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ABSTRACT From 2014 to 2016, GE Renewable Energy and California Ridge Wind Energy tested an
ultrasonic bat deterrent system during the autumn bat migration period at an operating wind farm in
Illinois, USA. The deterrent system consisted of air‐jet ultrasonic emitters mounted on nacelles and towers
in a diﬀerent conﬁguration each year. Each year we conducted a randomized block experiment to determine
whether the acoustic deterrent reduced bat mortalities at the wind farm. Eﬀectiveness was based on
estimates of bat mortalities during 3‐day trials. The operation of the acoustic deterrent resulted in sig = 7.5%) and 32.5% (SE
 = 6.8%) in 2014 and 2015,
niﬁcant overall bat fatality reductions of 29.2% (SE
respectively. All‐bat fatality rates were not reduced in 2016; however, annual all‐bat eﬀectiveness estimates
were inﬂuenced by species composition. We analyzed deterrent eﬀectiveness for eastern red (Lasiurus
borealis), hoary (Lasiurus cinereus), and silver‐haired (Lasionycteris noctivagans) bats, the 3 species most
commonly found during the carcass searches. Hoary bats were consistently deterred each year, but annual
deterrent eﬀectiveness varied for eastern red and silver‐haired bats. © 2019 The Authors. Wildlife Society
Bulletin published by Wiley Periodicals, Inc. on behalf of The Wildlife Society.
KEY WORDS eastern red bat, hoary bat, Lasiurus cinereus, Lasionycteris noctivagans, Lasiurus borealis, minimization,
mortality, renewable energy, silver‐haired bat.

Wind energy is one of the fastest growing sources of renewable energy in North America. Bat mortality at wind
farms has been well‐documented and is estimated to be
>600,000 bats/year in North America (Kunz et al. 2007,
Hayes 2013, O’Shea et al. 2016, Smallwood et al. 2018). To
date, the primary means of reducing wind energy eﬀects on
bats include proper siting of wind farms away from important bat habitat and curtailing, or reducing, operations
during periods of risk. During curtailment, operators reduce
the number of bat mortalities that could occur at wind farms
by raising the threshold (cut‐in) wind speed at which the
blade feathering is released and turbines begin rotating to
generate electric power.
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Formal studies have demonstrated the eﬀectiveness of
using curtailment to reduce bat mortalities (Baerwald et al.
2009; Arnett et al. 2010, 2013a, b, 2016; Young et al. 2013;
Martin et al. 2017; Schirmacher et al. 2018). Feathering
below manufacturer’s cut‐in wind speed has been demonstrated to reduce bat fatalities by ≥35%, and cutting‐in at
higher wind speeds often results in greater reductions in bat
fatalities (Baerwald et al. 2009, Good et al. 2012, Young
et al. 2013).
Selected cut‐in speeds vary by site and are determined in
consideration of site‐speciﬁc conditions such as seasonal bat
activity patterns, and regulatory considerations such as the
presence or absence of legally protected bat species. However, annual energy production is also reduced by raising
cut‐in speeds, sometimes considerably, depending on the
site’s facility attributes such as turbine type and environmental factors such as the characteristics of the wind resource (Hayes et al. 2019). This lost electrical production
has incentivized the wind power industry to seek alternate
means of reducing bat fatality rates (U.S. Department of
Energy 2014).
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Wildlife control through acoustic deterrents has been studied
for decades, although establishment of controlled ﬁeld experiments has proven diﬃcult (Bomford and O’Brien 1990). Since
at least 2007, researchers, industry, and wildlife managers have
considered the use of acoustic deterrents to reduce wind energy
eﬀects on bats, and some research has been conducted
(Szewczak and Arnett 2007, Horn et al. 2008, Arnett et al.
2013a, Weaver et al. 2019). Arnett et al. (2013a) found acoustic
deterrents may reduce bat mortality at wind energy facilities by
up to 51%. However, that study was deemed inconclusive because the reported 95% conﬁdence interval ranged from a 2%
increase in bat fatalities to a 64% decrease in bat fatalities at
deterrent‐conﬁgured turbines. Weaver et al. (2019) showed that
acoustic deterrents reduced bat fatalities by 50%. In addition,
they demonstrated that Brazilian free‐tailed bat (Tadarida
brasiliensis) and hoary bat (Lasiurus cinereus) fatalities were
reduced by 54% (CI = 41%–67%) and 78% (CI = 62%–95%),
respectively, but the deterrent was not eﬀective for northern
yellow bats (Lasiurus intermedius). Eﬀective bat deterrence
continues to be sought by industry and regulatory stakeholders
so renewable electric power demands can be met in a manner
that minimizes eﬀects to wild populations.
Bat mortalities at wind farms in North America are typically greatest during autumn migration (Arnett et al. 2008,
Hein and Schirmacher 2016). Except in southern states,
where some species may be active year‐round, bats either
migrate to and winter in hibernacula or migrate and winter
in warmer climes. Although the phenomenon of greater bat
mortality during autumn has been repeatedly documented
throughout North America, its causes are unknown.
Recent research indicates certain bat species (e.g., eastern
red [Lasiurus borealis], hoary, and silver‐haired bats [Lasionycteris noctivagans]) may view turbines as potential roosts,
trees, or foraging or water sources (McAlexander 2013, Foo
et al. 2017). Cryan et al. (2014) observed bats typically
approaching wind turbine towers from the leeward side. It
remains unclear why bats approach wind turbines; what
part(s) of turbines, if any, attract bats; and why fatalities
occur (Cryan et al. 2014, Bennett and Hale 2018). Fatalities
occur at rotors that are moving faster than a few revolutions
per minute, whereas stationary or slow‐moving rotors are
not apparently lethal to bats (Arnett et al. 2016). Consequently, deterrent research, including this study, has
focused on warning bats away from moving rotors.
From 2014 to 2016, we tested the eﬃcacy of an ultrasonic
bat‐deterrent system during the autumn bat migration period at an operational wind‐energy facility. We deployed
deterrent systems on a set of turbines and, using diﬀerent
deterrent conﬁgurations and signals each year, we assessed
whether operation of the deterrent eﬀectively reduced bat
fatalities at the wind farm. We tested a null hypothesis Ho:
the deterrent system does not reduce bat fatalities at wind
turbines, versus the alternative hypothesis Ha: the deterrent
system reduces bat fatalities at wind turbines.

STUDY AREA
The California Ridge Wind Energy Facility (CRWEF) consisted of 134 GE 1.6‐100 turbines, which have a 100‐m tower
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height and 100‐m rotor diameter, generating a nameplate capacity of 1.6 megawatts. The CRWEF Study Area was located
on approximately 13,567 ha in Champaign and Vermilion
counties, Illinois, USA, approximately 16 km northwest of
Danville and 32 km east‐northeast of Champaign (Fig. 1). The
study area, and much of central Illinois, was located within the
Central Corn Belt Plains Ecoregion and on glaciated plains
(Woods et al. 2007). Much of this region was historically dominated by tallgrass prairie with groves of trees and marshes
scattered across the ﬂat uplands. The study area was located
within the Vermilion River watershed, and its topography was
ﬂat to rolling with elevations ranging from approximately 61 m
to 76 m above sea level. The Middle Fork River, a tributary of
the Vermilion River, ﬂowed along the eastern side of the study
area and was approximately 3.2 km from the nearest CRWEF
turbine at its closest point (Fig. 1). Land use within the study
area was 92% row crops, primarily planted in corn (Zea spp.)
and soybean (Glycine max). Other land cover types included
developed lands (5%), pasture–hay ﬁelds (2%), with deciduous
forest, open water, woody wetlands, and grassland–herbaceous
comprising a combined 1% of the land cover (Homer
et al. 2015).
Nine bat species of the family Vespertilionidae, including:
big brown bat (Eptesicus fuscus), silver‐haired bat, eastern red
bat, hoary bat, little brown bat (Myotis lucifugus), northern
long‐eared bat (M. septentrionalis), Indiana bat (M. sodalis),
tri‐colored bat (Perimyotis subﬂavus), and evening bat
(Nycticeius humeralis) have geographic range distributions
that include the study area (Bat Conservation International
2018). Of the 9 bat species, 3 are federally protected.
The Indiana bat was listed under the federal 1973 Endangered Species Act (as amended) as endangered (U.S. Fish
and Wildlife Service 1973), the northern long‐eared bat is
listed as threatened (U.S. Fish and Wildlife Service 2016a),
and the U.S. Fish and Wildlife Service is currently conducting a status review of the little brown bat to be
concluded in 2023 (U.S. Fish and Wildlife Service 2016b).
The sparsely distributed forest within the study area was
available for foraging and roosting by these bat species.
Many of the species may also forage along stream corridors,
over standing water, and over open land covers adjacent the
wooded areas (Bat Conservation International 2018). Big
brown and evening bats are also likely to forage over cropland within the study area (Boyles et al. 2011). Foraging and
roosting behavior during autumn migration, however, is
poorly understood (Bennett and Hale 2018). All these
species have been observed as fatalities at wind farms located
in cropland‐dominated landscapes similar to the study area
(Gruver and Bishop‐Boros 2015, Good et al. 2018).

METHODS
We performed the deterrent studies daily from 1 August
2014 to 8 October 2014, 10 August 2015 to 2 October
2015, and 1 August 2016 to 11 September 2016. There was
a brief gap due to a site‐wide power outage during the 2014
study, from 24 to 26 September; no other site‐wide
interruptions occurred during the studies.
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Figure 1. Study area, turbine locations, and study turbine selections for 2014, 2015, and 2016, California Ridge Wind Energy Facility, Champaign and
Vermilion counties, Illinois, USA.

Experimental Design
Finite sampling without replacement produces samples that
are not independent (Cochran 1977). This was the analogous situation we had to contend with when designing our
study with a ﬁnite number of available wind turbines
equipped with the deterrent device each year. Each year, we
used a randomized block design with within‐block replication. This design also goes by the names “generalized 2‐
factor experiment” (Snedecor and Cochran 1967:746–747)
and “generalized randomized block design” (Wilk 1955,
Addelman 1969). Test blocks were of 6‐day duration.
Within a block, we randomized available turbines with half
designated as controls (i.e., deterrent oﬀ) and the other half
as treatments (i.e., deterrent on). A trial lasted for 3 days,
then we switched the control–treatment designations of the
wind turbines, and performed a second trial for the next
3 days (Table 1). The result was that for every 6‐day test
block, we generated 2 control and 2 treatment estimates of
bat mortality. In this approach, all turbines served as both
controls and treatments within a block, avoiding any bias
due to the happenstance of the initial randomization.
Switching treatment designations within a block maximized
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the contrasts between replicate control or treatment values.
The intended consequence was an error variance based on
between‐replicate, within‐block variance that was potentially inﬂated and thereby assuring our tests of treatment
eﬀects were valid but conservative.
Table 1. Example of control (C) and treatment (T) assignment during the
bat deterrent studies, California Ridge Wind Energy Center, Champaign
and Vermilion counties, Illinois, USA, 2014–2016. Study blocks represent
6‐day periods within which 2 3‐day treatment replicates were performed.
Treatment designations were randomly assigned within the ﬁrst 3‐day trial,
and treatment designations then reversed during the second 3‐day trial
within a block. Treatment designations were rerandomized for each 6‐day
study block.
Turbine number
Study block
1
2
i

Trial period days

1

2

3

4

5

6

7

8

1–3
4–6
1–3
4–6
1–3
4–6

T
C
C
T
C
T

C
T
T
C
T
C

C
T
C
T
T
C

T
C
T
C
C
T

C
T
T
C
C
T

T
C
T
C
T
C

C
T
C
T
T
C

T
C
C
T
C
T

3

Turbine Selection
In 2014, we used 16 to 20 randomly selected turbines in
each block. One of the 20 study turbines became nonoperational and we removed it from the study. We reserved
3 of the remaining 19 turbines as alternates and human
teams searched them daily to ensure that if any of the
16 primary turbines were unable to be used in a study block
(e.g., shut down for scheduled maintenance), an alternate
was available, and integrity of the study design maintained.
In 2015 and 2016, we used randomly selected sets of 16 and
12 turbines, respectively. Alternate turbines were not
needed in 2015 and 2016 because no extensive turbine
maintenance was scheduled for the study periods.
Turbine Operations, Deterrent Technology, and
Deterrent Nozzle Placement
Study turbines started operating at manufacturers’ default
cut‐in wind speed of 3.5 m/second, and below that speed
the rotor blades were fully feathered (i.e., with blades oriented parallel to the wind) and rotors moved <3 revolutions/minute. For “deterrent on” treatments, deterrent systems operated each night from 1800 to 0630.
The deterrent system jets (nozzles) produced a broad‐band
sound designed to overlap the entire range of frequencies
(~30–100 kHz) generated by and audible to most bat species
(University of Michigan, Museum of Zoology 2014). The
broad‐band deterrent sound was emitted by forcing compressed air through the nozzles using a network of air lines
connected to 2 5‐horsepower compressors installed inside the
turbine tower. Jet‐based emitters produce sound in a roughly
ellipsoidal volume around the nozzle (i.e., it produces sound
not only in front of the nozzle but also to the sides and even
behind). Based on the results of on‐ground and turbine tests,
the deterrent system is eﬀective to ≥30 m (Kinzie et al.
2018). Bat activity near wind turbines appears to be concentrated below the nacelle and behind the tower (Cryan
et al. 2014, Kinzie et al. 2018), so for this study we ensoniﬁed
this area of greatest activity. We did not attempt to ensonify
the entire blade, but we estimate that between 35% and 56%
of a rotor‐swept area was within the ensoniﬁed zone at any
given time, depending on nozzle conﬁguration (which varied
each year, as described in the next paragraph) and blade
position (which varied as the rotor turned), and depending on
environmental factors such as relative humidity.
Each year of the study, we mounted deterrent nozzles in
diﬀerent nacelle and tower conﬁgurations to ensure coverage in
areas where bat activity was thought to be concentrated (2014,
2015) and increase overall coverage (2016). In 2014, we
mounted 2 nozzles on each nacelle (one facing rearward–
upward and one facing rearward–downward), and 2 nozzles on
each tower approximately 26 m below the nacelle (one facing
the prevailing wind direction [magnetic north] and the other
facing directly opposite). In 2014, a concurrent thermal camera
study of bat activity at a deterrent‐equipped turbine showed bats
frequently using the airspace below the nacelle and downwind of
the tower (Kinzie et al. 2018), which is consistent with published results from another study of bat behavior around wind
turbines (Cryan et al. 2014). Thus, in 2015, we mounted
4

4 deterrent nozzles on the tower only, 2 each at 26 m and 50 m
below the nacelle, also facing magnetic north and directly opposite, thereby increasing the aﬀected airspace in the high activity area below the nacelle, downwind of the tower, and
throughout more of the lower rotor swept area than in 2014.
In 2016, we reconﬁgured the deterrent system to emit
sound in pulses. This system change allowed 6 nozzles to be
operated with roughly the same amount of air used by the
4‐nozzle constant‐emission system, increasing the volume of
airspace covered by the acoustic signal. We selected the
pulse system in response to results of ground‐based signal
testing conducted in 2015, which suggested a pulse signal
may be as eﬀective as a constant signal (Lindsey 2017,
Kinzie et al. 2018). The pulse signal was emitted for
4.9–7.9 seconds and followed by a 3.0‐second silent period.
We mounted 2 nozzles on the rear of the nacelle, facing
rearward–upward and rearward–downward, and 4 nozzles
on the tower in the conﬁguration used in 2015.
Carcass Search Methods
We conducted carcass searches on 60‐m‐radius circular
plots centered beneath the study turbines; this plot size is
suﬃcient to encompass the majority of bat carcasses beneath wind turbines, though bat carcasses are known to
fall beyond this radius (Hull and Muir 2010). We established 4–6‐m spaced transects to guide human
searches within the plots. To maximize carcass detection,
we controlled vegetation through a combination of regular mowing, periodic herbicide treatment, or more infrequently, controlled burns. Just prior to commencing
the deterrent experiment each year (or resuming monitoring after the site‐wide outage), we searched and
cleared all plots of bat carcasses.
Carcass searches included both visual searches by human
crews and scent‐based searches by dog and handler teams
provided by Conservation Canines at the University of
Washington (USA). We used a combined search strategy over
the 3‐day trials to maximize carcass recovery probabilities, thus
minimizing carryover of carcasses that could blur treatment effects from one treatment block to the next (Mathews
et al. 2013).
In 2014, a human crew visually searched the plots on days 1
and 2 of each 3‐day trial. The dog and handler crews searched
on day 3. This search deployment was used to help assure any
carcasses missed by the human crew on days 1–2 were recovered, as well as most bat mortalities occurring on day 3. To
further improve carcass recovery rates in 2015 and 2016, human
crews searched day 1 and dog and handler crews searched on
days 2 and 3. Both human and dog and handler teams are
hereafter referred to as “searcher(s),” unless otherwise speciﬁed.
Each carcass discovered during the searches was ﬂagged and
the search continued until the plot was completed. Afterward,
searchers took photographs, recorded ﬁeld data, and bagged
carcasses, labeled them with a unique identiﬁcation number, and
stored them in an onsite freezer. Human searchers used laser
rangeﬁnders (Nikon ProStaﬀ 550 or similar; Nikon Corporation, Minato, Tokyo, Japan) and compasses to measure distance and direction of each carcass to the base of the tower. Dog
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handlers used a Columbus V‐900 Bluetooth GPS Data Logger
(Victory Technology Co., Ltd., Suzhou, China) to mark their
search path and document carcass locations. For each carcass,
searchers recorded species, estimated number of days
old (1, 2, 3, or 4+ days old), age (adult–juvenile), sex (male–
female), time discovered, weather conditions, and plot conditions where the carcass was found.
Calibration Trials
We integrated calibration trials into the daily searches for bat
carcasses to estimate bat carcass recovery probabilities (a function of both searcher eﬃciency and scavenger removal rates)
and total carcass abundance during the 3‐day experimental
trials. We randomly distributed known numbers of discreetly
tagged bat carcasses within the 60‐m search plots; search teams
were blind to placement numbers and schedule; as they discovered each calibration trial carcass, the searcher gathered data
and collected the carcass following the protocol described in the
previous section. In 2014, we placed trial carcasses prior to
day 1 of the 3‐day experimental trials; in 2015 and 2016 we
placed trial carcasses prior to days 1, 2, and 3 of the 3‐day trials.
In all, we placed 187 bat carcasses in 2014, 177 carcasses in
2015, and 87 carcasses in 2016 (Table 2). The random disbursements of tagged carcasses occurred throughout the annual
experiments in 9 (2014), 30 (2015), and 35 (2016) placements
and at densities consistent with actual carcass deposition rates,
or between 0 and 4 carcasses/turbine/placement day. We did
not disclose the calibration trial locations or schedules to
searchers. Retrieval of the calibration trial carcasses by searchers
occurred concurrently with the daily carcass searches. We
recorded trial carcass recoveries according to day of deposition
(i.e., 1, 2, 3) and day of recovery (i.e., 1, 2, 3). Searchers always
wore gloves while handling bat carcasses. Bat carcasses used for
calibration trials were entire and in good condition (i.e., not

severely decayed or damaged) and included hoary bat,
silver‐haired bat, eastern red bat, and big brown bat.
Animal Use and Care
We conducted the 2014 and 2015 investigations under federal
Endangered Species Act permit number TE03502B‐0; federal
Special Purpose‐Utility Permit MB01827B‐0 (2014); and
Illinois Department of Natural Resources (IDNR) permit
numbers 13‐27 S, S14‐071, NH14.5846, NH15.5846, and
S15‐031. In 2016, we conducted the investigation under a
Biological Opinion dated 15 July 2015 and prepared by the
U.S. Fish and Wildlife Service (USFWS), Rock Island Field
Oﬃce, Rock Island, Illinois, and IDNR permit numbers
NH16.5940 and S15‐031. This research program was developed in consultation with and approved by the USFWS Rock
Island Field Oﬃce, the USFWS Midwestern Regional Oﬃce,
Bloomington, Minnesota, and the IDNR, Springﬁeld, Illinois.
Estimation of Bat Mortalities—Statistical Methods
The calibration trials conﬁrmed not all carcasses were found
due to imperfect searches and some scavenging of carcasses;
therefore, adjustments to the raw number of carcasses found
needed to be made. To estimate the total number of bats
that may have fallen in the search area for each treatment
and during each 3‐day trial, we adjusted the raw number of
bat carcasses found by the probabilities of carcass recovery
derived from the calibration‐trial carcass data. The relationship between raw carcass recovery numbers and total
mortality during a 3‐day trial was not strictly proportional
(See Appendix; available online). For instance, bat carcasses
deposited on the ﬁrst day of trials were exposed to 3 days of
scavenging and searches whereas carcasses deposited on the
last day of the trial were subject to only a single day of
scavenging and search. Consequently, carcasses recovered

Table 2. Number of bat carcasses placed and found during calibration trials, for each day of the 3‐day trial periods, and estimated probabilities of carcass
retrieval during the 3‐day trial periods during the deterrent study at the GE California Ridge Wind Energy Facility, Champaign and Vermilion counties,
Illinois, USA, 2014–2016.

θ̂(SE)a

No. carcasses found
Year

Calibration trial day

No. carcasses placed

Day 1

Day 2

Day 3

Day 1

90
0
0

14
0
0

61
0
0

0
0
0

57
60
60

21
0
0

27
55
0

5
3
58

0.368 (0.064)
0
0

0.474 (0.066)
0.088 (0.038)
0.917 (0.036)
0.050 (0.028)
0
0.997 (0.023)
Overall = 0.954 (0.016)

48
22
17

9
0
0

35
18
0

2
4
15

0.188 (0.056)
0
0

0.729 (0.064)
0.042 (0.029)
0.818 (0.082)
0.182 (0.082)
0
0.882 (0.078)
Overall = 0.947 (0.028)

b

2014

Day 1
Day 2
Day 3

187
0
0

2015b

Day 1
Day 2
Day 3

2016b

Day 1
Day 2
Day 3

a

b

b

Day 2
0
0
0
Overall = 0.882 (0.024)

Day 3
0
0
0

2014 used a constant‐eﬀort model to estimate θ̂ because all calibration trial carcasses were seeded before day 1 of each 3‐day trial; 2015 and 2016 used a
variable‐eﬀort model because calibration trial carcasses were seeded before each day of a 3‐day trial.
In 2014, carcasses were placed in 9 trial periods, with 0–4 carcasses/turbine/trial. In 2015, carcasses were placed in 10 trial periods, with 0–2 carcasses
placed/turbine/trial/day. In 2016, carcasses were placed in 11 trials, with 0–2 carcasses placed/turbine/trial/day.
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during the individual days of a 3‐day trial had unique adjustments based on the observed rates of carcass recovery
during the calibration trials.
A joint maximum likelihood model was developed that incorporated both the recovery counts from the calibration trials
and the carcass recoveries from the experimental trials. The
joint likelihood model (See Appendix) assumed the bat carcasses used in the calibration trials and mortalities during the
3‐day experimental trials shared the same carcass retention
rates and conditional probabilities of recovery on days 1, 2,
and 3. The likelihood model produced estimates of total 3‐day
mortality during the trials along with standard errors (SE; see
Appendix). We used calibration data to convert raw carcass
counts from the experimental trials into estimates of total
mortalities with associated standard errors in 2014 and 2015.
In 2016, we did not adjust the raw carcass recovery counts by
the calibration trial data. For example, in 2016 the average
carcass adjustment for the number of eastern red bats in a
3‐day trial was 0.43, with an average standard error of 2.47
bats, suggesting more statistical noise was being added to the
estimate of bat mortality than the adjustment for bias was
correcting. This situation in 2016 arose because, although the
overall recovery rate was high (i.e., 0.947), the number of
carcasses used in the calibration trials was less than half of
previous years. From the perspective of minimizing the mean
square error (i.e., MSE (Θ̂) = BIAS 2 + Var (Θ̂ | Θ)), we decided the best action in 2016 was to ignore the calibrated
correction for that year and model deterrent eﬀectiveness based
on the unadjusted bat counts.
We placed trial carcasses only prior to day 1 of a 3‐day trial
in 2014; therefore, a simpliﬁed carcass recovery model assuming a constant daily retrieval eﬀort was necessary.
However, in 2015 and 2016, we distributed trial carcasses
before each of the 3 days of the trial, allowing for a more
reﬁned model with variable daily retrieval eﬀort (See Appendix) to account for the varied sequence of human‐ and
dog‐assisted search crews.
Statistical Analysis—Deterrent Eﬀects
The basic response model for the estimated number of bat
mortalities was of the following form:
yˆijk = μ · βi · τ · βτij · OPijk + ϵijk

(1)

where,
yˆijk = estimate of bat mortality for the ith block (i = 1, …,
B), jth treatment ( j = 1 for control, 2 for treatment, ), and
k replicate (k = 1, 2);
μ = baseline value for control in block 1, replicate 1;
βi = block eﬀect (i = 2, …, B );
τ = treatment eﬀect;
βτij = block‐by‐treatment interaction;
OPijk = total turbine operating hours for the ith block
(i = 1, …, B ), jth treatment ( j = 1, 2), and k replicates (k = 1, 2);
ϵijk = random error term.

The response model (1) corresponds to a randomized
block experimental design with within‐block replication of 2
6

treatments. In essence, this analysis is comparing the frequency
of bat mortality per turbine operating hour between treatments.
Based on the multiplicative response model (1), we used a
log‐link in generalized linear models (GLM) to produce the
linear predictors (McCullagh and Nelder 1989). In 2014
and 2015, when we used maximum likelihood estimation
(MLE) to estimate total carcass abundance during a trial,
we assumed the error term to be normally distributed because MLEs are asymptotically normally distributed.
Hence, in those years, we used a GLM with a normal error
and log‐link. In 2016, when we used the actual unadjusted
carcass counts in the analysis, because adjustments for
nonrecovery were inconsequential the model structure (1)
remained the same, but we assumed the error structure to be
Poisson in the GLM analysis. To account for overdispersion
in the 2016 Poisson error model, we used quasi‐likelihood
methods based on analysis of deviance (ANODEV) and
asymptotic F‐tests to test the signiﬁcance of the same model
term in (1) as in 2014 and 2015. We estimated deterrent
eﬀects for all bat species combined and for select species
with adequate carcass counts in separate analyses.
We used the natural log of turbine operating hours, calculated as the sum‐total of hours during nightly (1800–0630)
treatment operations, as an oﬀset to adjust for variation in
operating hours between control and deterrent wind turbines
within a 3‐day trial. We obtained the study turbine operating
data from the turbine control module in 10‐minute averages,
which we used to tally the number of hours each night each
turbine was operating. Adjustment for turbine operating
hours generally had little eﬀect on the results because operating hours were very similar for control and deterrent treatments. In no year was the block‐by‐treatment interaction
found to be signiﬁcant (P > 0.10).
We estimated the yˆijk with unequal precision when the
observed carcass counts were corrected for recovery eﬃciency
in 2014 and 2015, so we used a weighted GLM, weighting
(wijk ) inversely proportional to the variance of ln (yˆijk ) that is,
wijk =

1
≐
Var (lnyˆijk )

1
1
Var (yˆijk ) · ⎛ y ⎞
⎝ ijk ⎠

2

≐

1
(2)
CV (yˆijk ) 2

where CV is the coeﬃcient of variation for yˆijk .
We directly estimated the relative eﬀect of the deterrent
 using a log‐link and the
compared with the control by lnτ
response model equation (1) in the GLM analyses. We
estimated the value of τ̂ by the back‐transformation:


τ̂ = e lnτ
to estimate the proportional eﬀect (i.e., τ = deterrent/control
ratio) with estimated variance based on the delta method
(Bishop et al. 1975:486–488; Seber 1982:7–9) where
τ
τ)τ̂ 2.
 (τ̂) = Var
 (ln
 (e ln
Var
) ≐ Var

(3)

The delta method also goes by the name “method of
statistical diﬀerentials” (Kotz et al. 1988: 646–647). We
then estimated the percent reduction in bat mortality due to
the deterrent by (1 − τ̂ )100%. The tests of deterrent eﬀect
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were based on 1‐tailed tests at α = 0.10. A 1‐tailed test was
considered appropriate (Sokal and Rohlf 1995:168–169) in
this context because the wind turbine industry is only interested in installing the acoustic equipment if it is proved to
reduce the incidence of bat mortalities.
Bat carcasses are known to fall beyond a 60‐m plot radius
(Good et al. 2012, Huso and Dalthorp 2014), which was the
plot size used in this study. Given this, and recognizing
the potential for the deterrents to shift where bats collided with
the turbine blades and subsequently where they fell within the
plots, we therefore assessed the spatial distribution of carcasses
recovered under control and treatment conditions. We tested
the assumption of homogeneous spatial patterns by constructing
the empirical cumulative distribution frequencies for the number
of carcasses found by distance from the respective control and
deterrent wind turbines within each year as well as pooled across
years. We used the 2‐sample Kolmagorov–Smirnov test to test
for nonhomogeneous distributions between treatments and
across years (Sokal and Rohlf 1981).

RESULTS
Bat Carcass Recoveries
In 2014, we found 322 bat carcasses from 5 species; 192 and
130 bat carcasses at control and treatment turbines, respectively (Table 3). In 2015, we found 426 bat carcasses
from 6 bat species; 255 and 171 at control and treatment
turbines, respectively. In 2016, we recovered 227 bat carcasses from 6 bat species and 1 unidentiﬁed species; 113 at
control turbines and 114 at treatment turbines.
The most frequently found species was the eastern red bat,
representing 47%, 58%, and 67% of all bats found in 2014,
2015, and 2016, respectively (Table 3). Hoary bats represented
22%, 17%, and 22% of the carcasses in 2014, 2015, and 2016,
respectively. Silver‐haired bats represented 26%, 20%, and 8%
of the carcasses each year, respectively. Remaining bat species
constituted <6% of the carcasses recovered in any year.
Calibration Trials
Overall carcass recovery probabilities (accounting for
searcher eﬃciency and removal of carcasses by scavengers or

 = 0.024),
other means) were estimated to be 0.882 (SE
 = 0.016), and 0.947 (SE
 = 0.028) in 2014, 2015,
0.954 (SE
and 2016, respectively (Table 2).
The high recovery rates (from 0.882 to 0.954) resulted in
calibration corrections for missed bat carcasses that were
generally small. Moreover, the high rates of recovery also
assured that carryover eﬀects from one 3‐day trial to the
next were small.
Carcass Distribution
Within a test year, there were no diﬀerences in spatial
distribution of bat carcasses within the search plots between
control and deterrent treatments (0.298 ≤ P ≤ 0.663).
Across years, there was no diﬀerence in bat carcass distributions between controls (0.619 ≤ P ≤ 0.972), nor between treatments (0.164 ≤ P ≤ 0.884; Fig. 2). These latter
results allowed us to pool the carcass annual distribution
data across years. There was also no diﬀerence in bat carcass
distribution between pooled‐year controls versus pooled‐
year deterrent treatments, (P = 0.39) and the cumulative
distributions of the control and treatment recoveries are
nearly identical (Fig. 2). This portion of our analysis indicates it was unlikely the deterrent on the treatment turbines created a shift in the carcass distribution that could
have biased recovery numbers and subsequent evaluation of
deterrent eﬀects.
Deterrent Eﬀectiveness
The constant signal deterrent system was eﬀective in reducing overall bat fatalities in 2014 and 2015, with a 29.2%
 = 7.5%) reduction in 2014 and a 32.5% (SE
 = 6.8%)
(SE
reduction in 2015 (P < 0.05). The 2016 pulse signal eﬀec = 13.1%) was not signiﬁcant (P = 0.45;
tiveness (1.7%, SE
Table 4; Fig. 3).
For some bat species, deterrent eﬀects were observed across
multiple years. Hoary bat fatalities were reduced in all 3 years.
In 2014 and 2015, the deterrent system reduced hoary bat
 = 8.5%; P = 0.007) and
fatalities an estimated 26.0% (SE

35.9% (SE = 10.8%; P = 0.001), respectively. In 2016, hoary
 = 19.4%; P = 0.052;
bat fatalities were reduced 33.5% (SE
Table 4; Fig. 3).

Table 3. Number of bat carcass recoveries by year, species, and treatment group during the deterrent systems deployed at the California Ridge Wind Energy
Facility, Champaign and Vermilion counties, Illinois, USA, 2014–2016.
2014a
Species
Eastern red bat
Hoary bat
Silver‐haired bat
Big brown bat
Little brown bat
Tri‐colored bat
Evening bat
Myotis species
Unknown species
Total
a
b
c

2015b

2016c

Control

Treatment

Control

Treatment

Control

Treatment

84
45
53
9
0
0
0
1
0
192

66
27
31
5
0
0
0
1
0
130

131
50
59
14
1
0
0
0
0
255

117
23
27
2
1
1
0
0
0
171

68
29
14
1
0
0
1
0
0
113

85
20
4
3
0
1
0
0
1
114

Sixteen turbines, constant‐emission deterrent system only, 10 6‐day study blocks.
Sixteen turbines, constant‐emission deterrent system only, 9 6‐day study blocks.
Twelve turbines, pulsed‐emission deterrent system only, 9 6‐day study blocks.
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Figure 2. Cumulative distribution of bat carcasses as a function of
distance (m) from plot center, by treatment. Data are pooled across years
of the bat deterrent study at the California Ridge Wind Energy Facility,
Champaign and Vermilion counties, Illinois, USA, 2014–2016.

Silver‐haired bat fatalities were reduced in 2015 (56.9%,
 = 9.9%; P < 0.001) and in 2016 (72.9%, SE
 = 15.4%;
SE
 = 13.7%) was observed
P = 0.001). A reduction of 9.8% (SE
in 2014, but it was not signiﬁcant (P = 0.25; Table 4;
Fig. 3). Eastern red bat fatalities were reduced in 2014
 = 9.0%; P < 0.001), but not in 2015 (−2.5%,
(38.7%, SE

 = 19.9%;
SE = 10.8%; P = 0.59) or 2016 (−22.5%, SE
P = 0.86 [Table 4; Fig. 3]).

DISCUSSION
The acoustic deterrent we tested, when emitting a constant
signal, reduced bat fatalities by approximately 30%. Our
results support the alternative hypothesis that the acoustic
deterrent can eﬀectively reduce bat fatalities and indicates

deterrents are promising for use as an eﬀective impact‐
minimization strategy. Furthermore, the fatality reductions
we documented due to deterrence were in addition to reductions from feathering turbine blades below manufacturer’s cut‐in, which other research suggests can reduce
fatalities by 35.0% to 57.5% and does not result in additional lost energy production (Baerwald et al. 2009, Young
et al. 2013, Good et al. 2012).
Fatality reductions at the species level were determined to
be an important factor of the overall eﬀectiveness of the
deterrent system. Across years, our data show that hoary
bats were consistently deterred (~30% reductions in hoary
bat fatalities each year), which was a welcome result considering recent suggestion by Frick et al. (2017) that
population‐level declines may occur as a result of wind energy generation. This may also have implications for wind‐
energy conservation planning in Hawaii, USA, which is the
range of the endemic and endangered Hawaiian hoary bat
(Lasiurus cinereus semotus; Amlin and Siddiqi 2015).
In 2014, eastern red bats were deterred but silver‐haired
bats were not, and in 2015 and 2016 the opposite occurred.
Had eastern red bats and silver‐haired bats either been
deterred or not deterred in the same year, our conclusions
about all‐bat deterrent eﬀectiveness might be diﬀerent.
Other studies have also indicated that eastern red bats are
not deterred (Arnett et al. 2013a, C.D. Hein et al., National Renewable Energy Laboratory, unpublished data).
The 2016 all‐bat data led us to conclude that the deterrent
was not eﬀective in 2016; however, if eastern red bats are
removed from the data set, the deterrent was >50% effective on the other species combined, and it was 33%
and 73% eﬀective for hoary bats and silver‐haired bats,
respectively.
It is unknown whether the type of emitter is an important factor in successful deterrence. Although our study
and studies performed by Arnett et al. (2013a) and Weaver
et al. (2019) indicate acoustic deterrents are eﬀective, the

 (1 − τ̂) ), 90% conﬁdence interval
Table 4. Summary of percent relative reduction in bat fatalities due to the deterrent treatment (1 − τ̂ ), its standard error (SE
(CI), and P‐value associated with the 1‐tailed test of H0 : τ ≤ 0 vs τ > 0. Data are reported for all bat species combined and by species for the 3 most‐frequently
found species in the 2014–2016 study at the California Ridge Wind Energy Facility, Champaign and Vermilion counties, Illinois, USA.
Year (Deterrent signal)

Species group

1 − τ̂

 (1 − τ̂)
SE

90% CI

P (1‐tailed)

2014 (Constant)

All bats
Eastern red bat
Hoary bat
Silver haired bat

29.18
38.66
25.98
9.82

7.49
8.96
8.54
13.69

15.71–40.49
22.01–51.76
10.51–38.78
−15.76–29.75

0.001
<0.001
0.007
0.252

2015 (Constant)

All bats
Eastern red bat
Hoary bat
Silver haired bat

32.50
−2.48
35.89
56.93

6.82
10.82
10.80
9.91

20.87–44.13
−15.98–20.94
17.47–54.31
40.02–73.84

<0.001
0.590
0.001
<0.001

2016 (Pulse)

All bats
Eastern red bat
Hoary bat
Silver haired bat

1.71
−22.51
33.45
72.90

13.05
19.94
19.35
15.37

−21.17–24.59
−57.46–12.44
−0.47–67.37
45.95–99.84

0.449
0.862
0.052
<0.001

Note: a negative value of τ estimates an increase in mortality.
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Figure 3. Point estimates of reduction in bat mortalities (percent), associated 90% conﬁdence intervals by year for all bat species combined, eastern red bats,
hoary bats, and silver‐haired bats at the California Ridge Wind Energy Facility, Champaign and Vermilion counties, Illinois, USA, 2014–2016. Note
interval estimates not crossing the (1 − τ) = 0 line indicate signiﬁcant at α = 0.05, 1‐tailed (*).

51% eﬀectiveness result obtained by Arnett et al. (2013a)
was inconclusive, whereas the approximately 30% and 50%
results obtained from the current study and by Weaver
et al. (2019) were conclusive. A major diﬀerence between
this study and the other 2 was the type of transmitter used
to generate the acoustic signal—the Arnett et al. (2013a)
and Weaver et al. (2019) studies used speakers (transducers) to emit the acoustic signal, whereas the current
study used ultrasonic jets. Jet‐based emitters produce
sound in a roughly ellipsoidal volume around the nozzle,
whereas speakers produce a conical unidirectional sound
directly in front of the speaker. The jet ensoniﬁes approximately 10 times the airspace of the transducer, and
therefore may create a larger warning zone for bats near
moving rotors. Additionally, the pneumatic based system
we tested operated reliably, with no faults during 3 years
of study.
Other wildlife deterrence studies have demonstrated that
target species often habituate to a source of deterrence
(Koehler et al. 1990; Schakner and Blumstein 2013).
However, several factors, and a closer look at the species‐
speciﬁc data, suggest that habituation was not a major factor
aﬀecting deterrent eﬀectiveness in our study. We conducted
the study each year during autumn migration, and while
summering bats were likely still present in the study area
and thus may have had time to habituate, some proportion
of the study population were migrants and thus exposed to
the deterrent during short‐term ﬂyovers or stopovers. Our
data showed a relatively consistent ratio in numbers of bat
carcasses at control and deterred turbines and no signiﬁcant
eﬀect of study block was detected during the study, both of
which also suggest that habituation is not occurring or is not
occurring at a level that could be detected.
Our data are insuﬃcient to provide within‐year analyses of
deterrent eﬀectiveness over time (a possible approach to
assessing whether within‐year habituation is occurring).
Romano et al. • Evaluation of Bat Deterrent at Wind Farms

Within‐ and between‐year changes in deterrent eﬀectiveness, by species, at the scale of operating wind farms, is an
important research question.
The interannual variation in our study results could be due
to a nozzle placement eﬀect, with eastern red bats using the
higher airspace around the nacelle (and therefore being
deterred when nozzles were mounted on nacelles in 2014)
and silver‐haired bats using the lower airspace around
midtower height (and therefore being deterred when nozzles were mounted on towers in 2015 and 2016). However,
nozzles were mounted on nacelles in 2016, and eastern red
bats were not deterred, so clearly other factors (such as the
introduction of a pulse signal) inﬂuenced species‐speciﬁc
deterrence.
Although the study cannot tell us exactly why a species
was or was not deterred in a given year, we have demonstrated that species‐speciﬁc eﬀects are measurable, and we
should work to understand the cause of these diﬀerences.
For example, if the species‐speciﬁc eﬀects are due to deterrent system conﬁgurations, an improved understanding
of species‐speciﬁc use of the turbine airspace would allow
for systems to target the airspace preferred by the focal
species.
Our work provides a basis for more widespread use of
deterrents to reduce wind energy impacts on bats. Based on
our results, there are still numerous opportunities for future
research to increase our understanding of bat deterrents in
the wind energy industry, including a better understanding
of eﬀectiveness across technology types (e.g., transducers vs.
ultrasonic jets), of eﬀectiveness by species, and long‐term
deployment eﬀects (e.g., if resident bats become habituated), a better understanding of species’ use in and around
turbine airspaces, and how environmental variables such as
local habitat aﬀect deterrent eﬀectiveness.
Installing and operating acoustic deterrents at wind farms
can be a cost‐eﬀective strategy for reducing eﬀects to bats.
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Current application of bat impact‐reduction strategies is
likely to remain site‐speciﬁc for the foreseeable future. The
strategy implemented at each site, and in some cases each
turbine, depends on variables such as potential for presence
of species of concern; requirement to curtail operations
(raised cut‐in speeds may be voluntary or regulatory); wind
speed regime, temperature, or other environmental variables; and market characteristics such as power prices. Costs
of raising cut‐in speeds, the traditional impact‐reduction
strategy, varies based upon curtailment schedule, wind regime, and power price interactions; as such, it is diﬃcult to
prescribe a broad‐brush threshold where deterrent costs will
oﬀset eﬀects of raised cut‐in speeds. However, deterrent
costs will be competitive with raised cut‐in speeds under
some scenarios. In addition, deterrents may be a highly
desirable strategy if deployment reduces the time and expense associated with procuring permits or other regulatory
authorizations.
Finally, eﬀects of any number of environmental factors,
such as species composition and relative abundance,
landscape and habitat, prey, weather, disease, and disturbance would elicit variation in species‐speciﬁc responses and thus changes in deterrent eﬀectiveness. Although it may be possible to isolate such variables in
controlled experimental settings (e.g., ﬂight rooms), the
large spatial and temporal scales for research at operating
wind farms makes controlling for these variables impossible. As such, we suggest that further deployment and
testing of the deterrent, in diﬀerent landscapes, with
studies that are designed to detect species‐level eﬀects, be
one focus of future research.

MANAGEMENT IMPLICATIONS
Finding eﬀective alternatives to turbine curtailment, which
results in lost renewable energy production, is important to
both the wind energy industry and regulatory agencies to
facilitate bat conservation while meeting public goals for
renewable energy generation. Industry and regulatory
stakeholders have adopted curtailment strategies that currently address conservation and energy production needs.
However, the demand for electric power continues to increase, and increasing eﬃciency and operating power plants
at a higher percentage of their installed capacity (in this case
wind plants but the goal also applies to other types of power
plants) will help meet this demand. Furthermore, the industry trend is toward large wind turbines to more eﬃciently capture low wind speeds and make sites of lower
wind speed more productive; a negative byproduct of this
strategy is that traditional curtailment strategies have an
increasing eﬀect on production. The eﬀectiveness of a bat
deterrent system deployed on larger turbines has yet to be
tested, but this study provides evidence that targeting the
areas of high bat activity below the nacelle and behind the
tower can yield notable species‐speciﬁc reductions. In addition, the bat deterrent system tested in this study could
reduce bat mortalities without aﬀecting power generation
and, coupled with feathering below manufacturers’ cut‐in
10

speed, should help achieve important bat conservation goals
without impeding energy production.
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SUPPORTING INFORMATION
Additional supporting information on the methods used to
convert raw carcass counts into estimates of bat mortalities
based on the maximum likelihood method may be found in
the Appendix of the online version of this article.
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