2017). It is not entirely clear why the estimated
loss observed at BSGF was higher, but it is possible that
power and revenue generation could be improved sub-
stantially over this study by decreasing the upper wind
speed threshold for curtailment (e.g., from 7.9 to 6.9 m/s,
or lower). Given that theoretical power generation is
proportional to the cube of wind speed (Gripe 2004), the
curtailment threshold of 7.9 m/s used in this study
would be expected to result in substantially less power
generation and additional revenue loss when compared
to a TIMR treatment using curtailment thresholds of,
for example, 5.0, 6.5, or 6.9 m/s; this would, however,
likely result in additional fatalities. The BSGF site also
experiences relatively lower wind speeds on average
when compared to many other wind energy facility loca-
tions in North America (Sutter and Schumacher 2017).
The Vestas V82 turbines used at BSGF have power
curves that increase rapidly with increasing wind speed
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between the cut-in speed of 3.5 m/s and the peak pro-
duction value of 13.5 m/s, and rapidly increase power
generation between ~7.0 and 8.0 m/s. Therefore, it is
likely that power and revenue loss due to TIMR smart
curtailment at BSGF would typically be substantially
<3%/yr on average and could be substantially improved
with an upper curtailment threshold of <8.0 m/s. We
estimate that curtailment time for treatment turbines
was ~48.5% less than would have been expected under a
blanket curtailment rule of 6.9 m/s, which should repre-
sent a substantial economic advantage for some wind
energy producers.
The current study is the first that we are aware of in

North America to explicitly incorporate information
about the seasonal and diurnal wind speed regime along
with details of overnight localized margin prices and tax
credits available to wind producers. It is possible that the
lower wind speed regime experienced at BSGF was
responsible for some of the difference in economic
impact at the BSGF site when compared to other study
sites in North America. Reporting of information about
local wind speed regimes, along with margin prices and
tax credit calculations, would improve comparisons
among study sites. Additionally, future analyses and
research could focus on how to make decisions about
the curtailment threshold that balance bat fatality reduc-
tion with maintaining economic performance at wind
energy facilities.
Compared to North America, fewer experimental

studies have tested the efficacy of operational mitigation
in Europe (Beucher et al. 2011, Korner-Nievergelt et al.
2013). In one of the only published European studies of
operational mitigation that we are aware of, which was
conducted in southern France, the authors estimated
that bat fatalities were reduced by 97–98% by raising the
turbine cut-in speed to 6.5 m/s and turning off a light at
the foot of the turbine towers (Beucher et al. 2011).
However, despite the lack of experimental research, due
to the conservation status of bat species in most Euro-
pean countries, operational mitigation is more common
than it is in North America (Behr et al. 2017). Some
European countries and states (such as some German
federal states) require operational mitigation to reduce
bat fatalities at wind energy facilities (Behr et al. 2017),
and have strict fatality targets (e.g., ≤2 bats/turbine;
Behr et al. 2017). Recent research in Germany has
shown promising results in reducing bat fatalities using
correlative statistical models (e.g., N-mixture models;
Royle 2004) in combination with prior acoustic and
environmental information to help guide near real-time
curtailment decisions (Behr et al. 2017). However, with-
out concurrent comparisons of approaches at the same
or similar study sites, it is unclear how these approaches
would compare to the TIMR smart curtailment
approach presented here.
Bat ecologists and others have expressed concerns

that the influences of wind energy development in
North America can potentially have non-trivial

population-level impacts on some bat populations of
conservation concern (Cryan 2011, Hayes 2013, Small-
wood 2013, Arnett et al. 2016, Frick et al. 2017). How-
ever, because of their nocturnal activity patterns,
relatively small size, and tendency for reclusive behavior,
it is extremely challenging to estimate population sizes
and trends for bat species over large spatial scales, such
as at ecoregional and continental scales (O’Shea et al.
2003, Hallam and Federico 2009, Hayes and Adams
2017). As a result, there is currently a lack of under-
standing of the continental-scale population dynamics
of most North American bat species. Biologists are still
learning about the basic ecology of some species of con-
servation concern in North America, and still do not
clearly understand the ecological and genetic factors that
shape and influence distributions, migration patterns,
seasonal roost selection, and mating behavior of some
North American species. As examples, despite being
among the species most affected by wind energy devel-
opment, bat ecologists in North America are only start-
ing to realize that many silver-haired bats may spend the
winter months in the interior west (Bonewell et al.
2017), and the first direct evidence of movements over
long distances by an individual migratory bat was not
published until recently (Weller et al. 2016). Further-
more, patterns of occurrence of bat species and individ-
ual bats at wind energy facilities and around wind
turbines are the results of highly complex combinations
of ecological, behavioral, and environmental processes,
and these processes likely vary substantially among popu-
lations, species, species assemblages, ecoregions, and con-
tinents, and may also vary substantially from year to year.
Thus, we unequivocally emphasize that the results pre-
sented here are seen as an initial step in understanding
how operational mitigation and smart curtailment models
can be successfully implemented to reduce bat fatalities at
wind energy facilities in the various ecoregions of North
America, while improving power production and adding
operational flexibility relative to other approaches.
We also emphasize that the TIMR smart curtailment

approach will need to be demonstrated as useful at
reducing bat fatalities in other parts of the Midwestern
United States and in other North American ecoregions
(e.g., the northern and southern Great Plains, the Appa-
lachian Mountains, the Northeastern United States, and
in offshore environments in North America). We
emphatically highlight that future smart curtailment
studies should strive to overcome some of the potential
weaknesses of this study. At the time this study was
planned it was not yet commonly recognized that cur-
tailment treatments can potentially influence the spatial
patterns of how carcasses fall inside and beyond search
plots. The study plan used here also did not measure
vegetation cover and height inside search plots and link
this information to detection probability estimates. We
also emphasize that the ecological and environmental
processes that influence the patterns of carcass deposi-
tion in space and time, carcass detectability once they
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are available for detection, persistence of carcasses
within plots, and the human dimensions processes that
influence how searchers perceive and detect carcasses
are all highly complex processes that would likely require
years of research to fully understand at any given study
site. As an example of the challenges inherent in under-
standing how ecological, environmental, and human
dimensions variables can influence detectability associ-
ated with vertebrates, Lardner et al. (2015) and Rodda
et al. (2015) analyzed the detectability of lizards associ-
ated with a multi-decade study site on Guam. Lardner
et al. (2015) used >9,000 transect searches to evaluate
the influence of 20 variables on detectability, including
searcher identity, environmental covariates, and survey
time, and used a multi-model inference approach to
select highest ranking models (Burnham and Anderson
2002). This effort resulted in the best models only
explaining a relatively small fraction of the variation in
detectability. Rodda et al. (2015) also analyzed the
detectability of lizards on Guam associated with the
same study area and evaluated the stability of patterns in
detectability over a 17-yr period. This research included
removing all vegetation from some enclosed plots to
compile total census data for these plots for the target
species, and comparing this information to plot popula-
tion estimates and detectability using standard tech-
niques. These researchers concluded that even under the
“auspicious” conditions of their study using 17 yr of
data, which implicitly included the relatively abundant
access to funding, well-qualified field crews, and contin-
ued participation and coordination among key person-
nel and stakeholders associated with such long-term
ecological research programs: “The range of conditions
under which population indices will provide useful data
are. . .correspondingly small (perhaps even minute) and
not yet well delimited” (Rodda et al. 2015:520). With the
caveats of Rodda et al. clearly in mind, we view our
study as but one brick in an emerging structure of
knowledge (Forscher 1963) related to the ecological and
environmental processes that influence bat fatalities at
wind energy facilities and how smart curtailment
approaches can help reduce these impacts on bat popu-
lations within the context of an adaptive management
and continuous improvement framework (Williams
2011).
Given that fatality estimation protocols and models

are continually improving, in future research it will be
important to convincingly demonstrate that the carcass
distributions in geographic space around wind turbines
are not substantially different between control and treat-
ment groups, and that if they are, these differences are
incorporated into fatality estimates. As time and
resources are available we also recommend: incorporat-
ing thorough carcass fall distribution studies; increasing
the size, and perhaps changing the shape, of search plots
to ensure that the carcass distributions associated with
control and treatment turbines are clearly understood;
including detectability covariates, such as searcher

identity, environmental conditions including tempera-
ture and precipitation during and preceding surveys,
time of surveys, size and species of carcasses, as well as
fine-scale habitat conditions and structure, and evaluat-
ing their relative influence; conducting searches over the
full activity period for bats in the area, such as from
spring through autumn; using fatality estimation models
that are capable of more fully incorporating the variabil-
ity in these processes (e.g., the forthcoming generalized
mortality estimator, GenEst; available online);12 and
conducting fatality estimation studies over multiple
years, and when possible in multiple locations. It seems
likely that it will require decades of continued research
to more fully understand the influences of various cur-
tailment approaches on bat populations in North Amer-
ica and on other continents.
Despite these caveats, it is possible that at many wind

energy facilities smart curtailment using the TIMR
approach may be sufficient to meet the current biologi-
cal and economic goals of wind energy facility operators,
wildlife agencies, and other stakeholders in a variety of
ecoregions and operational contexts. By responding to
current local bat activity and wind conditions in near
real-time, the TIMR smart curtailment model can be
viewed as having the potential to cut the Gordian knot
of these complexities in some ecoregions. It would also
be reasonable to hypothesize that this approach is likely
to be successful in some other North American ecore-
gions and on other continents. Because this smart cur-
tailment model uses just two parameters (current bat
activity and current wind speed), the decision rule used
can be adaptively modified for different locations, wind
producer needs, and other constraints. For example,
after the first year of deployment of a TIMR system at a
given site, the bat activity and wind speed thresholds that
trigger curtailment could be changed to reduce fatality
levels, or to increase power production if fatalities are
maintained below acceptable levels. Likewise the curtail-
ment intervals could be changed as more information
becomes available. For example, it is possible that reduc-
ing the curtailment time frame after the initial 30-min
period from 10 min to 5 min might allow increased eco-
nomic benefits while maintaining reasonable reductions
in bat fatalities. Acoustic filters could also be conceiv-
ably added that would focus the risk model’s attention
on certain species of particular conservation concern.
Other information, such as precipitation status and
ambient temperature, could also be considered for inclu-
sion to help tune site-specific models. The TIMR model
has the added benefit of requiring little prior informa-
tion about the timing or extent of bat activities at a given
site prior to deployment and makes no statistical
assumptions about links between bat activity, fatality
risk, and environmental conditions. The TIMR
approach could also be combined with information
related to wind energy facility power purchase

12 https://github.com/ddalthorp/GenEst
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agreements, with seasonal habitat suitability estimates
derived from species distribution and ecological niche
models (Hayes et al. 2015), and/or in combination with
predictive statistical models that predict fatality risk
based on past bat behavior patterns and current environ-
mental conditions (Behr et al. 2017).
On a continental scale, the current lack of reliable pop-

ulation estimates continues to make evaluating the
impacts of wind energy on bats and related conservation
and management planning challenging, especially in the
face of potentially additive threats to North American bat
populations, such as diseases (e.g., white-nose syndrome;
Frick et al. 2010) and climate induced population declines
(e.g., in western North America; Hayes and Adams 2017).
Even under conditions that are optimal for population
growth, temperate zone insectivorous bat species usually
experience slow population growth rates due to the ten-
dency of these species to give birth to one viable offspring
per reproductive year and high mortality rates during a
bat’s first year of life (O’Shea et al. 2004). Given their
contribution to mammalian species richness and diversity
in North America and globally (Wilson and Reeder
2005), along with their ecological and economic impor-
tance (Ghanem and Voigt 2012), it will be helpful to con-
tinue monitoring and research related to operational
mitigation and smart curtailment tools and on the current
and future impacts of wind energy development on bat
populations in North America and elsewhere. Efforts
aimed at monitoring and estimating bat occupancy rates,
distributions, and populations throughout North Amer-
ica (e.g., the North American Bat Monitoring Program;
Loeb et al. 2015) are also likely to be useful in improving
our understanding of the influences of wind energy devel-
opment on continental-scale bat population trends.
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